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Cytokine and chemokine responses to
injury and treatment in a nonhuman
primate model of hypoxic-ischemic
encephalopathy treated with
hypothermia and erythropoietin
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Abstract

Predicting long-term outcome in infants with hypoxic-ischemic encephalopathy (HIE) remains an ongoing clinical chal-

lenge. We investigated plasma biomarkers and their association with 6-month outcomes in a nonhuman primate model

of HIE with or without therapeutic hypothermia (TH) and erythropoietin (Epo). Twenty-nine Macaca nemestrina were

randomized to control cesarean section (n¼ 7) or 20min of umbilical cord occlusion (UCO, n¼ 22) with either no

treatment (n¼ 11) or TH/Epo (n¼ 11). Initial injury severity was scored using 30-min arterial pH, base deficit, and

10-min Apgar score. Twenty-four plasma cytokines, chemokines, and growth factors were measured 3, 6, 24, 72, and

96 h after UCO. Interleukin 17 (IL-17) and macrophage-derived chemokine (MDC) differentiated the normal/mild from

moderate/severe injury groups. Treatment with TH/Epo was associated with increased monocyte chemotactic protein-4

(MCP-4) at 3 h–6h, and significantly lower MCP-4 and MDC at 24 h–72h, respectively. IL-12p40 was lower at 24 h–72h in

animals with death/cerebral palsy (CP) compared to survivors without CP. Baseline injury severity was the single best

predictor of death/CP, and predictions did not improve with the addition of biomarker data. Circulating chemokines

associated with the peripheral monocyte cell lineage are associated with severity of injury and response to therapy, but

do not improve ability to predict outcomes.
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Introduction

Perinatal hypoxia-ischemia with subsequent hypoxic-

ischemic encephalopathy (HIE) remains a significant

problem in the United States, affecting 1.3–4.7/1000

liveborn infants.1,2 Current criteria for treatment of

infants with moderate or severe HIE include a combi-

nation of clinical (Apgar scores, Sarnat or Thompson

scores) and laboratory assessments (lactic acid, pH,

base deficit) with or without electrophysiologic func-

tion on electroencephalography (EEG). Although ther-

apeutic hypothermia (TH) has been the standard of

care for infants with moderate or severe HIE since

2010, the most recent clinical trials suggest that

around 1/3 of infants still experience a poor outcome

(death or severe disability).3 Though TH does

significantly reduce the disease burden of infants with
HIE, early prognostication remains relatively poor,4

and we cannot accurately predict which infants will
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respond to therapy. New biomarkers are needed to
more accurately identify patients who will benefit from
TH, those who might require additional therapies, and
those for whom treatment might be futile. One of the
most promising current adjunctive therapies for HIE is
erythropoietin (Epo), which has anti-inflammatory,
antioxidant, and neuroreparative properties in preclini-
cal studies of term neonatal brain injury.5–7 Epo has
been shown to be neuroprotective in multiple small
and large animal models of HIE, including a nonhuman
primate (NHP) umbilical cord occlusion (UCO) model
developed in our laboratory.8

Biomarkers that accurately reflect the severity and
evolution of injury as well as response to therapy would
have the potential to improve clinical management of
newborns with HIE and facilitate new research.9 As
HIE is often associated with a coordinated systemic
immune response, examining the dynamics of cytokines
and chemokines after injury may provide biomarkers
with potential for clinical translation.10–12 Nonhuman
primates are the ideal preclinical model for human dis-
ease because information gained from these animals is
most likely to translate to the human condition. We
developed an NHP model of HIE in which we can
assess sequential longitudinal biomarkers and correlate
these with behavioral and structural outcomes.13–15

Using this model, we have examined the time course
of plasma chemokines and cytokines in the first 96 h
after injury with and without treatment with TH and
Epo, particularly with respect to cytokine and chemo-
kine dynamics, in order to assess the association
between cytokines and severity of injury, alterations
in response to therapy, and ability to predict later
death or cerebral palsy (CP).

Methods

Animals

The Institutional Animal Care and Use Committee
(IACUC) at the University of Washington approved
all experimental protocols, and all experimental proce-
dures were conducted in accordance with these
approved protocols as well as the National Institutes
of Health Guide for Care and Use of Laboratory
Animals. All data are reported in accordance with the
ARRIVE (Animal Research: Reporting in Vivo
Experiments) guidelines.

