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Abstract

Background—Cytokines have been proposed as mediators of neonatal brain injury via
neuroinflammatory pathways triggered by hypoxia-ischemia. Limited data are available on
cytokine profiles in larger cohorts of newborns with hypoxic-ischemic encephalopathy (HIE)
undergoing therapeutic hypothermia (TH).

Methods—Serum cytokines IL-1f, IL-2, IL-4, IL-6, IL-8, IL-10, IL-13, TNF-a, IFN-y were
measured in newborns with HIE at 24 and 72 hours of TH. Differences between infants with
favorable (survivors with mild/no MRI injury) versus adverse outcome (death or moderate/severe
MRI injury) were compared using mixed models to adjust for covariates.

Results—Data from 36 term newborns with HIE (favorable outcome: n=20, adverse outcome:
n=16) were evaluated. Cytokines IL-1p, IL-2, IL-6, IL-8, IL-10, and IL-13 were elevated in the
adverse relative to favorable outcome group at 24 hours. IL-6 remained significantly elevated in
the adverse outcome group at 72 hours. IL-6 and 1L-10 remained significantly associated with
outcome group after controlling for covariates.
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Conclusion—Inflammatory cytokines are elevated in HIE newborns with brain injury by MRI.
In particular, IL-6 and IL-10 were associated with adverse outcomes after controlling for baseline
characteristics and severity of presentation. These data suggest that cytokine response may identify
infants in need of additional neuroprotective interventions.

Introduction

Hypoxic-ischemic encephalopathy (HIE) is a major cause of infant mortality and long-term
disability (1, 2). Since 2010, therapeutic hypothermia (TH) has been the standard of care for
neonates with moderate to severe HIE (3). Despite TH, HIE continues to confer
approximately 50% risk of death or disability (4). Methods to monitor evolution of brain
injury at the bedside are needed to identify individuals with inadequate response to TH,
signaling the need for potential adjuvant therapies. In particular, brain injury biomarkers that
provide insight into pathogenesis can provide specificity to treatment approaches that may
further improve outcomes after HIE.

Cytokines and chemokines have been proposed as mediators of neonatal brain injury via
neuroinflammatory pathways (5—9). Initially, these pathways were elucidated from animal
models of perinatal brain damage in the setting of infection (7). Subsequently, additional
triggers of neuroinflammation such as trauma, excitotoxicity, and hypoxia-ischemia have
been established(6). Systemic cytokines are often classified as “pro-inflammatory” — such as
IL-1B, TNF-a and IFN-y — or “anti-inflammatory” — such as IL-4, IL-10 and IL-13. Of note,
several cytokines, in particular IL-6, can either propagate or downregulate inflammation,
depending on the context (7). Animal (5, 6) and human studies (8, 9) have also demonstrated
specific cytokine trajectories after a hypoxic-ischemic insult. Typically, cytokines peak
within 12—24 hours post-insult, but some cytokines have shown a biphasic pattern (8). Given
the implicated role of cytokines in the evolution of neonatal brain injury, as well as the
dynamic nature of cytokine release after a hypoxic-ischemic insult, investigating serial
cytokine levels offers a promising avenue for identifying biomarkers of ongoing brain injury
in newborns with HIE.

Limited data are available on cytokine profiles in HIE newborns treated with TH(8, 9). This
is important since one of the proposed mechanisms of TH includes reduction of
inflammation (10, 11). Further study is needed to understand the trajectories of
inflammatory cytokines in the setting of TH, as well as the relationship between cytokine
profiles and brain injury in newborns with HIE.

