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Agrip
Bakgrunnur

Born sem verda fyrir surefnisskorti i feedingu og bérn sem faedast fyrir fulla
medgodngu eiga a heettu ad lifa ekki af eda hljéta varanlegan heilaskada.
Heettan a pessum fylgikvillum hefur ekki minnkad & sidustu aratugum pratt
fyrir miklar laeknisfreedilegar framfarir. Sudrefnisskortur i faedingu og 6nnur
afoll setja i gang efnaferla i heilanum sem leida til truflunar a starfsemi
taugafruma og jafnvel taugafrumudauda. Sykingar eru algengur fylgikvilli
pess ad faedast fyrir timann og eru ein helsta orsdk harrar danartioni fyrirbura
a nyburaskeidi. beaer tengjast einnig truflunum i éndun og bldédras vegna
ahrifa bélguefna a stjérnstéo i heilastofni. Bélguferli gegna lykilhlutverki sem
orsakavaldur heilaskada baedi eftir sykingar og vid surefnispurrd. Mikilveegt er
ad hafa i huga ad 6proskadur heili nybura, einkum fyrirbura, er vidkveemur
fyrir alls kyns areiti & nyburaskeidi. Truflun & proska heilans, jafnvel an
sjadanlegs meins i heilavef, getur valdid pvi ad barnio hljéti varanlegar fatlanir.
Mogulegt er ad meela i lifsynum efni svo sem bdlguefni og protein sem
tengjast hinum floknu efnaferlum heilaskadans og/eda heilaproskans.

Markmid og tilgatur

Markmid pessa verkefnis var ad finna leidir til ad greina heilaskada og meta
aheettu 4 taugaproskardskun hja nyburum. Til ad na peim markmidum vildum
vio finna lifefni i maenuvokva sem mundu geta: i) gefid upplysingar um
Utbreidslu og alvarleika heilaskada hja fullburda bérnum sem fengid hofou
surefnisskort i faedingu sem og horfur pessara barna, i) spad fyrir um
framtidarhorfur hjé fyrirburum, og iii) Gtskyrt truflanir & hjartsleetti og 6ndun hja
nyburum med sykingar.

Megintilgatur okkar voru i fyrsta lagi, ad magn bélguefna i) mundi meelast
haekkad i meenuvdkva hja bérnum sem lent héféu i strefnisskorti i faedingu
og tengdust baedi meiri alvarleika skadans og verri horfum, ii) ad pau veeru
haerri hja fyrirburum i samanburdi vid fullburda bérn sem ekki héféu hlotid
surefnisskort i faedingu, og ad iii) heekkun & bolguefninu Prostaglandin E,
(PGE,) mundi tengjast, ekki einungis surefnisskorti i faedingu, heldur einnig
truflunum i 6ndun og hjartsleetti hja syktum nyburum.

I ®dru lagi ad onnur lifefni, sem sérstaklega tengjast hinum ymsu
efnaferlum heilaskada hja nyburum, veeru haekkud i maenuvékva hja peim



bdrnum sem ordid hoéfdu fyrir strefnisskorti i faeedingu og ad pau tengdust
alvarleika skadans og horfum barnanna.

| pridja lagi ad proteinmynstur i maenuvokva veeri mismunandi hja
fyrirburum annars vegar og fullburda bérnum hins vegar og ad magn préteina
sem tengjast hinum ymsu efnaferlum i heilaproskanum hefdu forspargildi um
taugaproskaraskanir hja fyrirburum.

Aodferoir

Til ad kanna tilgatur okkar maeldum vid lifefni i maenuvdkva fullburda barna
sem ordid hofou fyrir sarefnisskorti i feedingu, hja fyrirburum med eda an
sykingar og hja fullburda bornum i vidmidunarhopi.

Fullburda born sem voru innldgd & nyburagjorgeesludeild Karolinska
sjukrahussins i Stockholm a timabilinu 2000 til 2004 vegna fosturkéfnunar
voru hofd i rannsoknum 1, 111 og 1V. Oll bornin uppfylitu skilyrdi fyrir heilakvilla
af voldum surefnisskorts i feedingu og var meenuastunga gerd sem lidur i
almennri uppvinnslu. Vidmidunarhépur var bdérn, einnig feedd eftir fulla
medgdngu, sem voru inniliggjandi a Karolinska sjukrahdsinu vegna gruns um
sykingu en hofou ekki lent i surefnisskorti i feedingu og voru ekki med
heilakvilla. Fyrirburar innlagdir & Karolinska sjukrahisio & arunum 2002 til
2004 sem voru meenustungnir vegna gruns um sykingu voru i rannséknum |l
og V. Fullburda bdrn sem lagu & sama tima & Karolinska sjukrahusinu og
voru einnig meenustungin vegna gruns um sykingu voru vidmidunarhopur.

Maenuvokvi fra pessum bodrnum var rannsakadur med ELISA adferd.
Magn PGE, og PGE, myndefnis (PGEM) var meelt i rannsékn | og Il og magn
interleukin 6 (IL-6) og fas-ligand (FasL) i rannsokn lll. Prétein-svipgero i
meenuvokva i rannsoknum IV og V var maeld med taekni sem meelir morg
prétein samtimis og byggir & saekni préteina i fyrirffram gerda métefnalausn.
Métefnalausnin - var gerd ar préteinégnum sem valdar voru Ur
proteingagnabanka. Magn 178 proteina var meelt i synunum.

Ollum bérnum var fylgt eftir til 18-24 manada aldurs.

Nidurstoour

Helstu nidurstdédur okkar voru, i fyrsta lagi, a® magn bolguefna eykst i
maenuvokva, baedi vid blédsykingar og fosturkéfnun, og hafa notagildi vio
greiningu & sjukdomsastandi og forspargildi um horfur sjuklinga. | 6dru lagi,
ad ymis protein sem tengjast efnaferlum i meingerd heilaskada af voldum
surefnisskorts safnast upp i maenuvokva eftir fosturkéfnun. Aukid magn
pessara proéteina tengist verri heilaskada og magn peirra i meaenuvokva hafdi
tengsl vid framtidarhorfur barnanna. | pridja lagi syndum vid ad protein-
svipgerd i maenuvodkva er ekki eins hja fyrirburum og hja fullburéa bérnum.



Einnig saum vid ad hja fyrirburum sem greindust med taugaproskaraskanir
fyrir tveggja ara aldur var skortur & ymsum proteinum sem taka patt i proska
heilans.

I ranns6knum | og Il meeldust bolguefnid PGE, og afleida pess PGEM
haekkud i meenuvokva. Hja bérnum med sykingar (rannsokn II) héfou pessi
lifefni notagildi sem greiningarteeki snemma i sjukdémsferlinu og tengdust
truflun & hjartsleetti og 6ndunarstarfsemi. Hja bérnum med heilakvilla eftir
fésturkdfnun (rannsokn 1) voru tengsl a milli magns pessara lifefna og
alvarleika heilaskadans, baedi gradu heilakvilla og horfur barnanna. IL-6 er
annad bdélguefni sem meeldist i auknu magni i meenuvokva peirra barna sem
urdu fyrir sarefnisskort i faeedingu og tengdist pad verri heilaskada (rannsékn
). 1 peirri rannsékn voru einnig tengsl & milli magns FasL og alvarleika
heilaskada en pad er lifefni sem tekur patt i dauda taugafruma i flokinni
meingerd heilaskada eftir surefnisskort. IL-6 og FasL notud saman spadu fyrir
um alvarleika heilaskadans, gradu heilakvilla og horfur, med miklu naemi og
sértaeki. Proteinmynstur i maenuvokva barna med heilakvilla eftir fosturkéfnun
(rannsokn 1V) einkenndist af bolguferlum og 6drum préteinum sem tengjast
efnaferlum heilaskada af voldum surefnisskorts. Heekkad magn pessara
proteina tengdist meiri einkennum um heilakvilla og verri langtimahorfum
pessara barna. Préteinmynstur i maenuvokva fyrirbura var 6druvisi en hja
fullburda bérnum (rannsékn V), og var par sérstaklega aberandi haekkun &
bolgupréteinum hja fyrirburum. [ peirri ranns6kn var magn proteina sem
tengdust heilaproskanum minna i maenuvékva peirra fyrirbura sem greindust
med Oedlilegan taugaproska vid 18-24 manada leidréttan aldur en hja
fyrirburum sem voru med edlilegan taugaproska.

Alyktun

Utfra pessum nidurstédum alyktum vid ad ymis bélguefni og énnur lifefni i
meenuvokva geta verid gagnleg vid mat a astandi og horfum nybura sem eru
i heettu & heilaskada eda taugaproskardskun. Pau geta verid gagnleg i) vio
greiningu & heilakvilla af véldum suarefniskorts i feedingu, ii) vid greiningar a
sykingum ii) vid mat a alvarleika heilaskada hja nyburum sem hlotid hafa
fosturkdfnun og vid mat & porfinni fyrir medferd og iii) vid mat &
framtidarhorfum fyrirbura, og fullburda barna med heilakvilla.

Ad auki gefa pessar nidurstodur mikilvaegar upplysingar um meingerd
heilaskadans, sem gaetu nyst vid préun & nyjum medferdarirraedum.

Lykiloro:

Fosturkéfnun, blédsyking, heilakvilli orsakadur af surefnispurrd, lifefni,
manuvokvi.






Abstract

Background

Prematurity with its complications and hypoxic-ischemic encephalopathy
(HIE) following birth asphyxia in full-term infants are the most important
contributors to a high incidence of early neonatal mortality and lifelong
neurodevelopmental disabilities originating in the neonatal period.
Devastating long-term outcomes have not decreased markedly within the last
decades despite extensive medical advances. Various injurious processes
are stimulated by external insult and can lead to brain cell damage. This
includes inflammatory processes, which are important contributors to brain
injury in both sepsis and hypoxia-ischemia. Sepsis is a common complication
of prematurity and the most frequent cause of mortality in the neonatal
period. It is associated with cardiorespiratory disturbances, as a result of a
disrupted autonomic control in the brain stem. It is important to bear in mind
the vulnerability of the developing brain, especially of the preterm infant.
Diverse postnatal events may alter normal brain development and lead to an
adverse neurodevelopmental outcome, even without apparent lesion in the
brain tissue. Measuring biomarkers in body fluids that correlate with the
processes of brain injury and/or brain development is feasible.

Aims

The focus of this thesis was to diagnose perinatal brain injury and identify
infants at risk of adverse neurodevelopmental outcomes. Specifically, the aim
was to discover biomarkers in cerebrospinal fluid (CSF) that would: i) identify
the degree of HIE and the clinical outcome following perinatal asphyxia, ii)
predict the neurodevelopmental outcome of preterm infants, and iii) correlate
with the onset of neonatal sepsis and cardiorespiratory disturbances.

We first hypothesized that neuroinflammation would be observed following
birth asphyxia and that inflammatory mediators could serve as biomarkers of
the degree of HIE and the clinical outcome of the patients. Furthermore, the
inflammatory mediator prostaglandin E, (PGE,) would correlate with the
consequences of perinatal asphyxia and early neonatal sepsis and
autonomic dysfunction. Secondly, the levels of brain-specific proteins,
including apoptotic markers, cell structural proteins, and synaptic proteins, in
CSF, could serve as diagnostic and prognostic biomarkers in HIE. Thirdly,
the proteome in preterm infants would differ from that in term-born infants
and a specific protein signature would predict adverse neurodevelopmental
outcomes in the preterm infants.
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Methods

We analyzed CSF of term infants with HIE, infected and noninfected preterm
infants, and term control infants to test these hypotheses. Term infants who
were cared for at the neonatal intensive care unit at the Karolinska Hospital in
Stockholm due to perinatal asphyxia, between 2000 and 2004, were enrolled
prospectively into studies I, Ill, and IV. Included infants all fulfilled the criteria
of perinatal asphyxia and had a lumbar puncture performed on clinical
indications. Term infants without asphyxia or any other pathology in the brain
who were cared for at the Karolinska Hospital at the same time for suspected
infection served as controls. Preterm infants cared for at the neonatal
intensive care unit at Karolinska Hospital between 2002 and 2004 and who
underwent clinically indicated lumbar puncture were prospectively enrolled
into studies Il and V. Term infants with suspected infection served as
controls.

CSF was analyzed from patients and controls. ELISA techniqgue was
utilized to measure PGE, and prostaglandin E, metabolite (PGEM) in studies
I and Il and for measuring interleukin 6 (IL-6) and fas-ligand (FasL) in study
lll. In studies IV and V, proteomic profiling was performed utilizing an
antibody affinity-based proteomic array. We measured the relative
abundances of 178 unique proteins. The antibodies for the suspension bead
array were produced from protein fragments chosen from a protein database
for the analysis.

Neurological follow-up was performed at 18-24 months in all infants.

Results

Our main findings were, firstly, that inflammatory biomarkers were increased
in CSF in response to both asphyxia and sepsis and had diagnostic as well
as prognostic value. Secondly, unique brain-specific proteins were increased
in CSF of asphyxiated infants and correlated with the extent of brain injury
and clinical outcome. Thirdly, decreased levels of neurodevelopmentally
related proteins correlated with unfavorable neurodevelopmental outcomes of
preterm infants.

More specifically, the inflammatory mediators PGE, and its more stable
metabolite PGEM were found in increased amounts in studies | and Il. They
had diagnostic value in sepsis and correlated with cardiorespiratory
disturbances (study II). In infants who had suffered perinatal asphyxia, they
correlated with the HIE degree and the outcome of patients (study I). IL-6 is
another inflammatory mediator, that was found in an increased amount in
asphyxiated infants in study Il and correlated with HIE degree and clinical
outcome. In that study, FasL, which is an apoptotic marker and associated
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with brain cell death in hypoxic-ischemic (HI) brain injury, was found to
increase as well and predicted the extent of brain injury and clinical outcome.
IL-6 and FasL together predicted HIE degree and outcome with high
sensitivity and specificity. Protein profiles in study IV revealed an
upregulation of inflammatory pathways as well as other pathways involved in
HI brain injury. Several proteins predicted the HIE degree and the clinical
outcome of the infants. In study V preterm infants had a different protein
profile than term-born infants. Furthermore, depressed levels of several
neurodevelopmentally related proteins correlated with adverse outcomes in
the preterm group.

Conclusion
From these results, it may be concluded that several inflammatory- as well as
structural and functional brain-specific biomarkers could serve as diagnostic
tools in infants at risk of brain injury. Specifically, they could; i) have
diagnostic value in HIE and sepsis, ii) help identify infants with HIE grade II
and 1ll, who would benefit from neuroprotective treatment after perinatal
asphyxia, and iii) have value in predicting the risk of adverse neurological
outcomes in infants with HIE and preterm infants.

Furthermore, they reflect the injurious processes in HIE and expand the
knowledge of the neurodevelopmental processes in the developing brain.
This might be important for the invention of future neuroprotective methods.

Keywords:
Asphyxia, sepsis, hypoxic-ischemic encephalopathy (HIE), biomarkers,
cerebrospinal fluid (CSF).
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1 Introduction

Preterm birth and birth-related insults in term infants contribute to a high
incidence of early neonatal mortality, and the risk of lifelong
neurodevelopmental disabilities is high for those who survive (Bell et al.,
2022; Cheong et al., 2021). The outcome has not improved noticably in the
last years despite advances in the obstetrical and neonatal care (Johnson &
Marlow, 2017). The brain of the fetus and newborn is developing at a very
rapid rate. This makes newborn infants, especially the preterm infant,
vulnerable to a diversity of external stimuli around birth and in the neonatal
period. The burgeoning corpus of information on neurodevelopmental
impairment in preterm infants and term-born infants who suffered from birth
complications requires an awareness.

Infants born prematurely

Around 15 million infants are born preterm every year, with the rate ranging
from about 5% to 18% in different parts of the world, and rates are increasing
(Blencowe et al., 2012). The incidence of mortality and morbidity is highest in
the lowest gestational ages. Moderate or late preterm, from 32 to 37
completed gestational weeks, is the biggest group and has the best
prognosis of preterm infants (Kerstjens, de Winter, Bocca-Tjeertes, Bos, &
Reijneveld, 2012). Very preterm infants, from 28 to 32 gestational weeks, are
1-2%, and extremely preterm infants, born after less than 28 completed
gestational weeks, are 0,4-0,7% of all live births. With improved maternal and
neonatal care, the survival rates of the extremely preterm infants have
increased in higher-income countries over the past decades (Norman et al.,
2019; B. J. Stoll et al., 2015). Nevertheless, the mortality rate is still high in
this group. It is very varying between countries (Helenius et al.,, 2017).
Neurodevelopmental impairments occur in many surviving infants (Bell et al.,
2022; Glass et al., 2015). Most outcome studies show that between five and
10% of preterm survivors who are born after less than 32 gestational weeks
have major motor impairments, with highest risk in the lowest gestational
ages (Spittle, Cameron, Doyle, Cheong, & Victorian Infant Collaborative
Study, 2018). Cognitive disabilities are seen at much higher rates in this
group, as high as 25-50% in very preterm infants, and the rates are even
higher in the lowest gestational ages (Amer et al., 2018).
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Invasive infections in neonates

Neonatal sepsis, which is a common complication of preterm birth, is
associated with a high risk of mortality in neonates (Oza, Lawn, Hogan,
Mathers, & Cousens, 2015). It may affect the neurological outcome of
surviving infants (Pek, Gan, et al., 2020; Schlapbach et al., 2011). Results of
a meta-analysis of the effect of neonatal sepsis on the developing brain are
pending (Pek, Yap, et al., 2020). Infection, even distant from the brain can
through inflammatory mediators induce neuroinflammation which may result
in altered neurodevelopment, especially in the immature brain (Allred et al.,
2017). It may also disrupt brainstem respiratory control, leading to apneas
which is a common clinical symptom in neonatal infection, especially in
preterm infants. Furthermore, exposure to infectious or inflammatory stimuli
can make the brain vulnerable, sensitizing the brain to a secondary insult and
thereby exacerbating the injurious cascades that lead to disturbed brain
function (Fleiss et al., 2015). Inflammation is one of the key molecular
pathways of the HI brain injury (Dammann & O'Shea, 2008).

Hypoxic-Ischemic Encephalopathy (HIE)

After premature birth intrapartum complications with oxygen deprivation,
leading to hypoxic-ischemic (HI) brain injury, is the second most common
contributor to early neonatal mortality (Perin et al., 2022). Between 1 and 3
infants per 1000 live birth is diagnosed with HIE each year in high-income
countries (Azzopardi et al., 2014). After introduction of therapeutic
hypothermia (TH), a reduced death or severe disability by 15% was
confirmed in large randomized controlled trials (RCTs) (Edwards et al., 2010;
Jacobs et al., 2013). Of those who survived the initial injury, an additional
25% developed lifelong serious disabilities, including cerebral palsy (CP),
epilepsy, sensory- and cognitive deficits. More recent RCT data indicate a
further reduction in risk of adverse outcome from 45% to 29%, mainly related
to a reduction in mortality, from 25% to 10% (Shankaran et al., 2017). In low-
income countries, the rate of HIE is as high as 26 per 1000 infants and with
fewer survivors (Kurinczuk, White-Koning, & Badawi, 2010).

The emphasis of this thesis

The assessment of infants at risk of brain injury is currently based on clinical
evaluation, electrophysiology, and brain imaging. Methodologies that provide
insight into the pathophysiological processes of brain injury are rapidly
progressing. The biomarker science expectantly will change the care of
neonates at risk of serious complications (Graham, Everett, Delpech, &
Northington, 2018). Our prime focus was to define biochemical markers in
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cerebrospinal fluid (CSF) that could be used in concert with the currently
available diagnostic tools and that would improve the predictability of the
assessment of infants at risk of brain injury. Also, to shed light on the
pathology of brain injury and dysmaturation. This is a topic of major
importance as it may aid in the attempt to improve survival and long-term
outcome for the many suffering infants.

1.1 Brain development and vulnerability

Neurodevelopment is an evolving process from early in intrauterine life and
throughout postnatal life. At the 20th week of gestation, the brain weighs only
10% of the term brain and the structure is very immature. Maturational
vulnerability of the rapidly expanding cortex in preterm infants has been
established (Matthews et al., 2018). From the 20th gestational week, and
especially during the third trimester, impressive developmental changes
occur on molecular, neurochemical, and structural levels (Lefevre et al.,
2016). These are processes like neurogenesis, neuronal migration, brain
network formation, gliogenesis, angiogenesis, and synaptogenesis. During
early fetal development, neurogenesis and migration are the most prominent
of these processes, but subsequently or at around 27 weeks of gestation
synaptogenesis becomes very active and it persists into the second year of
life (Johnston et al., 2009).

25 week 30 week

1A'

Figure 1. Cortical folding patterns in preterm and term infants.
Reprinted with permission from David Van Essen, Jason Hill, Terrie Inder, and Jeff
Neil.
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1.1.1Neurons

Axons and subplate neurons

Neurons are generated from around the 16th week of gestation. Rapidly
dividing neuronal progenitor cells migrate from germinative zones into the
subplate area, which is a neuronal layer VI of the cortex and a waiting area,
before they differentiate to reach the cortex (Hoerder-Suabedissen & Molnar,
2015). The subplate neurons reach maximal development at 27th to 30th
weeks of gestation, at the time when axons reach the deep layer of the
cortex. This coincides with the extremely vulnerable gestational ages in
preterm infants (Bystron, Blakemore, & Rakic, 2008). They then proliferate
and migrate to the upper layers of the cortex, continuing to the end of the
gestation (Kostovic & Judas, 2006).

Synaptogenesis, formation of cortex and thalamus

Communication between neurons is essential for brain development.
Synapses appear from 24th to the 32nd week of gestation (Kostovic &
Jovanov-Milosevic, 2006). A mature synaptic network is formed when
glutamatergic neurons in the subplate receive excitatory input from the
thalamus and make excitatory synapsis with neurons higher up in the
neocortex (Friauf & Shatz, 1991). This maturational process which includes
excitatory neurotransmitters is highly important for the formation of the cortex
and of the thalamus and other deep nuclei (T. Inder et al., 2005).

Late migrating GABAergic neurons and microcircuitry

A second phase of neuronal generation has been documented, which likely
continues well into the third trimester (Inta et al., 2008). These neurons are
mainly inhibitory (GABAergic) (Xu et al., 2011). In the cortex, the later arriving
GABAergic interneurons constitute 20-30% of all cortical neurons. Micro-
circuitry between inhibitory GABAergic neurons and glutamatergic excitatory
neurons is highly important for the functional development of the cerebral
cortex (Garcia-Marin, Blazquez-Llorca, Rodriguez, Gonzalez-Soriano, &
DeFelipe, 2010).

1.1.2 Neuroglia

Pre-Oligodendrocytes (preOL)

Disturbed white matter development may result from dysregulation of glial
cells (Back & Rosenberg, 2014). Oligodendrocytes (OLs) produce myelin
around neuronal axons for their protection and for optimizing their function,
during the last part of gestation and into the adult life (H.C. & D.L., 2002).
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Before term age, the OLs are predominantly in a pre-myelinating phase. Pre-
oligodendrocytes (PreOLs) have a maturation-dependent vulnerability to
oxidative stress, infections, and other insults (Back, 2014). After brain insult,
an aberrant repair system regenerates the cells, which leads to a disruptive
developmental program with failure in differentiation and myelin production.
This aberrant process is associated with diffuse white matter injury (WMI),
which is a common brain pathology in preterm infants (Back, 2017). WMI is
also is found in term infants with brain hypoxic brain injury (S. P. Miller &
Ferriero, 2009). As neurons migrate into the cortex through white matter at
this vulnerable stage they risk being injured at the same time.

Microglia

Microglia are the so-called “brain macrophages”, with an important role in the
brains’ immune defense, having either pro-inflammatory or anti-inflammatory
functions. They are also important in normal brain development. Microglia are
at a peak abundance in the third trimester of gestation. They enhance
synaptogenesis and neural circuit formation (Hammond, Robinton, &
Stevens, 2018). Microglia stimulate pre-OL proliferation, but they can also
induce OL death (Volpe, 2009).

Astrocytes

Astrocytes are also part of the brain defense and neuro repair. They clear
excessive glutamate and trigger anti-inflammatory cytokine and growth factor
production (Sofroniew & Vinters, 2010). They are also important in the
crosstalk between brain cells, synaptogenesis, and for the energy turnover of
neurons (Mamczur et al., 2015). In response to brain insult, a robust
gliogenesis occurs which may have both beneficial or detrimental effects on
neuronal survival and remodeling of the brain.
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Figure 2. The evolving processes of neurodevelopment throughout gestation.

1.1.3 Plasticity

Neuroplasticity is the capacity of the brain to change or remodel itself in
response to a stimulus or an insult. The word “plasticity” comes from the
Greek word “plastos” which means molded. Developmental neuroplasticity is
the ability of developmental processes to variate. Intrinsic mechanisms
regulate the developmental processes to maintain normal brain development.
Nevertheless, the developing brain is highly vulnerable to external events
(Ismail, Fatemi, & Johnston, 2017). Neuroplasticity generally has a trophic
role, and the purpose of reactive plasticity is to “overcome” an insult.
Nevertheless, the plasticity may render the brain more vulnerable to injury
and worsen the outcome (Johnston, Nakajima, & Hagberg, 2002). Indeed,
although the developing brains‘ capacity to change is more than the adults'
brain, it often has worse neurodevelopmental outcomes following brain injury.
This is dependent on the vulnerability of the plasticity in various
developmental processes at the time of the insult (Giza & Prins, 2006).

Insult to the developing brain may have an impact on multiple
neurodevelopmental processes including neurogenesis, neuronal maturation,
and establishment of neural networks as well as glial maturation and
myelination. Therefore, the neurological outcome is ultimately defined to a
large extent by the timing of the insult to the developing brain and the
endogenous responses (Kinney, 2009; S. J. Vannucci & Hagberg, 2004).
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1.1.4 Brain dysmaturation

Subplate neurons are susceptible to the effects of hypoxic-ischemic events,
as has been observed in neonatal hypoxia animal models (McQuillen,
Sheldon, Shatz, & Ferriero, 2003). Alterations in the subplate during critical
periods alter the activity-dependent thalamocortical afferent development,
which in turn has potentially adverse effects on both cortical and thalamic
development (Kostovic, Judas, & Sedmak, 2011). It has been shown that
interference with the establishment of brain connections between different
structural sites causes disrupted brain growth. This has been suggested by
volumetric magnetic resonance imaging (MRI) (Y. Zhang et al., 2015), and
correlated with adverse neurodevelopmental outcome (Counsell &
Boardman, 2005; Thompson et al.,, 2019). Nevertheless, reduced brain
volumes cannot fully explain the effect of prematurity on cognitive and
neurobehavioral difficulties. It is suggested that alterations in microstructure,
which are not captured on MRI-defined volume measures, may be as
important (Gozdas et al., 2018). This is considered secondary to white
matter damage (WMD) in the developing brain, but is even more important in
determining the outcomes (Volpe, 2019a).

1.1.5 Mediators of neurodevelopment

Various cerebral tissue enriched proteins are essential for brain development.
Evidence suggests that altered expression of developmental genes are
associated with altered neurodevelopment in preterm infants (Evans,
Karama, Vasung, & Iturria-Medina, 2017). The alteration in gene expression
may result from external stimuli like infection (Hagberg et al., 2015). Kuban et
al showed that higher neurotrophin protein levels correlated with larger brain
volumes and better cognitive outcomes in preterm infants (Kuban et al.,
2018). In the same patient group upregulation of neuroinflammatory proteins
was correlated with worse outcomes and lower brain volumes (Kuban et al.,
2019). Protein levels change dramatically during the first weeks of life and the
change is determined by the type of postnatal stimuli that the infant is
exposed to (Zhong et al., 2021). There is growing evidence of the importance
of various proteins in normal brain development and neuroplasticity. Notably,
there is also evidence of the involvement of inflammatory proteins in the
normal brain development (Biggins, Brennan, Taylor, Woodruff, &
Ruitenberg, 2017; Magdalon et al., 2020). The lack of several proteins have
been implicated from preclinical studies to contribute to neurological
impairments like autism spectrum disorder (Daimon et al., 2015; Yook et al.,
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2019), cognitive decline in the elderly (Harris et al., 2020), and psychiatric
diseases (Vanes, Murray, & Nosarti, 2021).

In our proteomic study in preterm infants (study V), we discovered a
correlation between lower protein levels in CSF and adverse
neurodevelopmental outcomes. Several of these proteins are known to
promote neurogenesis, heuronal migration, and plasticity.

1.2 Etiology of perinatal brain injury

It is important to notice that various factors can modify the vulnerability of the
developing brain to an insult and thus affect the outcome. These include
exposure to chronic infections, the nutritional status of the infant, and the
developmental stage. Alterations in brain plasticity may occur like described
in the previous chapter. Here below the brain insults are discussed.

1.2.1Hypoxia-Ischemia

Neonatal encephalopathy (NE) is a clinical presentation of brain dysfunction
in a term infant and does not include assumptions about the etiology
(Hankins & Speer, 2003). HIE in term infants can be considered a subset of
NE in cases where there is evidence of perinatal events causing asphyxia.
HIE is widely used as terminology for all cases of NE. The pathophysiology of
HIE will be discussed in more detail in chapter 1.3.

Encephalopathy of prematurity is not a clinical description, unlike
encephalopathy in full-term infants. It applies to the pathophysiology of the
injury and the diagnosis relies on neuroimaging studies (Volpe, 2019a).
Multiple evidence from research within developmental neuroscience indicates
a primary role of ischemia in preterm brain injury, with triggering of excitotoxic
and inflammatory processes. The outcome is to a large extent determined by
the brain maturity at the time of the insult (S. J. Vannucci & Hagberg, 2004;
Volpe, 2019a). The incidence of HI brain injury in preterm infants varies in
different studies from 4 to 48 per 1000 newborn preterm infants (Graham,
Ruis, Hartman, Northington, & Fox, 2008). Nevertheless, the contribution of
asphyxia in pathogenesis is debated (Gilles, Gressens, Dammann, & Leviton,
2018). In a recent study, the Apgar score was prognostic for neonatal survival
in the preterm population (Cnattingius, Johansson, & Razaz, 2020). In
another study acidosis in cord blood, which is another widely used marker of
asphyxia, did not correlate with adverse neurologic outcome (Zaigham,
Kallen, Marsal, & Olofsson, 2020). This is in contrast to HIE in term infants,
where a relationship has been observed between acidosis and the risk of
death or cerebral palsy (CP) (Kelly et al., 2018).

Many questions are unresolved about the origin of perinatal brain injury. It
is likely that in many instances several damaging events cause NE and
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encephalopathy of prematurity, rather than a single exposure (Barnett et al.,
2018). Therefore, simplistic associations between single exposures and
outcomes must be made with caution.

1.2.2 Neuroinflammation

The interaction between the peripheral immune system and the central
nervous system (CNS) is highly important in the pathogenesis of perinatal
brain injury. Inflammation can be caused by an infection, or it can be sterile.
Despite different etiologies, it may contribute to brain injury in various ways.
The infant may be exposed to multiple inflammatory perinatal triggers,
including antenatal infections like chorioamnionitis, hypoxia-ischemia, and
postnatal sepsis.

It has been suggested from preclinical studies that the effect that an
infection may have in the brain is pathogen dependent. Gram-negative sepsis
gives rise to more inflammation and more apoptosis in the brain than gram-
positive sepsis (Falck et al., 2018). Systemic inflammation, i.e., outside the
developing brain, may also contribute to brain damage in neonates by
sensitizing the brain (Volpe, 2019c).

Furthermore, neuroinflammation may be triggered by danger-associated
molecular patterns (DAMPSs) from injured brain tissue after an insult, without
an infection (Hagberg et al., 2015).

Sensitization

A model has been developed that is increasingly used to study the complex
and multifactorial processes of perinatal brain injury that is called the
multiple-hit model. This model involves sensitization, whereby factors that do
not induce significant brain damage alone may do so in the presence of
another exposure, or they make the brain more vulnerable to injurious factors
(Back & Miller, 2014). Chronic fetal hypoxia, mild maternal stress, and
systemic infection can all have sensitizing effects (Rousset et al., 2008). In a
newborn piglet model, E-coli lipopolysaccharide infusion prior to asphyxia,
potentiated the risk of hypoxic encephalopathy and adverse outcome (K. A.
Martinello et al., 2019).

Epigenetic changes and miRNAs

Epigenetic changes are changes in gene activity and expression, that can be
heritable but are without changes in the nucleotide sequence (Chuang &
Jones, 2007). If the control processes of gene expression occur improperly it
can affect brain function and development. Changes in epigenetic
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programming can be caused by persisting neuroinflammation and by the
influence of hypoxia in the developing brain (Liverman et al., 2006; Ma &
Zhang, 2015). As a result, the vulnerable neuroplasticity may be altered,
influencing the potential for repair and regeneration in the brain and altering
the neurodevelopment (Y. Wu et al., 2020).

MicroRNAs (miRNAs) are small RNA molecules that regulate post-
transcriptional gene expression, each miRNA having multiple target mRNAs
(Bartel, 2004). They can be measured in biofluids and have been proposed
as biomarkers of a variety of diseases (Reid, Kirschner, & van Zandwijk,
2011). The miRNA miR-374a has been suggested to be a biomarker of HIE
as downregulation of its levels was observed in umbilical cord blood in
perinatal asphyxia (Looney, Walsh, et al., 2015).

Interestingly, there is evidence of varying individual genetic susceptibility
to brain injury. Especially a specific genetic regulation of inflammatory
biomarkers (Harding, 2007). This calls for personalized and targeted
treatment intervention and prevention.

Clinical correlations

Brain insult triggers immediate expression of inflammatory mediators, which
may expand for a long time, up to many months (B. Li, Concepcion, Meng, &
Zhang, 2017). This has beeen called the tertiary phase of the HI brain injury,
that may result in epigenetic changes and altered neurodevelopment (Fleiss
& Gressens, 2012). Furthermore, immediate rise of inflammatory markers
has been observed in severe HI brain injury and is predictive of MRI
abnormalities (Massaro et al., 2018; McGowan et al., 2021). In a piglet model
of neonatal encephalopathy, co-existing infection exacerbates the brain injury
(K. A. Martinello et al., 2019).

Preterm infants have a high incidence of exposure to inflammation during
fetal life, thus very early in the brain development. Preterm birth and the risk
of the adverse neurodevelopmental outcome later in life is strongly
associated with chorioamnionitis and inflammation in the fetus (Edwards &
Tan, 2006; Fleiss, Rivkees, & Gressens, 2019). Acute loss of pre-OLs has
been associated with neuroinflammatory response to hypoxia-ischemia in
preterm fetal sheep (van den Heuij et al., 2019). Inflammatory biomarkers
correlate with WMD, cognitive impairments, and reduced brain volumes in
preterm infants (Kuban et al., 2019). Neuroinflammation in preterm infants
has also been associated with neurological and neuropsychiatric diseases
throughout childhood and adulthood (Tomlinson et al., 2020; Venkatesh et
al., 2020).
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Blood brain barrier (BBB)

Disruption of the BBB contributes highly to the pathogenesis of brain injury.
This applies both in acute hypoxia-ischemia and in the chronic
neuroinflammation (Lee, Michael-Titus, & Shah, 2017). Circulating cytokines
alter the permeability of BBB. Consequently, peripheral immune cells enter
into the CNS, undermining the brain’s immune privilege (Mallard, Ek, &
Vexler, 2018). The impact of peripheral cytokines can also be mediated by
cyclooxygenase (COX) isozymes located on BBB endothelial cells, which
may trigger a cytotoxic neuroinflammatory reaction (Sankowski, Mader, &
Valdes-Ferrer, 2015). Thus, an infection or an inflammatory process even
when distant from the brain, like placental infections, vasculitis, or
thrombosis, can contribute to brain injury (O'Shea et al., 2014; Volpe, 2019c).

Glial cells

Under pathological conditions, microglia can exert either deleterious or
beneficial effects. Microglia are the brain’s macrophages and upon
phagocytosis, they produce various cytokines, including anti-inflammatory
cytokines that suppress neuroinflammation and protect viable neurons. The
neuroprotective effects of microglia have been confirmed in studies on the
HIE mice model (S. Tsuji et al., 2020).

However, microglia may also participate in promoting neuroinflammation
that leads to neuronal damage (Bhalala, Koehler, & Kannan, 2014; Volpe,
2019b). They release potentially harmful molecules like pro-inflammatory
cytokines, reactive oxygen species (ROS), and matrix metalloproteinases
(MMPs) (R. C. Vannucci et al., 1999). Activated microglia can even inhibit
neurogenesis in the developing brain and they have been linked to white
matter and axonal damage in preterm infants (Smith, Hagberg, Naylor, &
Mallard, 2014).