Timed matings occured by monitoring adult female
menstrual cycles and pairing sexes during the time of
peak ovulation for 24–48 h. Pregnant females were
monitored by uterine palpation and ultrasound, and
pregnancies were grouped such that 2–3 deliveries
occurred per month so that animals had play group
cohorts. Deliveries were scheduled 5� 2 days prior to

term, as previously described.8 Hysterotomy was per-
formed through a sterile ventral midline incision of the
abdomen under sevoflurane surgical anesthesia. After
umbilical cord occlusion (UCO, see below), during
which an umbilical arterial catheter was placed, the
fetuses were delivered by caesarian (C)-section.
Control animals were also delivered by C-section
after intrauterine installation of an umbilical arterial
catheter (2–3min procedure). All surgical procedures
were followed by post-operative analgesics (ketoprofen
5mg/kg i.m., butorphanol 0.15mg/kg i.m. or s.c., and
acetaminophen 1–2 children’s tablets) for a minimum
of 48 h. Twenty-nine Macaca nemestrina (pigtailed
macaque) neonates were delivered for the purposes of
this study. Animals were randomized prior to C-section
and UCO to either control (n¼ 7) or 18–20min of
UCO (n¼ 22) followed by either no treatment
(n¼ 11) or 72 h of TH plus Epo (n¼ 11).

Umbilical cord occlusion and resuscitation

Procedures for UCO were performed as previously
described.8 Briefly, after incising the uterus, the umbil-
ical cord was exteriorized while keeping the amniotic
fluid and the fetus in the womb. During UCO, the
uterus was supported with saline-soaked towels while
a sterile 2.5 French VygonTM umbilical artery catheter
was placed. Cord blood was obtained before clamping
the cord for 18–20min, during which time the
fetal heart rate was monitored by femoral pulse
Doppler. Fetuses were delivered by the surgical team,
which included a neonatologist, and stabilized by a
team of neonatologists using standardized neonatal
resuscitation practice. Resuscitation included endotra-
cheal intubation, positive pressure ventilation, chest
compressions, and bolus epinephrine as indicated.
Apgar scores were assigned at 1, 5, 10, and 20min of
life. Continuous monitoring included a pulse oximeter
and rectal thermometer. For animals not randomized
to TH/Epo, a covered heating pad, radiant warmer,
and polyethylene sheet were used to provide thermal
support during stabilization, then the animals were
moved to a thermal-neutral incubator. After delivery,
an experienced laboratory staff member remained with
the infant for the first 96 h of life, and then as needed
based on clinical stability. A neonatologist and veteri-
narian were on call for the animals at all times. In order
to examine the association between severity of initial
injury, later cytokine profiles, and long-term outcome,
animals were assigned a composite severity score on a
scale of 3 (normal/mild) to 6 (most severe). Based on
post-resuscitation blood gas assessments, scores were
assigned based on standard neonatal clinical parame-
ters including pH (�7.0¼ 1, <7.0¼ 2), base deficit
(�15¼ 1, >15¼ 2), and Apgar score at 10min
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(�5¼ 1, <5¼ 2).16 Animals with a score of 3 were
assigned to the normal/mild group, with animals scor-
ing >3 assigned to the moderate/severe group.

Treatment groups

UCO animals were treated with ether saline and nor-
mothermia (maintenance of target rectal temperature
at 36–37�C) or TH (72 h at 33.5�C rectal temperature)
plus Epo (1000U/kg on day 1, 2, 3, 5, and 7) in the
form of EpogenVR (Epoetin Alfa Recombinant, Amgen,
Thousand Oaks, CA).7 To produce initial TH, animals
were not actively warmed at delivery. Active cooling
was begun after resuscitation of the infants and
always occurred by the third hour of life. To maintain
TH, a water blanket was applied to the animal’s head
and body and thermal support from the incubator was
adjusted to achieve a rectal temperature of 33.5 �C for
72 h. Rectal temperature was maintained by a servo-
controlled cooling machine (CritiCool, MTRE
Advanced Technologies, Israel) that altered the tem-
perature of the cooling blanket in order to maintain
target temperature. Rewarming was done slowly, rais-
ing the target rectal temperature by 0.5 �C per hour
until regular body temperature (36–37�C) was reached.