This study aimed to describe cytokine levels at two key time points in the evolution of
neonatal HIE: 1) at 24 hours of TH, around the time of secondary energy failure (12) and 2)
at 72 hours of TH, when decisions to initiate rewarming are typically made. We also aimed
to evaluate the relationship of neonatal cytokine response to MRI evidence of brain injury
after HIE. We hypothesized that neonatal cytokine levels would differentiate infants with
HIE who died or had severe brain injury from survivors with no to mild injury by MRI.
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Of the 93 eligible newborns with HIE admitted to our NICU between September 2010 and
March 2014, 82 (88%) consented to our observational study. A total of 36 newborns with
moderate-severe HIE with available serum for analysis were included in this study; mean +
SD gestational age was 38.8+1.4 weeks, mean birth weight was 3.2+0.7 kg, and 47% were
male. The favorable outcome group consisted of 20 newborns who survived to NICU
discharge with minimal to no brain injury on MRI. The adverse outcome group was
comprised of 16 infants who either died in the neonatal period (n=7) or survived with MRI
evidence of moderate-severe brain injury (n=9). The adverse outcome group had a lower
median 5-minute AGPAR score (2 vs 4, p=0.005) and more infants with severe
encephalopathy (56% vs 0%, p=<0.001). No infants had culture positive sepsis during their
NICU stay. Other baseline and clinical characteristics were similar between the groups
(Table 1). Serial cytokine levels at the 2 time points of interest (24 and 72 hours) were
collected in 26 of 36 patients. The other 10 patients had cytokine determinations at only a
single timepoint. At 24 hours, there were samples for 32 out of 36 patients (4 patients,
including 3 of whom had adverse outcome, had insufficient samples for analysis) while at 72
hours, there were samples for 30 out of 36 patients (six patients died between 24 and 72
hours). Analytic methods to account for missing data (including multiple imputation and last
value carry over approaches) were performed with consistency in analytic results. Analysis
results without data interpolation are further presented.

Cytokines IL-18, IL-2, IL-6, IL-8, IL-10, and IL-13 were significantly elevated at 24 hours
of TH in infants with adverse outcomes compared to those with favorable outcomes (Figure
1). At 72 hours of TH, only IL-6 remained significantly elevated in the adverse outcome
group. Using a mixed model to adjust for baseline characteristics including gestational age,
birth weight, gender, and time of measurement, IL-6 (p<0.001), IL-8 (p=0.003), IL-10
(p=0.005) and IL-13 (p=0.031) remained significantly associated with outcome group. When
these models were expanded for clinical characteristics of 5-minute Apgar score and
presence of severe encephalopathy at presentation, only IL-6 (p=0.0011) and IL-10
(p=0.0248) continued to distinguish outcome groups. Log-IL-6 and log-IL-10 were 1.6 and
2.6 times higher respectively in the adverse compared to favorable outcome group after
adjusting for clinical covariables. Details of the regression models for IL-6 and IL-10 are
presented in Table 2.

Data on placental pathology were available for 28/36 (78%) subjects. Chorioamniontis was
observed in 9/28 (32%) infants. There was no significant difference between the adverse and
favorable outcome groups with regards to the frequency of chorioamnionitis (25% vs 38%,
p=0.483). In the subset of patients with available placental pathology information, 1L-6
(p=0.0017) and IL-10 (p=0.0407) remained significantly associated with outcome group
after including chorioamionitis as an additional clinical covariate in the regression models.

Discussion

In this cohort of 36 newborns, we demonstrate that several inflammatory cytokines hold
promise as potential biomarkers of brain injury severity in newborns with HIE treated with
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TH. In particular, IL-6 and IL-10 consistently distinguished outcome groups across
analysThese differences appear to be the most striking at 24 hours into therapy, potentially
offering bedside insight into the therapeutic window by identifying patients with suboptimal
response to TH alone.

While prior studies in animals and humans have demonstrated the association between
cytokine profiles with HIE disease severity (5—9, 13—18) in the pre-cooling era, our study is
the largest to date examining cytokine levels in HIE patients undergoing hypothermia. Two
recent studies examined serum cytokine profiles in the setting of hypothermia and have
provided important preliminary information on cytokine trajectories and the effects of
hypothermia on these trajectories. Chalak and colleagues evaluated umbilical cord blood and
postnatal serial cytokine levels in 20 cooled patients with moderate to severe HIE and found
that hypothermia and subsequent rewarming had no effect on serial cytokine values(9).
Elevated GFAP, IL-1, IL-6, IL-8, TNF-alpha, IFN-gamma, and vascular endothelial growth
factor at 6-24 hours were associated with abnormal neurological outcomes. In contrast,
Jenkins and colleagues observed a distinct trajectory of certain cytokines (i.e. IL-6, IL-8 and
Monocyte chemotactic protein-1), with a biphasic profile observed only in the hypothermia
group (n=20)(8). Elevated IL-6 and MCP-1 within 9 hours after birth and low macrophage
inflammatory protein 1a (MIP-1a) at 60 to 70 hours of age were associated with death or
severely abnormal neurodevelopment at 12 months of age. Meanwhile, reduction of IL-6,
IL-8, and IL-10 from peak levels at 24 hours was observed in infants with better outcomes.
These observations highlight the importance of measuring cytokines over time. Equally
important is gaining further understanding of the cytokine response in the setting of TH,
given this is the current standard of care. While we did not evaluate cytokine trajectories in a
normothermic group, our study confirms a relationship between inflammatory cytokines and
brain injury severity in newborns with HIE undergoing TH.