Astrocytes are activated alongside microglia by proinflammatory
mediators from injured neurons and glial cells and are a part of the host
defense system (Tuttolomondo, Di Raimondo, di Sciacca, Pinto, & Licata,
2008). On the other hand, activated astrocytes can also release
proinflammatory cytokines and directly induce the apoptosis of neuronal cells,
thereby exacerbating an ischemic brain injury (G. Stoll, Jander, & Schroeter,
1998).

Implications
Neuroinflammation contributes to the injurious processes in concert with
other pathways, or it may affect the brain development directly through

11
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changes in epigenetics, as discussed above (Hagberg et al., 2015). It,
therefore, seems plausible that modulation of the immune response would
attenuate or even prevent brain damage. With that in mind, understanding
the mechanism of the immune response and its role in the pathophysiology of
brain damage is highly important. In all papers of this thesis increased levels
of inflammatory proteins were found in CSF. In our proteomic study on
asphyxiated infants (paper IV) the importance of immune-related proteins
was confirmed by pathway analysis of CSF.

1.3Pathophysiology of HIE

Understanding the interactive and complex biochemistry of perinatal brain
injury is important. It is the foundation of improved patient care and the
identification of therapeutic approaches. Hypoxia-ischemia leads to the
wrecking of metabolic brain cell machinery. This is through cascades
especially vulnerable in the immature brain. When triggered it can lead to
energy failure, increased neuronal excitement, oxidative stress, and
eventually neuronal death (Hagberg, Mallard, Rousset, & Thornton, 2014).

1.3.1 Energy failure

The hypoxic-ischemic brain damage is triggered by an insult but continues to
develop over time (McLean & Ferriero, 2004). The pathophysiological
processes occur in different phases, depending on energy state of the brain
cells (Lorek et al., 1994). Primary energy failure starts at the time of the
insult, or a few minutes after, and lasts for a few hours. This phase is
characterized by a reduction in oxygen substrates, cerebral blood flow, and
high-energy phosphorylated compounds. Here, excitotoxicity and free radical
generation are triggered (Ferrari, Nesic, & Perez-Polo, 2010). The primary
phase is followed by a latent phase, where reoxygenation and reperfusion
occur. In this phase, the acute metabolic alterations in cells are completely or
partly reversed and brain cells may show a recovery (Azzopardi et al., 1989;
Cady, Ilwata, Bainbridge, Wyatt, & Robertson, 2008). Here intervention with
therapeutic hypothermia is started, in an attempt to interrupt the cascade that
leads to the next phase, the secondary phase. In this phase secondary
energy failure takes place. It may last for days and involves
neuroinflammation, oxidative stress, excitotoxicity that leads to seizures, and
permeabilization of the mitochondria. This eventually leads to brain cell death
(T. E. Inder & Volpe, 2000).

12
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The critical window of therapeutic intervention for HIE is defined within 6
hours from birth. Notably, there is considerable preclinical evidence of the
benefit of starting as early as possible, as during the latent phase there is a
progressive failure of the cerebral oxidative metabolism (Bennet et al., 2007;
Ophelders et al., 2020). It may also in some cases be difficult to determine
with precision the timing of the insult. In some infants, it may have started
long before birth, sometimes with repeated or prolonged exposures.
Furthermore, the intensity of the insult affects the duration of the latent phase
and hence the secondary phase may start earlier following more intense
insults (Wassink, Gunn, Drury, Bennet, & Gunn, 2014). In preterm infants,
the identification of the timing and severity of primary and secondary insults
remains even more challenging (Back & Miller, 2014).

Acute Insult (Minutes) Secondary Phase (Hours — Days) Tertiary Phase (Months — Years)

Hypoxic — Ischemic Insult

Injury

in defi
Resolution Tertiary brain
" damage
Primary Secondary Energy
Energy Failure Fellure
(6-15h)

|

B CBF / LATP / 1 Caspase proteins
N } Apoptotic Cascade 41 Excitotoxic NT / cytotoxic edema
Secondary Inflammation Microglial activation - 4 Inflammation Sacodend oy :
Recovery from Oxidative Stress Failing cell metabolism / Cell death lm‘:m:: M"‘u"ms" .':::;7 ::::I’:‘mmn
Reperfusion Altered synaptogenesis
Injury
Hypoxic Depolarization
VCBF / LATP / Acidosis Neuroprotective therapies

MExcitotoxic Neurotransmitters.
Calcium entry into cell
Cell death

Figure 3. The different phases of HI brain injury. Ref. Nair J, Kumar VHS. Children
(Basel). 2018;5(7)

After the secondary phase, there is a phase of regeneration and cell
proliferation, which is essential for the ongoing neurodevelopment like
myelination, synaptogenesis, and rewiring (Fleiss & Gressens, 2012). An
insult to the developing brain may alter or prevent this process (Dammann &
Leviton, 2007). There is considerable evidence that this tertiary, or chronic,
phase of brain injury, may last for a long time (Hagberg et al., 2015).

Altered neuroplasticity and developmental processes, because of persistent
inflammation and epigenetic changes, are associated with this phase
(Herrera-Marschitz et al., 2014). Studies are suggesting a possibility for
neuroprotective intervention during this phase to improve the post-lesion
plasticity (Johnston, 2009; Tetorou, Sisa, Igbal, Dhillon, & Hristova, 2021).
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1.3.2 Molecular mechanisms

The molecular mechanisms of HI brain damage are not completely
understood. Excitotoxicity and oxidative injury culminating in nerve cell death
are among the major pathways as discussed here below (Millar, Shi,
Hoerder-Suabedissen, & Molnar, 2017). The balance between these
cascades in the processes leading to brain damage remains debated
(Thornton et al., 2012). Neuroinflammation is one of the major pathways in
hypoxia-ischemia, but it may also be an independent cause of perinatal brain
injury and altered neurodevelopment. It was discussed separately in chapter
1.2.

Excitotoxicity

After the initial insult and during the re-oxygenation period a metabolic
imbalance occurs. This is associated with cellular energy exhaustion and a
rise in lactate preceding the secondary phase of energy depletion. Functional
impairment of ATP-dependent membrane ionic pumps occurs, which
increases the concentration of Na®, Ca,” and CI" within brain cells. The
neuronal resting membrane potential alters, leading to depolarization with
excessive release of the amino acids (EAAs) glutamate and aspartate
(Johnston, 2005). These are the excitatory neurotransmitters, and if in excess
amounts in the brain the EAAs exert toxic effects on neurons and
oligodendrocyte precursor cells by allowing more Ca,+ influx into cells and
triggering nitric oxide synthesis (Follett et al., 2004).

In the developing brain, the expression of EAA receptors is upregulated.
They have an important role in neurodevelopment, especially neuronal
synaptic plasticity (Johnston et al., 2009). This makes the immature brain
extremely vulnerable to the effects of the excitotoxicity (Giza & Prins, 2006).
Moreover, the selective vulnerability of different brain regions to hypoxia-
ischemia, like the somatosensory cortex, thalamus, and basal ganglia, is
likely to be caused by the upregulated activity of excitatory synapses of the
neuronal circuits (Johnston et al., 2002).

Oxidative stress

Free radicals or reactive oxygen species (ROS) are highly reactive molecules
that can damage the structure of lipids and proteins (Halliwell, 1992). The
brain contains many lipids and its’ antioxidant defense mechanisms are
immature when under development (S. L. Miller, Wallace, & Walker, 2012).
ROS accumulate when damaged cells reoxygenate (Ferriero, 2001). The
mitochondrial respiration is gradually diminished during HI injury until the
outer membrane becomes permeable. This leads to apoptotic cell death
(Hagberg et al., 2014).
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1.3.3 Nerve cell death

Apoptosis

Neuronal apoptosis is the predominant phenotype of brain cell death in the
neonatal HI brain injury (Edwards et al., 1997). It is a programmed cell death
primarily in the secondary phase of HI brain injury, referred to as the delayed
nerve cell death (Thornton et al., 2017). Cascade of events resulting from the
initial energy failure ultimately leads to apoptotic cell death through either of
two pathways: intrinsic or extrinsic apoptotic pathway. Both are important in
the pathogenesis of perinatal brain injury. The intrinsic pathway includes the
accumulation of Ca®* within the mitochondrial matrix and is characterized by
increased permeability of the mitochondria and eventually DNA damage
(Galluzzi, Blomgren, & Kroemer, 2009). It has been suggested in several
studies that the extrinsic apoptotic pathway is important in the delayed nerve
cell death.

Fas-ligand (FasL)

FasL is a natural ligand to a transmembrane death receptor, Fas (CD95/Apo-
1), is implicated in this process (Broughton, Reutens, & Sobey, 2009). It is
expressed in neurons and astrocytes. Upon FasL binding to Fas receptor
(Fas), an intracellular death receptor domain is triggered that leads to
apoptosis through the extrinsic apoptotic pathway, eventually triggering
caspase 3 (H. Li, Zhu, Xu, & Yuan, 1998). In animal models, hypoxia
upregulates Fas expression in the brain (van Landeghem et al., 2002). In
paper IIl of this thesis death and neurodevelopmental impairment in infants
with HIE were associated with increased levels of FasL in CSF (Leifsdottir,
Mehmet, Eksborg, & Herlenius, 2018).

Necrosis

Necrosis is another major form of HI cell death. It has been associated with
overwhelming insult and severe primary energy failure when the energy
reserves of the cells are dramatically depleted. The lack of energy leads to
membrane pump failure, which results in cell swelling and eventually bursting
of the cell (Vanden Berghe, Linkermann, Jouan-Lanhouet, Walczak, &
Vandenabeele, 2014).

Autophagy

Autophagy is another programmed cell death like apoptosis and there is a
continuum between the two. The autophagic process can sequester
damaged organelles to protect them from further harm, and therefore is
initiated when the brain injury is repairable (Descloux, Ginet, Clarke, Puyal, &
Truttmann, 2015).
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1.4 Biochemical biomarkers of perinatal brain injury

Identification of infants at risk of serious complications of brain insult is
challenging as the early clinical symptoms are often of limited precision.
Biochemical alterations in the pathological processes of brain injury are
reflected in body fluids, where they can be detected.

Biochemical biomarkers are substances that can be measured in body
fluids and have an impact on or predict the diagnosis or severity of a disease
or prognosis of the outcome (Safety, 2001). Throughout the past few
decades, several biochemical biomarkers for early diagnosis and
management of various diseases have been identified through advanced
research within the genomics, proteomics, and molecular biology (Ng & Lam,
2012). They are important diagnostic tools for the identification of perinatal
brain injury and the outcome prediction (Graham et al., 2018; Massaro et al.,
2018). It is important to notice the time dependence of the biomarkers as the
time of the insult may be difficult to determine with precision in both term and
preterm brain injury. Also, therapeutic hypothermia (TH) treatment which is
applied for neuroprotection in HIE alters pathological processes which makes
the timing of biomarker testing even more challenging (Chavez-Valdez et al.,
2021). No one metabolite gives the best prediction. Some may identify acute
effects of HI brain injury and others the more prolonged and chronic effects
(Blaise et al., 2017). Evidence is accumulating supporting the use of serial
biomarkers or protein profiling in blood or CSF for the assessment of
perinatal brain injury (Denihan et al., 2019; McGowan et al., 2021).

Proteins associated with the impaired oxidative metabolism of brain cells,
cell structural proteins, apoptotic proteins, synaptic regulating proteins,
proteins related to excitotoxicity, and inflammatory proteins, can all serve as
biomarkers of brain injury. Also, neurotrophic biomarkers may give valuable
information on brain development or disturbance thereof, and alterations of
brain plasticity. In premature infants events that evolve over a prolonged
period contribute highly to adverse neurodevelopmental outcomes.
Therefore, there may be a long time window for interventions.

Biomarkers are important in the search for new therapeutic approaches.
They can also provide information on the efficacy and safety of intervention
strategies.

1.4.1 The glymphatic system

The glymphatic system removes soluble proteins and other macroscopic
metabolic waste products from CNS. It is only recently discovered (Jessen,
Munk, Lundgaard, & Nedergaard, 2015). The transport is facilitated by
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Aquaporin-4 protein (AQP4). In study V of the present thesis, AQP4 was one
of few proteins that were observed in higher concentrations in term infants in
comparison to preterm infants. This might indicate that the glymphatic system
is not fully mature in preterm infants, but that remains to be investigated. In
the aging brain, the loss of perivascular AQP4 polarization and dysregulation
of water transport has been associated with failure in the glymphatic function
and correlated with cognitive decline (Kress et al., 2014).

1.4.2 Proteomics

The overall protein content of a cell is defined as the cell's “proteome”.
Proteomics detect alterations in protein expression patterns in response to
different signals and therefore can be utilized for the identification of various
candidate diagnostic biomarkers. Proteomic-based approaches like enzyme-
linked immunosorbent assay (ELISA) that are built on traditional methods
have been around for decades. These assays are widely used in clinical
diagnostics and are still preferred in many protein studies. ELISA offers
results of a single compound per assay. It is a particularly sensitive
immunoassay but not as specific, due to possible cross-reactivity between
proteins in the samples. This technique was used in the first three studies of
this thesis, analyzing PGE2, PGEM, IL-6, IL-6R, FasL, and Fas in the CSF
samples. There have been improvements in ELISA technologies in the last
few years with the production of digital device that can allow measures of a
very small amount of proteins (Espana et al., 2017).

In the recent years the focus in perinatal brain injury research has shifted
from analyzing one or few proteins in a sample towards profiling the protein
combination (Denihan, Boylan, & Murray, 2015). The latest proteomic
technologies, allow simultaneous detection of many proteins or multiplex
assays, in small sample sizes. The most common technologies for multiplex
assays of proteins are mass spectrometry-based methods and microarrays
(Joos, TO, 2000). Antibody-based microarrays allow the targeted analysis of
many proteins, in small sample sizes. This technique was utilized in studies
IV and V of this thesis. Antibody arrays are indeed adaptations of the ELISA
sandwich-style technique. A suspension bed is made which encompasses
immobilized prechosen antibodies covalently bound to activated magnetic
microspheres. In a complex sample, the protein abundance is measured by
reading the fluorescent intensity in the samples using a flow cytometry-based
laser (Luminex Corp) (Schwenk, Gry, Rimini, Uhlen, & Nilsson, 2008). The
Human Protein Atlas (HPA) project (Science for Life Laboratory, Stockholm,
Sweden) (Collaborators, 2021, November 18) is a valuable resource of
antibody reagents for proteomics and was utilized in papers IV and V. It
includes over 50.000 protein array validated antibodies corresponding to
17.000 unique protein-coding genes (Uhlen et al., 2010).
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Figure 4. Generation of affinity captured proteome. Printed with permission from

Creative Commons user license (https://creativecommons.org/licenses). Ref. Harper,
M.M., et al., Heliyon. 2020;6(2):e03374.

In perinatal brain injury, there are at present no biomarkers available for
clinical use, although several have been investigated throughout the last
decades. Some of the most promising ones and some observed in our
studies are displayed in Table 1. Inflammatory biomarkers are described
separately in the following section.
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Table 1. Biomarkers of brain damage

Biomarker Expression Biological Contribution to | Associations
/source function the pathology
Markers of axonal and cellular damage
Glial fibrillary Astrocytes Skeletal Marker of glial Neonatal HIE (Chalak
acidic protein protein in damage/death etal., 2014; Massaro
GEAP astrocvies et al., 2018; McGowan
( ) yt etal., 2021). PHVD in
preterm infants
(Whitelaw, Rosengren,
& Blennow, 2001). Not
an early marker in HIE
(Looney, Ahearne,
Boylan, & Murray,
2015).
Myelin basic Myelin sheath | Maintenance Marker of white Pediatric TBI (Beers,
protein (MBP)* of myelin matter damage Berger, & Adelson,
fruct d 2007). WMI in HI
S ruc.ure an animal models (Y.
function Chen et al., 2013).
Neonatal HIE (Garcia-
Alix et al., 1994).
Alpha lI- Axons Maintains Marker of axonal | Infantile epileptic
spectrin integrity of injury ?T"C:pha")p?‘hﬁ’
% . ohyama et al.,
(SPTAN) brain cells 2015).
Neurodegenerative

diseases (Beijer et al.,
2019). Paediatric HI
brain injury (Jain et al.,
2014).

Osteopontin /
Phosphoprotein
1 (SPP1)*

Large motor
neurons and
activated
microglia

Extracellular
matrix, T-ly
activation

Inflammation,
tissue repair

Cortical experimental
lesion (Sugiyama et
al., 2019). Early
ischemic brain injury in
rats (Baliga, Merrill,
Shinohara, &
Denhardt, 2011).
Biomarker in
experimental HIE (Y. Li
etal, 2017)

t-Tau Neurons

Axonal
maintenance
and axonal
transport

Reflects neuro-
axonal damage

Detecting Alzheimer’s
(Jiao et al., 2021).
Marker of intrapartum
asphyxia (Toorell,
Zetterberg, Blennow,
Savman, & Hagberg,
2018). Outcome
prediction after HIE
(Massaro et al., 2018;
McGowan et al.,
2021).

Brain vascular and Blood Brai

n Barrier related biomarkers

Aquaporin-4 Astrocytes

(AQP4)* and
ependymal
cells

Water
homeostasis,
synaptic
plasticity

Brain oedema
Neuro-
inflammation

Animal models on
memory loss
(Hubbard, Szu, &
Binder, 2018)
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Metabolites
Lactate Neurons Oxydation of Marker of Neonatal HIE
dehydrogenase lactate to energy failure (Thoresen etal,
LDH 2012). Outcome
( ) pyruvate correlation after HIE
(Chiang et al., 2016).
Gray matter lesions in
HIE (Yum, Moon,
Youn, & Sung, 2017)
Aldolase C Astrocytes Cell signalling, | Marker of Stoke and TBI (Ottens
(ALDOC)* maintaining astrocyte injury etal., 2010).
brai Experimental TBI
rain energy (Thelin et al., 2018)
homeostasis
ATPase H+ Neurons Cell signalling Metabolic Neurodegenerative
transporting V1 and abnormalities diseases (W. X. Li et
bunit G2 . d . al., 2020). Animal
subunit neurotransmitt | and apoptosis model on chronic
(ATPBV1G2)* er release progressive TBI

(Harper et al., 2020)

Neuron speific Neurons and Enzyme of the | Marker of Neonatal HIE (Roka et
enolase (NSE)* | Astrocytes glycolytic neuronal and al.,, 2012). Pediatric
. TBI (Berger, Beers,
pathway glial Richichi, Wiesman, &
damage/death Adelson, 2007).
Biomarkers with pro-apoptotic properties
Fas-ligand Immune cells | Apoptosis in Apoptosis in PHVD (Schmitz et al.,
(FasL)* and microglia | normal brain brain pathology | 201D
development HIE (Leifsdottir, K.,
2018)
Reticulon-1 Neurons Modulates Excitotoxicity Stroke therapy (Gong
(RTNL)* voltage gated and apoptosis etal., 2017).
calcium
channels in
neurons
Synaptic proteins
Rabphilin-3A Neurons Regulation of Synaptic Neurodegenerative
(RPH3A)* neurotransmitt | dysfunction / diseases (Tan et al,
.. 2014). Animal TBI
errelease and | plasticity models (M. Chen et
receptor al., 2018)
stability
CASK- Neurons Synaptic Synaptic Experimental studies
interacting formation and | dysfunction and | ©n Pain signal, anxiety
protein 1 function plasticity :Pngggql(g?, (Katano
(Caskinl)* Matsumura et al.,
2010)
Synucleins Neurons and Regulation of Synaptic Neurodegenerative
(SNCs) astrocytes neuro- dysfunction and | diseases (Sargent et
transmitter plasticity al. 2018)
release
Synaptic Neurons Regulation Protection Epilepsy in animal
vesicle GABA release, | against seizure | Models (Serajee &

glycoprotein 2A
(SV2A)*

seizure control.

activity

Hug, 2015)
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Neurodevelopmental proteins

Insulin-like
growth factor
(IGF)

Neuroendocri
ne brain cells

Neurotrophic
factor

Neuro-protective
and trophic
effects.

HI brain injury in rat
model (Brywe et al.,
2005). WMD protection
in vitro (Wood et al.,
2007).

Activin-A*

Neurons

Neurotrophic
factor

Neuroprotection

HI animal HI models
(Mukerji et al., 2007).
Neonatal HIE (Florio
et al., 2004). Umbilical
marker of birth
asphyxia (Fiala,
Baumert, Surmiak,
Walencka, &
Sodowska, 2016)

Vascular
endothelial
factor (VEGF)*

Microglia and
Astrocytes

Neurprotection
Angiogenesis
Neurogenesis

Inhibits
apoptosis,
promotes repair

Animal HI models:
Indicative of early HI
brain injury, but
delayed VEGF
treatment enhances
recovery (Dzietko,
Derugin, Wendland,
Vexler, & Ferriero,
2013; J. Lietal,
2020). Clinical: Anti-
VEGF in ROP
(VanderVeen et al.,
2017)

Seizure protein
6 (Sez6)*

Neurons

Regulates
dendritic spine
structure

Essential for
brain
development

Lack of Sez6
associated with motor
impairment, memory
and cognitive loss in
animal models (Nash
et al., 2020)

Neurocan core
protein (NCAN)*

Neuro-
migration

Cortical
development

Lack of NCAN
associated with
cognitive decline and
diminished brain
volumes in elderly
(Harris et al., 2020)

*Biomarkers that were found in CSF of preterm or term infants in the studies
of this thesis in altered amounts, compared to controls.

1.4.3 Inflammatory proteins

Inflammatory proteins are a part of the host defense system. Under
pathological conditions, they can have pro-inflammatory properties that lead
to neuroinflammation and neurotoxicity (Dammann & O'Shea, 2008). There is

also evidence

of the

involvement

of

inflammatory proteins

in

neurodevelopment. As discussed previously, both activated glial cells and
infiltrating inflammatory cells can produce inflammatory mediators in the brain
(Rocha-Ferreira & Hristova, 2015).
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Inflammatory mediators in brain injury

All inflammatory biomarkers can be involved in neuroinflammation and brain
damage, directly or indirectly. Proteins that recruit antigen-presenting cells
(APCs), the APC membrane recruitment protein (AMER), and the
complement components of the classical and alternative pathways, including
complement 5 (C5), complement (C9), and complement factor B (CFB), are
regulators of immune reaction and participate in the cell killing process. Also,
Mannan-binding lectin serine protease 2 (MASP2), but the lectin pathway has
been implicated in secondary hypoxic brain injury following traumatic brain
injury (TBI) (Ciechanowska et al.,, 2020). In our proteomic study on
asphyxiated infants (paper V) several of these immunological proteins were
found in increased concentrations in CSF of infants with brain injury following
birth asphyxia and correlated with adverse neurodevelopmental outcome.

Cytokines are signaling molecules of the inflammatory response to either
infection or hypoxia-ischemia or both. Most cytokines have both pro-and anti-
inflammatory functions. In the context of a perinatal brain injury, some
cytokines have mostly pro-inflammatory properties and contribute to the
injurious process, whereas others have mostly anti-inflammatory properties
and regulate the immune process, thereby ameliorating the injury. Evidence
from several studies indicates a role of Interleukin-6 (IL-6) in relation to
perinatal brain injury. It has pluripotent functions, both neurotoxic and
neuroprotective. IL-6 is neuroprotective against N-methyl-D-aspartate
(NMDA)-induced excitotoxicity, in vitro (Fang, X.X. 2013) and ischemic brain
injury was reduced after injecting IL-6 into the brain (Suzuki, S., 2009).
Nevertheless, an IL-6 over-expression in a mice modeles correlates with
severe neurological symptoms (Campbell et al., 1997). It has been suggested
that IL-6 may exhibit destructive functions early after hypoxic-ischemic insult,
while enhancing repair and regeneration later, in the prolonged chronic phase
(Jenkins et al., 2012).

Increased IL-6 concentrations in serum and/or CSF correlate with the
severity of brain injury and the outcome in the HIE (Orrock et al., 2016). This
was confirmed in paper Il of this thesis (Leifsdottir et al., 2018).

Neural cell adhesion molecules (CAMs), including selectins, integrins, and
immunoglobulins, are located on the surfaces of cells and participate in the
binding with other cells. These molecules have an important role in brain
injury as they increase cellular adhesion and infiltration of immune cells into
the brain and thereby can exacerbate neuroinflammation. They are also
important in brain development as they allow neural cell interactions that are
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essential for neuronal migration and axon guidance, as well as
synaptogenesis (Rubenstein, 2011). In paper IV, increased levels of several
CAM proteins were found in CSF from infants with HIE and adverse
neurodevelopmental outcomes. In paper V, higher levels were found in CSF
of preterm infants than in CSF of term infants.

Prostaglandins (PGs) are lipid compounds that derive from hydrolyzed
arachidonic acid (AA). Activated PGs in the brain induce symptoms of iliness,
like fever and pain. The cyclooxygenase (COX) isozymes convert AA to the
prostanoid PGH, which is subsequently converted to prostanoid subclasses.
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Figure 5. The conversion of arachidonic acid (AA) to prostanoid subclasses.
Printed with permission from ,rights link“. Ref. Herlenius, E., Respiratory physiology &
neurobiology. 2011;178(3):449-57

Emerging data suggest that the prostanoid PGE, contributes to the
pathophysiology of brain ischemia (Kawano et al., 2006). In study | we
showed the PGE; is released into CSF following hypoxic insult and correlates
with the degree of birth asphyxia. PGE, can act on four different subtypes of
the E-prostanoid receptor. It has stimulatory or inhibitory effects depending
on the receptor it binds to (Andreasson, 2010). In the ischemic brain it is
involved in BBB disruption through E-prostanoid receptor subtype 2 (EP2R)
on microglia and mediates neurotoxicity by binding to E-prostanoid receptor
subtype 1 (EP1R) on neurons (Candelario-Jalil et al., 2007; Kawano et al.,
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2006). Induced PGE2 production in the brain can be enhanced by circulating
cytokines that stimulate COX isozymes and microsomal prostaglandin E
synthase-1 (mPGE-1), located on BBB. Thus, an induced PGE, production in
the brain is enhanced by system inflammatory activation and mediated by
cytokines through BBB. This makes PGE, an important mediator of
neuroinflammatory response in neonatal hypoxia-ischemia and an important
messenger in the interaction between the peripheral immune mediators and
the brain (Thornton et al., 2012). Evidence from studies in neonatal hypoxic
brain injury models suggests brain sensitizing effects of cytokines through
PGE, (Rummel, Matsumura, & Luheshi, 2011).

PGE; is involved in fetal and neonatal respiratory control through E-
prostanoid receptor subtype 3 (EP3R) in the brain stem (Ek, Arias,
Sawchenko, & Ericsson-Dahlstrand, 2000; Hofstetter, Saha, Siljehav,
Jakobsson, & Herlenius, 2007). Stimulation of EP3R depresses breathing
activity through a decrease in cAMP, which inhibits the respiration rhythm
generating brainstem neurons (Ballanyi, Lalley, Hoch, & Richter, 1997).
Apnea is a common side effect of PGE, therapy. Apneic episodes are also
common and important early symptoms of infection in neonates, especially in
preterm infants. In experimental studies a link has been observed between
circulating interleukin-1beta (IL-1B) and depressed brainstem respiratory
control through induced brain PGE, production in both hypoxia and infection
(A. O. Hofstetter et al., 2007; Olsson, Kayhan, Lagercrantz, & Herlenius,
2003). Hypoxia can activate mPGES-1, which may induce a PGE; release in
brainstem areas and lead to apneas. This has been shown to decrease the
effect of resuscitation during a hypoxic event (Herlenius, 2011). In study Il of
this thesis, we found that increased PGE; levels correlated with apnea during
invasive infections in human infants (Siliehav, Hofstetter, Leifsdottir, &
Herlenius, 2015). These findings are important as apnea is not only a
common symptom in septic infants but also one of the most frequent medical
concerns in preterm infants (Finer, Higgins, Kattwinkel, & Martin, 2006).
Treating preterm apnea with the adenosine receptor antagonist caffeine
improves the neurodevelopmental outcome (Yang et al., 2021).
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Figure 6. IL-1p induced apnea via PGE2 mediated pathway.
Printed with permission from ,rights link“. Ref. Herlenius, E., Respiratory physiology &
neurobiology. 2011;178(3):449-57

Inflammatory mediators in neurodevelopment

In our proteomic study on preterm infants (paper V) an upregulation of
inflammatory proteins was observed compared with term infants, regardless
of the blood or CSF culture results. Components of the complement system
are described above as contributors to tissue damage. Notably, they also
have important roles in brain development and altered neuroplasticity
following postnatal insults (Magdalon et al., 2020). C5 is associated with the
proliferation of neural cells and the neuroprotection (Biggins et al., 2017,
Coulthard et al, 2017). MASP2 is essential for the neural migration
(Magdalon et al., 2020). Vascular cell adhesion molecule 1 (VCAM)
enhances the proliferation of neural stem cells and the lack of VCAM leads to
neural cell dysmaturation (Hu et al, 2017). Down syndrome
cell adhesion molecule (DSCAM) is an immune regulatory protein. In addition
to its innate immune functions, it has a key role in the synapse formation (Ly
et al., 2008).
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1.5 Histological and clinical presentations

The histological patterns of brain injury determine the presentation of
neurodevelopmental deficits and impairments. The brain has a selective
regional vulnerability depending on the developmental stage at the time of
the insult. Early identification of the histological patterns is challenging and
hence the clinical evaluation. This makes the discovery of biomarkers of
uttermost importance.

1.5.1 Hypoxic-ischemic encephalopathy (HIE)

HIE refers to neonatal encephalopathy (NE) in term infants where hypoxia-
ischemia around birth contributes to the pathology. These criteria include
markers of fetal and postnatal distress along with clinical signs of
neurological dysfunction or encephalopathy (Levene, Sands, Grindulis, &
Moore, 1986). Therapeutic hypothermia is applied if at least one sign of
perinatal hypoxia-ischemia, indicated as postnatal distress, is present and the
criteria for probable moderate or severe HIE are met (Table 2).

Table 2. Criteria for the definition of HIE that needs treatment

1. Postnatal distress

e Depressed APGAR score: < 5 at 10 minutes

. Depressed pH and BE in cord blood or from infant within an hour
from birth: pH <7.0 or BE -12 or lower

. Resuscitation for >10 minutes
2. Clinical signs of encephalopathy
Seizures or any two of:

. Level of conciousness: Lethargy or coma

. Spontaneous activity: Decreased
. Posture: Distal flexion, extension, decerebrate
. Primitive reflexes: Weak or absent

e  Autonomic system: Abnormal pupils, bradycardia, irregular
breathing

By scoring the clinical symptoms according to the Sarnat scale that was
introduced in 1976 (Sarnat & Sarnat, 1976) we make clinical assessments of
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infants with HIE. This scoring system has value in predicting the neurological
outcome. The symptoms that are scored include the mental state, function of

primary reflexes, muscle tone, and seizures, see Table 3.

Table 3. A clinical grading system for classification of HIE

HIE-I HIE-II HIE-II
Level of consciousness Hyperalert Lethargic Stuporous
Neuromuscular control
Muscle tone Normal Mild hypotonia Flaccid
Posture Mild distal flexion Strong distal flexion Intermittent decerebration
Stretch reflexes Overactive Overactive Decreased or absent
Myoclonus Present Present Absent
Complex reflexes
Suck Weak Weak or absent Absent
Moro Strong Weak Absent
Oculovestibular Normal Qveractive Weak or absent
Tonic neck Slight Strong Absent
Autonomic function
Pupils Mydriasis Miosis Variable
Heart rate Tachycardia Bradycardia Variable
Bronchial and salivary Sparse Profuse Variable
secretions
Gastrointestinal motility Normal or decreased Increased; diarrhea Variable
Seizures None Common Uncommon (excluding
decerebration)

Modified from (Sarnat & Sarnat, 1976)

Mild HIE (stage 1) has been perceived having a good prognosis until recently
that this perception has been challenged (Conway, Walsh, Boylan, & Murray,
2018). Murray and colleges described that compared with healthy controls
infants with mild HIE had lower IQ scores and the cognitive measures did not
differ from patients with moderate HIE (stage 2) (Murray, O'Connor, Ryan,
Korotchikova, & Boylan, 2016). A recent study by Finder and colleges
showing a two year follow-up on HIE infants, these findings were confirmed
(Finder et al., 2020). Infants with moderate and severe HIE (stage 2 and 3)
receive TH, but not infants with mild HIE (stage 1). This has been up for a
debate recently and it is possible that the indications for TH will change in the
near future (EI-Dib et al., 2019; Sabir et al., 2021). HIE stages 2 and 3 have
been correlated with motor, conitive and behvioral adversities (Edwards et
al., 2010). The symptoms of neurodevelopmental deficiencies in HIE are
discussed below in relation to the histological patterns.
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1.5.2 Encephalopathy of prematurity

Encephalopathy of the preterm infant describes a brain disorder that results
from multiple grey and white matter lesions. Subsequently multiple
dysmaturational events occur, that can evolve over a prolonged period
(Boardman et al., 2010; Volpe, 2019a). White matter injury is most often the
initial injury that subsequently leads to dysmaturational events, like disrupted
cortical microstructure and structural networks. Prematurity is the most
common cause of chronic neurodevelopmental impairments. Although the
overall risk of destructive lesions like cystic periventricular leukomalacia and
intraventricular haemorrhage has remained stationary or declined,
widespread disturbances in brain maturation rice to a wide spectrum of motor
and cognitive disabilities, even with mild cerebral injury (Back, 2015).

1.5.3 Motor impairments

Neurons are the primary victims of hypoxia-ischemia, with basal ganglia and
thalamus (BGT) as well as the somatosensory cortex selectively vulnerable
regions and the most prevalent focus of injury (Hagberg et al., 2015). As
discussed before in the developmental chapter, neuronal circuit exists
between BGT and the somatosensory cortex. The active glutamatergic
neurons that make the circuit connections are vulnerable to hypoxic insult (S.
P. Miller et al., 2005). Neuronal deficits in this area may lead to motor
disability including CP, which is the most recognized sequelae of HI brain
injury (Martinez-Biarge et al., 2011). Most term infants with severe BGT
lesions following perinatal asphyxia develop secondary microcephaly with a
reduction in white matter that appears to be a secondary process (Millar et
al., 2017).

Injury to the cerebral white matter, and a variety of neuronal-axonal
disturbances, although also seen in term infants with HIE, are more
characteristic of brain damage in preterm infants (A. M. Li et al., 2009). In the
preterm brain, glial cells are vulnerable, especially oligodendrocytes
precursor cells in the corticospinal tracts. This can result in WMI, with a high
risk of motor impairments (Thompson et al., 2020). Improvements in
neonatology and the care of preterm infants have led to reduced severity of
WMI. The prevalence of CP has been declining across Europe over the last
decades (Sellier et al., 2016). Diffuse WMI which is without focal lesions in
brain tissue is observed in 50-70% of extremely preterm infants (Ment, Hirtz,
& Huppi, 2009). The incidence of CP in this population has remained
stationary around 10%, with that of moderate to severe CP of 3-4% (Serenius
et al., 2016; Vincer, Allen, Allen, Baskett, & O'Connell, 2014).
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1.5.4 Cognitive, psychiatric, and behavioral difficulties

Cortical injuries, especially in the watershed areas, are common in HIE and
are strong risk factors for deficits in the cognitive development (Steinman et
al., 2009). The pattern is determined by the intensity and duration of the Hl
insult. While BGT lesions are mostly associated with acute and profound
hypoxia-ischemia, watershed cortical lesions are seen more frequently when
the insult is partial and prolonged (Koehler, Yang, Lee, & Martin, 2018).
Hippocampus is vulnerable to hypoxia in the early postnatal period when
hippocampal neurogenesis and the formation of neural connectivity is active
(Morales et al., 2008). Damage to the hippocampal area has been linked to
attention deficit disorder, memory dysfunction, autism, and schizophrenia (de
Haan et al.,, 2006; Simola et al., 2008). The mammillary bodies are also
important for memory function and can be affected in HIE. A recent study
describes neurocognitive and memory dysfunctions in 10 year old children
who had HIE at birth. A correlation was observed between the neurocognitive
deficiencies and mammillary body and hippocampi atropy on MRI. These
findings were not affected by hypothermia (Annink et al., 2021). Cognitive
deficiencies have been described in teenagers who were diagnosed with
HIE-II at birth and were without CP or other neurological disorders. The
majority had definite cognitive and executive brain dysfunctions that
interfered with their daily life (Lindstrom, Lagerroos, Gillberg, & Fernell,
2006). Recnet studies also show increased rates of cognitive dysfunction in
infants with HIE-I (Finder et al., 2020)

In association with diffuse WMI in preterm infants, widespread
disturbances in neural maturation occur with disruption in cortical
microstructure and structural networks (Thompson et al., 2019). This leads to
cognitive disabilities along with the motor dysfunctions (Amer et al., 2018). As
many as 25-50% of the <32w preterm group have significant cognitive and
neuropsychologic sequelae and in the extremely preterm group (<28w),
these figures are even higher (Amer et al., 2018). There is an overall lower
mean 1Q in the preterm population in comparison with infants born at term
age and the 1Q deficits are associated with lower gestational age at birth
(Kerr-Wilson, Mackay, Smith, & Pell, 2012). Furthermore, an increased risk of
learning disabilities is even observed in preterm infants with normal 1Q. This
is due to dysfunction in the core cognitive executive functions of the brain
(Hutchinson et al., 2013). These functions are thought to underly much of the
neuropsychiatric problems in this population, which is a challenge that is
greatly increased in extremely preterm infants (Mulder, Pitchford, & Marlow,
2011; Vanes et al., 2021). Studies in middle childhood and adolescence have
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revealed a specific behavioral phenotype of preterm infants. This phenotype
consists of anxiety, attention deficiency and behavioral difficulties (Johnson &
Marlow, 2011). These characteristics are also confirmed in former extreme
preterm infants with psychiatric disorders. Furthermore, these children have
difficulties with social interactions and communication. Preterm infants are in
increased risk of autism spectrum disorders (ASD) (Agrawal, Rao, Bulsara, &
Patole, 2018; Soul & Spence, 2020).