Animal care

Post-resuscitation care was conducted as previously
reported.8 Briefly, arterial blood gas, lactate, and elec-
trolytes (iSTATVR , HESKA Corp., Loveland,
Colorado) were measured at multiple scheduled inter-
vals. Study animals were maintained for a minimum of
3 days on parenteral fluids including 2% amino acids
(Aminosyn II) adjusted to maintain euglycemia, elec-
trolyte balance, and hydration. Enteral feedings were
started on postnatal day 4. Weight was followed daily.

Blood sampling and circulating cytokines

The umbilical artery catheter was maintained for the
first 96 h of life to allow for blood access, fluid and
nutrient administration, and continuous blood pressure
monitoring. At scheduled intervals (3, 6, 24, 72, and
96 h), blood was drawn from the catheter in an aseptic
manner. Total blood volume taken was tracked. After
collection, blood was promptly spun at 4000 RPM for
10min, the plasma collected, and immediately frozen at
�70�C until further use. Meso Scale Discovery (MSD)
technology was used to measure the following inflam-
matory markers and growth factors: Interferon-gamma
(IFN-c),17 Interleukin (IL)-1b,18 IL-2, IL-6, IL-5, IL-7,
IL-8, IL-10, IL-15, IL-16, IL-17, IL-12p40, tumor
necrosis factor-a (TNF-a), transforming growth factor
(TGF)-b, macrophage inflammatory protein-1a (MIP-
1a), MIP-1b,19 monocyte chemotactic protein-1 (MCP-

1),19 MCP-4, eotaxin-3, Interferon gamma-induced pro-

tein 10 (IP-10), macrophage-derived chemokine (MDC),

thymus and activation regulated chemokine (TARC),

granulocyte-macrophage colony-stimulating factor

(GM-CSF), and vascular endothelial growth factor

(VEGF). MSD assays were performed according to the

manufacturer’s recommended protocols.

Developmental evaluations

Developmental assessment was performed by the Infant

Primate Research Laboratory (IPRL) at the University

of Washington, as previously described.21,22 To assess

for the presence or absence of CP, animals were assessed

by a single senior staff member mentored by a physical

therapist with a special interest in neonates, as peviously

described.8 CP was graded on a scale of 0 (normal), 1

(mild), 2 (moderate), or 3 (severe). Sequential exams

were done at 1 week, 1 month, and 6 months to docu-

ment any evidence of motor abnormalities and contrac-

tures. Assessment included evaluation of their ability to

control active movement. Muscle tone at each joint was

graded on the Ashford scale of 0 (normal) to 4 (affected

parts rigid in flexion or extension).20

Statistical analysis

Prior to all analyses, calculated concentrations of bio-

markers were log-transformed (base 2) to alleviate the

skewness observed in the raw data. Samples outside of

the fitted curve’s range (n¼ 2 extreme outliers above the

normal calibration curve and n¼ 8 missing values) were

also removed. The primary outcomes of interest were

death or any CP (both individually and combined)

among animals that were randomized to treatment.

Descriptive statistics were provided for all study animals.
Associations between initial injury severity and bio-

marker values at different time points in all study animals

were first assessed by fitting linear regressions with robust

standard errors. The mean biomarker concentrations were

compared between the normal/mild group (injury score¼
3) and the moderate/severe group (injury score >3).

The non-UCO animals were then excluded from

treatment analysis. The associations between treatment

(TH/Epo vs. not treated) and biomarker values at dif-

ferent time points were also evaluated using linear

regressions with robust standard errors. Due to sex

imbalance later observed across treatment groups, the

models were adjusted for initial injury score and sex.