That IL-6 distinguished outcome groups is not surprising as it has been demonstrated that
IL-6 is produced both systemically and in the CNS in response to hypoxia-ischemia(5, 7).
Correlation between elevated serum IL-6 and degree of encephalopathy(19) or impaired
neurodevelopmental outcome(14, 15) has been observed in studies of both non-cooled and
cooled infants with HIE. A systematic review of potential brain injury biomarkers identified
serum IL-6 as one of few independent predictors of adverse outcomes in survivors of HIE.
(15) That IL-6 is an important biomarker of brain injury after HIE is a consistent finding
across ours and prior studies, supporting its role as a putative biomarker that should move
forward to more widespread validation. Our study also identified 1L-10 as a cytokine that
consistently distinguished outcome groups. I1L-10 is an anti-inflammatory cytokine, with
neuroprotective activity observed in animal studies(7). Although 1L-10 has not been as
widely investigated as IL-6 in infants with HIE, Jenkins and colleagues also reported an
association between IL-10 and outcomes after HIE. That other cytokines did not
significantly distinguish outcome groups after adjusting for covariates does not eliminate the
possibility of their role in the evolution of brain injury after HIE. However, our study
highlights these 2 cytokines as particularly important biomarkers that deserve attention in
future studies.
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The contribution of inflammation to neonatal brain injury has been well described(7). While
one of the proposed mechanisms of hypothermia-mediated neuroprotection has been its anti-
inflammatory properties, (10, ll) it has also been suggested that therapeutic hypothermia
may be less effective in newborns with the “double hit” of HIE combined with fetal
inflammatory conditions such as chorioamnionitis (20).While we did not observe a
difference in rates of reported chorioamnionitis between outcome groups, our study was not
aimed or powered to evaluate this relationship. Our ability to elucidate the relationship
between chorioamnionitis and neonatal cytokine response was limited by several factors.
Placental pathology was not available for all patients. Despite a regional educational
initiative, several centers did not retain placental tissue for pathological evaluation in the
setting of HIE. While we attempt to retrieve placental tissue for review by our pathologists
in all cases of HIE referred to our center, this was not uniformly accomplished. As a result,
the determination of chorioamnionitis for the purposes of this study was made by review of
maternal clinical records and placental pathology reports from the referral hospital. Thus, we
acknowledge the risk for misclassification in this retrospective study. Despite these
limitations, we observed that the relationship between IL-6 and IL-10 with brain injury was
significant independent of the presence of chorioamnionitis. This suggests that the neonatal
cytokine response can be linked to brain injury in the absence of systemic inflammatory
conditions, likely reflecting endogenous neuroinflammation leading to secondary injury
after hypoxia-ischemia. These data may also support the use of neuroadjuvant therapies that
directly target these pathways, such as erythropoietin which has been shown to decrease the
number of IL-6- and TNF-alpha-producing cells and inhibit the synthesis of IL-4, IL-5 and
IL-10.(21)