1.6 Neuroprotective approaches

Perinatal brain injury is a serious burden world wide. It carries a high risk of
lifetime neurological disabilities, which highlightes the importance of
discovering neuroprotective therapies. Therapeutic hypothermia (TH) is at
present the only recommended treatment. It is applied to term born infants
diagnosed with moderate to severe HIE after birth asphyxia (M. A. Tagin,
Woolcott, Vincer, Whyte, & Stinson, 2012), but it is not yet considered safe
for preterm infants (Austin, 2018). Hypothermia reduces mortality and leads
to persisting improvements in outcomes of HIE (Shankaran, Laptook, Poole,
& Eunice Kennedy Shriver, 2010). Nevertheless, death and disability remain
a common feature in HIE (Shankaran, 2012a). Unfortunately, there are still
very few complementary neuroprotective treatment options available for HIE,
although experimental research has suggested many candidates, including
anti-inflammatory agents, EAA antagonists, antiapoptotic agents and free
radical scavengers. The safety of most of these compounds for neonates
remains to be established as well as the right timing and length of treatment.
No specific drugs have been established for treatment or prevention of
preterm or term brain injury, although magnesium is now recommended to
mothers before preterm birth as a potential brain protection for the preterm
infants. Other treatments are still under investigation (McNally & Soul, 2019;
Ophelders et al., 2020).

1.6.1Therapeutic Hypothermia (TH)

It is well established that TH is neuroprotective in animal HI models (Gunn,
Gunn, de Haan, Williams, & Gluckman, 1997), in cardiac arrest (Hakim,
Ammar, & Reyad, 2018), stroke or spinal cord injury (Karnatovskaia,
Wartenberg, & Freeman, 2014), in adult brain trauma (Leng, 2017) and in
neonatal HIE (Shah, 2010). It involves cooling the infant to 33° to 34°C for 72
hours. (Wassink et al., 2019). In term infants with moderate to severe HIE it is
preferably started within six hours after birth in attempt to interrupt the
cascade leading to secondary energy failure. Cooling below 33°C or for a

30



Introduction

longer duration does not enhance the neuroprotection and some studies
have even showed worse outcomes (Shah, 2010; Shankaran et al., 2014).
However, applying TH early, within 3 hours from birth, improves the
neuroprotection, especially the motor outcomes (Thoresen et al., 2013). TH is
applied in cases of moderate and severe HIE but not in mild HIE. There are
insufficient evidence of the efficacy of TH in this group yet, and there is not
enough known about the safety (Sabir et al., 2021). On the other hand,
recommendations will be reviewed soon as there are 3 randomized studies
ongoing; The COMET study, the TIME study, and the COOL PRIME study
(Sabir et al., 2021).

Hypothermia decreases excitotoxicity, inhibits apoptosis, and ameliorates
inflammation (Hagberg et al., 2015; Wassink et al., 2014). Decreased pro-
inflammatory and increased anti-inflammatory cytokine expression has been
observed in pre-clinical and clinical hypothermia studies (C. Hofstetter et al.,
2007; Jenkins et al., 2012). However, diminished expression of anti-
inflammatory cytokines has also been observed, (Huet et al., 2007) and
interestingly not all pro-inflammatory cytokine levels are affected equally by
hypothermia (Chalak et al., 2014). Furthermore, a sudden increase of
proinflammatory mediators has been observed in cerebral HIE following
rewarming after TH in animal models (Rocha-Ferreira et al., 2017). The role
of TH in the modulation of neuroinflammation needs to be considered in the
process of designing neuroprotective interventions with immunomodulatory
therapeutic possibilities as the target points. Furthermore, whether TH is
neuroprotective in the presence of infection sensitization is still and
unanswered question, although it is likely pathogen dependent (Falck et al.,
2017; Sabir et al., 2021).

Therapeutic hypothermia offers hope for asphyxiated infants, but it does
certainly not protect or repair all perinatal brain injuries (K. Martinello, Hart,
Yap, Mitra, & Robertson, 2017). A reduction in combined rate of mortality and
severe disability was established in 18-months assessment (Edwards et al.,
2010; M. A. Tagin et al., 2012). Series of completed multicenter trials showed
that for infants with HIE grade 2 and 3 TH treatment doubled the probability
of normal outcome (Azzopardi et al., 2014; Shankaran, 2012b). Nevertheless,
although meta-analysis of trial data applies compelling evidence of the
benefit of TH, the rates of death and disabilities remain as high as 45-50%
(M. A. Tagin et al.,, 2012). This highlights the need for complementary
therapies.

Some indications of beneficial effects of hypothermia for preterm infants
are seen in animal studies (Higgins & Shankaran, 2011). Nevertheless, it has
not proven to be a safe treatment for this patient group. There have been
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concerning outcomes in small pilot studies (Rao et al., 2017). Preterm infants
may have vulnerabilities that increase the likelihood of complications (Herrera
et al., 2018).

1.6.2 How biochemical biomarkers may lead to novel therapeutic
options

Finding ways to identify complementary therapies in combination with
therapeutic hypothermia to further improve neuroprotection is a challenge for
the future. Biomarkers reflecting the pathophysiology of the evolving brain
injury could allow us to identify infants who still benefit from intervention and
aid in the development of more targeted treatments.

In the studies of the present thesis many of the CSF samples were
gathered after 6 hours, whereby hypothermia is initiated today. Therefore the
results may not accurately identify the infants who would benefit from
therapeutic hypothermia. Nevertheless, the observed biomarkers may
enhance our knowledge of the pathophysiology and help identify novel
complementary therapeutic options. Many were related to neurodevelopment
and neuroinflammation, and thus might lead to a better understanding of the
pathophysiology of the tertiary phase of brain injury. This is an important
venue of additional therapy.

Figure 7 describes the pathophysiological timeline in HI brain injury and
known biomarkers that have been correlated with HIE in previous studies as
well as some of the proteins observed in our studies. Acknowledging this
timeline is helpful when considering complementary neuroprotective
strategies in HIE. In the same figure, are few of the neuroprotective therapies
that are now under investigation.
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Figure 7. Biomarkers in HIE

No single biomarker is robust enough to diagnose the brain injury accurately
or predict outcome, but many are promising and under investigation. The
early detection and assessment of the degree of neonatal HIE is highly
important as it influences therapeutic intervention with hypothermia, which is
applied before 6 hours from birth. Using the current clinical criteria
approximately 20% of the infants who develop adverse neurological outcome
are assigned a mild grade and do not receive hypothermic treatment (DuPont
et al., 2013). Early biomarkers with the potential to make the diagnosis more
accurate would clearly be of benefit for these infants. The inflammatory
proteins IL-6, IL-10 and IL-16 are early biomarkers with the ability to predict
severe outcome in HIE (Ahearne, Chang, Walsh, Boylan, & Murray, 2017;
Massaro et al., 2018). Decrased levels of vascular endothelial growth factor
(VEGF) and increased levels of Activin-A are also indicative of early HI brain
injury and delayed treatment with VEGF enhances recovery (Florio et al.,
2010; J. Li et al., 2020). Ubiquitin C-terminal hydrolase L1 (UCHL1) is a
major protein component of the neuronal cytoplasm and currently developed
as a biomarker of traumatic brain injury in adults (Papa et al., 2017). It is
elevated in cord blood following neonatal HI brain injury (Chalak et al., 2014).

Glial fibrillary acidic protein is a cytoskeletal protein in astrocytes and one
of the most promising biomarkers for predicting the outome in HIE. It has
been correlated with severe outcome and abnormal MRI findings (Blennow,
Hagberg, & Rosengren, 1995; Chalak et al., 2014). Tau is another
cytoskeletal protein, a known biomarker in Alzheimer's and Parkinson’s
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disease and raised levels have been implicated in HIE (Massaro et al., 2018;
Takahashi et al., 2014).

Neuron specific enolase (NSE) which is involved in glycolytic energy
metabolism has been correlated with the risk of death or severe neurological
impairment in HIE (Roka et al., 2012). Aldolase C (ALDOC), is a protein of
metabolism in astrocytes and released when there is an astrocyte injury. It
has been correlated with hypoxic ischemia after traumatic brain injury in
animal models (Thelin et al., 2018). These were among the proteins that
were found in increased levels of HIE infants with adverse outcome
compared with control infants in study IV.

1.6.3 Other treatment strategies

Several studies are exploring possible candidates that may offer further
neuroprotection in term and preterm infants. In pre-clinical models of hypoxic
brain injury, the focus is generally on slowing down the machinery of the
injury cascades. This includes decreasing oxidative injury and apoptosis,
antagonizing excitatory neurotransmitters, inhibiting the release of certain
pro-inflammatory molecules and/or blocking receptors (Chakkarapani et al.,
2021; K. H. Cho, Davidson, Dean, Bennet, & Gunn, 2020), see Figure 8. The
first line in Figure 8 displays the injurious processes and above are the
possible applicable treatment strategies. Many treatments relate to more than
one injurious process.
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Figure 8. Potential neuroprotective agents in perinatal brain injury.
Ref. Dixon, B.J., et al., Int J Mol Sci. 2015;16(9):22368-401.
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Several compounds have been observed that have beneficial effects on
neuronal repair and regeneration, enhance cell growth and differentiation as
well as long-term integration into neural networks. These include agents like
growth factors and stem cells (Moral, Robertson, Goni-de-Cerio, & Alonso-
Alconada, 2019). Several therapies that offer neuroprotection are currently
being explored in preclinical studies, or in clinical trials at phase 2 and 3.
Some of these agents and its correlations are discussed here below.

Reducing excitotoxicity
Blocking NMDA and AMPA receptors reduces neuronal damage in
experimental HI models (Hagberg, Gilland, Diemer, & Andine, 1994).

Topiramate is an clinically available anticonvulsant. It is protective
against white matter injury in rodent model (Sfaello, Baud, Arzimanoglou, &
Gressens, 2005). The administration of Topiramate in neonates with HIE is
safe but the efficacy of neuroprotection has not been demonstrated yet in
clinical studies (Filippi et al., 2018).

Cannabidiol (CBD) reduces rodent brain injury short-term when
administered after HI (Fernandez-Lopez et al., 2007). More recently it has
been shown to enhance the benefits of hypothermia early in HI brain injury
(Lafuente et al., 2016).

Xenon is a monoatomic gas which appears to have neuroprotective
effects, mainly as a potent NMDA receptor antagonist, but it also activates
antiapoptotic proteins (Nair & Kumar, 2018). A randomized controlled clinical
trial in 92 infants with moderate to severe HIE (The TOBY-Xe trial) showed
no additional benefit of Xenon treatment in combination with TH (Azzopardi et
al.,, 2016). However, a recent Cochrane review concludes that the data are
inconclusive as to whether Xenon has neuroprotective effects in neonates
(Ruegger, Davis, & Cheong, 2018).

Neuroserpin is an enzyme secreted by neurons. It is found in excess
amount in the subplate of neonatal mouse brain and is important in cortical
neuroplasticity (Kondo, Al-Hasani, Hoerder-Suabedissen, Wang, & Molnar,
2015). It has been suggested as potential therapy in HI brain injury (Millar et
al., 2017).

Reducing oxidative stress

Allopurinol is a free radical scavenger. It reduces delayed cell death (Annink
et al., 2017) and clinical studies have shown improved long-term
neurodevelopmental outcomes in infants with moderate HIE (Kaandorp et al.,
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2012). However, the window of benefit is only brief which makes it difficult to
use in human clinical settings (Benders et al., 2006).

Melatonin has diverse anti-oxidative mechanisms, protects against
excitotoxic damage, and exerts anti-inflammatory and antiapoptotic functions
(Juul & Ferriero, 2014). It improved cerebral protection when applied in
combination with TH in newborn piglets with HI brain injury (Robertson et al.,
2020) and beneficial effects were also described in a small clinical pilot study
(Aly et al., 2015). A recent systematic review described limitations to the trials
performed so far (Ahmed, Pullattayil, Robertson, & More, 2021).

Curcumin is an antioxidant with anti-inflammatory activity. Curcumin has
been found to reduce grey and white matter tissue loss in neonatal mice
(Rocha-Ferreira et al., 2019). No clinical studies are available.

Anti-inflammatory agents

Inflammation contributes to injury in the developing brain. Therefore agents
that target the neuroinflammatory pathways are tested in animal models (L.
Wu et al., 2020). As inflammation is associated with the prolonged chronic
phase of the brain injury, therapies may need to be provided during a long
period (Fleiss & Gressens, 2012).

Minocycline is a derivative of tetracycline and has neuroprotective
properties in hypoxic brain injury in animal HI models, through its’ abilities to
suppress microglial activation (Lechpammer et al., 2008). Notably, not all
studies have reported beneficial effects of minocycline and an exacerbation
of HI brain injury was described in a pre-clinical model (M. Tsuji, Wilson,
Lange, & Johnston, 2004).

Toll-like receptor agonists reduce HI brain injury via preconditioning or
tolerance (Dhillon et al., 2015). It also induces anti-inflammatory cytokine
expression from microglia (Lobo-Silva, Carriche, Castro, Roque, & Saraiva,
2017). Administration of Toll-like receptor agonist improved neurological
outcome following asphyxia in HI animal model (K. H. T. Cho et al., 2019; Ye
et al., 2018). Further studies are needed to assess safety and efficacy.

Stem cells have strong neuroprotective capacities through modulation of
inflammation. They increase cell survival and repair (van Velthoven,
Kavelaars, van Bel, & Heijnen, 2010). At 3-10 days after HI brain insult,
intranasal or intracerebral treatment with mesenchymal stem cells reduced
brain injury and improved memory functions in a rodent neonatal model
(Donega et al., 2013). Also, a significant improvement of oligodendrocyte
maturation and reduced neuronal loss was found in stem cell treated fetal
sheep asphyxia models (van den Heuij et al., 2019). Mesenchymal stem cell
therapy combined with hypothermia improved outcome in a pre-clinical model

36



Introduction

(Park et al., 2015). In a recent piglet model stem cell therapy in combination
with hypothermia augmented brain protection compared with hypothermia
alone (Robertson et al., 2021). Nevertheless, safety and efficacy must be
assessed further. There have been indications of adverse effects with
exacerbation of HI brain injury with stem cell therapy in some studies (Herz et
al., 2018). Human trials are at a very early stage. A phase | trial with cord
derived allogenic stem cells in neonates with HIE has been completed but the
results not yet reported (Chakkarapani et al., 2021).

Growth factors

Increased expression of growth factors is a part of the endogenous response
following hypoxia-ischemia in the brain. Growth factors are important in
normal brain development and function but following injury they may mediate
changes in apoptosis and inflammation in addition to neurotrophic properties.
They are considered attractive therapeutic candidates and have been tested
in a multitude of brain injury or neurological disease models (Larpthaveesarp,
Ferriero, & Gonzalez, 2015).

Erythropoietin (EPO) is an promising neuroprotective substance with
anti-apoptotic, anti-inflammatory, and anti-excitotoxic effects (Huang et al.,
2019; Oorschot, Sizemore, & Amer, 2020). An experimental study found that
EPO reduces apoptotic cell death though reduction in Fas and Fas-ligand
expression in the brain of neonatal rats with HI brain injury (Huang et al.,
2019). Concurrent EPO and TH treatment in neonatal asphyxia improves
outcome more than TH treatment alone. This has been shown in preclinical
and clinical studies, including a multicentre Phase Il study (Mulkey et al.,
2017; Traudt et al., 2013). A recent meta-analysis from six randomized
controlled trials and a systematic review concluded that EPO treatment is
neuroprotective in HIE (Razak & Hussain, 2019). A Phase Il multicentre
placebo controlled randomised trial is now underway, evaluating the effect of
high-dose EPO in combination with TH in neonates with HIE: “High-Dose
Erythropoietin for Asphyxia and Encephalopathy” (HEAL) (Juul et al., 2018).
The estimated completion of that study is in September 2022. In Australia,
another, similar, Phase lll trial is ongoing: the “Preventing Adverse Outcomes
of Neonatal HIE with Erythropoietin” (PAEAN) trial. The effectiveness of EPO
as monotherapy in neonatal asphyxia in low resource countries where HT is
unavailable has been established. In this group, death or disability was 70%
in untreated infants but 40% in infants receiving EPO treatment (Malla, Asimi,
Teli, Shaheen, & Bhat, 2017). A recent metaanalysis of a pooled data
confirms this (Ivain et al., 2021).
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However, the evidence on the efficacy of EPO in HI brain injury is still
unclear and there are existing concerns. Some suggest that the
neuroprotective and repair mechanisms of EPO overlap with those of
hypothermia and thus, is not an effective adjunct therapy (Lv et al., 2017). A
recent study in fetal-sheep HIE model in New-Zealand showed no benefit
from combining EPO with therapeutic hypothermia, assessed with
physiological parameters and histology (Wassink et al.,, 2020). EPO
application has even been found to worsen the injury in situations of extreme
oxidative stress (Sheldon, Windsor, Lee, Arteaga Cabeza, & Ferriero, 2017).

EPO has been shown to prevent preterm birth and increase survival in the
offspring (J. Zhang et al., 2020). A significantly decreased rates of IVH and
periventricular leukomalacia was observed in a Cochrane review of 34
studies on EPO administration to preterm infants (Ohlsson & Aher, 2020). But
results of the effect on long-term neurological outcome are conflicting
(Fauchere et al.,, 2015; Song et al., 2016). In a recent phase Il Preterm
Erythropoietin Neuroprotection (PENUT) randomized placebo controlled
clinical trial with high-dose EPO treatment in extremely preterm infants it did
not lower the risk of neurodevelopmental impairment (Juul et al., 2020).

Insulin-like growth factor-1 (IGF-1) promotes angiogenesis,
neurogenesis and myelination in the developing brain (Russo, Gluckman,
Feldman, & Werther, 2005). Low endogenous IGF-1 levels have been
observed in extremely preterm infants correlated with increased risk for ROP,
neurodevelopmental impairments and other complications of prematurity
(Hellstrom et al.,, 2003; Lofqvist et al.,, 2006). A Phase Il randomized
controlled trial was conducted, administrating IGF-1 to a group of extreme
preterm infants. No effect was observed on the incidence of ROP but a trend
to decreased incidence of IVH was noted (Ley et al., 2019).

Exendin-4 is a medication for type-2 diabetes but is also neuroprotective
(King et al., 2020). From preclinical and clinical data Exendin-4 is considered
a promising candidate for the treatment of neurodegenerative diseases
(Athauda & Foltynie, 2018). In a recent study, exendin-4 was found to be
highly neuroprotective treatment of neonatal HIE in a mouse model and when
used in synergy with hypothermia the therapeutic efficacy was enhanced
(Rocha-Ferreira et al., 2018).

Metformin is another type-2 diabetes medication, considered to be a
promising candidate for treatment in HI brain injury (Disdier & Stonestreet,
2020). It attenuates HI brain injury through inhibiting apoptosis and
ameliorating neuroinflammation (M. Fang et al., 2017).

Vascular endothelial growth factors (VEGFs) are important growth
factors for angiogenesis and neurogenesis. In experimental studies they
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improve neuronal viability and function and ameliorate cognitive impairment
(Guo et al.,, 2016). Nevertheless, deleterious effects have been reported.
Early administration of VEGF antagonist like Curcumin, decreases infarct
volume in preclinical studies (J. Li et al., 2020). Anti-VEGF has beneficial
effects in retinopathy of prematurity (Tran, Cernichiaro-Espinosa, & Berrocal,
2018). Recently the administration of VEGFC was shown to improve
neurological repair following traumatic brain injury in a rat model through
modulating microglial activation (Ju, Xu, Wang, & Zhang, 2019). In study V of
our thesis lower CSF levels correlated with adverse neurological outcome in
preterm infants.

Magnesium Sulphate (MgSO4) administered to mothers antenatally
immediately prior to preterm birth decreases mortality and exerts
neuroprotective effects for the preterm infant (Koning et al.,, 2018). Meta-
analysis demonstrated a reduction in the incidence of CP or other motor
disabilities by 30% (Doyle, Crowther, Middleton, Marret, & Rouse, 2009).
Randomized controlled trials have confirmed this and additionally showed a
diminished risk of lesions on brain ultrasound (Gano et al., 2016; Hirtz et al.,
2015). A recent multicenter diffusion tensor imaging cohort study on preterm
infants in New Zealand and Australia (the MagNUM study) reported an
association of antenatal MgSO4 administration with enhanced white matter
development (Poppe et al., 2020). Gene upregulation is thought be an
important contributor to the beneficial mechanisms of MgSO4. This might
explain the neuroprotective effects in the preterm infants when administrated
to the mothers antenatally (Koning et al., 2019).

In the full-term population there is less evidence on the benefits of MgSO4
although experimental studies have demonstrated reduced apoptosis in Hli
brain injury (Turkyilmaz, Turkyilmaz, Atalay, Soylemezoglu, & Celasun,
2002). A systematic review showed a significant improvement in short term
outcome with MgSO4 treatment, but there was also a trend toward increased
mortality (M. Tagin, Shah, & Lee, 2013). A recent clinical trial shows some
benefit in infants with HIE who also received melatonin (El Farargy &
Soliman, 2019). Further pre-clinical testing is needed, as is suggested in a
recent systematic review (Galinsky et al., 2020).

1.7 Summary

A high incidence of early neonatal mortality and severe lifelong
neurodevelopmental impairments originating in the neonatal period is a
serious burden worldwide. Preterm birth, invasive neonatal infections and
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perinatal brain insults leading to hypoxic-ischemic encephalopathy (HIE) are
the most common causes.

Both the etiology and pathophysiology of perinatal brain injury are
complex, and many questions are unresolved. It is likely that in many cases
the causal factors are multiple rather that a single damaging event.
Neuroinflammation is one of the key molecular pathways in both HIE and
encephalopathy of prematurity. It may contribute to a prolonged chronic
phase in HI brain injury, leading to epigenetic changes with altered brain
plasticity and aberrant neurodevelopment.

The early recognition of infants at risk of serious complications is a
challenge as the initial clinical signs often are of limited precision.
Therapeutic hypothermia is the recommended treatment today for infants
with hypoxic ischemic brain damage who are born at term age, while no
treatment is available for preterm infants. Biomarkers could offer a better
knowledge of the brain injury pathology and aid in the identification of
adjuvant treatment options in this severe and often devastating condition.
The recognition of a prolonged and persistent phase of the perinatal brain
injury is important. It gives possibilities of a longer therapeutic time window as
promotion of cell repair and regeneration is important in the developing brain,
even long after the insult.

In the studies of this thesis, we measured proteins in CSF of term and
preterm infants. The main purpose was to identify biomarkers of importance
to predict the magnitude of brain injury and the clinical outcome of preterm
and term infants. Also, to contribute to the understanding of the pathological
processes of brain injury and brain dysmaturation in the developing brain,
which is highly important and may pave the way for treatment possibilities.
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2 Aims

The main purpose of this thesis was to discover reliable biomarkers in CSF to

i) Identify the degree of HIE and predict the outcome of patients
following perinatal asphyxia.

i) Identify inflammatory processes, that correlate with sepsis and
cardiorespiratory disturbances.

iii) Identify preterm infants at risk of adverse neurodevelopmental
outcome.

2.1 Hypotheses

The following hypotheses were put forward and consequently tested:
e An upregulation of neuroinflammation would be observed in CSF
following birth asphyxia in term infants.

o Inflammatory biomarkers could serve as diagnostic tools in the early
stages of HIE and predict the long-term clinical outcome.

e The inflammatory biomarker prostaglandin E, (PGE;) would be
released into CSF of infants with early sepsis and correlate with
cardiorespiratory disturbances.

e Brain-specific biomarkers that reflect the various processes of Hl
brain injury would be released into CSF after hypoxic-ischaemic brain
insult. These include biomarkers of energy failure, apoptosis,
excitotoxicity, and inflammation as well as cytoskeletal proteins that
are released upon brain cell destruction. The CSF levels of these
biomarkers would correlate with the degree of HIE and the clinical
outcome.

e The CSF proteome, including inflammatory, structural and functional
brain antigens, would be different in preterm infants than in infants
born at term age.

e Preterm infants would present a specific proteomic signature
predictive of neurodevelopmental outcomes.
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2.2 Specific aims
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V1.

To evaluate the diagnostic and prognostic values of the inflammatory
mediator prostaglandin E, (PGE,) in CSF of infants who suffered
birth asphyxia. Furthermore, to determine the advantage of analyzing
the more stable derivative of PGE,, prostaglandin E, metabolite
(PGEM), for this purpose.

To determine the role of PGE, in apnea, bradycardia, and
desaturation (ABD) events during neonatal infection and the value of
PGE, in diagnosing early sepsis.

To assess the significance of interleukin-6 (IL-6) and fas-ligand
(FaslL) levels in CSF in correlation with the severity of HIE, and long-
term outcome.

. To evaluate the use of targeted profiling of CSF for predicting brain

injury severity and long-term outcome following birth asphyxia in
term-born infants.

To identify, with the use of protein arrays, the CSF proteome of
preterm infants in comparison with term-born infants, including
structural and functional brain-specific proteins and inflammatory
mediators.

To identify a specific proteome in preterm infants that would predict
the neurodevelopmental outcome.



3 Materials and methods

Patients and controls were recruited at the Karolinska Hospital in Stockholm
between October 1999 and January 2005. All studies were approved by the
regional ethics committees at the Karolinska Institute and the Stockholm
County (Dnr 98-246, 2003-174, 2011/1891-31). The performance of the
studies followed the principles of the declaration of Helsinki 1975 and its
revision in 1983 as well as the European Community guidelines.

3.1 Patient population and clinical assessment

3.1.1 Patient population

A total of 125 patients were recruited from the NICU and general maternity
neonatal ward at the Karolinska University Hospital. Of them, 111 infants
were included in the four studies. The cohort was divided into three groups.

i) Term born infants with HIE after birth asphyxia (study I, 11l and
V).

i) Preterm and term-born infants with apnea, bradycardia,
desaturation (ABD) events, and/or suspected infection (study Il
and V).

iii) The term-born infants who served as controls had clinical and

laboratory signs suggestive of infection. They had no suggested
pathology of the brain, no apnea, bradycardia, desaturation
(ABD) events, and negative cultures in blood and cerebrospinal
fluid (all studies).

Patient cohort in studies |, lll, and IV
Forty-four (n=44) term-born infants who met the inclusion criteria for HIE
were included into study IIl, n=35 were included into study | and n=18 into
study IV. Twenty infants who served as controls were included in studies |
and lll and of these 10 were in study IV.

Inclusion criteria of patients were symptoms of encephalopathy within 6
hours of life in accordance with the National Institute of Child Health and
Human Development classification for modified Sarnat staging (Sarnat &
Sarnat, 1976) (see table 3), in addition to signs of fetal and/or neonatal
asphyxia. These criteria included signs of fetal bradycardia on
cardiotocographic registration, a pH of <7.1 or a lactate of >4.8 in scalp
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blood, an Apgar score under 6 at 5 min. pH of <7.00 and/or a base deficit of
=216 mEq in umbilical arterial blood, or blood collected within an hour of birth,
and a resuscitation for more than 3 min.

Exclusion criteria were encephalopathy unrelated to asphyxia, including
congenital malformations or chromosomal abnormalities, metabolic diseases,
and intrauterine or perinatal infections.

Patient cohort in studies Il and V

Twenty-five (n=25) and 27 (n=27) preterm infants born from the 23rd to 34th
week of gestation were enrolled prospectively into studies Il and V,
respectively. Twenty-two and 10 term-born infants served as controls in
studies Il and V, respectively. Inclusion criteria for the preterm group was
suspected infection with or without ABD events. The control infants also had
suspected infection, but all had negative cultures in blood and CSF.
Exclusion criteria were brain pathology other than infection that can give rise
to secondary apneas, like intraventricular hemorrhage more than grade 2 or
periventricular leukomalacia at the time of lumbar puncture, and seizures.

Controls

Term-born infants who had clinical and laboratory signs suggestive of
infection served as controls. At the time of recruitment lumbar puncture was a
standard care for a child who had symptoms compatible with infection. Many
of these infants never got very sick and they recovered quickly. Three of the
infants in the control group were treated in a respirator. Of them two had
meconium aspiration syndrom and one infant had pneumonia. The other
control infants had increased CRP and respiratory symptoms but did not
need ventilatory support and they recovered in few days. They had no
suggested pathology of the brain, no apnea, bradycardia, desaturation (ABD)
events, and negative cultures in blood and cerebrospinal fluid (all studies). All
had normal outcome at 18 months.

3.1.2 Clinical assessment

Studies |, Il, and IV

Before enrolling the patients into the studies, a clinical evaluation was
performed. Then all enrolled infants were monitored with clinical neurological
assessment at approximately 12, 36, 72 hours, and 7 days after birth.
Scoring of neurological symptoms according to the Sarnat staging for HIE
(see table 3) was used to classify patients into HIE stages |, Il, and Il
Standardized neurological assessment using the Hammersmith Neurological

44



Materials and methods

Examination was performed on all controls before discharge. They all had a
follow-up at outpatient pediatric care centers from where the information on
outcome was gathered.

All patients received conventional treatment that was standard in most
neonatal centers at the time of patient recruitment. This included fluid
restriction, mechanical ventilation, inotropic support as well as anti-
convulsant when needed.

Magnetic resonance imaging (MRI) was performed on four infants, who all
had HIE-IIl. They all had profound ischemic changes in the basal ganglia and
thalami on the MRI. Of these four infants, two died in the neonatal period and
one survived with adverse neurological outcomes at 18 months. None of the
other patients had MRI as it was not routinely performed at the time of
recruitment but all patients with HIE-Il and HIE-IlIl underwent computed
tomography (CT) scan. All infants with HIE-III and eight of the 10 infants with
HIE-Il who had an adverse neurological outcome at 18 months had signs of
edema on CT. In addition, three infants with HIE-Il who had a normal
neurological outcome at 18 months had edema on CT.

Neurological evaluation of surviving patients was performed at 3, 6, and
18 months of age by a senior neuro pediatrician. Neurodevelopmental
assessment using Bayley Scales of Infant and Toddler Development (BSID),
was performed on patients who exhibited symptoms of abnormal neurology
at 18 months assessment. The adverse outcome was defined as either death
or unfavorable neurodevelopment at 18 months. This included CP, mental
developmental index (MDI) <85, seizure disorder, deafness, and blindness.

3.1.3 Cardiorespiratory recordings

Study I

After lumbar puncture, ABD events were quantified using the KIDS event
monitoring  system  (Hoffrichter, Schwerin, Germany). Impedance
pneumography and 3-lead electrocardiogram detected chest wall movements
and heart rate variability, respectively. We defined apnea or hypopnea as a
reduction in respiration rate by 84% from the mean value of the previous 25
seconds, for 10 seconds or more. We defined bradycardia as a reduction in
heart rate to 80 bpm or lower.

3.1.4 CSF collection

Additional CSF was collected for research purposes from infants who
underwent clinically indicated lumbar puncture (LP). All samples were
centrifugated for 10 minutes at 3000 revolutions per minute (rpm), and the
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supernatant was stored at 80 °C until analyzed.

Study |, Ill, and IV

The samples were collected within 72 hours from birth. Additional samples
were obtained from 4 patients in study | and 12 patients in study lll. In the
patients who underwent a single LP, the procedure was performed at a
median time of 22.5 (interquartile range (IQR), 15-42) and for controls 26
(IQR 13.5-48) hours from birth, respectively. In the patients who underwent
two LPs, the median time was 14 (IQR 8-26) and 72 (IQR 60-111) hours
after birth, respectively. When two samples were available from the same
patient, mean levels of the two samples were included in the analysis. In
study | the median time (IQR) of CSF gathering was 20.2 (8-30) hours, in
study 11l 22.5 (15-42) hours and in study IV 24 (12-30) hours.

Study Il and V

LP was generally performed later in the preterm group, or at a median of 11
(3.5 to 19.5) postnatal days, while at median 2 postnatal days (1 to 2.5d) in
term infants.

3.1.5 CSF analysis

Study I and I
Enzyme immunoassay (EIA) was used to analyze PGE2 and PGEM in the
CSF samples. This is a prostaglandin E2 metabolite assay that produces a
single stable derivative by conversion of PGA2 and PGE2. The calculated
values of the stable derivative represented the concentrations in the samples.
We also performed standard laboratory analysis in the samples, including
the red blood cell and white blood cell count. Standard biomarkers of
infection, CRP, and white blood cells were measured in blood. Bacterial
cultures in blood and CSF were performed.

Study llI

ELISA (Diaclone Research, Besancon, France) was used to analyze IL-6, IL-
6R, and FasL in all CSF samples. The detection limit for IL-6 and IL-6R was 2
pg/mL and for FasL and sFas 12 pg/mL and 47 pg/mL, respectively.

Study IV and V

In these studies, we used an antibody suspension bead array to perform
protein-profiling in CSF. The arrays were based on antibodies (affinity
reagents) for protein fragments, produced from protein-coding genes within
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the Human Protein Atlas (HPA) (www.proteinatlas.org) (Collaborators, 2021,
November 18). This was a single molecule-sensitive fluorescence-linked
immunosorbent assay. Brain enriched proteins and inflammatory proteins
were selected for the analysis based on association with HI brain injury and
previous indications of utility as brain injury biomarkers. They represented a
variety of functions, including inflammatory response, metabolic
dysregulation, and structural nerve cell damage.

Protein profiling

For the microarray 220 antibodies targeting 178 unique prechosen brain
enriched and inflammatory proteins were produced. The antibodies were
covalently bound to magnetic color-coded beads (500 000 beads per identity,
MagPlex Luminex Corp.) and the different bead identities were combined to
make a suspension bead array.

The samples were then randomized onto 96-well microtiter plates and
biotin (NHS-PEG4-Biotin, Thermo Scientific) was used for labeling. The
interacting proteins were cross-linked in paraformaldehyde (0.4% in PBS)
and a detection agent (streptavidin-conjugated R-phycoerythrin, 1:750 diluted
in PBST, Invitrogen) was added. The interacting proteins were analyzed
using the FlexMap3D instrument (Luminex Corp, Texas, USA), which
reported the relative abundance of proteins in the samples as median
fluorescent intensities (MFI).

3.1.6 Statistical methods

Analysis of clinical and laboratory data

We used descriptive methods to represent clinical and laboratory data,
medians with interquartile ranges (IQR) from 25" to 75 percentile and
means + standard error of the mean (SEM) or 95% confidence intervals.

To analyze the differences in pH and BE between the patients and
controls in study | we used the Dunnett’s test and in studies, | and Il student’s
t-test was applied to assess parametric clinical data. Levene’s test was
applied to test unequal variance in study Il. When positive then Welch's test
was applied on parametric data and Wilcoxon y” test on nonparametric data.

Mann-Whitney U test was used to compare the independent groups in
studies Ill, 1V, and V, and for comparing groups consisting of categorical
variables in study Ill the chi-squared test was used.

Analysis of metabolites in CSF
The levels of biomarkers in CSF were presented as mean +SEM in studies |
and Il but as medians (IQR) in studies lll, IV, and V.
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To determine the correlation of PGEM levels in study | to the degree of
HIE and outcome, Tukey-Kramer HSD (honestly significant difference) test
was applied.

In study Il an investigator who was blinded to the PGE, analysis
performed a retrospective collection of cardiorespiratory recordings for the
analysis of ABD events. The correlation analysis between PGE, levels and
the associated variables was done using a generalized linear model. ROC
curves evaluated the correlation between ABD events and PGEM levels.