Mean biomarker concentrations were compared

between the TH/Epo and not treated groups.
Non-UCO animals were also excluded from analyses

of outcomes. The mean log-transformed biomarker con-

centrations between groups defined by the primary out-

come of interest (death or CP) were first examined, before
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evaluating how well the primary outcome (death or any

CP) was predicted by logistic regressions using (1) initial

injury score only, (2) a single biomarker at one specific

time point only, or (3) a combination of both initial injury

score and the biomarker. In-sample receiver-operator

characteristic (ROC) curves were constructed, in which

the area under the curve (AUC) indicated how well each

model performed at distinguishing UCO animals that

died or had any CP from those that survived or had no

CP. For each assay, the AUC of the model using combi-

nation of both initial injury score and the biomarker was

compared with the AUC of the model using only initial

injury score using DeLong’s Method.21 Similar analyses

were repeated for CP outcome (any CP vs. no CP) among

UCO animals that survived.
Due to data availability and group sizes, the predic-

tiveness of combinations of biomarkers at the same time

points for outcomes were not explored. Statistical sign-

ficance was evaluated at level 0.05 and a Bonferroni-

corrected level for multiple testing22 relevant to each

analysis. Graphical methods were used to assess model

assumption for linear regressions. All statistical analyses

were performed using the R statistical analysis package

version 3.6.3.23

Results

Animal characteristics

The characteristics of 29 study animals are shown in

Table 1. Out of 22 UCO animals, 11 (50%) were not

treated and 11 (50%) were treated with TH/Epo. In the

UCO groups, median UCO times were 20min. One

animal in the untreated group and two in the TH/

Epo group had UCO times of 18min. In the untreated

group, one animal’s UCO was stopped after 8min due

to technical difficulties (Table 1). One control animal

inadvertently had a 9min period of UCO due to com-

plications while placing the umbilical line that delayed

delivery but did not require resuscitation. Median

(IQR) time to intubation was 6min (2.8–9min) in the

untreated group, and 2.3min (1.5–5.8min) in the TH/

Epo group. Neither UCO time nor time to intubation

was statistically different between the two treatment

groups. None of the control animals had moderate/

severe injury, while there were 8 (72.7%) and 10

(90.1%) moderate/severe animals in the untreated

and TH/Epo groups, respectively. Sex was imbalanced

between the two treatment groups, with n¼ 3 (27.3%)

versus n¼ 8 (72.7%) female animals in the untreated

and TH/Epo groups, respectively, and therefore sex

was adjusted in later statistical models.

Biomarkers and intial injury severity

Based on pH, base deficit, and Apgar score at 10min,

11 out of 29 animals were in the normal/mild group,

and 18 animals were in the moderate/severe group.

Results of statistical tests and comparisons of mean

biomarker concentrations between moderate/severe

and normal/mild groups over time are shown

in Figure 1. Noteably, the ratio of mean concentrations

Table 1. Animal characteristics of the three experimental groups.

Control

(n¼ 7)

UCO Animals

UCOþNot Treated

(n¼ 11)

UCOþTH/Epo

(n¼ 11) P-valued

Demographics:

Female – n (%) 4 (57.1%) 3 (27.3%) 8 (72.3%) 0.03

Birthweight (g) – median (IQR) 558 (5,09,599) 625 (5,39,631) 526 (4,95,586) 0.25

Days delivered early – median (IQR) 3.0 (3.0, 4.5) 4.0 (3.5, 5.0) 4.0 (3.0, 4.0) 0.37

UCO (min) – median (range) 0 (0–9) 20 (8–20) 20 (18–20) 0.46

Clinical parameters:

Time to intubation (min) – median (range) – 6 (0–13) 2.3 (0–10) 0.77

Apgar at 10min – median (IQR) 9 (8.0, 9.0) 3 (2.5, 6.0) 3 (2.5, 3.0) 0.38

pH – median (IQR) 7.32 (7.26, 7.34) 7.08 (7.01, 7.13) 7.10 (7.06, 7.18) 0.61

Base deficit (mEq/L) – median (IQR) –2.6 (–6.0, 1.0) –15.1 (–18.2, –12.4) –16.5 (–19.5, –14.5) 0.32

Lactate (mmol/L) – median (IQR)a 1.4 (1.1, 2.0) 10.5 (9.3, 13.3) 11.1 (9.7, 12.3) 0.30

pCO2 (mmHg) – median (IQR)b 43.4 (39.0, 50.4) 44.5 (39.6, 45.7) 39.9 (33.9, 50.8) 0.44