Our study has several limitations. Missing data serve as a potential source of bias given
measurements were not available for both timepoints in all subjects. While we evaluated the
effects of this via various statistical methods and found consistent results across analyses, we
acknowledge that the effects of missing data remain a concern. It is reassuring that although
6 patients died before the 72-hour blood draw, we were able to include the data of an
additional 3 adverse outcome patients who had data available at 72 hours (even though they
did not have 24 hour samples) in order to insure that both outcome groups were represented
at the two timepoints of interest. Additionally, our relatively small sample size and limited
sampling restricted our ability to develop more robust predictive models and to define
cytokine trajectories with more temporal granularity. For example, as an outborn level IV
NICU, we did not have access to cord blood samples for analysis. However, we analyzed 2
timepoints that were pragmatically selected based on their clinical and pathophysiological
significance. Our early (24 hour) timepoint captures the peak of secondary injury where
information on response to treatment may direct the need for adjuvant therapies, whereas the
late (72 hour) timepoint coincides with the conventional initiation of rewarming. Evaluating
cytokine levels at these key timepoints when clinical decisions are made drove the design of
our study where neonatal blood sampling was limited. While cytokines may peak and have
variable predictive utility at alternative timepoints, our study aimed to define levels at
decision-making timepoints with clinical relevance. Future studies with more frequent
collection of samples during cooling and rewarming will be useful to further define the role
of these analytes in clinical decision making.
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Another limitation of this study is the use of brain injury on neonatal MRI as a surrogate for
a long-term outcome measure. Brain MRI performed during the neonatal period is predictive
of neurodevelopmental outcome in infants with HIE,(22) and its predictive ability is not
affected by treatment with hypothermia (23—25). Even still, neurodevelopmental evaluation
remains the gold-standard for assessing function in childhood survivors of HIE. Follow-up
of this cohort is planned, and ongoing and future work will further evaluate the relationship
between neonatal cytokine response and long-term neurodevelopmental outcome in babies
with HIE.

Study Subjects

Patients referred to our level 1V NICU for therapeutic hypothermia were approached for
enrollment in this prospective observational cohort study evaluating blood-based, imaging
and physiological biomarkers of brain injury. This report comprises a subset of enrolled
newborns with available serum for cytokine analyses. Eligible newborns were treated with
whole-body hypothermia according to the Eunice Kennedy Shriver National Institute of
Child Health and Human Development (NICHD) Neonatal Research Network protocol, with
inclusion criteria according to established NICHD criteria(4) (i.e. gestational age greater
than 36 weeks, birth weight greater than 1800g, metabolic acidosis on cord blood gas and/or
depressed Apgar scores, and signs of moderate to severe clinical encephalopathy(26)).
Whole-body hypothermia was started within 6 hours of life and maintained at 33.5 °C by
esophageal temperature probe for 72 hours prior to rewarming. The study was approved by
the Children’s National Health System Institutional Review Board, and written informed
consent was obtained from the parent of each participant.

Measurement of Cytokines

One milliliter blood specimens were collected into silicone coated microtainers at 24 hours
and 72 hours of cooling from indwelling umbilical arterial or venous lines. Samples were
immediately refrigerated, and then serum was isolated within 24 hours (centrifuged at 500
rpm and supernatants stored at —70°C) to allow for later assay in bulk. We utilized the
commercially available V-PLEX Proinflammatory Panel 1 (Meso Scale Discovery,
Rockville, MD) multiplex ECL ELISA that detects cytokines IL-1f, IL-2, IL-4, IL-6, IL-10,
IL-13, TNF-a, IFN-y and chemokine 1L-8 from 50 pL aliquots run in duplicate and using the
QuickPlex SQ120 Plate Reader (Meso Scale Discovery). High, medium and low range
quality control standards provided by the manufacturer were assayed on each plate. The
coefficient of variation for inter- and intra-assay variability was <7% for all assays. Raw
signals generated by the instrument were analyzed using Discovery Workbench 4.0 Software
(Meso Scale Discovery). All values were reported in units of pg/mL. Assays performed in
duplicate were averaged for analysis.

Magnetic Resonance Imaging

Brain MRI was performed according to clinical protocol at 10-12 days of life on a 3 Tesla
scanner (Discovery MR750; GE Healthcare, Milwaukee, Wisconsin). Standard anatomic
sequences included coronal 3D T1-weighted spoiled gradient-recalled, double acquisition
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axial SE proton density and T2, axial T2 PROPELLER, axial T2*-weighted susceptibility,
coronal T1 FLAIR PROPELLER and axial diffusion weighted images. Images were
reviewed by an experienced neuroradiologist (G.V.) blinded to clinical data and biomarker
levels. Images were scored according to Barkovich with deep nuclear gray injury assigned a
basal ganglia (BG) score ranging 0-4 and cortical/white matter injury assigned a watershed
(WS) score ranging 0-5 (22). The favorable outcome group consisted of survivors with mild
(BG<3, WS<4) or no (BG=0, WS=0) evidence of brain injury by MRI; the adverse outcome
group consisted of patients who died or had a BG score of at least 3 or a WS score of at least
4,