In studies I, IV, and V Mann-Whitney U test was applied for comparison
of two independent groups consisting of continuous variables, but Wilcoxon
matched-pairs signed-rank test when the groups were related. Comparing
tree independent groups consisting of continuous variables, like the outcome
groups and controls, Kruskal-Wallis test with Dunn’s multiple comparison
post hoc test was used and if the groups were related then Friedman test
with Dunn’s multiple comparison post hoc test was used.

Receiver operating characteristic (ROC) curves were generated to
evaluate the correlation of measured biomarkers to HIE grade and outcome
in studies | and Il as well as the correlation of ABD events and the levels of
PGEM in study II.

Analyzing proteomic profiles

To reduce the number of dimensions of all the measured proteins principal
component analysis (PCA) was performed in study IV. In that study, we also
performed pathway analysis using the Biocarta gene set and BioGRID for the
protein-protein interaction network and enrichment analysis. The threshold for
inclusion in the input was p < 0.05.

For visualization of the results in studies IV and V, all the data was
converted to log,- transformed fold changes of protein levels and displayed
on a Volcano plot. In those studies, scatter plots were created for
visualization of big data differences in unique proteins.

Statistical software used

All statistical analysis and the graphics were performed using JMP 10 and
prol5 (SAS Institute Inc., Cary, NC, USA) as well as the R, version 4.0.3, the
FactoMineR package, version 1.34 (R.D.C. Team, 2010) for principal
component analysis (PCA) and R package pathfinder (Ulgen, Ozisik, &
Sezerman, 2019) for pathway analysis.
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4 Results

4.1 Study |

Thirty-five infants, 24 patients, and 11 controls were enrolled in this study. Of
the patient group, n=8 had HIE-I, n=9 HIE-Il, and n=7 HIE-Ill. Five infants
died during the first days of life and seven had adverse neurological
outcomes at 18 months assessment. The remaining 12 infants had normal
outcomes as well as all controls.

4.1.1 PGE; and perinatal asphyxia

Apgar score and arterial pH were negatively correlated with PGE, metabolite
(PGEM) levels in CSF. This relationship indicates that anoxia induces the
release of PGE, in the brain.

4.1.2 PGE; and HIE degree

A positive correlation was observed between the degree of HIE and PGEM
levels in CSF, which demonstrates the severity of HI brain injury (Fig. 9).
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Figure 9. Correlation between PGEM and HIE grade.

4.1.3 PGE, levels in correlation with outcome

The outcome was defined as normal, adverse, or death. Long-term
neurological outcome was according to eighteen-month assessment defined
adverse in case of CP, microcephaly, cognitive developmental delay (MDI
<85) or epilepsy.
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Irrespective of HIE grade, patients with adverse neurological outcome on
an 18-month assessment (n=7) and those who died (n=5), had higher PGEM
values than controls and asphyxiated infants with normal outcome (Fig. 10,
A). On a receiver operating characteristic (ROC) curve the calculated
discriminative power estimated by the area under the curve (AUC) was 90%
for PGEM in relation to outcome. This showed a reasonable discriminative
power, with 85% sensitivity and 83% specificity at the indicated cut-off. When
compared to ROC generated for pH and -BE in relation to outcome the
PGEM levels had higher AUC than both. The PGE2 metabolite in CSF had a
high predictive value in relation to the outcome which makes it a promising
biomarker for prognosis (Fig. 10, B).
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Figure 10. Correlation between PGEM and outcome (A). ROC curve showing a
predictive value of PGEM in relation to outcome (B). The hoizontal green lines
indicate mean values for each group and the whiskers are standard error of the mean
(SEM).

Key points in paper I:
e PGE2 metabolite (PGEM) is released into CSF following asphyxia
e PGEM levels demonstrates the severity of HI brain injury

e PGEM predicts outcome with high sensitivity and specificity
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4.2 Study I

In this study PGE, was evaluated in CSF from preterm (n=25) and full-term
(n=22) infants. All infants had suspected infection. Infants with negative
bacterial cultures in blood or CSF were controls in the study. Several (n=17)
infants had apnea episodes confirmed with a noninvasive cardiorespiratory
recording.

4.2.1PGEZ2 levels in sepsis

Of those who had negative cultures in blood and/or CSF, PGEM levels were
higher in CSF from preterm than in term infants (Fig. 11, A). Infants who had
culture-verified sepsis and/or meningitis had higher PGEM concentrations in
CSF than infants without culture-confirmation (Fig. 11, B).
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Figure 11. Comparison of PGEM levels in term and preterm infants (A). PGEM levels

in correlation with culture results (B). The data values are presented as mean and
standard error of the mean (SEM). *p<0.05, **p<0.01.

4.2.2 PGEM versus CRP as markers of infection

ROC curve analysis showed more specificity and sensitivity of PGEM levels
in CSF than C-reactive protein (CRP) in blood, in differentiating between
infants who had culture verified bacterial infections and those who didn't.

4.2.3 ABD events

Cardiorespiratory recordings were performed on 17 infants. PGE; levels in
CSF were correlated with apnea, bradycardia and desaturation (ABD) events,
(P < .05) (Fig. 12, A). ROC curves illustrated greater specificity and sensitivity
for the correlation of PGEM to ABD events than for CRP (Fig. 12, B).
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Figure 12. Correlation of PGEM and ABD events (A). Specificity and sensitivity of

PGEM correlation with ABD in comparison with CRP (B).

Key points in paper II:

compared to term infants
e PGEM levels predicts culture-confirmed

than CRP

predictability than CRP

o PGEM levels in CSF are increased in preterm infants

sepsis/meningitis with more specificity and sensitivity

e PGEM correlates with ABD events with higher

4.3 Study Il

Of 64 infants included in this study 44 patients fulfilled the criteria of perinatal
asphyxia and 20 were control infants without asphyxia. According to Sarnat
et Sarnat clinical evaluation (Sarnat & Sarnat, 1976), 14 of the patients had
HIE-I (31,8%), 16 HIE-II (36,4%), and 14 HIE-III (31,8%). Eight infants died in
the neonatal period, 16 had adverse neurological outcomes at 18 months and

20 had a normal outcome.
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4.3.1Kinetics of FasL and IL-6 levels in HIE

From 12 of the patients, two samples were obtained. The first at 14 h and the
second at 72 h after birth. Tends were observed in FasL and IL-6 levels
where FasL rose but IL-6 fell, over time (Fig. 13, A and B).
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Figure 13. Trends of IL-6 and FasL levels with time.

4.3.2 FasL and IL-6 levels in CSF are indicative of HIE grade

Correlation analysis confirmed that a positive correlation existed between
both FasL and IL-6 levels in CSF and the degree of HIE (r=0.6898 and
0.6864, respectively) (p<0.0001) (Fig. 14 A and B).
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Figure 14. IL-6 and FasL levels correlate with HIE. Data presented as medians and
interquartile ranges (IQR). ***p<0.0001

ROC curve was generated of the FasL and IL-6 relation to HIE grade, which
gave AUC values of 0.890 and 0.870 respectively (p<0.0001 for both). FasL
predicted HIE severity with 90% sensitivity and IL-6 with over 90% specificity.
Taken together the AUC was 0.943 and they predicted HIE severity with
86.7% sensitivity and 91.2% specificity (Fig. 15. A, B, and C).
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Figure 15. ROC curves of IL-6 and FasL in relation to HIE grade.

4.3.3 FasL and IL-6 levels in CSF predict the outcome

Increased FasL and IL-6 levels correlated with adverse outcomes of patients
(r=0.7017 for both) (Fig. 16, A and B). The adverse outcome was defined as
death or adverse neurological outcome at 18 months assessment. The
neurological outcome was defined as adverse in the case of MDI <85 on
BSID assessment, deafness, blindness, cerebral palsy, or epilepsy at 18
months.
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Figure 16. Correlation of FasL and IL-6 with the outcome. Data presented as medians
and interquartile ranges (IQR). ***p<0.0001

ROC curves showed that FasL and IL-6 predicted adverse outcomes with
95.8% sensitivity and 85.7% specificity when combined rank for both
biomarkers was used (Fig. 17).
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Figure 17. ROC curve of FasL and IL-6 in relation to outcome.

Key points in paper IlI:

e FaslL and IL-6 are found in increased amount in CSF
following birth asphyxia in term infants.

e FasL levels rise but IL-6 levels fall in CSF after the
insult.

e FasL and IL-6 levels predict HIE severity with high
predictability.

e FasL and IL-6 levels predict outcome with high
predictability.

4.4 Study IV

Protein profiling in CSF of 18 term infants with HIE (HIE-Ill, n=7, HIE-Il, n=7,
HIE-l, n=4) and 10 control infants was conducted utilizing affinity-based
antibody suspension bed array technology. From the human protein atlas
(HPA), 178 antibodies were chosen for the analysis. Five of the infants died
in the neonatal period and n=8 of surviving infants had unfavorable outcomes
at 18 months. The controls were infants with suspected infection, but
negative cultures in blood and CSF and no brain pathology. They all had a
normal outcome.
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4.4.1 Protein profile differences

The protein levels were measured as median fluorescent intensities (MFI).
Comparison of the relative protein abundances between patients and controls
is visualized on a Volcano plot where MFI values are transformed to log,-
changes and plotted against p-values (Fig. 18). Several proteins were
increased in the CSF of patients compared with controls.
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Figure 18. Volcano plot describing data differences between patients and controls.

To explore potential interactions of the highlighted proteins we generated a
principal component analysis (PCA) score’s plot. Almost identical paths were
revealed between the HIE grades and between outcome groups, where a
gradient was observed from mild to severe and normal to adverse HIE
grades and outcomes, respectively (Fig. 19, A-B).
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Figure 19. Principal component analysis (PCA) of HIE grade (A) and outcome (B)
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Table 4 Protein differences between HIE infants with adverse outcome and controls
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4.4.2Pathway analysis of the proteins in CSF

Significant differences (p-value <0.05) of several proteins representing
different pathological processes in the HI brain injury were observed between
the groups. The importance of neuroinflammatory pathways in the HIE infants
was confirmed where the complement pathway seemed to be the primary
pathway. It discriminated between the severity grades of HIE as well as the
outcome of patients (Fig. 20).
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Figure 20. Pathway analysis of protein profiles in correlation with clinical outcome (A)
and HIE grade (B).

4.4.3 Correlation with adverse clinical outcomes of patients

For 51 unique CSF proteins, differences were found in relation to outcome
(Table 4). The proteins exhibiting the biggest data differences are displayed
on a scatter plot (Figure 21).
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Figure 21. Scatter plot of protein levels in HIE in correlation with outcome

Key points in paper IV:

e Several proteins were increased in CSF of asphyxiated
infants and correlated with the degree of HIE and
outcome

e Upregulation of inflammatory pathways was observed,
with the complement pathway most important in
relation to HIE grade and outcome

e 51 proteins that represent different pathological
processes of HI brain injury correlated significantly with
adverse outcomes of patients

4.5 Study V

In this study comprehensive profiling of protein expression in CSF from 27
preterm infants with gestational age (GA) 26w+4d and 10 full-term control
infants was performed utilizing affinity-based antibody suspension bed array
technology.
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Eleven of the preterm infants had adverse neurological outcomes at 24
months follow-up, but none of the term infants. The definition of adverse
neurodevelopmental outcome was identical for the preterm and term infants;
CP, seizure disorder, motor delay, mental developmental index <85,
deafness or blindness at 18 to 24-month assessment.

4.,5.1Differences in CSF protein levels

Several unique inflammatory proteins and brain-specific proteins reflecting
ongoing neurodevelopmental processes were increased in CSF of preterm
compared with term infants as displayed on a Volcano plot in Figure 22.
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Figure 22. Volcano plot describing data differences between preterm and term infants.

When term and preterm infants with the favorable outcome only were
compared, similar protein alterations as described above were observed.
(see Table 5)
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4.5.2 Clinical correlation of CSF protein levels

Several proteins were correlated with the outcome in preterm infants. Most of
these proteins are essential for brain function and development. Lower
protein levels were observed in preterm infants with adverse outcome than in
preterm infants with normal outcomes. Four of the proteins that displayed the
largest data differences are visualized on a scatter plot in Figure 23.
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Figure 23. Scatter plot of protein levels in preterm infants in correlation with outcome
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Key points in paper V:

e A distinct CSF protein profile was observed in
preterm infants compared with term infants.

e Depressed levels of proteins that mediate
neurodevelopment correlated with adverse outcome
in preterm infants.
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5 Discussion

The pathophysiology of brain injury is reflected in CSF better than in other
body fluids. In our studies a variety of biochemical substances were
measured in the CSF of term and preterm infants that may lead towards a
better understanding of the mechanisms of perinatal brain injury. Our results
indicate that several of these substances can be considered promising
biomarkers of HIE, neonatal sepsis, and preterm neurodevelopmental
adversities, having diagnostic and predictive values. It is important to have in
mind that the timing of the CSF sampling was later than 6 hours from birth in
most infants, which is after the initiation of hypothermia according to todays
recommendations for neuroprotective therapy in HIE. None of the infants
received therapeutic hypothermia as the recruitment of the patients was in an
era prior to the widespread introduction of hypothermia application. The
measured biomarkers may therefore not serve as accurate early assessment
tools, even though they correlate with the degree of HIE. These proteins may
enhance our knowledge of the pathophysiology, reflect the ongoing
pathophysiology and lead to novel therapeutic options. Many of these
biomarkers have not been investigated previously in infants.

5.1 Hypoxic-ischemic encephalopathy (HIE)

The pathological process leading to HI brain injury of perinatal origin is
complex. It includes oxidative stress, apoptosis, breakdown of the BBB,
inflammation, and eventually neuronal damage. Therefore, biomarkers
identifying neonatal brain damage can have different origins and functions.

In studies, I, Ill, and IV markers that reflect these pathological cascades
were measured. They include markers of the main pathological cascades like
i) inflammatory biomarkers, ii) markers of apoptosis, and iii) excitatory
biomarkers. Also, biomarkers related to the energy exhaustion of cells and
structural proteins related to cell breakdown as well as markers of
regeneration and neuroplasticity.

The CSF was gathered at a median time of 22.5 (IQR 15-42) hours for
the asphyxia group. The measured levels are only a snapshot of an ongoing
process at the exact time when the samples were gathered. We do not know
the trend of the biomarkers except for PGE; in 4 patients and Fas-ligand and
IL-6 in 12 patients in study | and lll, respectively, who had two LPs taken at
two different timepoints.
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5.1.1 Inflammatory mediators

An upregulation of the innate immune system, with increased levels of
cytokines, like IL-6, IL-16, IL-8, TNF-a, IL1-b and IL-10, in the first days after
HI brain injury has been observed in many studies (Massaro et al., 2018).
The importance of inflammatory mediators in hypoxia-ischemia has been
confirmed in both animal and human studies (Chalak et al., 2014). This is
also confirmed in the studies of this thesis. It has been suggested that
inflammatory mediators may either be neurotoxic or neuroprotective,
depending on the phase in the pathological process of Hl brain injury, and the
insult severity (Suzuki, Tanaka, & Suzuki, 2009). Infammation has also been
correlated with the delayed tertiary phase of the brain injury, which gives
hope to a more prolonged therapeutic time window (Hagberg, David
Edwards, & Groenendaal, 2016).

Prostaglandins (PGs) are lipid compounds, eicosanoids, exerting hormone-
like functions in almost all organs, including the brain. Prostaglandin E;
(PGE,) is an important inflammatory mediator and contributes to the
pathophysiology of brain ischemia in the developing brain (Ek et al., 2001,
Kawano et al., 2006). One of our aims was to evaluate if PGE, in CSF would
serve as diagnostic marker for the degree of HIE and prognostic marker for
the clinical outcome after birth asphyxia. The observed release of PGE, into
CSF in response to hypoxic insult in term infants in study | of this thesis is in
line with previous reports on hypoxia mouse models (A. O. Hofstetter et al.,
2007; Siliehav, Olsson Hofstetter, Jakobsson, & Herlenius, 2012). Those
previous studies illustrate how PGE; synthesis in the mouse brain is triggered
by anoxia. Further, this process is accelerated by the known inflammatory
mediator, IL13 (A. O. Hofstetter et al., 2007). PGE, production may also be
triggered by other inflammatory mediators, including the cytokine IL-6
(Rummel et al., 2011). In study Il an association was observed between the
CSF levels of prostaglandin E, metabolite (PGEM) and IL-6 in CSF in 25
term infants with HIE.

The PGEM, which is a stable metabolite of PGE,, was measured along
with the non-metabolite form of PGE,. In its original bioactive form, PGE, has
a very short half-life (Vilanova et al., 1998). The use of PGEM is feasible in
clinical settings as it enables a wider observation time and gives information
on less transient values. Our results suggest that PGEM can serve as a
biomarker for predicting HIE severity and outcome in perinatal asphyxia. This
was not demonstrated in a previous clinical study when the level of the non-
metabolite form of PGE, was analyzed in CSF of asphyxiated infants
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(Sumanovic-Glamuzina et al., 2008). Our results demonstrate the importance
of analyzing the more stable metabolite of the compound to avoid the rapid
turnover of PGE, into its metabolites.

The PGEM levels were evaluated in relation to pH and BE, which are well-
established indicators of cellular energy failure and used as criteria for
defining the intrapartum hypoxia (Practice, 2006). Our results suggest a
higher predictive value in relation to the outcome than both pH and BE. This
was confirmed by creating ROC curves. This strengthens our results and
suggests that PGE,/PGEM may be valuable biomarkers in HIE.

Interleukin 6 (IL-6) is a cytokine that can either induce or reduce HI brain
injury (Suzuki et al., 2009). One of our aims was to study the relationship
between IL-6 levels in CSF and the HIE degree as well as the outcome. In
Study 1l the data suggest that IL-6 may serve as a biomarker of early HI
brain damage and that it has a value in predicting the outcome. Our results
described a time-dependent trend of decline in IL-6 levels in HIE patients who
had LP at 2 different time points. The observation is in line with earlier reports
on IL-6 levels in infants treated under normothermic conditions (Roka et al.,
2013).

Orrock et al., 2016 described that IL-6 remained significantly elevated at
72 hours, despsite hypothermia treatment, in infants with adverse outcome.
This might indicate infants in need of additional neuroprotective interventions
(Orrock et al., 2016) and a neurotoxic function of IL-6 in asphyxia. On the
other hand, a neuroprotective role has also been observed in experimental
studies where excitotoxicity in the brain is diminished by IL-6 administration
following HI injury (X. X. Fang, Jiang, Han, Peng, & Qiu, 2013). A recent
study using a Luminex assay showed that raised IL-6 levels in umbilical cord
blood differentiated the grades of HIE but did not correlate with
neurodevelopmental outcome at 3 years (Ahearne et al., 2017).

Inflammatory pathways of CSF following birth asphyxia were analyzed in
study IV. We aimed at evaluating the use of antibody microarray, an
emerging method in HIE research, and identify the proteome that correlated
with the severity of the brain injury and the clinical outcome. Several immune-
related proteins were increased in asphyxiated infants compared with
controls and correlated with adverse outcomes. Lectin and the complement
pathways were the most important pathways in relation to both HIE grade
and outcome. Our results confirm the accumulating data that emphasize the
value of inflammatory pathways in HI brain injury (B. Li et al.,, 2017).
Inflammatory mediators may be produced in response to the HI insult and
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participate in initiating the pathogenesis of the brain injury. Further, they may
continue to expand for a long time and contribute to the more chronic and
prolonged phase in HIE (Hagberg et al., 2015). Therefore the recognition of
inflammatory reaction in HI brain injury is of uttermost importance as it may
become one of the targets of neuroprotective interventions

5.1.2 Apoptotic mediators

Fas-ligand is a key mediator of neuronal apoptosis, which contributes to the
majority of nerve cell death in the HI brain injury (Broughton et al., 2009).
FasL levels in CSF of asphyxia patients in study Il correlated with HIE
degree and the outcome of the patients, which met one of our aims. It is in
line with previous studies indicating neurotoxic properties of FasL in asphyxia
models (Graham et al., 2004). Interestingly though, a number of patients with
HIE grade Il had low FasL levels in that study. A number of these patients
either died or were very sick. Five of the eight patients who died in the cohort
had very low Fas-ligand.

Other proteins with apoptotic properties were observed in proteomic
analysis of CSF of HIE patients in study IV. These included beta synuclein
(SNCB), reticulon-1 (RTN1), and neuronal pentraxin-1 (NPTX1). There are
several reports on the importance of these proteins in the pathophysiology of
neurological diseases (Gong et al., 2017; Sargent et al., 2018) and hypoxia
brain injury models (Thatipamula & Hossain, 2014). These mediators have
not been investigated previously in the developing brain.

5.1.3 Markers of axonal and cellular damage

Cell structural proteins are released only upon cell damage. Several proteins
were significantly increased in HIE infants in study IV and correlated with
outcome, including myelin basic protein (MBP), alpha ll-spectrin (SPTAN),
and matrix extracellular phosphoglycoprotein (MEPE). These proteins have
been correlated with ischemic and traumatic brain injury (TBI) in experimental
and clinical studies before (Beers et al., 2007; Ottens et al., 2010). Our data
is in line with previous studies on pediatric TBI suggesting that these proteins
may be promising biomarkers of the brain injury (Berger, Hayes, Richichi,
Beers, & Wang, 2012). Only few studies are available on the same cell
structural proteins that we observed in our HIE cohort (Garcia-Alix et al.,
1994; Jain et al., 2014).

The astrocytic skeletal protein glial fibrillary acidic protein (GFAP) is a
promising biomarkers for outcome prediction in HIE (Blennow et al., 1995;
Chalak et al., 2014). It was increased in CSF in HIE comopared with controls
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in our study and the levels were higher in infants with adverse outcome,
although the differences were not significant. Tau is another cytoskeletal
protein, a known biomarker in Alzheimer's and Parkinson’s disease and
raised levels have been implicated in HIE (Takahashi et al., 2014). Tau was
not measured in our cohorts.

5.1.4 Proteins of brain cell metabolism

Proteins related to cell metabolism may also be markers of cellular damage
or exhaustion. These are proteins like neuron specific enolase (NSE),
aldolase C (ALDOC), and Adenosine Triphosphatease V-type subunit G2
(ATP6V1G2), which were all highly increased in CSF of HIE patients in study
IV and correlated with adverse outcomes. NSE and ATP6V1G2 are found in
neurons and ALDOC in astrocytes. They are released from the cells after
brain cell death. Increased NSE levels in serum and CSF have previously
been correlated with brain damage and poor prognosis in HIE (Blennow,
Savman, llves, Thoresen, & Rosengren, 2001; Kelen et al., 2017). It is a
useful biomarker for TBI in adults (Thelin et al., 2016). ALDOC has also been
suggested as a promising biomarker in TBI (Halford et al., 2017; Thelin et al.,
2018) and ATP6V1G2 correlated with more chronic and progressive brain
injuries (Harper et al., 2020). Our results along with the ones of previous
studies suggest a clinical utility of these biomarkers in HIE but there is a need
for validation in additonal cohorts.

5.1.5 Synaptic proteins

Synaptic regulatory proteins are not well studied in HIE but they take part in
exitotoxic neurotransmitter release and can induce cell damage in HI brain
injury (Gong et al., 2017). The synaptic proteins may also be indicative of
neuroplasticity.

Proteins of synaptic regulation and synaptic plasticity were found in
increased amounts in the CSF proteomic analysis of asphyxia patients in
study IV. This could be explained by seizures, that are common in infants
with HIE-Il, but this was not evaluated. Also, it could represent a high
turnover of the proteins in relation to the synaptic neuroplasticity in the
developing brain. Synaptic vesicle glycoprotein 2A (SV2A) was one of these
proteins. It is believed to be neuroprotective and has been correlated with
seizure control (Ohno & Tokudome, 2017). Several other synaptic proteins
were increased and correlated with adverse outcomes of patients in our
study. These included RTN1 which regulates neurotransmitter release and
may exaggerate HI brain injury through excitotoxicity, as is suggested in
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experimental studies (Gong et al., 2017). Also, SNCB is a synaptic protein
with apoptotic potentials found in several neurological diseases (Sargent et
al., 2018). The relation of these proteins to HIE has not been investigated
previously. Nevertheless, agents reducing excitotoxicity and thereby possibly
the expression of the synaptic proteins are being investigated as promising
neuroprotective therapies (Filippi et al., 2018).

5.1.6 How cooling may modulate the observed HIE biomarkers.
Expansion into clinical use.

The evolution of inflammatory mediators over time may be altered by
hypothermia as evidenced by studies where cooled and noncooled cohorts
are compared. In a randomised trial, Jenkins et al., 2012, described higher
IL-6, IL-8, IL-10 serum levels in cooled infants compared with noncooled.
Elevated IL-6 levels in the first 9 hours correlated with death and severe
neurodevelopmental outcome at 12 months. Interestingly a bipasic elevation
of IL-6 levels was observed at around 24h in the cooled group. A uniform
downmodulation down to a trend reversal at 36h in that group correlated with
good outcome (Jenkins et al., 2012). This might indicate that the delayed
elevation of IL-6 in the cooled group may be a marker of activated repair
mechanisms and that the hypothermia might shorten the time to initiate this
recovery. In study Il of this thesis two samples were available at different
timepoints from 12 infants. Lower IL-6 levels were observed in the later
sample from 9 infants, all who had adverse outcome, but a slight increase
was observed in 3 samples and two of them had normal outcomes. This may
indicate a different function of IL-6 in noncooled infants than in those who
received hypothermia. The time at the late LP was between 60 and 144
hours, but the early LP between 6 and 28 hours. Thus, the early sample is
closer to the observed secondary peak in Jenkins et al.

Another clinical study comparing cooled and noncooled HIE infants
showed increased IL-6 and IL-10 in the noncooled group. This was a very
small cohort and no outcome data (Moon, Youn, Yum, & Sung, 2016).
Furthermore, elevated levels of nucleated red blood cells (NRBC) in serum in
the first 24 hours, discriminated between mild HIE and moderate to severe
HIE in normothermic infants but not in infants who received hypothermia
(Walsh, Boylan, Dempsey, & Murray, 2013). This was due to a decrease in
NRBCs among moderately encephalopathic cooled infants. Increased NRBC
count has been correlated with adverse outcome in perinatal asphyxia
(Walsh, Boylan, & Murray, 2011). The rapid elevation immediately after the
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hypoxic insult is thought to be secondary to raised IL-6 (Ferber, Minior,
Bornstein, & Divon, 2005).

In a piglet HI injury study in cooled and noncooled animals a pro-
inflammatory cytokine surge was observed after rewarming in the cooled
group (Rocha-Ferreira et al., 2017). This has not been confirmed in clinical
studies. Chalak et al described in a small cohort that cytokine values were
unaffected by hypothermia-rewarming (Chalak et al., 2014).

These findings, indicating the role of therapeutic hypothermia in immune
modulation suggests that neuroinflammation contributes directly to the HI
brain injury. Thus the immune mediators are not merely markers of the brain
injury but also participants in the pathology. This opens the possibility of
further immune modulating neuroprotective therapies.

Brain specific proteins may also be modulated by therapeutic
hypothermia. This was indicated in a recent study on 178 infants with HIE
who all received therapeutic hypothermia. After hypothermia treatment
increased levels of tau and GFAP were observed, which may reflect the role
of hypothermia in delaying activation of injurious pathways (Chavez-Valdez et
al., 2021). Another study indicated the influence of hypothermia on S-100B
and Enolase in serum in a small group of infants. In that study the biomarkers
were highly elevated following asphyxia and associated with outcome but the
levels were lower in infants treated with hypothermia compared with those
who were not (Roka et al., 2012).

Experimental studies have suggested that hypothermia may ameliorate
the Fas-mediated apoptotic pathways (X. Liu et al., 2013) and reduced
soluble FasL levels were observed in hypothermic brains of experimental
stroke models (L. Liu et al., 2008). In our cohort the levels of FasL were
higher at later timeponts in the 12 patients who had two samples. This
indicates ongoing apoptotic cell death. FasL levels could provide important
information about ongoing apoptotic brain damage during and after
hypothermia treatment and thus the need for complementary treatment. It
could also give information on treatment efficacy. As none of the infants in
our cohort received hypothermia these data need to be validated in an
additional cohort of cooled infants.

5.2 Neonatal sepsis

Invasive neonatal infections carry a high risk of mortality and neurological
morbidities, especially among preterm infants (Weston et al., 2011). Altered
neurodevelopment is a complication of neonatal sepsis (Schlapbach et al.,
2011). Sepsis presents with apnea, bradycardia, and desaturation (ABD) as

71



Kristin Leifsdéttir

core symptoms (Sullivan, Grice, Lake, Moorman, & Fairchild, 2014).
Therefore, we wanted to evaluate the relationship between PGE, and apnea.
Apnea of prematurity is considered a risk factor for adverse
neurodevelopment, even without an association with infections (Janvier et al.,
2004; Yang et al., 2021). It is therefore essential to comprehend the
mechanisms of ABD events in correlation to infections. Besides its role as an
inflammatory mediator, PGE; is involved in fetal and neonatal respiratory
control by affecting the respiratory rhythm generating neurons in the brain
stem (Herlenius, 2011). In study Il the role of PGE, in mediating apnea and
cardiorespiratory dysregulation was confirmed, as has been shown
previously in an experimental study (Hofstetter, Legnevall, Herlenius, & Katz-
Salamon, 2008). Our results provide information about the involvement of
prostaglandins in the mechanisms underlying autonomic dysfunction in
correlation with infections. ROC curves illustrated a correlation between
PGE,/PGEM levels and ABD events with more sensitivity and specificity than
the correlation between CRP and ABD events. Furthermore, our results
confirm that PGE, levels are higher in preterm infants compared with term
infants in the first days of life (Agostiniani et al., 2002). This observation
possibly indicates a relationship between preterm-specific inflammation and
apneas.

The initial signs of sepsis in the neonatal period are often subtle and
nonspecific, which makes the early diagnosis difficult. PGE, and PGEM
levels in study Il demonstrated a better correlation between culture-verified
bacterial infections and PGE, than CRP. This was illustrated with ROC
curves, showing more sensitivity and precision. We, therefore, suggest that
PGE, and PGEM may be useful biomarkers in the early diagnosis of sepsis
and patient surveillance, especially in cases where the infection is suspected
but the initial signs and symptoms are nonspecific. Furthermore, we suggest
that analyzing PGEM levels in combination with monitoring ABD events could
increase the accuracy of early diagnosis of infection. This needs further
validation in a bigger cohort.

5.3 Outcome prediction in preterm infants

As discussed in the previous section, PGE, levels were higher in CSF of
preterm infants than in term infants in study Il. Biochemical biomarkers in
CSF of preterm infants analyzed in study V are discussed below.
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5.3.1 CSF proteome reflecting neuroinflammation

The goal of study V was to compare the proteome of preterm infants and
term-born infants. Also, to identify a proteome that would predict the
neurodevelopmental outcome in preterm infants. In line with previous studies
in preterm infants, we observed an upregulation of inflammatory proteins in
preterm compared with term infants (Boardman et al., 2018; Pataky, Howie,
Girardi, & Boardman, 2017). There is evidence indicating that upregulation of
neuroinflammation is associated with adverse neurodevelopmental outcomes
in preterm infants (Allred et al., 2017). In our study, the data differences were
not explained by blood or CSF culture verification of sepsis or meningitis.
Furthermore, no differences in CRP levels were found between the preterm
and term infants. Proteins associated with the complement cascade were
prominent. Although neuroinflammation is associated with brain injury,
opposing roles of inflammatory mediators have been observed. Notably,
there is evidence from previous studies that various components of the
complement system have an important role as mediators of brain
development and neuroplasticity (Biggins et al., 2017; Magdalon et al., 2020).
Preterm brain injury is often primarily the result of disturbed
neurodevelopment, sometimes without apparent brain injury. TBI and HIE are
associated with brain tissue defects and the formation of scar tissue although
it may lead to neurodevelopmental disturbance as well. This may be an
explanation of the different functions of the inflammatory mediators.

The importance of the interrelated functions of the immune- and nervous
systems in the developing brain is underlined in study V.

5.3.2 Markers of neurodevelopmental outcome

Higher CSF levels of several neurodevelopmentally associated proteins were
observed in the preterm group compared with the term infants in study V.
This could reflect the rapid developmental processes of the preterm brain.
Notably, lower protein levels correlated with the adverse neurodevelopmental
outcome of the preterm infants, which is in line wiht previous studies. Kuban
et al, 2018 demonstated that higher levels of neurotrophic proteins
correlated with better cognitive functions (Kuban et al., 2018). Decreased
levels of several mediators of neurodevelopment in serum of preterm infants
have been found to correlate with retinopathy of prematurity (ROP), which is
a disease that is mostly seen in the lowest gestational ages (Danielsson et
al., 2021).

Among the proteins displaying the biggest data differences between
outcome groups in our study was VEGFC. This is a protein that has been
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shown to induce the growth and differentiation of neuro-progenitor cells as
well as regulate angiogenesis in the brain (Le Bras et al., 2006). Recently the
administration of VEGF improved neurological outcomes after TBI in rat
model (Ju et al., 2019).

Depressed levels of several proteins of neuronal migration and plasticity
were observed in correlation with adverse outcomes in study V. These
included the proteoglycan Neurocan core protein (NCAN) and seizure protein
6 (Sez6). NCAN is important for critical steps in the cognitive and behavioral
development (Schwartz & Domowicz, 2018). The lack of Sez6 has been
correlated with motor impairment and memory deficits (Nash et al., 2020).
Also, we found lower levels of neuron-specific T-box transcription factor 1
(TBR1), in relation to adverse outcomes. This protein has recently been
discovered with gene sequencing to have an important role in cortical
development and cognitive function (Vegas et al., 2018). In a preclinical study
on rodents, mutations in the TBR1 gene resulted in autistic spectrum disease
(ASD) like behavior (Yook et al., 2019). ASD is a neurodevelopmental
disorder that is seen at much higher rates in preterm infants than in infants
born at term age (Agrawal et al., 2018). Preterm infants also have a greatly
increased risk of neuropsychiatric disorders, including schizophrenia (Vanes
et al., 2021). Like in preterm infants, altered synaptic plasticity and behavioral
pathways in the brain have been associated with schizophrenia (Fromer et
al., 2014). In our study, we found lower CSF levels in the adverse outcome
group of chromosomes 11 open reading frame 87 (cllorf87) protein, also
known as neuronal integral membrane protein 1. This protein has been
correlated with schizophrenia-related pathways (Etemadikhah, Niazi,
Wetterberg, & Feuk, 2020).

5.4 Summary of discussion

Our findings of the five studies confirmed our hypothesis that brain-specific
and immune related biomarkers in CSF can predict brain injury and the
prognosis of preterm and term infants. Our aims were met. Furthermore, the
results add to the knowledge of the pathophysiolgy of HI brain injury and
dysmaturation in the developing brain. This is important as better
understanding of the mechanisms of injury may eventually lead to novel
therapeutic options. CSF does have the advantage of being a better
reflection of brain physiology than other body fluids. Our results may be
indicative of possibilities for novel therapeutic interventions in both term and
preterm infants. Also they could help evaluate the extent of brain injuiry and
monitor the efficacy of neuroprotective intervention.
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The observed biomarkers were predictive of outcome in our cohorts. It is
important though to acknowledge that none of the HIE patients received
hypothermia. A further research is warranted in a cohort of cooled infants to
validate the predictive power of the biomarkers.

5.5 Strengths and Limitations

In these studies, we collected a distinctive CSF biobank from newborn
infants. We discovered an array of unprecedented proteins in these samples.
Analyzing CSF as opposed to blood samples is a strength as CSF is near the
brain and therefore better reflects the biochemical changes in brain injury.
Also, for the CSF analysis in studies IV and V, we utilized an emerging
technique in brain research that allows us to simultaneously quantify large
numbers of proteins in small samples. This is highly important for the
investigations of protein profiles in infants where sample sizes are limited.
Also, it detects simultaneously many proteins, representing different
pathological cascades. This is important as it reflects the complex interaction
of simultaneous processes that ultimately lead to the injury.

Several limitations are acknowledged. There was a long time interval
between patient recruitment and the sample analysis, which could affect the
outcome as some proteins might deteriorate in the freezer over time. The
limited number of recruited patients is a limitation and calls for further
investigations in larger cohorts. The controls were not truly healthy controls
as they were subjected to LP on clinical indications. It is possible that some
may have had culture negative sepsis.

None of the infants in the cohort received therapeutic hypothermia as it
was not a recommended treatment for asphyxia at the time of recruitment.
This is a limitation, especially when comparing the results with recent studies.
On the other hand, it could also give important information on the brain Hl
injury pathology, without the impact of TH. Another limitation is the clinical
follow-up, which was not done as a part of the study protocol but rather as a
part of a clinical rutine. It was performed by senior neurologists,
neonatologists, and physiotherapists, and the information was gathered from
the infants’ journals. Bayley developmental evaluation was performed only on
those who were suspected to have abnormal neurodevelopment at 18-24
months, but not on those without any clinical signs or suspicion. In the
proteomic studies (studies IV and V), the protein selection for the antibody
array was based on previous studies, which is unavoidably biased.
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6 Conclusions

The main purpose of this thesis was to uncover reliable biomarkers in
cerebrospinal fluid for precise and early assessment as well as outcome
prediction of infants at risk of adverse outcomes following preterm birth,
hypoxic brain insults, or sepsis. Several promising results have been
revealed in previous studies but currently, no specific biomarker of perinatal
brain injury is available for clinical use, and it is an ongoing work.