Moderate or severe injury – n (%)c 0 (0%) 8 (72.3%) 10 (90.1%) 0.29

aThere was 1 animal with missing data on lactate, and 1 animal with measure “>20” which was conservatively assumed to be 20.1.
bThere was 1 animal with missing data on pCO2.
cDerivation and classification of injury score was based on pH, base deficit, and apgar score at 10min. Animals with a score of 3 were assigned to the

normal/mild group, with animals scoring >3 assigned to the moderate/severe group.
dP-values were included from two-sample t-tests to assess the differences in baseline characteristics between between UCOþTH/Epo animals and

UCOþNot Treated aninmals.
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between the moderate/severe group and the normal/mild

group was 0.52 (95% confidence interval (CI) of [0.37,

0.74]) for IL-17 at 6h, and 0.51 (95% CI of [0.37, 0.70])

for MDC at 72h. These results were significant even after

being adjusted with a highly-conservative Bonferroni-

corrected threshold to account for 120 multiple tests.

Figure 2 shows the distribution of MDC and IL-17 over

time by intial injury severity for all study animals.

Treatment and cytokine dynamics

The mean concentrations of biomarkers at different

time points were compared between the UCOþTH/

Epo group and the UCO untreated group and adjust-

ed for the potential confounding effects of initial

injury and sex. Results of statistical tests and compar-

isons of mean concentratrions between the

UCOþTH/Epo and untreated UCO groups over

time are shown in Figure 3. Results were statistically

significant at the Bonferroni-corrected level for MCP-

4 at 3 h, 6 h, and 24 h, and for MDC at 72 h. On aver-

age, animals in the TH/Epo group had higher levels

of MCP-4 at 3 h and 6 h, and lower levels at 24 h,

compared to those in the untreated group. The ratio

(95% CI) of mean concentrations of MCP-4 between

the TH/Epo group and the untreated group was esti-

mated to be 2.00 (1.42, 2.82) at 3 h, 2.20 (1.50, 3.23) at

6 h, and 0.42 (0.21, 0.84) at 24 h. For MDC at 72 h,

the ratio (95%) of mean concentrations was 0.63

(0.50, 0.78). Corresponding results were 1.96 (1.36,

2.84) for MCP-1 at 72 h, and 0.47 (0.31, 0.71) for

IL-8 at 24 h. Figure 4 shows the distributions of

MCP-4, MDC, MCP-1, and IL-8 over time by treat-

ment group for all study animals.

Cytokine dynamics and neurodevelopmental

outcome in UCO animals

Six month outcomes among the 22 UCO animals with

respect to death or death/any CP varied by initial

injury score. None of the 4 animals with an injury

score of 3 (lowest score) died or had CP, while all 5

animals with an injury score of 6 (maximum possible

score) died or had CP. None of the 4 animals with a

score of 4 died, but 2 (50%) had CP. Out of 9 animals

with injury score of 5, 3 (33%) died and 4 (44%) had

Figure 1. Comparing mean concentrations by initial injury severity groups among study animals. The associations between the mean
log-transformed concentration of each biomarker at each time point and initial injury group (moderate/severe vs. normal/mild) were
assessed using linear regressions with robust standard errors. An estimated ratio >1 indicates that the mean concentration in the
moderate/severe group was higher than the mean concentration in the normal/mild group, and vice versa. Statistical signficance was
evaluated using both an undajusted level of 0.05 and a conservative Bonferroni-corrected level (0.05 divided by 120 tests).
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CP. The primary outcome was similar between treat-
ment groups (UCO with and without TH/Epo treat-
ment), with 7 out of 11 (64%) animals in each group
dying or surviving with CP.

We first compared the mean log-transformed con-
centrations between groups defined by the primary out-
come of interest in unadjusted linear regressions, and
the results are shown in Figure 5. In UCO animals who

Figure 2. MDC and IL-17 by initial injury severity over time. Distributions of MDC (left) and IL-17 (right) over time, including initial
cord blood, by initial injury group. Numbers in square brackets indicate number of animals from which data was available at each time
point in the Mild/Normal (first number) and Moderate/Severe (Second number) groups.