Data Collection

Baseline and presenting characteristics were gathered by accessing maternal and infant
medical records from the birth hospital. This included review of placental pathology reports
from the referral hospital when available and presence of inflammatory conditions of the
placenta including chorioamnionitis, villitis and funisitis were noted. Pertinent clinical data
were also collected from the infants NICU hospitalization including presence of
electrographic seizures and any serious bacterial infection including culture-positive sepsis.

Data Analysis

Descriptive statistics included means * standard deviations or medians (ranges) for
parametric and non-parametric variables respectively, and frequencies for categorical data.
Univariate analyses were performed using Wilcoxon Rank Sum Tests to evaluate differences
in individual cytokine levels by outcome group. For multivariate analyses, we utilized mixed
models to account for repeated measures in subjects. In order to account for outliers in
cytokine values, data were log-transformed for normalization. Outcome group, time of
measurement, gestational age, birth weight, and gender were included in each model.
Expanded models were developed with clinical covariates including presence of severe
encephalopathy at presentation, Apgar score at 5 minutes of life, and presence of placental
inflammation (i.e. chorioamnionitis). Statistical analysis was performed using SAS 9.3 (SAS
Institute, Cary, NC).
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Table 1

Characteristics of the Study Population

| Favorable Outcome (n=20) | Adverse Outcome (n=16) | P Value
Birth weight (mean + SD kg) | 32+09 | 3.1+05 | 0.483
Gestational age (mean + SD week) | 385+15 | 39.1+1.2 | 0.192
Gender (n, % male) | 11 (55) | 6 (37.5) | 0.296
APGAR score?
-1 minute 1(0-4) 1(0-2) 0.179
-5 minute 4 (0-7) 2 (0-4)? 0.005
Presenting pH | 6.96 (6.6-7.42) | 6.9 (6.59-7.14) | 0.2
Severe encephalopathy (n, %) | 0 (0) | 9 (56) | <0.001
Chorioamnionitis (n, %) | 6 (38)° | 3 (25)° | 0.483
Hour of life at TH initiation | 3:49 (2:24-5:52) | 4:16 (2:50-6:00) | 0.124
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Data presented as median (range) unless otherwise indicated. Data available for 815/16, b16/20, C12/16 subjects. Bolded text highlights significant

differences between outcome groups.

Pediatr Res. Author manuscript; available in PMC 2016 June 30.



Page 12

Orrock et al.

Author Manuscript

'S|and] OT-11 pue 9-11 pawLiojsuesl-Bo| pue dnoif awio2ino usamiag uolyerdosse Juealiubis syybijybiy 1xel papjog

Author Manuscript

Author Manuscript

15220 €852°0 060 | L8720 9€€L°0 9980 Augedoreydaous a1anss
6822°0 99TT°0 180v0°0 | TESYO 62110 80980°0- senuiw g je Jebdy
265T°0 S661°0 8v2,0 | TLLL0 LEBY'0 ¥8ET0 18pusb afeN
VILE0 TVIE0 09820 | 966L°0 Zv0e0 80800 bram yg
0SvE0 0S.T°0 S89T0- | 219070 S69T°0 7zee0- abe [euonelseo
09510 §90000°0 070000~ | €298°0 €90000°0 T00000- a|dwes pooq e 8y
T1000 TO0L0 T1L.5C 8200 11790 88T9'T 3WO02INQ 3]CeI0ARH SNSIBA 3SIBAPY
anjend | 40443 prepuers | arewnsg | anjeand | Joaa3 paepuels | ayewns3 a|gelden
oT-TI 9T
S|apol uoissalbay Jo Arewwins
¢ d|qeL

Author Manuscript

Pediatr Res. Author manuscript; available in PMC 2016 June 30.



	Abstract
	Introduction
	Results
	Discussion
	Methods
	Study Subjects
	Measurement of Cytokines
	Magnetic Resonance Imaging
	Data Collection
	Data Analysis

	References
	Figure 1
	Table 1
	Table 2