The overall aims were met as we observed several biomarkers of
diagnostic and predictive value reflecting diverse origin and function of the
pathological processes leading to perinatal brain injury.

6.1 Neuroinflammation

Inflammatory mediators like the cytokine IL-6 and the eicosanoid PGE, had
diagnostic values for the severity of HIE and sepsis. These mediators
correlated with the unfavorable outcome of the infants. PGE, was also
observed in association with apnea, bradycardia, and desaturation (ABD)
events. Neuroinflammatory upregulation was further confirmed with an
antibody microarray analysis and pathway analysis where a
neuroinflammatory protein profile was observed. The complement pathway
was most prominent in both term infants with HIE and preterm infants.

There are important implications to these findings. Inflammatory mediators
can lead to a prolonged and persistent phase of hypoxic brain injury which
can alter normal brain development. The recognition of this important
pathological phase in perinatal brain injury opens new possibilities to
alternative therapeutic modalities. To aid the repair mechanisms in the brain
and promote brain cell regeneration, may be as important as diminishing the
injurious process itself. This could be possible even long after the insult.
Therapies are being explored that target neuronal regeneration at later
stages, after the secondary phase of hypoxic ischemia. This can possibly be
achieved with growth factors and stem cell therapies. Neuroinflammation is
also a contributor to the pathological processes of brain injury in the
immature preterm brain. It has been established that the immune and
nervous systems are interrelated and interactive. Brain injury in preterm
infants is correlated with sepsis during the neonatal period. It has been
suggested that neuroinflammation may alter neurodevelopmental outcomes

77



Kristin Leifsdéttir

by altering gene expression. Notably, evidence indicates that inflammatory
proteins can also function as important mediators of brain development. Our
results contribute to the understanding of the developing brain and the
importance of the interaction between the nervous and immune systems.

6.2 Biomarkers reflecting the injurious processes in HIE

Proteins related to cell metabolism, reflective of the energy state of the nerve
cells, and structural proteins indicative of cellular damage and breakdown,
were increased in CSF of infants who suffered birth asphyxia. Increased
levels of apoptotic mediators like Fas-ligand, indicating activity of the
secondary phase of nerve cell death were found. Also, synaptic regulatory
proteins that could reflect increased excitability of the nerve cells.
Furthermore, proteins with neurotrophic properties, possibly indicating an
active regenerative process, were found. A correlation between increased
levels of these markers and both more severe HIE and worse outcomes of
the infants was observed.

These findings may pave the way to a better understanding of the HI brain
injury as these proteins can serve as important indicators of the various
processes in the HI brain injury pathology. Thus, they could also provide
important information for determining the right timing and duration of adjuvant
therapy alongside hypothermia. The goal is to invent neuroprotective
strategies to improve outcomes. Targeting common mediators of neuronal
cell death in hypoxic brain injury offers a potential approach for developing
new neuroprotective strategies. Biomarkers could also serve as indicators of
the effectiveness and safety of such therapeutic interventions. No licensed
additive pharmacological treatment is currently available, but several studies
are ongoing.

6.3 Neurodevelopmental outcomes in preterm infants

CSF levels of proteins that are associated with brain development were lower
in preterm infants who had adverse neurodevelopment compared with
preterm infants with normal outcome.

Less is known about the pathophysiology and etiology of brain injury in
preterm infants than in term-born infants. The contributing factors are likely
more heterogeneous. The neurological sequelae result at least in part from
the brain's immaturity and vulnerability of the developmental processes.
Therefore our results are highly relevant. They provide important information
regarding essential proteins for optimal brain development, some of which
have not been investigated previously in the developing brain. A proteomic
signature is revealed that may reflect changes in neurodevelopment
associated with external or internal events. Recent studies show that preterm
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infants have a common protein profile at birth that is related to the gestational
age and that protein alterations occur after birth, depending on postnatal
events.

There is an urgent need for improved methods for the diagnosis of brain
injury in preterm infants. The timing, severity, and evolution. The observed
downregulation of essential proteins for brain development in our study
opens possibilities of targeted and individually directed interventions in
preterm infants. It could also help to identify factors that may influence the
brain’s maturational processes, like nutritional, infectious, and stress-related
factors.

Our results in the five studies of this thesis enhance our understanding of
neonatal brain injury, in term as well as preterm infants, whether caused by
hypoxia, infections, or other external stimuli that may cause brain
dysmaturation. A better understanding of the pathological processes will
hopefully lead to better diagnosis, and improved care and treatment of
perinatal brain injury, rendering improved survival and outcome for these
infants.
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ABSTRACT

Aim: Acute anoxic exposure rapidly increases prostaglandin E, (PGE,) production and
release in neonatal mice brains. We hypothesize that PGE, is released in human
cerebrospinal fluid (CSF) during perinatal asphyxia and that it might be used as a biomarker
for perinatal asphyxia.

Methods: In full-term infants with lumbar puncture performed within 72 h of birth

(n = 35), CSF was analysed for prostaglandin E, metabolite (PGEM) using an enzyme
immunoassay. Term infants with suspected but unverified infections were used as controls
(n = 11). Hypoxic—ischaemic encephalopathy (HIE) was classified as mild, moderate or
severe (HIE I-Il). Neurological assessment of surviving patients was performed at

18 months of age.

Results: Prostaglandin E, metabolite levels correlated to a low Apgar score at 5 min

(p <0.01)and 10 min (p < 0.01), a low pH (p < 0.001) and HIE score (p < 0.05). The
HIE-IIl cases (n = 7) had significantly higher PGEM levels compared with both controls and
the HIE- group (n = 8). Irrespective of HIE grade, patients with adverse or fatal outcome
had higher PGEM values compared with controls and asphyxiated infants with normal
outcome (p < 0.05).

Conclusion: PGE, is released during anoxic events in newborn infants, and PGEM may be
useful as a biomarker for estimating degree of insult and predicting long-term outcome
after perinatal asphyxia.

INTRODUCTION

Birth asphyxia is a major complication during delivery and
remains a main cause for perinatal morbidity and mortality
with an incidence of 1.2-7.7 per 1000 births in resource-
rich countries (1). Half of these lead to severe asphyxia and
life-threatening conditions. In about 25% of cases, ischae-
mic brain damage causes neurological sequelae or death (1).
Hypoxic-ischaemic encephalopathy (HIE) designates the
condition of a full-term infant who has experienced a
perinatal deficit in cerebral oxygen delivery leading to
disruption of cerebral energy metabolism (2).

The local brain ischaemia leads to a hypoxic injury and
acute response with immediate release of neuromodulators,
for example, adenosine, and rapid induction of a number
of pro-inflammatory mediators. After a primary disruption
of oxygen delivery to the brain, there is a secondary phase of
neuronal loss, which can be initiated hours or days later (3).
This delayed response may partially be due to secondary
induced inflammatory mediators that are released in
response to the hypoxic injury (4). Such mediators include
prostaglandins, especially PGE,, which is involved in the
secondary phase as well as in the immediate response to
acute hypoxia.

Acute hypoxia increases the activity of mPGES-1 (micro-
somal prostaglandin E synthase-1) in endothelial cells of the
blood-brain barrier (BBB) and the subsequent release of
prostaglandin E, (PGE,) beyond the BBB (5-7). Also in
ex vivo experiments, anoxia increases the PGE, production
in mouse cortex (8) and transient asphyxia elevates the PGE,
concentrations in newborn guinea pig brain (9). Moreover,
we have shown that transient anoxia induces mPGES-1
activity in the mouse brainstem and that IL-1f further
increases the anoxic induction of mPGES-1 activity (7,10).

Key notes

e A rapid release of PGE, occurs in newborn infants in
response to acute hypoxia and is involved in the
immediate response to perinatal asphyxia.

e PGE, metabolite levels in CSF correlate to 5 and 10
minute Apgar score, arterial pH and base excess and are
a valid discriminator for the degree of HIE and final
outcome.

e The PGE, metabolite is a biomarker for severity and
hypoxic damage in perinatal asphyxia in human infants.
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High levels of PGE, are detected in all term and preterm
newborns, compared with older infants (11). This is partic-
ularly true during the third stage of labour where PGE,
levels seem to peak (12). In the pregnant mother, prosta-
glandins regulate parturition and in the foetus prostaglan-
dins inhibit breathing moments and maintain patency of the
ductus arteriosus to facilitate foetal circulation (13).
Prostaglandins exert inhibition of the foetal movements,
decrease metabolic rate and energy turnover and thus may
protect the brain when oxygen and energy resources might
be scarce (14). Therefore, PGE, is a vital neuro- and
vasomodulator in the foetus, during parturition and in the
newborn. PGE, is a multifaceted molecular messenger, and
depending on what type of receptor it binds to, it can have
stimulatory or inhibitory effects (15). PGE, acts on four
G-protein-coupled receptors (EP1, EP2, EP3 and EP4).
EP2, EP3 and EP4 receptors act on adenylate cyclase and
may have neuroprotective effects (16). EP1 receptors
contribute to neurotoxicity by disrupting Ca?* homeostasis
through impairing Na*-Ca®* exchange augmenting the Ca®*
dysregulation underlying excitotoxic neuronal death (17).

Thus, PGE, levels are increased at birth and possibly
even more so during acute hypoxia and can have both
neuroprotective and neurotoxic effects. Could it then be
used as a biomarker for estimating degree of insult and
predicting long-term outcome in asphyxiated newborn
children?

Prostaglandin levels in ischaemic brain injury have
previously been studied in relation to severity of ischaemia
(11,18). However, the level of PGE, has primarily been
examined in its bioactive nonmetabolite form, which has a
short half-life in most biological fluids t1/2 <5 min in
plasma (18,19). PGE, is primarily catabolized enzymati-
cally by stepwise oxidation and reduction into a metabolite
13,14-dihydro-15-keto PGE,, which accumulates into more
stable (t1/2 approximately 45 min) and detectable levels in
biological fluids (20). It is then further nonenzymatically
metabolized into a 13,14-dihydro-15-keto PGA,.

The assay employed in this study uses a derivatization of
the two 13,14-dihydro-15-keto metabolites to convert them
into a single stable form for detection. By analysing a more
stable PGE, metabolite (PGEM) in cerebrospinal fluid
(CSF), we investigate its possible usefulness as a biomarker
and its correlation with the arterial pH, base deficit, stages
of HIE and final clinical outcome after perinatal asphyxia.

PATIENTS AND METHODS
Patients
Between October 1999 and September 2004, term infants
(>37 week gestational age) were enrolled in a study for
inflammatory marker analysis during perinatal asphyxia. All
were treated at the neonatal intensive care unit (NICU),
Karolinska University Hospital in Stockholm, either due to
perinatal asphyxia or, in the case of the control group of
infants, examined for suspected perinatal CNS infection.
Thirty-five infants including controls had a lumbar
puncture (LP) carried out following clinical indications,
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met the inclusion criteria and had sufficient material
available for analysis of PGE, metabolite. Of these, 24 were
asphyxiated children who fulfilled two or more of the
following inclusion criteria:

1 Signs of foetal distress as indicated by cardiotoco-
graphic pattern of late decelerations, absent variabil-
ity or bradycardia, meconium staining of amniotic
fluid, scalp pH <7.2 or lactate >4.8 mmol/L.

2 Postnatal stress as indicated by Apgar score <6 at
5 min and need for neonatal resuscitation in the
delivery room for >3 min or umbilical arterial/first
postnatal blood pH <7.1, BE <-15 (or lactate
>4.8 mm/L) in cord blood or venous blood.

3 Neurological signs of encephalopathy within 6 h of
birth, such as suppressed or absent reflexes, neuro-
muscular control and/or altered autonomic function.

Exclusion criteria were congenital malformations, chro-
mosomal abnormalities and encephalopathy unrelated to
asphyxia; metabolic diseases and intrauterine/perinatal
infections with confirmed meningitis. The control group
(n = 11) consisted of infants: (i) indicated for LP due to
suspected infection but negative bacterial and viral cultures
from blood and CSF, (ii) no leucocytes and normal amounts
of proteins in CSF and (iii) no findings suggesting CNS
pathology.

Clinical assessment
Acute neurological assessment was made within the first
few hours postnatally before enrolling the patient into the
study, then at approximately 12, 36 and 72 h after birth and
on day seven on patients in the NICU. HIE was classified as
mild (HIE-I), moderate (HIE-II) or severe (HIE-III)
according to the criteria of Sarnat and Sarnat (21).
Patients received standard treatment, which at the time of
recruitment included fluid restriction, inotropic support
and mechanical ventilation when needed, as well as
medical treatment of seizure activity. All patients were
treated under normothermic conditions. Continuous ampli-
tude-integrated EEG was used to assess all suspected HIE
cases in the first days of life. In patients with moderate and
severe HIE, a CT or MRI scan of the brain was carried out
on the third day of life and EEG registration in the first
week. Neurological assessment of surviving patients was
made at three, six and eighteen months of age. Final
outcome for the eighteenth-month assessment was defined
using three categories: normal, adverse or death. Adverse
outcome was defined as: cerebral palsy, microcephaly (>2
SD below mean head circumference for age and sex),
mental retardation (IQ below 70), seizure disorder and
neurodevelopment delay (3). The outcome was defined as
normal in the absence of these major disabilities.

CSF sampling

Lumbar punctures (LPs) were performed during the first
72 h of life, and in four cases, an additional LP was
performed between 28 and 209 h postnatal age. Each
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Bjork et al.

lumbar puncture collected approximately 1-2 mL of CSF.
The samples were spun at 3000 rpm at 4 degrees for 10 min
and the supernatant stored at —80 °C in aliquots of 0.5 mL
until analysed.

PGE, metabolite assay

Collected CSF samples were analysed for PGEM using a
commercial standardized competition enzyme immunoas-
say (EIA) protocol (Cayman Chemicals, Ann Arbor, MI,
USA). This is a competition assay that converts 13,14-
dihydro-15-keto PGA; and 13,14-dihydro-15-keto PGE, to
a single, stable derivative that is quantified. The calculated
value represented the concentration of the analyte present
in the samples as compared to the standard curve measured.
In 13 cases, the CSF sample retrieved was enough for an
additional test run at another time point and the mean of
the two analyses was used as the calculated value.

Statistical analysis
Clinical data are presented as means and 95% confidence
intervals or interquartile ranges for descriptive purposes
unless stated otherwise. Parametric clinical data were tested
with Student’s #-test, and Dunnett’s test was applied to
analyse differences in pH and base excess (BE) levels
between patients and controls. Tukey—Kramer HSD test
was used to determine the association between PGEM
levels and degree of HIE or clinical outcome. The receiver
operating characteristic (ROC) curve displays the false-
positive rate (1 — specificity) versus the true-positive rate
(sensitivity) for different test cut-off values, thus plotting the
performance of a diagnostic test. The indicated cut-off
criteria were chosen geometrically towards an ideal test
with 100% specificity and sensitivity. Data are presented as
mean + SEM. p-values of <0.05 were considered statistically
significant. Statistical analysis and graphical software
utilized were JMP 10 (SAS Institute Inc., Cary, NC, USA).
The study was performed in accordance with European
Community guidelines, and the regional ethics committees

Prostaglandin as a marker in perinatal apshyxia

at the Karolinska Institutet and Stockholm County
approved the study. Informed written consent was obtained
from the parents of the enrolled patients.

RESULTS

Clinical data for patients and control groups are summa-
rized in Table 1. There were no difference between patients
and controls regarding gestational age and birth weight nor
were there any difference between different HIE groups.
Between the patient and the control group, there was a
difference regarding the 5-min and 10-min Apgar score as
well as post-partum arterial pH level (all p < 0.05).

Prostaglandin E, metabolite was compared with the
Apgar score at 5 min. An Apgar score below 3 often means
that immediate resuscitation is needed and is often associ-
ated with hypoxia. The overall highest measured level of
PGEM (731 pg/mL) was seen in a patient with 0 Apgar at
5 min (2 at 10 min) and a fatal outcome. The Apgar score at
5 min was inversely correlated to the levels of PGEM,
? = 0.208 (p < 0.05) (Fig. 1A). The Apgar score at 10 min
was inversely correlated to the levels of PGEM, 1* = 0.148
(p < 0.05). Arterial pH was also negatively correlated to
PGEM levels, r* = 0.694 (p < 0.001) (Fig. 1B).

The perinatal asphyxia patient group (n=24) was
divided into three subgroups according to Sarnat and
Sarnat classification of HIE. Final outcome is summarized
in Table 2. Eight infants had a mild HIE (HIE-I), and all of
them had a normal outcome at follow-up. Nine infants had
a moderate HIE (HIE-II). Three of these infants had an
adverse neurological outcome with cerebral palsy, psycho-
motor retardation and seizure problems. Two infants had a
mild motor impairment, and four had a normal outcome at
follow-up. Seven infants had a severe HIE (HIE-III), five of
these infants died on first to twelfth day of life. Two of the
infants with HIE-III survived with adverse neurological
outcome including spastic tetraplegia, cerebral palsy, psy-
chomotor retardation, microcephaly and complex seizures.

Table 1 Clinical data of asphyxiated newborns and newborn nonasphyxiated controls

Controls HIE-I HIE-II HIE-NII
Number of patients 11 8 9 7
Gestational age (week)* 40.6 (39.6-41.5) 40.4 (39.1-41.8) 40.4 (39.6-41.2) 40.5 (40.0-41.1)
Birthweight (g)" 3869 + 668 3724 £ 664 3731 + 460 3558 + 351
Sex (female:male) 6:5 35 36 3:4
1-min Apgar score* 8 (3-9) 2 (1-6) 1 (0-9) 2 (0-7)
5-min Apgar score* 10 (7-10) 4 (1-7) 4 (2-10) 1(0-9)
10-min Apgar score* 10 (8-10) 6.5 (3-8) 6 (2-10) 3 (0-10)
Arterial pH$ 7.20 (n = 6) (0.08) 7.08 (n = 6) (0.06) 6.97 (n = 9) (0.09) 6.86 (n = 6) (0.12)
Arterial base excess® —4.4 (n=6) (2.8) 11 (n=5) (3.1) —19 (n=8) (3.8) —19.8 (n = 6) (2.9)

CRPY

449 (n=11) (13.4)

396 (n = 7) (12.2)

21.8 (n=9) (9.91)

6.5 (n = 6) (0.921)

HIE, Hypoxic-ischaemic encephalopathy.

*Mean (lower and upper 95%).

"Mean =+ SD.
*Median (range).
SMean (SEM).

©2013 Foundation Acta Peediatrica. Published by John Wiley & Sons Ltd 2013 102, pp. 1041-1047
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Figure 1 Prostaglandin E2 metabolite (PGEM) in cerebrospinal fluid (CSF) correlates to the 5-min Apgar and arterial pH. Relationship between PGEM levels in CSF and
clinical parameters during first days of life. (A) The 5-min Apgar score was negatively related to CSF levels of PGEM (r* = 0.208, linear fit line, p < 0.01, n = 34). (B)

Arterial pH at birth was indirectly correlated to PGEM levels (r* = 0.694, p < 0.001, n = 27).

Table 2 Final outcome of asphyxiated newborns and newborn nonasphyxiated
controls

Controls HIE-| HIE-I HIE-IIl
Number of patients 11 8 9 7
Outcome
Normal 11 8 4 0
Adverse* 0 0 5 2
Death 0 0 0 5

HIE, Hypoxic-ischaemic encephalopathy.
*Defined as neurohandicapped including microcephaly, cerebral palsy or
severe EP.

The control group consisted of eleven infants where LP was
performed due to initially suspected infection that was not
confirmed in further analysis. All had normal outcomes.

A higher HIE score correlated to higher PGEM levels,
and the HIE-III cases had significantly higher PGEM levels
(242 pg/mL + 88) compared with controls (39.4 pg/mL +
6.2) and the HIE-I group (74.8 pg/mL + 27) (Fig. 2).

Three patients in the HIE-II group and one patient in the
HIE-IIT group also had a second LP performed where
sample was available for PGEM analysis. There were no
large changes in levels between LP1 and LP2 except for the
HIE-III case where the first LP at 6 h had 320 pg/mL
PGEM and the second LP at 56 h had 70 pg/mL (Fig. 3).

A neurological assessment was carried out for all
included patients and controls at three and 6 months of
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Figure 2 Prostaglandin E, metabolite (PGEM) in cerebrospinal fluid (CSF)
correlates to the degree of hypoxic—ischaemic encephalopathy. The degree of
Hypoxic-ischaemic encephalopathy (HIE) was classified as mild (HIE-, n = 8),
moderate (HIE-Il, n = 9) or severe (HIE-lll, n = 7). PGE, metabolite levels (pg/
mL) in the HIE-l group were higher compared with controls and the HIE-I
group. The long horizontal (green) line indicates mean value for each group,
and the whiskers (red) indicate the standard error of the mean (SEM)
(* =p < 0.01).

©2013 Foundation Acta Paediatrica. Published by John Wiley & Sons Ltd 2013 102, pp. 1041-1047



Bjork et al.

350 -

300 4 e HIE-2 normal outcome
+—e HIE-2 normal outcome
= HIE-2 adverse outcome

250 4 +— HIE-3 adverse outcome

E
200
o
k]
&
w150
[Y]
o

100 -

50 | ‘\(‘
0 T T T T T T T T T T T T T

0 12 24 36 48 60 72 84 96 108 120 132 144 156
LP 1 and LP 2 (hours after birth)

Figure 3 Kinetics of prostaglandin E, metabolite (PGEM) in cerebrospinal fluid
(CSF). Relationship between PGEM levels in CSF during first day of life and after
a secondary lumbar puncture (LP) at indicated time point. Four patients with a
secondary LP had material available for analysis. Line and colour indicate
samples from the same donor. Stable levels were seen in three of the samples
but a rapid decline was seen in a patient with Hypoxic-ischaemic
encephalopathy (HIE)-lIl with initial high level of PGEM.

age and a final outcome assessment at 18 months of age.
Amongst the HIE patient group, the one with adverse
outcome including CP, psychomotor retardation and death
had significantly higher PGEM levels (223 pg/mL + 53)
compared with both the patient group with normal out-
come (67.2 pg/mL + 18) and control group (39 pg/mL +
6.2) (Fig. 4).

A receiver operating characteristic curve generated for
PGEM and the calculated overall discriminative power
using area under the curve (AUC) showed that PGEM
levels have higher AUC 89.9% (Fig. 5) than both pH and
BE, 87.9% and 79.7%, respectively (Figs S1-S3). At the
indicated cut-off value of 80 pg/mL PGEM in CSF, the
sensitivity was 85% and the specificity 83%.

DISCUSSION

The present data indicate that PGE, metabolite in CSF
(PGEM) is a biomarker for the severity of perinatal
asphyxia and long-term outcome.

We show here that PGEM correlates to the base excess
and arterial pH (Fig. 1). Both are well-established and
objective determinants of the foetal metabolic condition
and degree of perinatal hypoxic exposure in the newborn.
Thus, the data from mice where acute anoxia induces an
immediate increase in mPGES-1 activity and subsequent
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Figure 4 Prostaglandin E, metabolite (PGEM) in cerebrospinal fluid (CSF)
correlates to the final outcome after perinatal asphyxia. Asphyxiated infants with
adverse (18th-month assessment) or fatal outcome had higher levels of PGEM in
CSF compared with controls and compared with asphyxiated infants with
normal outcome. Values are expressed in pg/mL. The long horizontal (green)
line indicates mean value for each group, and the whiskers (red) indicate the
standard error of the mean (SEM) (* = p < 0.05).

PGE, release (7,22) also seem valid in human neonates.
Previous investigations regarding prostaglandins and birth
asphyxia have either detected no difference in CSF PGE,
(18) or an increase in PGE, but not significant regarding
long-term outcome or regarding the degree of HIE (23) in
asphyxiated neonates compared with control newborn. This
could be due to a lower number of newborn infants
included, seven with moderate HIE and only three with
severe HIE (23) or, more likely, that the rapid turnover and
metabolism of PGE, into its metabolites make it hard to
detect if samples are not acquired and stored rapidly. When
measuring a biomarker with a short half-life, it is important
to sample and store it properly, but also to recognize that it
is only showing a snapshot of an ongoing process. The
recorded level is one time point in a kinetic cascade. By
choosing to study a more stable metabolite of PGE, in CSF,
we detect and quantify less transient levels than of the
native PGE, effector molecule, thereby enabling a larger
window of observation. This makes the use of the more
stable biomarker PGEM feasible in a clinical setting.

In addition, the PGEM levels correlate to the degree of
hypoxic-ischaemic encephalopathy (Fig. 2), and impor-
tantly, PGEM correlates to the final outcome after perinatal
asphyxia (Fig. 4).

From experimental studies, we know that oxygen depri-
vation in itself causes an immediate release of PGE,, within
minutes (5,7,22). It is likely that the high levels of PGEM
found at the earliest time points in this study (Fig. 3) reflect
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Figure 5 Receiver operating characteristic (ROC) curve of prostaglandin E,
metabolite (PGEM) levels in relation to final outcome (adverse or normal). Adverse
outcome was defined as: cerebral palsy, microcephaly and mental retardation,
seizure disorder and neurodevelopment delay or death. The dashed lines show
optimal discriminating cut-off value of 80 pg/mL PGEM in cerebrospinal fluid
(CSF). At the indicated cut-off, the sensitivity was 85% and specificity 83%. Area
under the curve (AUC) was 90% showing discriminative power.

a primary PGE, release following a prolonged and stressful
delivery and not the secondary inflammatory response (24).
This is further strengthened by measurement of PGEM after
72 h of postnatal age (Fig. 3), where PGEM decreases after
birth, unless an insult such as sepsis or meningitis occurs
resulting in a rapid increase in PGEM levels (data not
shown). Biomarkers of birth asphyxia have been extensively
studied (e.g. 25,26), but most biomarkers have been related
to cellular or neuronal damage of the hypoxic-ischaemia,
systemic inflammation and markers thereof (e.g. 27,28). A
few studies have included PGE, and other eicosanoids but
they have not analysed PGE2 metabolite. The rapid
synthesis of PGE, in response to cytokine and hypoxic
stimulation may make it particularly useful in the diagnosis
and surveillance of infants who have been exposed to
perinatal asphyxia. Does PGEM correlate better with
degree of HIE and could this biomarker predict long-term
outcome, thereby helping in therapeutic decisions and
management of the neonate? Umbilical cord acid-base
analysis and the base deficit, derived from pH and pCO2,
are essential criteria for defining intrapartum hypoxia (29).
An umbilical arterial pH <7 is associated with approxi-
mately 23% of neonatal neurological morbidity (1). An
umbilical arterial base deficit >12 mmol/L and increasing
levels of metabolic acidosis are associated with severity of
newborn complications (29,30). Compared with these well-
established acid-base balance indicators for metabolic
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acidosis and variables associated with long-term outcome,
PGEM seems to do well (Fig. 5) (29). In this study, the ROC
curve generated, and the overall discriminative power
estimated by the area AUC showed that PGEM levels had
a high predictive value with an AUC of 90% (Fig. 5). This
was higher than both pH and BE, 88% and 80%, respec-
tively (Fig. S1-S3). A value of less than 75% is generally
regarded as not useful in clinical practice, and an optimal
useful discriminative value can be over 97%. An AUC of
90% is showing a reasonable power of discrimination and
indicates a potential usage, when available, as a prognostic
biomarker showing risk of adverse outcome. This may be
instructive in decision for postasphyxia interventions
together with other clinical values. PGEM in combination
with other biomarkers likely renders a higher predictive
power, this need to be examined in a larger patient
population. None of the neonates underwent therapeutic
hypothermia treatment, as this was not an established
therapy during the recruitment of this patient cohort.
Therapeutic hypothermia is now established in most NICUs
in OECD (Organisation for Economic Co-operation and
Development) countries. Thus, the present result should
also be examined in infants where therapeutic hypothermia
has been used.

Further studies to evaluate the potential diagnostic
benefits of monitoring PGE, and its metabolites compared
with and together with other biomarkers are necessary.
Nonetheless, the present study indicates that massive
amounts of PGE, are released into the CSF during birth
asphyxia and that the PGE, metabolite correlates to the
degree of HIE and long-term outcome. This could make it a
valuable tool in the management of neonates and decisions
regarding their therapeutic support.
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SUPPORTING INFORMATION
Additional Supporting Information may be found in the
online version of this article:

Figure S1 Receiver-operator-characteristic (ROC) curve of
pH levels in relation to final outcome (adverse or normal).
Figure S2 Receiver-operator-characteristic (ROC) curve of
base excess (BE) levels in relation to final outcome (adverse
or normal).

Figure S3 Receiver-operator-characteristic (ROC) curve of
PGEM, pH and base excess (BE) levels in relation to final
outcome (adverse or normal).
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Prostaglandin E, Mediates Cardiorespiratory Disturbances during Infection
in Neonates

Veronica Siljehav, MD, PhD*, Annika M. Hofstetter, MD, PhD*, Kristin Leifsdottir, MD, and Eric Herlenius, MD, PhD

Objective To determine whether infection, with associated eicosanoid release, is a main cause of respiratory
disruption in neonates, by measuring levels of prostaglandin E; (PGE,) and its metabolite (PGEM) in cerebrospinal
fluid (CSF).

Study design Of 59 eligible infants, 25 preterm infants (mean gestational age, 28 + 0.5 weeks) and 22 full-term
infants (mean gestational age, 40 + 0.5 weeks) from a level 3 neonatal intensive care unit and the general maternity
neonatal ward were enrolled prospectively. Infants with a condition that can cause secondary apnea were
excluded. Cardiorespiratory disturbances, such as apnea, bradycardia, and desaturation (ABD) events, were quan-
tified. All infants were subjected to standard laboratory analysis of blood and CSF concentrations of biomarkers,
including PGE, and PGEM, within 24 hours of lumbar puncture, which were correlated with ABD events and
culture-verified infections.

Results PGEM levels were highest in infants with culture-verified sepsis and meningitis (P < .01). In infants without
culture-verified bacterial infections, PGEM levels were higher in preterm infants compared with term infants
(P < .05). The numbers of desaturation events and apnea events in neonates were positively associated with
PGE., levels in CSF (P < .05).

Conclusion PGE, and PGEM are rapidly elevated in CSF during an infectious event and may explain cardiorespi-
ratory disturbances, which are the major presenting symptoms of neonatal infections. PGE, and PGEM are released
during bacterial infections and could serve as biomarkers for sepsis and autonomic dysfunction in neonates. (J Pe-
diatr 2015;: 1 -1).

epsis and meningitis are major causes of morbidity and mortality in the neonatal population. Dominant presenting fea-

tures of septicemia in preterm infants include increasing apnea (55%),' bradycardia, and desaturation (ABD) events.>”

Prostaglandin E, (PGE,), induced by the proinflammatory cytokine interleukin (IL)-16, impairs respiration during
infection.”

IL-18 prolongs the duration of larynx stimulation-induced apnea and alters resuscitation.”> The concentration of IL-18 in
pharyngeal secretions from human infants is positively correlated with the clinical severity of apnea.® Furthermore, PGE, is
involved in apnea in mice’” and lambs.® In humans, a well-known side effect of PGE, therapy is apnea. Moreover, in human
neonates, PGE, is rapidly released into the cerebrospinal fluid (CSF) during acute hypoxia and is correlated with the degree
of birth asphyxia.’

The PGE, signaling pathway is induced by IL-1( binding to type I receptors on the vascular endothelial cells of the blood-
brain barrier, resulting in a release of PGE, in the brainstem regions involved in respiratory control.'’ In turn, PGE, binds to the
prostaglandin E receptor type 3 (EP3R) on respiratory rhythm-generating neurons in the ventrolateral medulla and depresses
their activity.'"'? An attenuated release of PGE, protects against respiratory depression during infectious and hypoxic events."”

In addition, IL-18 is elevated in some victims of sudden infant death syn-
drome.”®'* Thus, IL-18—induced PGE, release in brainstem cardiorespiratory

regions mediates respiratory depression, perhaps explaining why bacterial infec- From the Department of Women's and Children’s Health,
tions are associated with this syndrome.b Karolinska Institutet, Stockholm, Sweden
. . . . “Contributed equally.
To further explore the mediatory role of inflammation and PGE, in apnea and ontributed equaly. - )

. R . . . .. Supported by the Swedish Research Council (2008-5829

cardiorespiratory dysregulation, we investigated the association between PGE, and 2009-3724), the Stockholm County Council
. . . . 20140011), Karolinska Institutet (2014-42001), VIN-

and a PGE, metabolite (13,14-dihydro-15-keto PGE,; herein designated (BOL01), Karolinska Inst :ge,fcyv aA00 VN oo
PGEM) in neonatal CSF with inflammatory variables and ABD events. Our Wallenberg Foundation (102179), the Axel Tielman

Foundation, the Freemasons’ Children’s House, and the
Swedish National Heart and Lung Foundation
(20120373). E.H. is a coinventor of a patent application
regarding biomarkers and their relation to breathing dis-

ABD Apnea, bradycardia, and GMNW  General medical neonatal ward orders (W02009063226). The other authors declare no
d turati IL Interleuki conflicts of interest.
lesaturation nterleukin
) ) . ) Portions of the study were presented as a poster and
Al Apnea index NICU Neonatal intensive care unit abstract at the meeting of the Pediatric Academic Soci-
CRP C-reactive protein PGE, Prostaglandin Ep eties, Washington, DC, May 4-7, 2013.
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aim was to determine whether levels of PGE, and PGEM are
associated with the severity of autonomic dysfunction during
infectious events in a neonatal population.

The study was performed in accordance with European
Community guidelines. The regional Ethics Committees of
the Karolinska Institutet and Stockholm County approved
the study. Informed written consent was obtained from par-
ents of the enrolled patients.

A total of 59 infants from the neonatal intensive care unit
(NICU) and control infants from the general medical
neonatal ward (GMNW) at Karolinska University Hospital
were recruited with written consent. We included 25 preterm
infants (mean gestational age [GA], 28 + 0.5 weeks; 15 males,
10 females) and 22 full-term infants (mean GA,
40 £ 0.5 weeks; 11 males, 11 females), who were enrolled pro-
spectively (Table I). The infants underwent lumbar puncture
for clinical indications, such as ABD events, suspected
infection, or neurologic investigations. Infants with
intraventricular hemorrhage (grade =2), periventricular
leukomalacia, electroencephalogram-verified seizures, or
major congenital abnormalities giving rise to secondary
apnea were excluded. Pertinent medical information was
collected, including neonatal delivery data, medical
conditions, medications, laboratory data, respiratory
therapy, and occurrence of ABD events. Invasive
procedures, including intubation and central line
placement, occurring at the time of or during the week
before enrollment, were documented.

CSF Collection and Analysis

After CSF was collected for routine laboratory analysis, an
additional 0.75-1.5 ml of CSF per infant was obtained for
research purposes. The CSF samples were initially stored at
—18°C and subsequently transferred to a —80°C freezer.
Before analysis, the samples were thawed, and 20-uL aliquots
were prepared.

CSF samples were analyzed for PGE, and PGEM using a
standardized enzyme immunoassay protocol (Cayman
Chemicals, Ann Arbor, Michigan).g Standard laboratory
analysis of CSF was also performed to detect the presence
of red blood cells, glucose, protein, and white blood cells
(WBCs), including monocyte and leukocyte counts. Blood
concentrations of infectious markers (C-reactive protein

Vol. i, No. B

[CRP] and WBCs) were measured within 24 hours of the
lumbar puncture. Serum and CSF culture results were
documented.

Cardiorespiratory Recordings

Seventeen infants underwent noninvasive cardiorespiratory
recording within 22 hours of lumbar puncture (mean
recording time, 9:35 & 2:27 hours) using the KIDS event
monitoring system (Hoffrichter, Schwerin, Germany). CRP
and Apnea Index (AI) data from some of these infants
(n = 12) have been presented previously, but 3 of these in-
fants were excluded from the present study because they
did not match preset inclusion criteria.” Impedance pneu-
mography detected chest wall movements as an indicator
of respiratory volume changes, and a 3-lead electrocardio-
gram detected heart rate variability. The monitor was pro-
grammed to record all events exceeding set threshold
values. An apnea-hypopnea event was defined as a =10-
second reduction in respiratory rate by 84% from the previ-
ous mean value of 25 seconds, a preset definition in the KIDS
monitoring system.”” Bradycardia was defined as a heart rate
of <80 bpm. Mean heart rate and respiratory frequency dur-
ing the 15 and 30 seconds immediately before or apnea or
bradycardia, respectively, were recorded with the KIDS
monitor. The 60-second periods both before and after the
events were stored in the monitor’s memory.