Figure 3. Comparing mean concentrations in treatment groups among UCO animals. The associations between the mean log-trans-
formed concentration of each biomarker at each time point and treatment group (TH/Epo vs untreated) among UCO animals were
assessed using linear regressions with robust standard errors. An estimated ratio >1 indicates that the mean concentration in the TH/
Epo group was higher than the mean concentration in the untreated group after adjustment for initial injury and sex. Statistical
signficance was evaluated using both an undajusted level of 0.05 and a conservative Bonferroni-corrected level (0.05 divided by 120 tests).
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died or survived with CP, IL-12p40 levels were lower at

24 h and 72 h, and these results were statistically signif-

icant at the Bonferroni-corrected threshold. For each

biomarker at each timepoint, in-sample ROC curves

were generated to assess the performance of initial

injury severity score alone, biomarker alone, or com-

bined, at predicting the primary outcome of death or

any CP. Figure 6 shows these AUC comparisons.

When analyzing all 22 UCO animals, the AUC result-

ing from a logistic model using only initial injury score

was 0.88, which suggested that the severity of the initial

injury alone was a good predictor of the primary out-

come. In general, using only a single biomarker

resulted in poor classification of primary outcome.

IL-12p40 at 24 h and 72 h alone was relatively good

at predicting the primary outcome; however, IL-

12p40 did not add to the predictive performance of

the initial injury severity. Though some biomarkers

added apparent improvement to the overall predictive-

ness, none of these results were significant at level 0.05.
Supplemental Figure 1 and Figure 2 show compar-

isons of the unadjusted mean ratios as well as the

AUCs when either initial injury severity alone, bio-

marker alone, or their combination, was used to predict

CP among the 15 UCO animals who survived. A few

biomarkers substantially improved the AUC, e.g. MIP-

1a, IFN-c, IL-10, and IL-8 at 24 h. However, these

results were not statisticially significant at level 0.05.

Discussion

Perinatal hypoxia-ischemia is a common cause of neo-

natal encephalopathy in term infants, often called HIE,

a condition associated with significant risk of death or

long-term disability. Sequelae of moderate to severe

HIE include intellectual disability, CP, hydrocephalus,

seizures, and death. Loss of productivity, dependency,

recurrent use of medical and rehabilitation services,

and reduced life expectancy all exacerbate the

burden.24 Research directed at neuroprotection for

children with these conditions is hampered by a lack

of sensitive and specific biomarkers with which to pre-

dict outcomes and response to potential therapies.

Using an NHP model of term HIE, we show for the

Figure 4. MCP-4, MDC, MCP-1, and IL-8 by treatment group over time. Distributions of MCP-4, MDC, MCP-1, and IL-8 over time,
including initial cord blood, by treatment group, including non-UCO animals. Numbers in square brackets indicate number of animals
from which data was available at each time point in the Control (first number), untreated UCO (middle number), and TH/Epo (right
number) groups.
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first time that certain circulating cytokines/chemo-
kines, particularly the IL-12p40 subunit and chemo-
kines associated with the monocyte cell lineage, are
associated with severity of injury and treatment with
TH/Epo. However, no cytokine or chemokine at any
timepoint was able to significantly improve prognostic
accuracy above the use of basic clinical parameters,
and further work is required to determine whether
these potential biomarkers have clinical promise.

The goal of this study was to track multiple putative
immune markers over time after UCO in NHPs in a
hypothesis-free manner in order to determine whether
it was possible to identify biomarkers of injury, treat-
ment response, and long-term neurodevelopmental
outcome. Of particular note was the fact that early
clinical markers (pH, base deficit, and 10-min Apgar
score) were associated with a number of differences in
biomarker levels, as well as highly predictive of long-
term outcome. The latter finding is in slight opposition
to the clinical HIE literature, where these parameters
are used as inclusion criteria for TH but tend to have
poor long-term predictive value compared to other
indicators such as clinical magnetic resonance imaging

or EEG.4 This is likely partly due to the controlled
nature of the model, which is a pure acute hypoxic-
ischemic insult with known timing relative to the clin-
ical measurements. From animal models, it is known
that a defined injury produced by a discrete hypoxic-
ischemic insult will evolve through discrete stages
including primary and secondary energy failure, cell
death, inflammation, and late repair.25 By comparison,
many factors can influence the outcome of clinical HIE
including the duration and severity of injury, brain
maturity at time of injury, as well as the general con-
dition of the maternal-infant pair prior to the injury
(nutrition, hypoxic preconditioning, infection, stress,
etc.).26–31 When a baby is born with evidence of HIE,
most of these factors are unknown, resulting in greater
variability in the available clinical parameters that can
be measured before the onset of cooling. Therefore,
circulating peripheral immune markers associated
with the severity of the insult may have greater utility
in the clinical setting compared to biochemical param-
eters that can change rapidly as the infant is stabilized.