Data and Statistical Analyses
Each cardiorespiratory recording was analyzed to assess ABD
events. Events over time were defined as the AI (Al = apneas-
hypopneas/hour) and the bradycardia index (bradycardias/
hour).” Baseline respiratory frequency and heart rate were
also determined. All movement artifacts were excluded
from analysis. Cardiorespiratory data were correlated with
infant medical data, including GA, postnatal age, presence
of culture-verified bacterial infection or viral infection, med-
ical diagnoses, and factors that could affect cytokine concen-
trations (ie, intubation, indomethacin therapy, perinatal
asphyxia, hypoxic-ischemic encephalopathy, and corticoste-
roid administration). An investigator blinded to the labora-
tory and the eicosanoid analyses performed retrospective
collection of ABD events in the abstracted medical records.
Cardiorespiratory data were also correlated with CSF con-
centrations of PGE, and PGEM.

Unless stated otherwise, clinical data are presented as mean
and 95% CI or IQR. Parametric clinical data were assessed

[ Table I. Characteristics of preterm and term infants in the NICU and term infants in the GMNW ]
n GA, wk +d Apgar 1 score Apgar 5 score Apgar 10 score Lumbar puncture, PNd CRP, mg/L
Preterm, NICU 25 28 +£05 54+05 7+04 8+03 15+ 2° 52+9
Term, NICU 14 40 + 0.6 7107 9+06 9+05 5+3 83 £15°
Term, GMNW 8 40 + 0.8 8+09 9+08 10 £ 0.6 1+4 16 £ 15

PNd, postnatal day.

Apgar score tended to be lower in preterm infants in all observation periods (1, 5, and 10 minutes). Lumbar puncture was performed at a later PNd in preterm infants compared with term infants. The

CRP differed between groups. Data are presented as mean + SEM.
*P < .05.
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Figure 1. A, Comparing term and preterm infants without
culture-verified bacterial infections, PGEM levels were higher
in the preterm infants. PGEM levels did not differ in infants
who were intubated or had a central line. B, PGEM levels were
higher in the CSF of infants with culture-positive infections. C,
CRP levels were highest in infants in the NICU, but could not
differentiate sepsis and meningitis from other clinical cases.
D, ROC curves show better sensitivity and specificity to
infection for PGEM level compared with CRP level. Data are
presented as mean + SEM. ‘P < .05; "P < .01.
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using the Student ¢ test. Unequal variance was tested using
Levene test, and if positive parametric data was tested by us-
ing Welch’s test and nonparametric by using Wilcoxon x>
test. A generalized linear model was used to identify the vari-
ables associated with PGE, level. Correlation analyses were
performed without making distinction between term and
preterm infants. Receiver operating characteristic (ROC)
curves were calculated to illustrate and evaluate the diag-
nostic (prognostic) performance of PGE, PGEM, and CRP
in relation to ABD events and culture-verified bacterial infec-
tions. In all cases, P values of <.05 were considered statisti-
cally significant.

Age, birth weight, and time to lumbar puncture differed be-
tween the groups. Apgar scoring was performed to assess the
infants’ condition at 1, 5, and 10 minutes after birth. Charac-
teristics of the study groups are summarized in Table I.

Preterm infants had higher levels of PGEM relative to term
infants (P < .05, Student ¢ test) (Figure 1, A). PGE, and CRP
levels were not affected by GA (Table II; available at www.
jpeds.com), and PGEM levels were not affected by recent
intubation or central catheter insertion.

Nonetheless, because of the small sample size, the results
were not adjusted for GA. The highest PGE, and PGEM levels
were seen in the infants with culture-confirmed bacterial in-
fections. PGEM levels were higher in infants with culture-
verified meningitis and sepsis compared with those without
either condition in the NICU or GMNW (P < .05
and <.01, respectively, x° test, power 75%) (Figure 1, B).
CRP levels did not differentiate culture-confirmed bacterial
infection from other infections. CRP levels were higher in
infants in the NICU compared with those in the GMNW
(P < .05, x* test) (Figure 1, C and Table I). The ROC
curves of PGEM and CRP levels show that PGEM level was
both more specific and more sensitive in discriminating
culture-positive bacterial infections from other infections
(Figure 1, D). CSF protein levels were elevated in preterm
infants compared with term infants; this difference
remained after excluding infants with sepsis or meningitis
owing to the potential for confounding'® (Tables I and IIT
and Figure 1, C and D; Table III available at www.jpeds.
com). Estimation of the overall predictive value for
culture-verified infection by the area under the ROC curve
showed positive predictive values of 75% for PGEM level,
but only 63% for CRP level. Bacteria and viral culture data
are presented in Table IV (available at www.jpeds.com).

Both PGE, and PGEM levels correlated with CRP levels
(R* = 0.24, linear fit line; P < .05; n = 28 and R* = 0.24, linear
fit line; P < .01; n = 35, respectively) (Figure 2; available at
www.jpeds.com). No correlations were found between
serum or WBCs in the CSF and PGE, or PGEM levels.

Desaturation events in infants in the NICU were correlated
with PGE, levels and tended to correlate with PGEM levels
(R*=0.21, linear fit line; P < .01; n = 35 and R* = 0.08, linear
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fit line; P = .08; n = 37, respectively) (Figure 3, A and B;
available at www.jpeds.com). Al, that was monitored in 8
infants, correlated with PGE2 levels (P < .05, x2 test)
(Figure 3, C). In addition, shorter apnea periods (10-
14 seconds) tended to correlate with PGEM levels, but did
not reach significance in our study population (R* = 0.38,
linear fit line; P = .06; n = 9). The 4 infants treated with
indomethacin within 6 hours before lumbar puncture had
lower PGE, levels, but not lower PGEM levels.

Infants who experienced an ABD event before lumbar
puncture had higher PGEM levels relative to infants investi-
gated because of other indications, such as neurologic inves-
tigations or increased CRP levels (P < .05, Student ¢ test)
(Figure 4, A). The ROC curves of PGEM and CRP levels
showed that PGEM levels were both more specific and
more sensitive when correlated with ABD events (Figure 4,
B). In terms of overall predictive value for ABD events,
estimation by the area under the ROC curve showed
positive predictive values of 78% for PGEM level, but only
59% for CRP level.

Here we have demonstrated that in neonates, levels of PGE,
and PGEM in CSF are inversely correlated with GA and are
positively correlated with the presence and severity of ABD
events and infection. These findings provide an understand-
ing of the prostaglandin mechanism underlying autonomic
dysfunction in neonates. Moreover, our data suggest that
PGE, and PGEM may be promising novel biomarkers
for infections and cardiorespiratory dysfunction in young
infants.

Neonatal bacterial infections carry high rates of mortality
and morbidity.'” Early diagnosis is difficult because the initial
clinical signs are nonspecific." Consequently, physicians
frequently prescribe antibiotic treatment for newborn in-
fants, out of concern for possibly overlooking a life-
threatening infection.'® The initiation of treatment is often
based on a combination of risk factors for infection, clinical
presentation, and inflammatory markers. The duration of
antibiotic therapy potentially could be minimized by adding
PGEM to the decision making algorithm, particularly for in-
fants at low risk of sepsis, as has been shown with other
proinflammatory markers.'® Blood culture is the traditional
gold standard for diagnosing infections; however, obtaining
results can take up to several days, and data may be inconclu-
sive.'” Thus, inflammatory markers are often used in making
decisions regarding therapeutic interventions. Standard
methods for the evaluation of inflammatory status (eg, mea-
surement of CRP and WBC levels) have proven accurate for
establishing the degree of infection, if repetitive measure-
ments are performed days apart’’; however, they have only
limited sensitivity during the early phase of the disease.”’
Our present data also illustrate that CRP is an unreliable
biomarker and cannot distinguish bacterial infection from
other infections (Figure 1, C).
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Figure 4. A, Infants who presented with ABD events before
lumbar puncture had increased PGEM levels compared with
infants investigated for other reasons. B, ROC curves illus-
trate greater sensitivity and specificity to ABD events for
PGEM level compared with CRP level. Data are presented as
mean + SEM. P < .05.

Both PGEM and PGE, levels were associated with CRP
level (Figure 2). Our results demonstrate that compared
with CRP, PGEM correlates better with culture-verified
infection and is better able to predict whether or not the
infection is bacterial (Figure 1, B and D). However, a high
PGEM level does not always indicate infection. Because of
the rapid metabolism of PGE, in blood (ie, only 3%
remains at 1.5 minutes after administraltion),22 the use of
blood samples is limited. PGEM has the advantage of being
accumulated more stably into the bloodstream than PGE,,
but it still has a short half-life in blood compared with
plasma (t;, = 8 min in blood, 45 min in plasma),22
making CSF more suitable for analysis. PGEM levels are
higher than PGE, levels in biological fluids.”> PGEM is
catabolized enzymatically from PGE, by stepwise oxidation
and reduction into 13,14-dihydro-15-keto PGE,. In
contrast, PGE, is a bioactive mediator of inflammation and
has a rapid onset of action (within hours).”* It also has a
short half-life in most biological fluids (t;;, = 5 minutes in
plasma).”” Thus, both PGE, and PGEM may be useful
biomarkers, more precise and more sensitive than CRP and
WBCs for detecting bacterial infections. Because these
molecules are detectable early in the course of illness, they
can more quickly predict inflammation. A recent review
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that did not evaluate PGE, and PGEM concluded that
although some promising biomarkers may aid the
diagnosis of infection, the biomarkers investigated to date
are far too expensive and not sufficiently selective for
discerning use.”® We recognize that PGEM level alone is
not sufficient to determine whether a neonatal infant has
an infection or is prone to experience ABD events;
nonetheless, our data suggest that analysis of PGEM level,
in combination with analysis of established biomarkers or
ABD monitoring, could be a promising biomarker to assist
in the diagnosis of infection.

Apnea of prematurity, even without associated infection, is
considered a risk factor for brain injury and developmental
disorders in infants.”” Neonatal sepsis is associated with
decreased normal heart rate variability, even before clinical
manifestations of sepsis become evident.”® We previously
described the mechanism behind inflammatory-induced ap-
nea in neonatal mice via the PGE,-induced pathway’; howev-
er, this mechanism had not been thoroughly explored in
human infants until the present study. CRP level, for its
part, correlates with autonomic dysfunction,” but the detec-
tion of CRP is delayed®” and would not affect the decision of
initial observation and treatment.

PGE, has evolved as a potential biomarker for autonomic
dysfunction in neonates.” Our results suggest that PGE, level
correlates with desaturation events, as does PGEM level,
although not reaching the level of significance in the present
study (P = .08) (Figure 3, A and B). This correlation is not
seen with either plasma CRP or WBC count. CSF proteins
and WBCs are not associated with ABD events. A
limitation concerning the associations between ABD events
in the infants treated in the NICU, who did not undergo a
KIDS event recording, is that these data are dependent on
nurse or physician surveillance and recordings documented
in the patient records. Given that approximately one-half
of all events are not documented, the zero values are likely
the most unreliable.”’ Nonetheless, when using our more
standardized KIDS event monitoring, the results support
the hypothesis that PGE, level is directly related to and
may explain the increased incidence of ABD events in the
neonate during infection and other inflammatory events
(Figure 3, C). Moreover, infants who underwent lumbar
puncture because of ABD events had increased PGEM
levels (Figure 4, A).

In the present study, we controlled for factors that could
increase inflammatory variables prior to enrolment, such as
intubation.’? However, these factors did not affect the results.
These findings further strengthen our hypothesis supporting
the PGE, pathway as a key player in regulating respiration in
the neonate.”'""'> PGE, impairs respiratory effort and in-
duces apneas in neonates through its actions on the EP3R
present in the brainstem respiratory-related regions.'
Within the blood-brain barrier, PGE, decreases brainstem
network activity through its postsynaptic actions to reduce
excitatory synaptic transmission,'' likely through PGE,-
induced hyperpolarization via EP3R expressed in neurons.
PGE, release in the vicinity of respiratory-related neurons
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in the brainstem is the result of either an inflammatory
response to IL-18 or hypoxia.”**> The expression of micro-
somal prostaglandin E synthase-1, the enzyme enabling
PGE, release in the brainstem, increases during an anoxic
event and can affect outcomes'’; thus, not only PGE, and
PGEM levels, but also microsomal prostaglandin E
synthase-1 activity, might be a potential target of apnea man-
agement."” PGE, production is inhibited by indomethacin, a
drug used in the NICU setting to treat patent ductus arte-
rious.”* In the present study, indomethacin lowered PGE,
levels, as expected. PGEM levels were not affected, likely re-
flecting PGE, levels before indomethacin treatment, owing
to the longer half-life of PGEM.

Preterm infants had higher PGEM levels than term infants
(Figure 1, A). PGE, exerts multiple effects on the neonatal
kidney, particularly on hemodynamics and the water/
electrolyte balance, but also on its development.” Preterm
infants have higher levels of urinary PGE,,”® and the levels
also increase to a greater extent in preterm infants
compared with term infants during the first days of life.””
The increased levels of PGEM in our preterm infants also
could reflect these infants’ immature respiratory regulation,
leading to apnea of prematurity.”® This is because
prostaglandins released by preterm-specific inflammation
give rise to apneas. In addition, apneas give rise to
intermittent hypoxia, and thus this condition on its own
could lead to prostaglandin release.”"”

The present study confirms the relationships among
PGE,, PGEM, infection, and autonomic dysfunction, but
further studies are needed to evaluate the potential and clin-
ical feasibility of these two molecules as biomarkers in the
diagnostic palette for infection. This should be investigated
with a larger study population based on this exploratory
study. Thus, the present data are encouraging but prelimi-
nary. Nonetheless, the rapid synthesis of PGE, in response
to inflammatory cytokine stimulation makes it particularly
intriguing and possibly useful in the diagnosis and surveil-
lance of infants with infection. In addition to an immediate
release, PGE, has a short half-life, as noted above. This prop-
erty makes immediate storage of samples and prompt mea-
surement of PGE, level paramount, to give an indication of
present status. Despite the important role of PGE, during
inflammation, it is not routinely used as a diagnostic tool
in clinical practice because of its rapid metabolism in vivo
and the inherent difficulties in measurement.

Another limitation of the present study is that PGE, may
have been metabolized in samples that were not frozen or
analyzed immediately after collection, potentially leading
to underestimation of PGE, levels. PGEM is more stable
in CSF (t,/, in plasma = 45 minutes) and also less sensitive
to sample handling; as such, it may better reflect a recent
and ongoing inflammatory process within the CSF environ-
ment. The stable metabolite of PGE,, tetranor-PGEM, is
secreted into urine and has been suggested to be a reliable
inflammatory biomarker.”> Our recent data also suggest
that measurement of urinary tetranor-PGEM, which is
less invasive than lumbar puncture, also may be used as a
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biomarker for inflammation in infants.*’ Studies evaluating
the feasibility of using urinary tetranor-PGEM in addition
to 13,14-dihydro-15-keto PGE, as a biomarker for disease
severity and kinetics in newborns and infants are currently
underway.

In summary, we have demonstrated that PGE, and its
metabolite reflect ongoing inflammation in neonates, and
have suggested that the increase in PGE, levels can explain
the cardiorespiratory disturbances that are the presenting
symptoms of infection in neonatal infants. This finding
opens up new avenues for early and precise diagnostic and
therapeutic interventions in preterm and term infants with
suspected infection. =
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Figure 3. A, Number of desaturations in infants in the NICU
correlated with PGE; levels. B, PGEM levels and desatura-
tions also tended to be correlated, but the results did not
reach significance. C, Apnea in infants recorded by the KIDS
event monitoring system showed a correlation between Al
and PGE; levels. Data are presented as mean + SEM.

P < .05.
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rTable II. Characteristics of preterm and term infants, excluding all infants with sepsis or meningitis ]
n GA, wk +d Apgar 1 score Apgar 5 score Apgar 10 score Lumbar puncture, PNd CRP, mg/L
Preterm 10 27 +0.5* 5409 6+06 8406 16 &+ 2* 34+9
Term 20 40 £ 0.4 7+06 9405 9+04 241 49 +12

PNd, postnatal day.
Preterm vs term infants showed a tendency toward lower Apgar scores throughout the first 10 minutes of life, with the lowest scores seen at 1 minute (Apgar 1) and somewhat higher scores seen at
10 minutes (Apgar 10). Lumbar puncture was performed on a later PNd in preterm infants. Data are presented as mean 4 SEM.

*P< .05,
[ Table III. Characteristics of inflammatory variables in blood and CSF of preterm and term infants ]
n WBC, serum, 10°/L WBC, CSF, 10°/L Monocytes, CSF, 10°/L Protein, CSF, g/L
Preterm 19 13+22 13+£55 11 +8.0 1.7 £0.1%
Term 22 13+25 26 + 14 15+ 6.7 0.9+ 0.1

No difference in WBCs in either serum or CSF was seen between preterm and term infants; however, protein levels in CSF were higher in preterm infants. Data are presented as mean + SEM.
*P < .05.
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{ )
Table IV. Characteristics of bacterial and viral agents in

blood and CSF cultures

n Positive/negative Pathogen
Bacteria 48 Positive: 13 CoNS: 6
Negative: 35 Staphylococcus aureus: 2

Escherichia coli: 2
Enterococci: 1
Gram-negative streptococci: 1
Group B streptococci: 1
Virus 22 Positive: 1 Cytomegalovirus: 1
Negative: 21
. J
CoNS, = Coagulase-negative staphylococci.
All of the infants were cultured for bacteria blood, CSF, or both. A significant amount of bacteria
was found in 13 of 48 infants, with CoNS the most prevalent bacteria. Virus was cultured from
CSF and blood in 22 of 26 infants. Five infants underwent viral examination of the nasopharynx,
which revealed no virus.
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Fas-ligand and interleukin-6 in the ® e
cerebrospinal fluid are early predictors of
hypoxic-ischemic encephalopathy and

long-term outcomes after birth asphyxia in

term infants
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Abstract

Background: Cerebral ischemia generates neuroinflammation that can induce neural cell death. This cohort study
assessed whether Fas-ligand (FasL) and interleukin (IL)-6 levels in the cerebrospinal fluid (CSF) after hypoxic-ischemic
encephalopathy (HIE) can serve as biomarkers of hypoxic brain injury in neonates.

Methods: Term infants (> 37-week gestational age) who were admitted to the neonatal intensive care unit of Karolinska
University Hospital in years 2002 to 2004 with perinatal asphyxia were enrolled prospectively. Control infants without
brain pathology underwent lumbar puncture for suspected infection. FasL and IL-6 levels were measured in the CSF, by
enzyme-linked immunosorbent assays. All patients underwent neurological assessment at 18 months. HIE was classified as
mild, moderate, or severe (HIE I-lll). Adverse neurological outcome at 18 months was defined as a mental developmental
index < 85, deafness, blindness, cerebral palsy, or seizure disorder.

Results: Of the 44 HIE patients, 14, 16, and 14 had HIE-|, HIE-Il, and HIE-II, respectively. HIE-II and HIE-Ill patients had higher
FasL and IL-6 levels than HIE-| patients and the 20 controls (all p < 0.0001). Patients with adverse outcomes had higher
FasL and IL-6 levels than patients with normal outcomes and controls (both p < 0.0001). On receiver-operator curve analyses,
FasL and IL-6 (alone and together) were highly predictive of HIE grade and outcome (areas under the curve range 0.86-0.94)
and showed high sensitivity (66.7—100%). These biomarkers performed better than cord blood pH (areas under the curve:
HIE grade = 0.80, adverse outcomes = 0.86).

Conclusion: CSF biomarkers FasL and IL-6 predicted severity of encephalopathy and long-term outcomes in post-
asphyxiated infants better than a standard biomarker.
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Key notes

o Following birth asphyxia, FasL and IL-6 are released
into the CSE.

e FasL and IL-6 levels in CSF correlate with HIE grade
and long-term clinical outcome of post-asphyxiated
patients.

e Both alone and together, FasL and IL-6, accurately
predict the degree of hypoxic neonatal brain injury
and long-term outcomes with high sensitivity.

Background

Hypoxic-ischemic encephalopathy (HIE) is characterized
by clinical and laboratory signs of brain damage after peri-
natal asphyxia. It has an incidence of 2.5 per 1000 live
births and associates with high rates of morbidity and
mortality [1]. Cerebral hypoxic ischemia induces a strong
neuroinflammatory response. After the primary insult, a
cascade of events evolves to delayed cellular death that ex-
tends over several days. Apoptosis features particularly
prominently in this phenomenon [2]. This biphasic pat-
tern of neuronal death represents a window of opportun-
ity for treatment such as therapeutic hypothermia, which
is today the standard treatment for neonates with HIE [3].
However, while hypothermia is an effective treatment
strategy, there is still an urgent need for additional novel
interventions that protect the neurons from secondary
damage and improve the clinical outcome.

The pathophysiology of HIE is not fully understood, but
several studies suggest that the extrinsic apoptotic path-
way involving the transmembrane death receptor Fas
(CD95/Apo-1) and its natural ligand Fas-ligand (FasL)
plays a central role [2, 4]. This is supported by several
other studies. First, Fas receptor expression is upregulated
in the brain during hypoxia, and mice that lack functional
Fas receptors are protected from HIE brain injury [5]. Sec-
ond, after head trauma in adults, Fas receptor and FasL
are expressed in the central nervous system [6]. Third,
preterm infants with post-hemorrhagic hydrocephalus
have increased levels of soluble Fas receptor (sFas) in the
cerebrospinal fluid (CSF), and the concentration correlates
with the extent of white matter damage [7].

Evidence from experimental research indicates that in-
flammation and the associated production of inflammatory
mediators play a significant role in the pathophysiology of
brain ischemia [8]. Interleukin-6 (IL-6) is particularly inter-
esting because its production in the post-hypoxic inflam-
matory cascade has been reported to have both neurotoxic
and neuroprotective effects [9, 10]. The neurotoxicity of
IL-6 is demonstrated by the fact that, in infants with HIE,
increased IL-6 levels, in both serum and CSF, correlate
positively with brain injury severity and the clinical out-
come [11, 12]. The neuroprotective effect of IL-6 is exem-
plified by its ability to protect cerebral granular neurons
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from N-methyl-D-aspartate-induced excitotoxicity in vitro
(9) and the fact that IL-6 injections into the brain after is-
chemia reduce ischemic brain injury (10). These opposing
roles of IL-6 may reflect different functions at different
stages of brain ischemia damage: specifically, it may medi-
ate destructive inflammation during the acute phase while
enhancing regeneration of the nerves in the subacute and
prolonged phases [10, 13].

We hypothesized that FasL and IL-6 are upregulated
in CSF samples from human infants after perinatal as-
phyxia and that they may correlate positively with the
severity of HIE and the clinical outcome of patients. To
address this, infants with HIE were compared with con-
trol infants with suspected infection in terms of FasL
and IL-6 levels in the CSF.

Methods

Ethics

This study was performed in accordance with the tenets
of the declaration of Helsinki 1975 and its revision in
1983 and European Community guidelines. The regional
ethics committees at the Karolinska Institutet and the
Stockholm County approved the study (Dnr 98-246,
2003-174, 2011/1891-31). Informed written consent was
obtained from the parents of the enrolled patients.

Patient population

All consecutive term infants (> 37-week gestational age)
who were admitted to the neonatal intensive care unit of
Karolinska University Hospital in Stockholm between
October 2000 and September 2004 were enrolled pro-
spectively into the study if they underwent clinically in-
dicated lumbar puncture (LP), had experienced perinatal
asphyxia, and met the following criteria:

1. Signs of fetal distress, as indicated by the
cardiotocographic pattern of late decelerations, lack
of variability, or bradycardia; meconium staining of
amniotic fluid; and scalp pH < 7.1 or blood lactate
levels > 4.8 mM.

2. Postnatal stress, as indicated by Apgar score < 6 at
5 min or pH < 7.00/base deficit > 16 mEq in the
umbilical arterial/first postnatal blood from the infant,
plus need for neonatal resuscitation for > 3 min.

3. Neurological signs of encephalopathy within 6 h of
birth according to the NICHD classification for
modified Sarnat staging [14].

Infants with congenital malformations, chromosomal
abnormalities, metabolic disease, and evidence of intra-
uterine/perinatal infections with confirmed meningitis or
with encephalopathy unrelated to birth asphyxia were ex-
cluded from the study. The control group were full-term
infants who were born in the hospital in the same period
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and were assayed for suspected infection but whose blood
and CSF were found to be negative after culture; more-
over, none had any findings that were suggestive of path-
ology in the brain.

Clinical assessments

All infants underwent neurological assessment shortly
after birth before they were enrolled in the study. The
assessment was then repeated approximately 12, 36, and
72 h and 7 days after birth and at discharge from the
NICU. All assessments were conducted by the same
neonatologist. HIE was classified as mild (HIE-I), moder-
ate (HIE-II), or severe (HIE-III) according to the criteria
of Sarnat and Sarnat [14].

All patients were treated under normothermic condi-
tions and received standard treatment at the time of re-
cruitment. This included fluid restriction, ionotropic
support, and mechanical ventilation when needed as well
as medical treatment for seizure activity. Continuous
amplitude-integrated EEG was used to assess brain activ-
ity and suspected seizures. Given the clinical routine at
the time of patient recruitment, all patients with moder-
ate to severe encephalopathy underwent computed tom-
ography (CT) brain scans and, in some cases, magnetic
resonance imaging (MRI) on the third to fifth day of life.

All surviving patients were monitored with full neuro-
logical examinations at 3, 6, and 18 months of age that
were conducted by an experienced neuropediatrician. The
neurodevelopment of the patients who exhibited abnor-
mal neurodevelopment or neurological signs on the exam-
ination at 18 months was assessed using the Bayley Scales
of Infant and Toddler Development-II (BSID-II) [15],
which was the Bayley version at that time. Outcome at
18 months was defined as normal outcome, adverse
neurological outcome, or death. Adverse neurological
outcome at 18 months was defined as a mental develop-
mental index <85, deafness, blindness, cerebral palsy, or
seizure disorder.

The Hammersmith Infant Neurological Examination
was performed on all control infants by an experienced
neonatologist to get a standardized neurological assess-
ment before discharge from NICU. Information on the
outcome of the control infants at 18 months was gath-
ered from outpatient pediatric care centers. All had nor-
mal neurological examination and none exhibited any
abnormal neurological signs or history. None of the CSF
samples from the controls showed indications of infec-
tion, and blood cultures were negative as well.

CSF analysis

CSF was collected from all patients within the first 3 days
of life. CSF samples were stored at — 80 °C until ana-
lyzed. The CSF concentrations of IL-6, FasL, IL-6 recep-
tor (IL-6R), and the soluble form of the Fas receptor
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(sFas) were measured by enzyme-linked immunosorbent
assay (Diaclone Research, Besangon, France). The detec-
tion limits were 2 pg/mL (IL-6 and IL-6R), 12 pg/mL
(FasL), and 47 pg/mL (sFas). The results were normal-
ized against total protein content, which was measured
using the bicinchoninic acid assay (Pierce, Rockford, IL,
USA). In some patients and controls, competition en-
zyme immunoassays were used to measure prostaglan-
din E2 metabolite (PGEM). The assay was performed
according to a commercial standardized protocol (Cay-
man Chemicals, Ann Arbor, MI, USA). Some of the
PGEM data have been presented previously [16].

Statistical analyses
All clinical variables are presented as median (interquartile
range). In terms of continuous variables, two independent
groups were compared using the Mann-Whitney U test,
while three independent groups were compared using the
Kruskal-Wallis test with Dunn’s multiple comparison post
hoc test. Two related groups were compared using the Wil-
coxon matched-pairs signed-rank test. Three related groups
were compared using the Friedman test with Dunn’s mul-
tiple comparison post hoc test. Correlations between vari-
ables were determined using the Spearman rank correlation
test. In terms of categorical variables, the groups were com-
pared using the chi-squared test. A graphical plot, namely,
the receiver-operator characteristic (ROC) curve, was used
to evaluate the ability of biomarkers to classify disease sta-
tus and outcome. The maximum effectiveness of the bio-
markers was evaluated using the Youdan Index. To
evaluate the potential advantage of combining the FasL and
IL-6 concentrations to identify degree of HIE and final out-
come, we ranked the values of IL-6 and FasL. The rank
sum was then subjected to ROC analysis.

All statistical tests were two-sided, and p values less than
0.05 were considered to indicate statistical significance.

Results

Patient characteristics at birth

In total, 46 term infants with HIE were initially enrolled
into the study. Two infants with HIE who met the study
eligibility criteria were then excluded because they were
confirmed to have meningitis and suspected metabolic
disease, respectively. Thus, 44 patients with HIE were fi-
nally included in the study. Twenty control infants with-
out brain pathology who underwent LP for suspected
infection but were then found to lack blood or CSF in-
fection served as the control group.

The characteristics of the patient and control groups are
summarized in Table 1. The two groups did not differ in
terms of gestational age or birth weight. However, as ex-
pected, the HIE patients had significantly lower Apgar
scores and blood gas values of pH than the control infants
(both p <0.001). Of the 44 patients, 14 (31.8%), 16 (36.4%),
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Table 1 Clinical data of asphyxiated newborns and newborn nonasphyxiated controls

Controls HIE-I

HIE-II HIE-II

Number of patients 20 14
395 (38810 41.7)
3614 (2820 to 4570)

Gestational age (week)?
Birth weight (g)*

41.1 (37410 413)
3500 (3240 to 4050)

16 14
40.1 (386 to 40.3) 390 (37.2 t0 404)
3650 (3325 to 3975) 3310 (3225 to 3595)

Gender (female:male)® 10:10 77 79 86

1-min Apgar score** 9(7t09) 2(1t03) 1.5(1to 4) 1(1to2)

5-min Apgar score** 10 (8 to 10) 5(4to6) 35(3to6) 3(0to4)

10-min Apgar score** 10 (10 to 10) 65(©6to7) 5@Bto7) 45 (210 6)
Arterial pH** 740 (7.13 to 7.40) 7.00 (6.90 to 7.10) 7.00 (6.80 to 7.20) 6.90 (6.70 to 7.10)

BE? -25(-185t0-0)

Maternal infection® 0 2

=170 (=193 t0 - 94)

—240(-270t0 - 17.0) —200 (—250 to - 14.3)
2 2

Data are expressed as median (IQR)
“Not statistically significant
**p <0.0001

and 14 (31.8%) were classified according to the classifica-
tion system of Sarnat and Sarnat as having HIE-I, HIE-II,
and HIE-III in the first days of life, respectively. The three
HIE groups did not differ in terms of gestational age or
birth weight.

Outcomes at 18 months

All control infants had normal outcomes at 18 months.
The outcomes of the HIE patients at 18 months are sum-
marized in Table 2. Thus, all 14 infants with HIE-I had a
normal neurological examination at discharge from the
NICU and a normal neurological outcome at 18 months.
Of the 16 HIE-II infants, six had no neurological signs at
discharge and were normal at the neurological assessment
at 18 months. Two HIE-II patients had normal assessment
at discharge but adverse neurological signs at 18 months.
The remaining eight HIE-II patients had both neurological
signs at discharge and abnormal neurological outcomes at
18 months. Thus, 10 patients with HIE-II had adverse
neurological outcomes at 18 months. Of the 14 patients
with HIE-III, eight died within the first 2 weeks of life of
multiorgan failure due to asphyxia. The remaining six
HIE-III patients all had both neurological signs at discharge
and abnormal neurological outcomes at 18 months.

Table 2 Final outcome of asphyxiated newborns and newborn
nonasphyxiated controls

Controls HIE-I HIE-II HIE-I
Number of patients 20 14 16 14
Outcome
Normal 20 14 6 0
Adverse® 0 0 10 6
Death 0 0 0 8

HIE Hypoxic ischemic encephalopathy

?Adverse neurological outcome, including neurodevelopmental delay with
developmental scores < 85 on BSID-Ill, deafness or blindness, and cerebral
palsy or seizure disorder

Association between early CT/MRI findings and outcomes
at 18 months

All 30 patients with HIE-II and HIE-III underwent CT
and in some cases MRI on the third to fifth day after
birth. All HIE-III infants and 8 of the 10 HIE-II infants
who had an adverse neurological outcome at 18 months
showed signs of edema on CT. In addition, three infants
with HIE-II who had a normal neurological outcome at
18 months had signs of edema on CT. Four of the
HIE-III infants also underwent MRI: the other patients
did not undergo MRI because it was not routinely per-
formed at the time of recruitment. All four HIE-III pa-
tients showed profound ischemic changes in the basal
ganglia and thalami. Of these, two died in the neonatal
period and one survived with adverse neurological out-
comes at 18 months.

FasL and IL-6 levels in the CSF

In total, 76 CSF samples were gathered from the 44 pa-
tients and the 20 controls. One sample was obtained
from 32 patients and 20 controls, and two samples were
obtained from the remaining 12 patients. In the patients
who underwent a single LP, the procedure was per-
formed at a median of 22.5 (interquartile range, 15-42)
h after birth and for controls 26 (13.5-48) h after birth.
In the patients who underwent two LPs, the procedures
were performed 14 (8-23) and 72 (60—111) h after birth,
respectively. In the latter patients, the average FasL and
IL-6 levels in the two CSF samples were used in the fol-
lowing statistical analyses.

The HIE patients had significantly higher FasL levels
in the CSF (median, 62; interquartile range, 16-119 pg/
mL) than the normal control infants (0, 0-0 pg/mL) (p
<0.0001). The patients with HIE-II (75.7, 43.7-129.4 pg/
mL) and HIE-III (105.2, 28.5-168.6 pg/mL) also had sig-
nificantly higher FasL levels than the patients with HIE-I
(10.6, 0-41.6 pg/mL) and the controls (all p <0.0001)
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(Fig. 1a). Difference was not found between the HIE-II
and HIE-III groups.

The HIE group also had significantly higher IL-6 levels
in the CSF (77, 9-214 pg/mL) than the control infants (0,
0-12.4 pg/mL) (p < 0.001). The patients with HIE-II (37.7,
11.4-283 pg/mL) and HIE-III (179, 104—-368 pg/mL) also
had higher IL-6 levels than the patients with HIE-I (6.75,
0-50.2 pg/mL) and the controls (all p < 0.0001) (Fig. 1b).

Correlations between FasL and IL-6 levels with both HIE
severity and outcome at 18 months

We assessed the relationship between FasL and IL-6 in
the CSF and clinical outcomes. First, since Apgar score at
10 min predicts the neurological outcomes of infants with
HIE [17], we assessed its relationship with the FasL and
IL-6 levels in the CSF shortly after birth. FasL and IL-6
both correlated inversely with Apgar scores at 10 min
(rs=-0.577 and -0.622, respectively) (both p<0.0001)
(Additional file 1: Figure S1).

Second, correlation analyses showed that the CSF con-
centrations of FasL and IL-6 also correlated positively
with the HIE grade (r;=0.6898 and 0.6864, respectively)
(both p <0.0001). Third, we assessed the relationship be-
tween clinical outcome at 18 months (normal or adverse
neurological outcome or death) and the FasL and IL-6
levels in the CSF.

FasL

The patients with poor outcomes (i.e., adverse neuro-
logical outcome at 18 months or death) had higher FasL
levels (105; 36.6—166 pg/mL) than the patients with fa-
vorable outcomes (10.6, 0-37.1 pg/mL) or the control
infants (0, 0-0 pg/mL) (both p<0.0001) (Fig. 2a). It
should be noted, however, that the patients with adverse
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outcomes varied markedly in their FasL levels. Indeed,
two of the patients who died had FasL levels below the
detection limit. The patients who survived with adverse
neurological outcomes did not differ from the patients
who died in terms of CSF FasL levels. Correlation ana-
lysis showed that the CSF concentrations of FasL corre-
lated positively with poor 18-month clinical outcomes
(rs=0.7017) (p < 0.0001).

IL-6

The patients with poor outcomes had significantly higher
IL-6 levels (162, 35.6-264 pg/mL) than the patients with
normal outcomes (9.35, 0-40.8 pg/mL) or the control in-
fants (0, 0-5.35 pg/mL) (both p <0.0001) (Fig. 2b). The
patients who survived with adverse neurological outcome
did not differ from the patients who died in terms of CSF
IL-6 levels. Correlation analyses showed that the CSF con-
centrations of IL-6 correlated positively with poor
18-month clinical outcomes (rs = 0.7017) (p < 0.0001).

Time-dependent trends in FasL and IL-6 levels in the CSF
Twelve patients provided a CSF sample at two different
time points. All had HIE-II or HIE-III. Nine had adverse
outcomes at 18 months. The remaining three had nor-
mal outcomes. In all patients, the FasL levels were
higher in the second sample (p = 0.0025) (Fig. 3a).