Two notable differences in biomarker levels based
on severity of initial injury were an approximately

Figure 5. Comparing mean concentrations in primary outcome groups among UCO animals. The ratios of the mean log-trans-
formed concentration of each biomarker at each time point between UCO animals that died or had any CP and UCO animals that
survived and had no CP, were assessed using linear regressions with robust standard errors. An estimated ratio >1 indicates that the
mean concentration in the death/any CP group was higher than the mean concentration in those who survived without CP.
Statistical signficance was evaluated using both an undajusted level of 0.05 and a conservative Bonferroni-corrected level (0.05
divided by 120 tests).
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50% decrease in IL-17 at 6 h and MDC at 72 h in the
moderate/severe group compared to the normal/mild
group. IL-17 is a cytokine produced by T helper (Th)
17 cells, as well as other T cell lineage including cd T
cells and natural killer (NK) cells.32 Mean levels of IL-
17 were consistently, though not always significantly,
lower in the moderate/severe injury group at every time
point (Figure 2). To our knowledge, this is the first time
that IL-17 has been measured in a preclinical model in
HIE, with data also lacking in the clinical literature.
MDC, also known as C-C motif chemokine 22
(CCL22), is a chemokine secreted by macrophages
and dendritic cells that is both constitutively and
actively expressed. While MDC has been associated
with increased cellular recruitment and inflammatory
responses in preclinical models of peripheral injury
such as lung injury after hemorrhage and resuscita-
tion,33 its association with acute brain injury, particu-
larly in the neonate, is less clear. We found that MDC
was significantly decreased at 72 h in animals with
moderate/severe initial injury. Similar to IL-17, no
published data on MDC in models of HIE appears to
exist. However, in one small clinical study of adults
with acute ischemic stroke, levels of MDC 24 h and

72 h after the injury were inversely correlated with
stroke severity, similar to what was seen with initial
injury severity in our model.34 As the combination of
TH/Epo has previously been shown to be neuroprotec-
tive in this model,8 the fact that TH/Epo suppressed a
cytokine negatively associated with severity of injury is
therefore unexpected. Finally, TH/Epo treatment was
associated with almost immediate changes in MCP-4,
also known as chemokine ligand 13 (CCL13), which is
a chemoattractant for monocytes and eosinophils and
can stimulate degranulation of basophils.35 Here,
MCP-4 was initially increased by TH/Epo treatment
at 3 h and 6 h, suggesting an early effect of the treat-

ment on the immediate peripheral immune response to
injury. However, due to the design of the study we were
not able to determine whether one aspect of TH/Epo
treatment, or the combination of TH/Epo, resulted
in these changes, and greater exploration of whether
IL-17, MDC, and MCP-4 are clinically-meaningful
markers of injury in neonatal HIE is required.

One of the most pressing requirements for biomark-
er development in HIE is to assist in the prediction of
long-term outcomes, both to help provide information
for clinician and family members, as well as to better