In relation to IL-6, the levels were lower in the second
sample in all but three cases (p=0.0522) (Fig. 3b). In
these three cases, the patients had low IL-6 levels in the
first sample. Two of these three patients had normal
outcomes. The nine patients who exhibited lower IL-6
levels in the second sample all had adverse 18-month
outcomes. Thus, over time, FasL. and IL-6 levels in the
CSF rose and fell, respectively.
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FasL and IL-6 levels in the CSF are indicators for HIE
severity

ROC curves for FasL and IL-6 levels in relation to HIE
were generated, and the areas under the ROC curves
(AUCs) were estimated. These analyses showed that
FasL and IL-6 predicted HIE with AUC values of 0.89
and 0.87, respectively (Fig. 4a, b). The Youdan Indices
were then calculated: thus, the FasL cutoff of > 24 pg/mL
predicted HIE with the highest sensitivity (90%) and
specificity (82.4%), and the IL-6 cutoff of >77 pg/mL
predicted HIE with the highest sensitivity (66.7%) and
specificity (94.1%).

Combining the IL-6 and FasL using rank order ren-
dered a positive predictive value of 0.94. The sensitivity
was 86.7% and specificity 91.2% in relation to degree of
HIE (Fig. 4c). Notably, using the two cutoff values to-
gether also predicted HIE grade II-III with a sensitivity
of 100% and a specificity of 79.4%, Table 3.

To determine how well FasL and IL-6 predict HIE, we
also assessed the ability of cord blood pH, which is the
established biomarker for perinatal asphyxia, to predict
HIE. Cord blood pH predicted HIE with an AUC of
0.80. Cord blood pH < 6.85 predicted HIE with a sensi-
tivity of 66.7% and a specificity of 80.0% (data not
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Fig. 4 Receiver-operator characteristic (ROC) curve of Fas-ligand (FasL) and interleukin-6 (IL-6) in relation to hypoxic-ischemic encephalopathy
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86.7% and specificity 91.2% in relation to degree of HIE. The sum for ranking of IL-6 and Fas-L was used for the evaluation. The AUC for the sum
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shown). Thus, FasL and IL-6 alone and together pre-
dicted the degree of HIE better than this well-known
standard marker of perinatal asphyxia.

Ability of FasL and IL-6 levels in the CSF to predict
adverse outcomes at 18 months

ROC curves for FasL and IL-6 levels in relation to the
outcomes at 18 months were generated, and the AUCs
were estimated. These analyses showed that FasL and
IL-6 predicted adverse 18-month outcomes (i.e., adverse
neurological outcome or death) with AUCs of 0.86 and
0.90, respectively (Fig. 5a, b). The Youdan Indices were
calculated: the FasL cutoff of >45 pg/mL predicted
adverse outcomes with a sensitivity of 79.2% and a

specificity of 82.5%, and the IL-6 cutoff of >77 pg/mL
predicted adverse outcomes with a sensitivity of 79.2%
and a specificity of 92.5%.

Combining the IL-6 and FasL using rank order ren-
dered a positive predictive value of 0.94. The sensitivity
was 95.8% and specificity 85.7% in relation to outcome
(Fig. 5¢). Notably, using the two cutoff values together
also predicted adverse outcome with a sensitivity of
100% and a specificity of 80.0% (Table 3).

By contrast, cord blood pH predicted adverse out-
comes with an AUC of 0.86. Cord blood pH < 6.85 pre-
dicted adverse outcomes with a sensitivity of 66.7% and
a specificity of 93.6% (data not shown). Thus, FasL and
IL-6 alone and together predicted adverse outcomes at

Table 3 Sensitivity and specificity of outcome of asphyxiated newborns and newborn nonasphyxiated controls

HIE grade

Outcome

IL-6>77 pg/mL  FasL > 24 pg/mL

IL-6 > 77 pg/mL and/or
FasL > 24 pg/mL

IL-6>77 pg/mL  FasL>45 pg/mL  IL6 > 77 pg/mL and/or

FasL > 45 pg/mL

True positive 20 27 30 19 19 24
True negative 32 28 27 37 33 32
False positive 2 6 7 3 7 8
False negative 10 3 0 5 5 0
Specificity (%) 94.1 824 794 92.5 825 80.0
Sensitivity (%) 66.7 90.0 100.0 79.2 79.2 100.0
Accuracy (%) 813 85.9 89.1 87.5 813 87.5
Negative predictive 76.2 90.3 100.0 88.1 86.8 100.0
values (%)

Positive predictive 90.9 81.8 81.1 864 73.1 750

values (%)

HIE Hypoxic ischemic encephalopathy
“Death or Adverse neurological outcome, including delayed neurodevelopment with mental developmental index (MDI) < 85, deafness or blindness, and cerebral
palsy or seizure disorder
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Fig. 5 Receiver-operator characteristic (ROC) curve of Fas-ligand (FasL) and interleukin-6 (IL-6) in relation to adverse outcome. Adverse outcome is
defined as adverse neurological outcome at the 18-month assessment or death. a The AUC for FasL was 0.86. The FasL cutoff value of 45 pg/mL
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evaluation. The AUC for the sum for ranking was 0.94

IL-6 and Fas-L, the sensitivity was 95.8% and specificity 85.7% in relation to outcome. The sum for ranking of IL-6 and Fas-L was used for the

18 months better than this well-known standard marker
of perinatal asphyxia.

Soluble forms of FasL and IL-6 receptors in the CSF
Our findings prompted us to determine the levels of the
soluble forms of the receptors for FasL and IL-6. sFas
levels were measured in 26 patient samples and 20 control
samples. Seven patient samples had high sFas levels (ran-
ging from 355 to 1160 pg/mL), and all but one of these
patients had an adverse outcome at 18 months. The me-
dian sFas concentration of the patients was 441 pg/mL. By
contrast, sFas levels in all control infant samples were
below the limits of detection (Additional file 2: Table S1).
All patient CSF samples had significant amounts (i.e.,
above the upper limit of the test) of IL-6R. By contrast,
the IL-6R levels in all control infant samples were below
the limits of detection (data not shown).

Relationship between PGEM and IL-6 levels in the CSF
We reported previously that increased levels of PGEM
in the CSF correlate with 18-month clinical outcomes of
infants with HIE [16]. We measured the PGEM levels in
the CSF of 25 patients and nine controls in this study.
We found that the PGEM levels correlated significantly
with the IL-6 levels in the CSF (p =0.0009) (Fig. 6). In
contrast, no correlation was found between the FasL
levels and the PGEM levels.

The inclusion of PGEM data in addition to IL-6 and
FasL data in Table 3 increased neither specificity nor
sensitivity for identification of patients with HIE grade
II-III or poor outcome.

Discussion

The main findings of this study were that post-asphyxiated
neonates had elevated levels of the inflammatory mediators
IL-6 and FasL in their CSF shortly after birth. Since the
levels of both molecules correlated positively with HIE
grade and poor 18-month clinical outcome, they may be
useful as biomarkers for the severity of hypoxic brain injury
and for predicting the long-term outcome after perinatal
asphyxia.

Animal and human studies show that a variety of cyto-
kines are expressed in the brain in cerebral ischemia and
that the cytokine profile associates significantly with the
severity of ischemic brain damage [18, 19]. Moreover, it
has been suggested that cytokines can either induce or
ameliorate ischemic brain injury and that these opposing
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Fig. 6 Levels of interleukin-6 (IL-6) and the prostaglandin E2 metabolite
(PGEM) in the cerebrospinal fluid (CSF) correlate (p = 0.0009). r; Spearman
rank correlation coefficient
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functions depend on both the phase of the neural cell
damage and the severity of the insult [10]. These time-
and severity-dependent changes in cytokine levels mean
that the levels of a given cytokine in a CSF sample will
only provide a snapshot of an ongoing process; it is often
difficult to know when exactly a cytokine is promoting is-
chemic brain injury or acting protectively. This is exempli-
fied by several studies on the role of IL-6 in therapeutic
hypothermia, which is thought to be neuroprotective be-
cause it has anti-inflammatory properties [20]. When Jen-
kins and colleagues serially measured cytokines every 12 h
for 4 days after the birth, they found that HIE patients
who underwent hypothermia treatment had higher serum
IL-6 levels at all time points than HIE infants who were
treated under normothermic conditions [13]. Moreover,
the IL-6 levels in the hypothermia-treated group were bi-
phasic while the IL-6 levels in the normothermic patients
tended to decline over time. Significantly, while high IL-6
levels early after the insult, in both groups, are associated
with adverse 18-month outcomes, a secondary peak of
IL-6 is associated with better outcomes [13, 21]. This
suggests that IL-6 may have biphasic roles in the patho-
genesis of hypoxic brain injury: it induces inflammation
and injury early after the insult but then contributes to
cytokine-mediated repair at later time points [21, 22].

In the present study, the patients did not receive
therapeutic hypothermia because it was not an estab-
lished therapy for HIE at the time of recruitment. We
found that, in the 12 patients who underwent LP at two
separate time points after birth, the IL-6 levels were
lower in the second sample in all but three cases
(Fig. 3b). This is consistent with previous observations,
regarding normothermic patients where serum IL-6
levels after birth asphyxia were characterized in [13, 21].
All patients in the present study who exhibited a drop in
IL-6 levels had adverse 18-month outcomes. Two of the
three patients who had increased IL-6 levels between
first and second LP had normal outcomes. However,
those patients had low IL-6 levels in the first sample and
the rise was small (9.9 pg/mL, 9-10.5 in LP1 and
63.3 pg/mL, 59.5-67 in LP2) (Fig. 3b).

It should be noted that we measured IL-6 levels in
the CSF, whereas several studies measure the serum
IL-6 levels, e.g., [13, 21]. The fact that our findings
closely resemble those of normothermic patients [13]
probably reflects the fact that the serum and CSF
concentrations of IL-6 in term infants with asphyxia
correlate [23].

A systematic review of potential brain injury bio-
markers identified serum IL-6 as one of the few inde-
pendent predictors of adverse outcome in survivors of
HIE [24]. However, CSF IL-6 may be a better predictor
of adverse outcomes because local cytokine profiles are
often poorly reflected in the plasma: this is because the

Page 9 of 11

plasma levels can also be shaped by secondary reactions
to the injury [25, 26].

Intracellular cytokine levels, which closely reflect cyto-
kine production at a cellular level and show more stable
kinetics in time, have recently been analyzed in term in-
fants requiring systemic hypothermia after perinatal as-
phyxia [27]. In that study, intracellular IL-6 levels in
CD4+ peripheral blood mononuclear cells peaked at
24 h post-asphyxia. However, IL-6 levels exhibited a
large variability and did not differ between the two pa-
tient groups moderate (n=17) and severe (n=11) as-
phyxia. Thus, IL-6 plays an important role in the initial
inflammatory response, but determination of CSF levels
of IL-6 might better predict adverse outcomes in survi-
vors of HIE [28].

IL-6 initiates a signal transduction cascade by binding
to specific IL-6 membrane receptors (IL-6R). Apoptosis
associates with the shedding of membrane components,
including IL-6R, which then facilitates IL-6 signaling in
neighboring cells [29]. While most brain cells are not re-
sponsive to IL-6 alone, they can be stimulated by IL-6
bound to a soluble form of IL-6 receptor in a process
called trans-signal activation [30]. The present study
showed that the HIE patients had high concentrations of
IL-6R in all samples whereas the IL-6R levels in all con-
trol infants were below the detection limit. It is possible
that the high levels of IL-6R in the CSF of the HIE pa-
tients reflect an apoptotic process that is taking place in
the brain at the time the samples were gathered. Unfor-
tunately, the CSF samples were limited in volume, which
meant that the IL-6R measurements were not accurate
enough to assess the relationship between IL-6R levels
and long-term outcomes.

This study showed that FasL, which plays a key role in
apoptosis, also correlated positively with both the HIE
grade (Fig. la) and the adverse long-term outcomes
(Fig. 2a) in HIE patients. Experimental studies suggest
that hypothermia blocks the Fas-mediated intrinsic and
extrinsic apoptosis pathways [31, 32]; however, clinical
studies are needed to confirm this. The naturally occur-
ring soluble form of Fas receptor, sFas, prevents cell
ligation with FasL, and this blocking of FasL inhibits
neuronal cell apoptosis in experimental brain ischemia
[33]. sFas has been found in the CSF from neonates with
hydrocephalus [34], but in that study, FasL was not de-
tected. We found that, while none of the control infants
had sFas in their CSE, 7 of 26 HIE patients had high
levels and that all but one of these had adverse outcomes
at 18 months. This suggests that CSF sFas may not actu-
ally protect HIE infants from FasL-induced apoptosis
and the consequent poor outcomes.

Prostaglandin E2 (PGE2) is another important medi-
ator of neuroinflammation [35]. PGE2 and its derivative
PGEM rapidly increase during hypoxia [36]. We found
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that IL-6 levels in the CSF correlated positively with the
PGEM levels in the CSF (Fig. 6). However, since only a
subgroup of the patient cohort was examined for both
PGEM and IL-6, and we have already established that in-
creased levels of PGEM in CSF correlate positively with
the clinical outcome of infants with HIE [16], we thus
focused our further analyses on FasL and IL-6.

Our ROC curve analyses showed that IL-6 and FasL
in the CSF may be useful as additional tools for eval-
uating the severity of hypoxic-ischemic encephalopathy
in post-asphyxiated infants and for predicting the
long-term outcomes. First, this study showed that FasL
(AUC=0.89) and IL-6 (AUC =0.87) predict HIE grade
even better than cord blood pH (AUC =0.80). When
FasL and IL-6 were combined, they predicted HIE
grade particularly well (AUC=0.94). Second, FasL
(AUC=0.90) and IL-6 (AUC=0.86) predicted adverse
outcomes better than cord blood pH (0.86). This per-
formance was even better when FasL and IL-6 were
combined (AUC = 0.94).

Notably, this novel and unprecedented results of pre-
diction for HIE and long-term outcome, using CSF bio-
markers, could help guide treatment decisions. Thus,
prospective studies concerning the benefits of CSF cyto-
kine measurements also in hypothermic treated patients
would indeed be of value.

The main limitation of this study was the time lapse be-
tween patient recruitment and the presentation of the re-
sults. However, the fact that the patients were recruited
before hypothermia became the standard treatment for
HIE could be considered an advantage because it allowed
us to compare our FasL and IL-6 findings in that setting
with the findings of other studies, which were all con-
ducted after therapeutic hypothermia was introduced as a
standard treatment. Another limitation is that, while an
experienced pediatric neurologist performed the routine
clinical follow-up on all post-asphyxiated children at the
Karolinska Hospital at that time, only the patients with
neurological symptoms or signs at 18 months were
assessed with the Bayley developmental evaluation assess-
ment: the patients without signs did not undergo BSID-II
scoring. Further studies on the diagnostic benefits of mon-
itoring FasL and IL-6, with or without other biomarkers,
in newborn infants with HIE who are treated with thera-
peutic hypothermia are warranted. Further studies on
these biomarkers may also shed more light on the path-
ology of brain damage and determine whether targeting
them may be of therapeutic benefit.

Conclusion

IL-6 and FasL are released into the CSF during birth as-
phyxia. These biomarkers support the clinical diagnosis
of HIE degree, thus correlating to the degree of brain in-
jury, and are useful for predicting the long-term clinical
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outcome. Thus, they may aid the early decision-making
regarding treatment of asphyxiated newborns.

Additional files

Additional file 1: Figure S1. Fas-ligand (FasL) (A) and Interleukin-6 (IL-6)
(B) levels in the cerebrospinal fluid (CSF) correlate inversely with Apgar
scores at 10 min (r;=—0.577 and — 0.622, respectively. r;= Spearman rank
correlation coefficient) (both p < 0.0001). (TIF 119 kb)

Additional file 2: Table S1. Soluble Fas receptor (sFas) levels in 26
asphyxia patients and 20 controls. (DOCX 15 kb)
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1 | INTRODUCTION

Four million infants experience perinatal asphyxia, leading to
hypoxic-ischaemic encephalopathy (HIE), each year. HIE is one of the
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Abstract

Aim: Perinatal asphyxia, resulting in hypoxic-ischaemic encephalopathy (HIE), has
been associated with high mortality rates and severe lifelong neurodevelopmental
disabilities. Our aim was to study the association between the proteomic profile in
cerebrospinal fluid (CSF) and the degree of HIE and long-term outcomes.

Methods: We prospectively enrolled 18-term born infants with HIE and 10-term born
controls between 2000 and 2004 from the Karolinska University Hospital. An anti-
body suspension bead array and FlexMap3D analysis was used to characterise 178
unique brain-derived and inflammation associated proteins in their CSF.

Results: Increased CSF concentrations of several brain-specific proteins were ob-
served in the proteome of HIE patients compared with the controls. An upregulation
of neuroinflammatory pathways was also noted and this was confirmed by pathway
analysis. Principal component analysis revealed a gradient from favourable to un-
favourable HIE grades and outcomes. The proteins that provided strong predictors
were structural proteins, including myelin basic protein and alpha-Il spectrin. The
functional proteins included energy-related proteins like neuron-specific enolase and
synaptic regulatory proteins. Increased CSF levels of 51 proteins correlated with ad-
verse outcomes in infants with HIE.

Conclusion: Brain-specific proteins and neuroinflammatory mediators in CSF may

predict HIE degrees and outcomes after perinatal asphyxia.

KEYWORDS
biomarkers, cerebrospinal fluid, hypoxic-ischaemic encephalopathy, perinatal asphyxia, protein

profile

most common contributors to early neonatal mortality.! The inci-
dence of moderate to severe HIE is 1-3 per 1,000 live births in high-
income countries.? Hypoxic-ischaemic brain damage is a complex

process that represents an evolving cascade of harmful events. The

Abbreviations: CSF, cerebrospinal fluid; HIE, hypoxic-ischaemic encephalopathy; IQR, interquartile range.
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primary phase of the injury, during exposure to hypoxic ischaemia,
is followed by a latent phase, where the cerebral oxidative metabo-
lism may partially or completely recover. Therapeutic hypothermia is
the only treatment that is available for moderate to severe HIE. It is
applied during the latent phase, to ameliorate the secondary phase
of progressive energy failure and brain cell death.® However, the
neuroprotective effect of therapeutic hypothermia is limited. The
mortality rate is still high and infants that survive may face lifelong
disabilities, including cerebral palsy, epilepsy and cognitive impair-
ment. Accumulating evidence indicates that inflammation contrib-
utes to a prolonged hypoxic-ischaemic brain injury, which may last
for months or even years. This, in turn, provides the potential for
adjunctive treatment options at later stages.*

Reliable biomarkers that reflect the complex pathology of HIE
could facilitate the evolution of targeted neuroprotective treat-
ment approaches and provide early identification of the patients
that could be at risk of long-term sequelae. It has been suggested
that various biomarkers may be useful when it comes to predicting
outcomes of neonatal HIE, but none of these have been established
in clinical settings.” Affinity-based proteomic techniques offer a
novel insight into the underlying pathophysiology of brain disease.
It enables large numbers of proteins to be simultaneously analysed
in small samples. Protein arrays have been used in preclinical and
clinical studies of adults with traumatic brain injuiries.®” They have
also been used for protein profiling of cerebrospinal fluid (CSF) from
preterm infants.® The present study used antibody suspension bead
array technology to assess the levels of brain enriched proteins and
known inflammatory mediators’ in the CSF of infants with HIE. We
then compared these results with non-asphyxiated infants, who
formed the control group.

The study had two aims. First, we aimed to evaluate the use of
protein arrays in predicting long-term outcomes following perina-
tal asphyxia. Secondly, we wanted to discover novel biomarkers for
bedside use when treating these patients.

2 | PATIENTS AND METHODS

2.1 | Study population

We prospectively enrolled 18 term-born infants with perinatal
asphyxia from the neonatal intensive care unit at the Karolinska
University Hospital in Stockholm, Sweden, between October 2000
and September 2004. The controls were 10 term-born infants
without a history of asphyxia from the Hospital's general medical
neonatal ward. The infants were included in the asphyxia group if
they had undergone clinically indicated lumbar punctures and ful-
filled the criteria for perinatal asphyxia, by showing signs of foetal
and postnatal distress. These included foetal bradycardia or decel-
erations on cardiotocographic registration and a pH of <7.1 or a
lactate of >4.8 in scalp blood. The Apgar score needed to be under
6 at 5 min and their umbilical arterial blood, or blood collected
within an hour of birth, needed to have a pH of <7.00 and/or a base

Key notes

Cerebrospinal fluid (CSF) proteomes following perinatal
asphyxia provide valuable information on the pathogen-
esis and prognosis of brain injuries.

This study identified a proteomic profile in CSF follow-
ing perinatal asphyxia, representing upregulation of
neuroinflammatory pathways and various pathological
cascades of hypoxic brain injuries.

Several of these novel proteins correlated with the de-
gree of hypoxic-ischaemic encephalopathy (HIE) and
unfavourable outcomes and had a diagnostic and pre-
dictive value for HIE.

deficit of 216 mEq. The inclusion criteria included resuscitation for
more than 3 min. The infants also had to have clinical signs of en-
cephalopathy within 6 h of birth, in accordance with the National
Institute of Child Health and Human Development classification for
modified Sarnat staging.'®

All patients with asphyxia received supportive care under nor-
mothermic conditions, which was the standard treatment at the time
of recruitment. The exclusion criteria were encephalopathy related
aetiologies other than birth asphyxia. These included metabolic dis-
eases and chromosomal abnormalities, as well as confirmed meningi-
tis. The control infants underwent lumber punctures for suspected,
but unverified, infections. They all had elevated C-reactive protein
in their blood and displayed clinical symptoms that could represent
an infection, in conjunction with negative bacterial blood and CSF

cultures.

2.2 | Clinical evaluation

Neurological assessments were performed on all patients and con-
trols, according to the Sarnat and Sarnat criteria,'® before they were
enrolled and these were repeated on day 7 of life. The neurological
assessment was repeated on the HIE patients at 12, 36 and 72 h of
age in the neonatal intensive care unit. All assessments were per-
formed by the same neonatologist.

A neurodevelopmental follow-up was performed by an expe-
rienced paediatric neurologist, who examined all the surviving pa-
tients at 3, 6 and 18 months of age. The patients who had signs of
abnormal neurodevelopment at 18 months of age were assessed
with the Bayley Scales of Infant and Toddler Development, Second
Edition.!* Adverse neurological outcomes were defined as: cerebral
palsy, a seizure disorder, a mental developmental index of <85 or
being deaf or blind at the 18-month assessment. Information was
gathered from outpatient paediatric care centres on the outcomes
of the control group when they were 18 months of age. Some of the
clinical characteristics of a subgroup of the recruited infants have
previously been published.'?
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TABLE 1 Clinical characteristics of asphyxiated neonates and non-asphyxiated controls

BE*

Arterial pH*

APGAR10 (score)*

APGARS5 (score)*

Gender (9:5)

Birth weight (kg)

GA (week)

-2.5

7.4

10

10

5:5

3.6

40

10

Controls

(-4to0)
=g

(7.13 to 7.4)

7.0

(9 to 10)

6.5

(8 to 10)

(2.8 t0 4.6)

3.5

(38.8t041.7)

41

2:3

HIE, normal outcome

(-18 to -8)

-22

(6.9 to 7.1)

6.7

(6to7)
4.5

(4 to 6)

(2.8t04.2)

3.6

(40.3 to 41.9)

40

7:6

13

HIE, adverse
outcome

(-30 to -16)

(6.55 to0 7.0)

(2to 6)

(Oto 6)

(2.9 to 4.5)

(38.6 to 41.6)

Note: Data are presented as median (IQR). *p < 0.0001.

Gestational age, weight, sex and maternal infection didn't differ between groups. As expected, the HIE group had a lower Apgar score and blood gas pH values, compared with non-asphyxiated infants

(*p < 0.001).

PAEDIATRICA RYVEEI

2.3 | CSF analysis

The CSF samples were obtained within the first 3 days of life. The
median times and interquartile ranges were 22.5 (15-42) hours
after birth for the asphyxiated infants and 26 (13.3-48) hours
for the controls. The samples were spun at 3,000 rpm for 10 min
and then the supernatants were stored at -80°C until they were
analysed.

Antibody suspension bead array technology was used to conduct
a comprehensive profiling of the protein expression in the CSF sam-
ples taken following perinatal asphyxia. The suspension bead was
created from 220 antibodies, which were the affinity reagents, and
these targeted the 178 unique proteins, selected from the Human
Protein Atlas (Science for Life Laboratory, Stockholm, Sweden)®®
(Table S1). The proteins that were selected had known associations
with hypoxic brain injuries and there were previous indications that
they had been used as brain injury biomarkers. The selected proteins
all provided high tissue enrichment in the central nervous system
and were involved in different brain functions.®’” The FlexMap3D
instrument (Luminex Corp, Texas, USA) was used to analyse cross-
linked interacting proteins in the antibody suspension bead. The rel-
ative abundance of proteins is reported as the median fluorescent
intensities for each sample and bead identity. Further methodologi-
cal details can be found in Lindblad et al” and Appendix S1.

2.4 | Statistics

Clinical and laboratory variables are presented as medians and IQRs.
The Mann-Whitney U test was used to compare the independent
groups. The results of the protein array analysis have been reported
as median fluorescent intensities and IQRs for each sample and
antibody. We also used the Mann-Whitney U test to analyse the
differences in CSF protein profiles between the patients and con-
trols. No normalisation was performed, due to the low numbers of
samples, and this meant that raw median fluorescent intensity data
were used. To simplify, we further calculated log2- transformed fold
changes of protein levels, visualised as a Volcano plot, to analyse the
differences between patients and controls.

We performed principal component analysis to reduce the num-
ber of dimensions spanned by the 178 proteins that we measured.
The analysis was carried out in R, version 4.0.3 (R Foundation,
Vienna, Austria), with the FactoMineR package, version 1.34 (R
Foundation).'* The patients were grouped by their HIE grades and
outcomes. The projections of loadings onto the line of best fit were
used as a measure of the contribution of each protein to the sepa-
ration between patients, according to their HIE grade and outcome,
respectively.

We compared the groups of patients with adverse outcomes, pa-
tients with normal outcomes and controls, using the Kruskal-Wallis
test and then used Dunn's multiple comparison test to show differ-
ences in the rank sums. The sequentially rejective Bonferroni was
used to control for the false discovery rate of multiple testing.!® The
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differences were considered statistically significant if the p value
was <0.05. The results are presented on scatter plots that show
the differences in protein levels. Pathway analysis was conducted

).1¢ All proteins were

using the R pathfinder package (R Foundation
eligible for analysis and the threshold for being included in the
input was p < 0.05. The enrichment analysis was performed using
the BioCarta gene set (BioCarta, Charting pathways of life. http://
www.biocarta.com) and results were filtered at p < 0.05 after
Bonferroni adjustment. The BioGRID (Biological General Repository
for Interaction Datasets, thebiogrid.org) protein-protein interaction

network was used.

2.5 | Ethics

This study was performed in accordance with European Community
guidelines and the Declaration of Helsinki. It was approved by the re-
gional ethics committees at the Karolinska Institute and Stockholm
County (Dnr 98-246, 2003-174, 2011/1891-31). Informed, written
consent was obtained from the parents of the enrolled patients.

3 | RESULTS

The patient characteristics are summarised in Table 1. This shows
that 7 patients had severe HIE (HIE-IIl), 7 had moderate HIE (HIE-11)
and 4 had mild HIE (HIE-1), according to the Sarnat et Sarnat clas-
sification of clinical signs.'® Five patients died during the neonatal
period, 8 patients had survived with adverse neurological outcomes
by the time of the 18-month follow-up evaluation and 5 patients
had normal outcomes. All the non-asphyxiated infants in the control
group had normal outcomes.

The relative protein abundance detected in the CSF samples was
measured as median fluorescent intensities for each antibody. A dis-
tinct CSF proteome, which reflected hypoxic-ischaemic brain injury
characteristics, was observed following asphyxia, as several unique
proteins were altered in CSF compared with controls (Figure 1A). A
differential analysis was performed to compare the outcome groups
with regard to the clinical importance of the protein signature in the
CSF following perinatal asphyxia. This found that 51 unique CSF
proteins correlated with unfavourable outcomes (p value <0.05)
(Figure 1B, Table S2). Furthermore, there was an upregulation of
neuroinflammatory pathways in CSF following asphyxia, which
demonstrated a distinct inflammatory profile compared to the non-
asphyxiated controls. Pathway analysis confirmed the importance of
immune related proteins (Figure 1C-D). The complement pathway
was the most important pathway when it came to discriminating be-
tween both HIE grades and outcomes.

A principal component analysis was applied to the data to reduce
the number of dimensions spanned by all of the proteins (Figure 2A-
B). When the data were grouped by HIE grade and outcomes, both re-
vealed almost identical paths and these created similar gradients from
favourable to unfavourable HIE grades and outcomes, respectively.

The projections of loadings onto a line of best fit of the centroids are
outlined in Table S3. This effectively measured the contribution of
each protein to the separation of the data along the favourable to un-
favourable gradient. These have been expressed as alpha coefficients.
A strong correlation was observed between the principal component
analysis alpha coefficients for the proteins that contributed strongly
to the differences in data. These were evident in both the fold changes
and the p-values on the volcano plot, (Figure 2C-D). Several proteins
made a high contribution to the separation between the groups we
examined. These included structural proteins, like myelin basic pro-
tein and alpha spectrin-Il. They also included proteins related to the
energy turnover of cells and hypoxic regulation, like neuron-specific
enolase, Aldolase C and the ATPase H transporting V1 subunit G2.
The list also comprised several synaptic regulating proteins. Table 2
displays the proteins that exhibited the biggest changes in median
fluorescent intensities and fold changes between the patients with
unfavourable outcomes and control infants (p value <0.005). No dif-
ferences in median fluorescent intensities were seen between the
proteins in patients with normal outcomes and the control infants,
apart from beta-synuclein, which was higher in patients than in con-
trols (data not shown). The four proteins that differed most between

outcome groups are show in Figure 3A-D.

4 | DISCUSSION

We used an antibody array to analyse 178 proteins related to the
central nervous system and inflammation in CSF samples from in-
fants with perinatal asphyxia and non-asphyxiated controls infants.
This sensitive measure of the composition CSF proteins identified
differences in the concentrations of 51 proteins that correlated
with death or adverse neurological outcomes following perinatal
asphyxia. The protein profiles that we observed reflected biochemi-
cal changes in the CSF, which is in direct contact with the extracel-
lular matrix of the brain, as opposed to blood analyses, which may
not reflect events in the central nervous system.!” Proteins that in-
dicated brain injuries were identified and a clear relationship was
determined between the protein concentrations and both the HIE

grades and outcomes in patients.

4.1 | Metabolic proteins

We confirmed previous studies that highlighted the importance of
proteins that are related to the metabolism of brain cells in hypoxic
brain injuries, including neuron-specific enolase, Aldolase C and
ATPase H* transporting V1 subunit G2. Neuron-specific enolase,
which is involved in glycolytic energy metabolism, is an established
brain-specific marker of neuronal damage'® and has been correlated
with the risk of death or severe neurological impairment in HIE."? It is
a commonly used biomarker for traumatic brain injuries?® and is used
in guidelines for managing cerebral anoxia following cardiopulmonary

resuscitation in adults, where increasing levels in serum predict an
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FIGURE 1 Volcano plots describe the relative abundances of CSF proteins in infants with hypoxic-ischaemic encephalopathy (HIE) and
controls. The Mann-Whitney U test was used to calculate the differences in median fluorescent intensity (MFI) for each analyte, transform
them into log, fold changes, which are above zero when increased in HIE, and plot them against -log,, p-values. Figure 1A describes the
differences between the 18 HIE patients and 10 controls. Figure 1B describes the differences between HIE patients with adverse outcome and
the controls. Pathway analysis shows the upregulation of neuroinflammatory proteins in CSF following perinatal asphyxia, reflected in lectin,
complement and classical pathways. The complement pathway was the most important pathway in both outcomes (C) and HIE grades (D)

unfavourable outcome.?! Secondary ischaemic injuries are common
following severe traumatic brain injuries.?? These are probably due to
the deranged cerebral metabolism caused by a regional cerebral mis-
match between perfusion and metabolic demand. This is a pathology
shared with anoxic injuries and presumably with HIE as well. Aldolase
C, a primarily astrocytic protein, is released when there is an astrocyte
injury. It has been indicated as a marker of brain damage following
traumatic brain injuries and hypoxic ischaemia in animal models.®2
A proteomic screening of human adult CSF following traumatic brain
injury identified Aldolase C as one of the most promising biomarkers
of cell death and functional outcome.?* This could have a clinical use
in HIE. ATPase H* transporting V1 subunit G2, which is involved in cell
metabolic turnover, has been associated with chronic and progressive
traumatic brain injuries with a delayed onset of symptoms.?® These

proteins might indicate the metabolic derangement preceding the
secondary phase of a hypoxic-ischaemic brain injury, which leads to
mitochondrial impairment and eventually apoptotic neuronal death.
This might be of value in clinical decision making, because this time
point in the pathological process has been referred to as the window
of opportunity for therapeutic interventions.?® Metabolic derange-
ments during hypoxic ischaemia may lead to disrupted synaptic func-
tion, which can induce excitotoxicity and exacerbate brain damage.

4.2 | Synaptic proteins

Several synaptic associated regulatory proteins were increased in
our study and correlated with adverse outcomes. None of these
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FIGURE 2 The principal component analysis (PCA) score plot of all 178 proteins in the CSF of patients with hypoxic-ischaemic
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symbols and connected in paths from most to least favourable. The contribution of each protein to the separation of the data is expressed
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PCA and fold changes (FC) and expressed on volcano plots (C) and -log,, p-values (D). Fold changes describe the log, transformed median
fluorescent intensity (MFI) differences between HIE patients and controls. Values are based on Mann-Whitney U test

proteins have previously been investigated in relation to HIE. These
include synaptic vesicle glycoprotein 2A, a regulator of neurotrans-
mitter release, and reticulon-1, which takes part in excitotoxic neu-
rotransmitter release and may mediate brain damage in hypoxia
ischaemia through apoptosis.?” They also include beta-synuclein,
which plays a detrimental role in Alzheimer's disease and Parkinson's
disease.?® Nevertheless, agents that have the potential to reduce
excitotoxicity are currently under investigation as promising HIE

therapies.?’

4.3 | Cytoskeletal proteins

Cytoskeletal proteins are released when there is cellular damage or
death, and this means that they may serve as markers of brain dam-
age. The myelin basic protein and the alpha Il-spectrin protein both

increased following perinatal asphyxia and were correlated with un-
favourable outcomes. Myelin basic protein is an essential compo-
nent of the myelin sheath and myelin damage has been correlated
with white matter injuries and epilepsy.>® A correlation has been
indicated between increased myelin basic protein levels in serum
and CSF and adverse outcomes in paediatric traumatic brain inju-
ries and HIE.***2 The same correlation has been seen in traumatic
brain injuries and hypoxic-ischaemic brain injury models,.>>34 Alpha
Il-spectrin is a protein that is essential for maintaining the integrity
of brain cells, as it provides a link between the cytoskeleton and the
plasma membrane.®* It is a novel biomarker for neonatal HIE. It is
notable that the present data are in line with suggestions that alpha
Il-spectrin might be a promising biomarker of brain injuries in infants
following cardiac operations®® and in paediatric traumatic brain
injuries.®” Furthermore, spectrin breakdown products have been
shown to exist as exosomes in CSF when adults sustain traumatic
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FIGURE 3 Scatter plot of the proteins that exhibited the largest differences between the outcome groups: aldolase C (ALDOC) (A), Beta-
synuclein (SNCB) (B), ATPase H" transporting V1 subunit G2 (ATP6V1G2) (C) and neuron-specific enolase (NSE) (D). Adverse outcomes are
defined as death or abnormal neurological outcomes at 18 months. Data were analysed with the Kruskal-Wallis test and Dunn's Multiple

Comparison Test (p < 0.0001)

brain injuries. They function as cell death signalling molecules in the
pathological pathways, leading to neurodegeneration.®®

4.4 | Neuroinflammatory pathway proteins

The key cellular pathways of hypoxic-ischaemic brain injuries include
the upregulation of the innate immune system. Inflammatory media-
tors may be produced within minutes of a brain insult and continue
to expand for weeks and even months. They are the main contribu-
tors to the chronic prolonged phase of the injury, when the regenera-
tion and repair of neurons may be prevented and neurodevelopment
altered.* Clinical and experimental data that underline the impor-
tance of inflammatory mediators in perinatal brain injuries continue
to emerge.’?3%4% The present study found that increased levels of
several inflammatory biomarkers correlated with unfavourable out-
comes in patients. Furthermore, pathway analysis confirmed the im-
portance of the complement pathway. It is of upmost importance
to recognise the neuroinflammatory reaction in hypoxic-ischaemic
brain injuries, as this may open up new possibilities for therapeutic

interventions.

4.5 | Strengths and limitations

The study’s main strength was that we used a protein array, which
is an emerging technique in hypoxic-ischaemic brain injuries. Doing
this enabled us to provide novel insights into the underlying patho-
physiology of brain disease. This technique also enabled us to simul-
taneously quantify 178 proteins in small CSF samples.

The study also had several limitations that must be acknowl-
edged. It is important to point out that there was a time lapse be-
tween recruiting the patients and analysing the samples, as well as
presenting the results. This means that it is possible that some of the
frozen protein samples deteriorated over time. Also, hypothermia
was not a standard treatment for HIE at the time of recruitment, so
we did not have cooled infants in our patient group. On the other
hand, this could have provided us with important information about
brain pathology without the influence of therapeutic hypothermia.
Another limitation was that the developmental evaluation, carried
out with the Bayley Scales of Infant and Toddler Development,
Second Edition, was only performed on infants with abnormal neu-
rological symptoms at 18 months of age. Infants without symptoms

did not undergo this test.
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5 | CONCLUSION

This study has demonstrated an unprecedented array of CSF pro-
teomic profiling alterations in protein levels following perinatal as-
phyxia and showed that these were associated with the severity of
HIE and long-term outcomes. These can provide biomarkers for peri-
natal asphyxia. Several of these proteins are novel biomarkers for
long-term outcomes after HIE and will require external validation in
larger patient cohorts. Alterations in several novel biomarkers have
previously been observed in biofluids in similar cerebral conditions,
like traumatic brain injuries. This suggests a shared pathophysiology.
Our study also characterised the pathological pathways involved in
perinatal asphyxia, and this may open up new therapeutic options
for reducing long-term morbidity and mortality.

As a result of our findings, we suggest that these markers should
be used to monitor different pathophysiological processes following
HIE. This could present tentative treatment options, but further re-
search is warranted.
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ABSTRACT

Background: Survival rate increases for preterm infants, but long-term neurodevelopmental
outcome predictors are lacking. Our primary aim was to determine whether a specific
proteomic profile in cerebrospinal fluid (CSF) of preterm infants differs from that of term
infants and to identify novel biomarkers of neurodevelopmental outcome in preterm infants.
Methods: Twenty-seven preterm infants with median gestational age 27w+4d and ten full-term
infants were enrolled prospectively. Protein profiling of CSF were performed utilizing an
antibody suspension bead array. The relative levels of 178 unique brain derived proteins and
inflammatory mediators, selected from the Human Protein Atlas, were measured.

Results: The CSF protein profile of preterm infants differed from that of term infants. Increased
levels of brain specific proteins that are associated with neurodevelopment and
neuroinflammatory pathways made up a distinct protein profile in the preterm infants. The most
significant differences were seen in proteins involved in neurodevelopmental regulation and
synaptic plasticity, as well as components of the innate immune system. Several proteins
corralated with favorable outcome in preterm infants at 18-24 months corrected age. Among
the proteins that provided strong predictors of outcome were vascular endothelial growth factor
C, Neurocan core protein and seizure protein 6, all highly important in normal brain
development.

Conclusions: Our data suggest a vulnerability of the preterm brain to postnatal events and that
alterations in protein levels may contribute to unfavorable neurodevelopmental outcome.



INTRODUCTION

Despite improvement in the care of preterm infants during the last decades,
neurodevelopmental deficiencies remain a major cause of chronic neurological morbidity
throughout life (Bell et al., 2022; Cheong et al., 2021). The degree of immaturity at birth and
continued brain development in the neonatal period, determines long-term neurological
outcome of preterm infants (Chau et al., 2013). Insults during the neonatal period may alter
these developmental processes. However, the diagnosis of preterm brain injury and outcome
prediction are difficult to perform. Brain abnormalities diagnosed with neuroimaging
techniques correlate with adverse outcome, but normal diagnostic findings do not necessarily
predict normal neurodevelopment (Mathur & Inder, 2009). Infants born prematurely have
decreased brain volume at term-equivalent age on magnetic resonance imaging (MRI)
compared to term infants (Thompson et al., 2019). This might indicate a suboptimal
neurodevelopment after preterm birth. Furthermore, alterations in microstructural neural
connectivity, not captured on imaging-defined volume measures, are important promoters of
disturbed brain development (Chau et al., 2012; Gozdas et al., 2018). Microstructural white
matter disorganization has even been observed in adolescents who were born preterm,
correlating with lower scores of language function compared with former term controls
(Mullen et al., 2011).

Not only functional and structural brain enriched proteins, but also many immune proteins are
present in the brain. They have a role in brain development and synaptic plasticity (Boulanger,
2009). While inflammatory cascades may become detrimental, inflammatory proteins are part
of the host defense system, with beneficial functions. It has also been suggested that
inflammation may mediate neuroprotection by preconditioning the developing brain (Mallard
& Hagberg, 2007). Increased levels of inflammatory proteins in CSF has been correlated with
preterm birth (Boardman et al., 2018).

Recently, novel techniques for sensitive protein analysis in body fluids, like antibody-based
proteomic targeting, have emerged. These techniques are increasingly utilized for
comprehensive examination of CSF, with the purpose of discovering biomarkers of brain
pathology (Pin et al., 2019). Changes in the highly active central nervous system (CNS) are
reflected in biochemical alterations in CSF, that is in direct contact with the extracellular matrix
of the brain (Ellison et al., 2005). The CSF system is important for the homeostasis of the CNS.
It facilitates communication between the central nervous, the vascular, and immune systems.
Soluble proteins and other macroscopic metabolic waste products are in part cleared from CSF
by a recently discovered glymphatic system (Jessen, Munk, Lundgaard, & Nedergaard, 2015).
An affected glymphatic system has been associated with cognitive decline in the elderly (Kress
et al., 2014) and there are indications of a causal link between the progression of
neurodegenerative diseases and diminished solute clearance (Rasmussen, Mestre, &
Nedergaard, 2018).

The two aims of the present study were to evaluate if a targeted profiling of the CSF proteome,
primarily including inflammatory and structural brain antigens, would a) differ between
preterm and term infants, and b) predict neurodevelopmental outcome in preterm infants at 18
to 24 months corrected age. Our hypothesis was that protein concentrations would be different
between the infants born preterm and the infants born at term age. Furthermore, that preterm
infants with an unfavorable outcome might present a specific proteomic signature compared
with the infants with favorable outcome. This was investigated through quantifications of CSF
inflammatory mediators as well as structural and functional proteins related to brain
development.



MATERIALS and METHODS

Study participants and data acquisition

Twenty-seven preterm infants and 10 term-born infants were prospectively enrolled from the
neonatal intensive care unit at Karolinska Hospital in Stockholm, Sweden, between January
2002 and May 2004, with informed parental consent. The median (inter quartile range (IQR))
gestational age was 27w+4d (25+2 to 30+6) and 40w+6d (38+0 to 41+6) for the preterm and
term infants, respectively. All enrolled infants underwent clinically indicated lumbar puncture
for suspected infection, and all received antibiotic treatment. Measurement of clinically
established markers of infection in blood was performed in correlation with the lumbar
puncture. Bacterial and viral cultures were performed in blood and CSF as per clinical routine.
Twelve out of 49 eligible infants were excluded for one of the following reasons:
intraventricular hemorrhage grade 2 or more according to Papile et al (Papile, Burstein,
Burstein, & Koffler, 1978), signs of periventricular leukomalacia on cranial ultrasound around
the time of CSF collection, perinatal asphyxia or any other findings that indicated brain
encephalopathy.

A neurodevelopmental follow-up was carried out in accordance with the Karolinska neonatal
follow up program for all preterm infants. It was performed by a senior neonatologist and a
physiotherapist in the time period between 18 and 24 months corrected postnatal age. Infants
who presented abnormal neurodevelopment at that time were assessed with Bayley Scales of
Infant and Toddler Development, Second Edition (BSID-I11) (Bayley, 1993).

All the term infants were examined by a senior neonatologist before discharge. They were not
followed further in the neonatal follow-up program but had their check-ups within the regular
childcare center, from where the information of the 18-24 month follow up was retrieved.
Adverse neurodevelopmental outcome was defined as: neuromotor delay, cerebral palsy,
seizure disorder, mental developmental index < 85, deafness or blindness, for preterm and
term infants.

Collection of cerebrospinal fluid (CSF)

The median (IQR) age at CSF collection in preterm infants was 11 postnatal days (3.5 to 19.5d)
while at median 2 postnatal days (1 to 2.5d) in term infants. Lumbar punctures were performed
for clinical routine laboratory analysis in all patients and an additional 0.2 to 0.8 ml collected
for research purposes. Samples were spun at 3,000 revolutions per minute (rpm) for 10 min
and then the supernatants stored at —80 °C until analyzed. Before analysis, the samples were
thawed, and processed as previously described (Pin et al., 2019).

Cerebrospinal fluid analysis

For the protein profiling in CSF a targeted antibody suspension bead array was used. It included
220 antibodies targeting 178 unique proteins (Supplementary Table 1). For the analyzis,
highly to moderately brain enriched proteins that are involved in different brain functions as
well as a selection of proteins involved in neuroinflammatory processes, as recently described
by Lindblad et al (Lindblad et al., 2021) were chosen from the Human Protein Atlas (Science
for Life Laboratory, Stockholm, Sweden) (Collaborators, 2021, November 18). Two “sibling”-
antibodies targeting different regions of the same protein were included for 43 of the proteins.
Antibodies for the creation of the suspension bead array were produced from protein fragments
(PrESTs) produced in E.Coli and then immunized into rabbits after purification (23).
Activation of the color-coded magnetic beads (500 000 beads per identity, MagPlex Luminex
Corp.) and immobilization of the antibodies was performed as previously described (Schwenk,
Gry, Rimini, Uhlen, & Nilsson, 2008). Sodium hydrogen phosphate 0.1M, sulfo-NHS (Nordic
Biolabs) 0.5mg and EDC (ProteoChem) 0.5mg per antibody were used to activate the beads
surface. Then an incubation of the beads for 20 minutes at room temperature was performed in



order to immobilize the selected antibodies to the different bead identities. A total
concentration of 17.5 ng/microL of each antibody was assigned a specific bead ID. This was
followed by washing off unwanted antibody excess with 0.1% Tween-20 after which the beads
were blocked over night using Roche blocking reagent for ELISA (supplemented with 400
microL Tween20) and lastly combined to form a suspension array.

The samples were processed as previously described (Pin et al., 2019). An assay buffer (BSA
(Sigma-Aldreick)) 37.5 mg/mL, PBS (Fisher Scientific) 0.05% and rlgG 15 mg/mL (Bathyl
Laboratories Inc., Montgomery, Texas, USA) were used to dilute the samples 1:2 after which
they were randomized into 96-well microtiter plates. A labelling of the samples was performed
using 10x molar excess of biotin (NHS-PEG4-Biotin, Thermo Scientific) over protein amount,
as previously described (Haggmark et al., 2013). Tris-HCI, 250x over biotin amount was used
to stop the reaction and an assay buffer (PVXCas) used for another 1:8 dilution. The samples
were then put in a water bath for 30 minutes heat treatment at 56 °C and after cooling incubated
with the bed array overnight at room temperature in combinations of 45 microL of sample with
5 microL of bead array solution. Using paraformaldehyde (0.4% in PBS) the captured proteins
were cross-linked to the antibodies. After a second wash a detection reagent (streptavidin
conjugated R-phycoerythrin, 1:750 diluted in PBST, Invitrogen) was added. Finally,
FlexMap3D instrument (Luminex Corp., Austin, Texas) was utilized to analyze the interacting
proteins and report the relative protein abundances for each bead identity and sample as median
fluorescent intensities.

Statistics

Median and IQR were used to demonstrate the clinical and laboratory data. The results of the
protein array analysis were presented as raw median fluorescent intensity. No normalization
was performed, due to the low numbers of samples available. For simplification, the median
fluorescent intensity differences of CSF protein abundances were visualized on a VVolcano plot
after log-2 transformation of the data into fold changes. The differences of the CSF protein
levels between preterm and term infants as well as the preterm outcome groups, were analyzed
using Mann-Whitney U test. The differences were considered statistically significant if p-value
was <0.05. The results of proteins representing the largest median fluorescent intensity
differences between preterm and term infants and between preterm outcome groups are
presented on scatter plots. p<0.001, to be included in figures.

RESULTS

Patient characteristics

The patient characteristics are summarized in Table 1. Gestational age, birth weight, postnatal
age at lumbar puncture and number of verified infections differed between the preterm and term
infant groups but not the C-reactive protein levels. Eleven of the preterm infants had adverse
neurological outcome at 18-24 months follow-up assessment, but none of the term infants.
While complete outcome data was missing for n=3 preterm infants, national records showed
that they were all alive at 24 months. No significant differences were found in gestational age,
postnatal age at lumbar puncture or C-reactive protein level in the preterm group divided by
outcome (Table 2). Sixteen out of 26 preterm infants with available culture results had culture
verified blood stream and/or CSF infection, 8/13 (62%) with normal outcomes and 8/11 (72%)
with unfavorable outcomes, respectively. All term infants had negative CSF- and blood
cultures.



Table 1

Clinical characteristics of preterm and term infants

Term infants

Preterm infants

Number of patients (n) 10 27
Gestational age (weeks+days) 40+6 (38+0 to 41+5) 27+5 (25+3 to 30+6)
Birth weight (g)* 3900 (3627 to 4943) 850 (707 to 1117)
Age at lumbar puncture (days)* 2 (1 to 2,25) 11 (4to 21)
C-reactive protein 92 (71 to 110) 75 (14 to 96)
Positive blood or CSF cultures (n)* 0/10 16/26**

Data are presented as median (IQR).

*p <0.001, ** n=26 of the preterm infants had available data on blood and CSF cultures

CSF; cerebrospinal fluid

Table 2

Neurodevelopmental outcome

Preterm infants with
adverse outcome*

Preterm infants with
normal outcome

(n=11) (n=13)
Gestational age (weekstdays) 26+3 (25+1 to 28+2) 27+4 (25+2 to 31+0)
Birth weight (g) 912 (707 to 1005) 834 (659 to 1454)
Age at lumbar puncture (days) 8(2to 15) 11 (5 to 28)
C-reactive protein 70 (7 to 90,5) 94 (30 to 124)
Positive blood or CSF cultures (n) 8 8

Data are presented as median (IQR).

Adverse outcome was defined as: cerebral palsy, seizure disorder, motor delay, mental developmental index < 85,

deafness or blindness at 18 to 24 months assessment.

Differences in protein profiles between preterm and term infants
A distinct CSF proteome reflecting ongoing neurodevelopmental and neuroinflammatory

processes was observed in preterm infants, Figure 1. The relative protein abundances detected
in CSF samples, represented as median fluorescent intensity differences are transformed into

logz fold changes for visualization.
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Figure 1. Protein differences between preterm and term infants

Volcano plot for visualization of the differences in relative protein abundances between
preterm and term infants. The plot was created by transforming the median fluorescent intensity
differences into logz fold changes and plot it against -logio p-values, calculated with Mann-
Whitney U test. Fold changes above zero indicate higher protein levels in CSF of preterm
infants, but below zero indicates higher levels in term infants. Horizontal dashed lines indicate
significance, green: p=0.05, blue: p=0.01.



Proteins related to the innate immune response and neurodevelopment exhibited the biggest
difference in median fluorescent intensities and fold changes between preterm and term infants.
These included complement factor B (CFB), complement 5 (C5), complement 9 (C9) and
mannose-binding protein-associated serine protease 2 (MASP). Moreover, proteins involved
in neurodevelopmental regulation and synaptic plasticity were also present in higher
concentrations in preterm versus term infants. These included calcium/calmodulin-dependent
serine protein kinase (CASK)-interacting protein 1 (CASKIN1), cyclic AMP-regulated
phosphoprotein 21 (ARPP21), Neurophilin and tolloid like proten 1 (NETO1) and Down
syndrome cell adhesion molecule (DSCAM). Only a handful of proteins were found increased
in term infants compared with preterm.

The protein differences between preterm and term infants were consistent regardless of culture
results. When protein levels were compared in preterm infants with positive and negative
cultures, no differences were found (Supplementary Table 2). As the term infants all had
favorable outcomes, an additional comparison was made between the protein levels of term
and preterm infants with normal outcomes. Similar protein concentrations were found as
described above, but for most proteins the differences were larger in this subset. Significant
differences were found for 35 proteins, p-value <0.05. The proteins that exhibited the highest
median fluorescent intensity data differences and lowest p-values, are displayed in Table 3.
All protein differences are shown in Supplementary Table 3.

Table 3. Protein alterations between term and preterm infants with normal outcome

Preterm Term
A . . . log: Fold

Analyte Description Function Median IQR Median IQR AMFI Change *

CFB Complement factor B Neuroinflammation, regulation 3448 3222-4678 1802 1643-2209 1646 094  721E-05
of immune reaction

(o] Complement 5 Neurodevelopment and 1143 961-1249 686 588-751 438 0.74  1.98E-04
Neuroinflammation

CASKIN1  CASK-interacting protein 1 Synaptic plasticity 3753 2294-5863 1022 790-1521 2731 1.88 1.98E-04

VCAM1 Vascular cell it lecule 1 Neuroinfl, ion and early 1672 1478-2002 1159 1105-1411 513 053 5.15E-04
neural proliferation

ARPP21 Cyclic AMP-regulated phosphoprotein 21 Synaptic plasticity 1109 970-1203 799 701-905 310 047  725E-04

Mannose-binding protein-associated serine  Neural migration and

MASP2 protease 2 Neuroinflammation 1730 1353-3899 982 824-1168 748 0.82  8.11E-04
Neurotrophic & bone

ACVRI1 Activin receptor type-1 morphogenic properties 1165 1075-1431 873 770-953 292 042  1.26E-03
Brain developmental &

BCAN Brevican plasticity, maintenance of neural 1863 1581-1977 1424 1164-1636 439 039 1.93E-03
circuitry

NETO1 Neurophilin and tolloid like proten 1 Synaptic plasticity 993 829-1477 712 658-865 281 0.48 1.93E-03
Brain development and

DSCAM Down synd cell adhesi lecull 1 hi i 8685  4537-11743 2158  938-4267 6527  2.01  1.93E-03
Neurotrophic &

NSE Neuron specific enolase Neuroprotionproperties 1222 1035-1502 968 892-1085 254 0.34  2.37E-03

APP Amyloid beta precursor protein Synaptogenesis & Synaptic 4460  3899-4970 3264 2834-3942 1196 045  4.33E-03
plasticity

Proteins in t 1 fluid that exhibited differences in median fluorescent intensity levels at the threshold of p<0.005 between term infants and preterm infants

with outcome, established by Mann- Whitney U test. Abbreviations; AMFI = median fluorescent intensity differences, IQR = inter quartile range. *p = <0.005.

The four inflammatory proteins that differed the most between these patient groups are
displayed in more detail in Figure 2.
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Figure 2. Protein differences between term and preterm infants with normal outcome
Scatter plot visualizing alterations in protein levels between preterm and term infant groups.
Four of the proteins exhibiting the largest data differences; VCAML1 (vascular cell adhesion
molecule 1) (A), CFB (complement factor B) (B), MASP2 (mannose-binding protein
associated serine protease 2) (C) and C5 (complement factor 5) (D). Data analyzed with
Mann-Whitney U test, p<0.001.

Proteins predicting outcome in preterm infants

A differential analysis was conducted to compare the protein levels in pretem infants with
favorable and unfavorable outcomes. Several proteins were negatively correlated with
unfavorable outcome in preterm infants (Supplementry Table 4). In Table 4 the proteins that
differed the most between the outcome groups are highlighted (p<0.001). Most are proteins
essential for brain function and development. These proteins were consistently found at lower



levels in preterm infants with adverse outcome, regardless of culture results (data not shown).
In Figure 3, four of the proteins with the biggest alterations in median fluorescent intensity
between the outcome groups are displayed.

Table 4. Protein alterations predicting outcome in preterm infants

Normal outcome Adverse outcome
Analyte Description Function Median IQR  Median IQR AMFI "éi‘:; ‘;': *
SEZ6 Seizure protein 6 Neural growth and differentiation 558 489-637 383 317-438 175 0.5  2.93E-04
IL1IA Interleukin 1 alpha Regulates immune responses 756 719-869 658 566-677 98 02  293E-04
Cl1orf87 Neural integral membrane protein 1 Ion transport in brain cells 630 595-786 499 372-581 131 03  3.67E-04
VEGFC  Vascular endothelial growth factor C  Promotes angiogenesis 524 490-566 414 353-443 110 03  3.67E-04
NKAIN2 Na+/K+ transporting ATPase Nervous system development 727 708-865 652 550-670 75 0.15  4.09E-04
interacting protein 2
HPCA Hippocalcin Neurogenesis and astrocytic 484 442-539 415 337-427 69 02  6.30E-04
differentiation regulation
TGFB2  Transforming growth factor beta 2 Brain develop and p 738 711-835 646 542-677 92 02  7.01E-04
TBR1 Neuron-specific T-box transcription  Cortical development 806 780-914 730 642-783 76 0.14  7.01E-04
NCAN S::z;can core protein Neuronal migration and plasticity 667 633-791 501 413-566 166.5 04  7.79E-04
Neuronal differentiation and
GPM6B  Glycoprotein M6B myelination 693 641-788 617 540-640 76 0.16  7.79E-04
DIRAS2  GTP-binding RAS-like protein 2 Synaptic function in hippocampus and 523 488-573 452 3724483 T2 02  8.64E-04

cerebral cortex
Cerebrospinal fluid proteins exhibiting significant median fluorescent intensity differences between preterm infants with adverse outcome and
preterm infants with normal outcome, at threshold of p<0.001, established by Mann-Whitney U test. Adverse outcome was defined as neuromotor
delay, cerebral palsy, seizure disorder, mental develop | index < 85, deafness or blindness at 18-24 months assessment. Abbreviations; AMFI =
median fluorescent intensity differences, IQR = inter quartile range. *p = <0.001.
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Figure 3. Protein differences between outcome groups

Scatter plot visualizing differences in median fluorescent intensity levels between outcome
groups of preterm infants. Four of the proteins that exhibited the largest differences; Sez 6
(seizure protein 6) (A), C11orf87 (neuronal integral membrane protein 1) (B), NCAN
(neurocan core protein) (C) and VEGFC (vascular endothelial growth factor C) (D). Adverse
outcome was defined as neuromotor delay, cerebral palsy, seizure disorder, mental
developmental index < 85, deafness or blindness at 18-24 months assessment. Data analyzed
with Mann-Whitney U test, p<0.001.
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DISCUSSION

We show a combination of inflammatory and neurodevelopmentally related CSF proteomic
signatures in preterm infants in the neonatal period. Employing the sensitivity of a targeted
antibody microarray assay, we identified increased concentrations of 35 proteins in preterm
infants compared with term infants. Notably, adverse neurodevelopmental outcome in preterm
infants correlated with lower protein levels.

Neuroinflammation and brain development

An upregulation of proteins associated with brain development, synaptic plasticity and
neuroinflammation was observed in the preterm group compared with term infants. Proteins
that differed the most were proteins associated with the complement system, including CFB,
C5, and MASP2, and the inflammation regulating protein vascular cell adhesion molecule 1
(VCAM). Increased levels of inflammatory proteins in CSF, including the proteins of the
complement cascade, have previously been associated with preterm birth (Boardman et al.,
2018; Pataky, Howie, Girardi, & Boardman, 2017). Components of the complement system
have been shown to be produced locally in the brain (Bellander, Singhrao, Ohlsson, Mattsson,
& Svensson, 2001; Gorelik et al., 2017). They contribute to tissue damage in the injured or
diseased brain (Hammad, Westacott, & Zaben, 2018). There is also evidence of the
involvement of the complement system in brain development and altered neuroplasticity
following postnatal events (Magdalon et al., 2020). In a mouse model of inflammation induced
preterm birth, C5 was associated with decreased expression of neural markers and cortical
abnormalities (Pedroni et al., 2014). However, opposing roles have been observed, and C5 is
also associated with neuroprotection and normal neurodevelopment (Benard et al., 2008;
Biggins, Brennan, Taylor, Woodruff, & Ruitenberg, 2017). Proliferation of neural progenitor
cells was observed in mouse embryos treated with C5aR agonist (Coulthard et al., 2017).
VCAM also has an important role in brain development. It is essential for the proliferation of
neural stem cells in early development and the lack of VCAM leads to dysmaturation of neural
progenitor cells (Hu et al., 2017).

Immunoregulatory proteins can have both detrimental and beneficial effects. Most of the
proteins that were present in higher concentrations in preterm infants with normal outcome
versus term controls seem to be involved in normal brain development (Boulanger, 2009).
DSCAM is one of these proteins and was found higher in preterm infants, in comparison with
term infants. It is involved in neurite guidance and synapse formation (Ly et al., 2008) as well
as in the innate immune response. Increased concentrations of several other
neurodevelopmentally related proteins were observed in the preterm population compared with
term infants. This likely reflect the rapid neurodevelopment and growth during the early
developmental stages of the preterm brain, which might explain in part the vulnerability of the
preterm brain to a diversity of external stimuli. The data differences between preterm and term
infants were even larger when only the preterm and term infants with normal outcome were
compared. One of these was activin receptor type-1 (ACVR1), which is a transmembrane
kinase receptor for members of the transforming growth factor-B (TGFB) family with
neurotrophic and neuroprotective properties (Kupershmidt, Amit, Bar-Am, Youdim, &
Blumenfeld, 2007; Suzuki, Kobayashi, Funatsu, Morita, & lkekita, 2010). Moreover, several
proteins primarily localized in synapsis and involved in cell interaction and synaptogenesis
were found higher in the preterm population. These included CASKIN1, ARPP21 and amyloid
beta precursor (APP), important post-transcriptional regulators of dendritic growth as well as
synaptic formation and plasticity (Bencsik et al., 2019; Rehfeld et al., 2018). Recently,
experimental studies suggested a correlation between the serine protein kinase CASKIN1 and
stress respons and memory formation (Bencsik et al., 2019; Katano et al., 2018). Moreover,
human mutations in CASKINL1 is present in neurodevelopment disorders and correlated to
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presynaptic dysfunction (Becker et al., 2020). CASKINL1 alterations have in preclinical rodent
models been seen to be responsible for the presentation of autism spectrum disorder (ASD)
behavioral phenotypes (Daimon et al., 2015).

Culture results did not influence the observed protein differences and neither did we observe
differences in C-reactive protein levels between the groups. Preterm infants might have
increased susceptibility to severe disease partly as a result of naive immune status and
compromised responsiveness of immune system (Olin et al., 2018). Recently, distinct, and
unified blood protein profiles were observed in preterm infants directly at birth while different
trends of the infants’ blood protein profiles were observed shortly after, depending on diverse
postnatal events (Zhong et al., 2021). Differences in plasma protein profiles in preterm infants
have also been correlated with changes in gestational age (Suski et al., 2018).

Few proteins were found in higher concentrations in the term group compared with the preterm
infants. Of these, transmembrane protein 132D differed the most. This is a protein found in
mature oligodendrocytes and therefore not yet fully expressed in the preterm infant’s brain.
Also, aquaporin-4 (AQP4) protein was higher in term than in preterm infants. AQP4 is a CSN
water channel involved in part in the glymphatic CSF clearance system and its dysfunction has
been correlated with cognitive decline in the elderly (Jessen et al., 2015; Kress et al., 2014).
Whether lower levels of AQP4 in preterm infants indicate a less mature glymphatic system
needs further evaluation. For the investigation of the glymphatic function in different
conditions, simultaneous analysis of protein concentrations in peripheral blood and CSF would
be preferable.

Markers of adverse neurodevelopmental outcome

It has been suggested that neuroinflammation may promote neurodevelopmental impairment
by altering the expression of developmental genes (Hagberg et al., 2015; Kuban et al., 2019).
However, the exact molecular pathways and mechanisms leading to adverse
neurodevelopmental outcome is not fully understood. We have recently revealed how the
proteomic profile after perinatal asphyxia can predict death and long-term disability in term
infants. In that report we revealed several novel protein biomarkers, that were elevated in term
infants with adverse outcome (Leifsdottir et al., 2022). In contrast to term infants, here lower
CSF levels of several mediators of neurodevelopment predicted outcome of preterm infants.
Recently, Zhong et al., observed trends of both up- and downregulations of protein profiles in
14 preterm infants, depending on exposure to different postnatal events (Zhong et al., 2021).
In that study correlation of the plasma protein profiles to neurodevelopmental outcomes was
not performed. However, decreased protein levels in serum of those same 14 infants were
associated with severe retinopathy of prematurity (Danielsson et al., 2021). Retinopathy of
prematurity is a disease that is associated with the lowest gestational ages and its severity
increases with increasing prematurity. Both up- and downregulation of several mediators of
neurodevelopment was shown in a study on preterm infants with post hemorrhagic ventricular
dilatation, compared with healthy term infants (Morales et al., 2012). In that study several of
the observed proteins were found in lower amounts after initiation of medical treatment. No
correlation with clinical outcome was performed but post hemorrhagic ventricular dilatation is
a condition that carries a high risk of neurodevelopmental adversities. In a recent study
downregulation of neurotrophic proteins was correlated with lower brain volumes and later
impaired cognitive development in preterm infants (Kuban et al., 2019). Thus, our data on CSF
protein signatures, is in line with these studies. Moreover, lower levels of neurodevelopmental
proteins associate with cognitive decline in the elderly (Harris et al., 2020; Ju, Xu, Wang, &
Zhang, 2019).

The proteins that differed the most between outcome groups were regulatory proteins of brain
development. These included vascular endothelial growth factor C (VEGFC), that promotes
and regulates angiogenesis in brain both during development and repair. It has also been shown
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to have trophical effects on neural progenitor cells (Le Bras et al., 2006). Serum VEGF
concentrations of preterm infants are dynamic the first week of life (Brooks et al., 2021).
Recently the administration of VEGFC was shown to improve neurological repair following
traumatic brain injury in a rat model through modulating microglial activation (Ju et al., 2019).
Thus, low levels in preterm infants are likely associated with inadequate angiogenesis and a
hampered neurogenesis.

Neurocan core protein (NCAN) and TGFB levels also correlated with outcome. NCAN is a
component of the extracellular matrix in the brain and has an important role in neuronal
migration and plasticity, especially the development of the cortex (Schwartz & Domowicz,
2018). TGFB is a multifunctional cytokine that enhances the expression of NCAN (Asher et
al., 2000). The lack of NCAN has been associated with cognitive decline and diminished brain
volumes in the elderly (Harris et al., 2020). These findings are in contrast with findings of
experimental study where upregulation of these proteins was observed in traumatically injured
brain tissue and correlated with delayed axonal repair (Asher et al., 2000). These differences
could be due to different underlying causes. The neurological adversities of preterm infants,
like in the elderly, are in large part due to disturbances in brain development, while the sequelae
of traumatic brain injury stem from lesions following an insult, and the formation of scar tissue.
Another mediator of cortical development and essential for cognitive development is neuron-
specific T-box transcription factor (TBR1) (Vegas et al., 2018). This was one of the protein
that was found at lower levels in preterm infants with adverse outcome compared with normal.
Mutations in Tbrl gene caused synaptic and neuronal dysfunctions that led to ASD like
behavior (Yook et al., 2019). Preterm infants are at significantly higher risk at developing ASD
than children born at term age (Agrawal, Rao, Bulsara, & Patole, 2018; Soul & Spence, 2020).
Seizure protein 6 (Sez6) and Na+/K+ transport ATPase interacting protein 2 (NKAIN2) are
essential proteins in nervous systems’ health and development. Lower levels of these proteins
were correlated with adverse outcome of preterm infants in the present study. NKAIN2 is
associated with myelination. Chromosomal deletion of the region responsible for this protein
has been correlated with both cerebral atrophy and abnormal white matter development
(Bocciardi et al., 2005; Zhao, Zhou, Luo, Mao, & Lu, 2015). The lack of Sez6 has been linked
with impairment in motor functions, memory, and cognition in experimental studies (Nash et
al., 2020). Another protein that was lower in the adverse outcome group was chromosome 11
open reading frame 87 (c11orf87) protein, also known as neuronal integral membrane protein
1. It is primarily expressed in brain tissue and suppressed levels have been correlated to
schizophrenia related pathways (Etemadikhah, Niazi, Wetterberg, & Feuk, 2020). Notably,
dysfunction of synaptic transmission, synaptic plasticity and behavior pathways in brain has
been implicated in schizophrenia (Fromer et al., 2014). Preterm birth, especially before week
32, is associated with a 3-to-4-fold increased risk of developing neuropsychiatric disorders,
including schizophrenia (Vanes, Murray, & Nosarti, 2021). To the best of our knowledge, we
are the first to report relatively lower levels of c11orf87 protein in the preterm CSF. Future
work could delineate whether its expression is transcriptionally or epigenetically regulated in
the preterm brain.

Clinical implication

Preterm birth is associated with complex brain abnormalities resulting from immaturity. Early
prediction and better understanding the mechanisms for neurodevelopmental outcome in this
high-risk population is crucial. It would allow more individualized support to minimize
neurological sequalae. Protein profile analysis is a methodology that provides insight into the
biological processes that the proteins participate in. Thus, revealing changes in these processes,
that might lead to aberrant neurodevelopment.

Although many questions are unresolved about the exact pathological process of
developmental brain injury, neuroinflammation is an important contributor. Therefore,
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inflammatory proteins in CSF are of clinical importance. Furthermore, many questions are yet
to be answered about the role of the different neurodevelopmentally related proteins. The
present study contributes to the knowledge of the physiological changes that occur in the
developing brain as measured by markers in CSF. Thus, it may aid in the identification of
infants at risk for adverse neurodevelopmental outcome. Therapeutic options for preterm brain
injury are currently limited. The present study indicates that preterm infants with adverse
outcome have lower CSF levels of several of the proteins critical for brain development, neuro-
and synaptogenesis. This is in line with experimental studies in stroke models, where VEGFC
treatments diminished brain injury and enhanced recovery (Dzietko, Derugin, Wendland,
Vexler, & Ferriero, 2013). Notably, in other pathological conditions of premature birth, the
blocking of proteins may enhance recovery, as has been established with anti-VEGF treatment
in retinopathy of prematurity (VanderVeen et al., 2017).

Parenteral nutrition initiated earlier, with higher amounts of protein and fat improve the growth
of extremely preterm infants including their head circumference (Morgan, McGowan,
Herwitker, Hart, & Turner, 2014; Westin et al., 2018). We speculate that part of the mechanism
is to provide the developing brain with crucial proteins enabling adequate brain development
and better overall outcome. To provide enough macronutrient intake, including protein
substrates, is a modifiable factor that could reduce the risk of adverse neurodevelopmental
outcomes for these fragile infants.

Strengths and Limitations

The strengths of this study include the unique biobank of CSF from preterm and term infants,
collected under clinical routine care. We also have performed an in-depth broad analysis of
protein profiles in CSF, using a novel emerging technique to simultaneously evaluate the levels
of 178 proteins in small samples. This enabled us to provide insight into pathophysiological
changes that may lead to adverse neurodevelopment in preterm infants.

We acknowledge some limitations of the present study. All infants included in the study had
clinical and laboratory signs of infection and a substantial part of the preterm group had positive
cultures in blood and/or CSF (16/26). However, in the term group only infants with negative
cultures were included. The age of the infants at the time of CSF collection varied, with the
term group being significantly younger than the preterm group. The protein selection is
inevitably biased as it was chosen based on previous studies. Many of the analysed proteins
have correlations with infection and brain development. Also, we included proteins that have
been studied in brain ischemia and other forms of brain trauma, for which more research is
available in older children and adults. Another limitation is the assessment of
neurodevelopmental outcome that was done in a non-standardized way. This is due to the fact,
that follow-up was not a part of the study protocol, but was conducted according to current
clinical routine. Therefore, it differed depending on degree of prematurity and on clinical
findings. Nevertheless, all infants had a neurological evaluation in the time period from 18 to
24 moths, corrected age.

CONCLUSION

Numerous protein abundances in preterm infants in comparison with term infants, were
demonstrated, the upregulation of proteins related to neuroinflammation being the most
prominent. Preterm infants with unfavorable outcome shared a specific proteomic profile in
CSF, with generally lower levels of functional and structural brain related proteins, in
comparison with preterm infants with favourable outcome. This was independent of blood or
CSF culture results. In the present study the CSF proteomic signatures of preterm infants
observed here may reflect developmental changes in response to external or internal events and
have value in predicting long-term outcome. The study contributes to the understanding of the
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neurodevelopmental processes in the preterm brain. It renders novel data regarding essential
proteins for optimal neurodevelopmental outcome and suggests a vulnerability towards the lak
of these proteins. This upens up possibilities of tentative treatment options for preterm infants.
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