Figure 6. In-sample ROC for predicting outcome of death or any CP among UCO animals. The AUCs were calculated for in-sample
ROC curves generated from logistic regression models using initial injury alone, biomarker alone, or their combination, to predict the
primary outcome of death or any CP among UCO animals. For each assay, the p-value, if possible to be calculated, evaluated whether
the model using a combination of biomarker and initial injury score can lead to a statistcally significant improvement in AUC compared
to the model using only initial injury score to predict death or any CP.
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determine pathways of care including transition to pal-
liative care. As mentioned above, the degree of initial
injury as assessed by clinical parameters was highly
predictive of long-term outcome. This was particularly
the case when using death/CP as a dichotomous out-
come. However, one cytokine appeared to have strong
predictive value for long-term outcome – the IL-12
subunit p40. At 24 h and 72 h, IL-12p40 was signifi-
cantly lower in animals who died or had CP compared
to those without CP. When only looking at survivors,
IL-12p40 was also significantly predictive of CP, par-
ticularly at 72 h. IL-12p40 is the b chain of the IL-12
heterodimer, and also forms part of the IL-23, IL-27,
and IL-35 heterodimers.36 Though p40 can have pro-
inflammatory signaling properties, it can also antago-
nize IL-12.36,37 As such, increased p40 in animals with
a good outcome may be due to its counterregulatory
activity, preventing an excessive inflammatory
response. However, while IL-12p40 levels remain a
promising biomarker of injury, adding IL-12p40
levels to clinical markers did not improve prediction
of long-term outcome. Further work is required to
determine whether IL-12p40 levels, as well as other
cytokines such as IFN-c, IL-8, and IL-10, in infants
with HIE can assist in the prediction of long-term out-
comes above current imaging, physiological, and clini-
cal assessments.

This study has a number of limitations. Due to the
relatively small group sizes, we were not able to detect a
significant effect of TH/Epo on long-term outcome;
however, the study was powered to determine biomark-
er responses to therapy rather than changes in
long-term outcomes after treatment. Though we have
previously described a neuroprotective effect of TH/
Epo in this model,8 not all of the preclinical data
regarding combined TH/Epo treatment in models of
HIE is positive, with some studies suggesting either
non-additive or minimal increases in neuroprotection
when adding Epo to TH.38–41 Importantly, however,
this question is currently being explored in multiple
clinical trials such as the HEAL (High-dose
Erythropoietin for Asphyxia and Encephalopathy)
and EDEN (Erythropoietin and Darbepoetin in
Neonatal Encephalopathy) trials. The nature of the
study design and small group sizes also resulted in lim-
itations regarding the analysis procedures. For
instance, in order to create a single control group for
baseline injury, animals with minimal clinical evidence
of injury were combined with unexposed controls,
which may have masked any effect of mild asphyxia
on later chemokine/cytokine levels. However, given
the ability of clinical parameters to predict long-term
outcomes in this study, we do not believe that this will
have had a large effect on the results of those analyses.
The lack of separate TH and Epo groups is also a

limitation with respect to determining the treatment-
specific effects on injury or biomarker responses.
Additionally, while no animals showed signs of clinical
infection, we cannot rule out the effect of occult infec-
tions on cytokine and chemokine dynamics.

In some linear regression models, graphical assess-
ments of residuals also showed mild to moderate viola-
tion of normality assumption, which signified that these
results should be taken with caution due to the small
sample size and potential confounding variables that
we did not include. Though non-parametric approaches
might be more appropriate considering the nature of
some of the data, these were not chosen, largely due to
the small sample size and covariate adjustment.
Although the study design included randomization of
animals, pre-randomization of animals to groups
before C-section unfortunately resulted in a sex imbal-
ance among the UCO animals, which was therefore
adjusted for in all UCO analyses. Due to the large
number of biomarkers tested and the number of time
points, as well as comparisons by initial injury, treat-
ment, and outcome, it was highly likely that differences
might be found by chance. As such, we employed strict
Bonferroni corrections to adjust for multiple compari-
sons, which conversely may have increased the risk of
type II error. This is particularly pertinent to the use of
cytokines to improve prediction of long-term outcome
when used in addition to clinical markers. When com-
bined with clinical parameters, some AUCs including
individual cytokines were close to 1, and unadjusted p-
values compared to the model using only initial injury
score were 0.05 for IFN-c, IL-8, and IL-10 at 24 h
(Figure 6). The use of in-sample ROC might also be
overly optimistic in terms of prediction; however, the
small sample size did not allow for more robust strate-
gies such as cross-validation. These data are in line with
previous publications in infants withHIE in which levels
of IL-8 and IL-10 6 to 24 h after birth were associated
with outcomes at 15–18months of age and severity of
injury on early imaging, respectively.42,43

Though group sizes and lack of a priori hypotheses
to guide the building of predictive models prevented us
from being able to combine multiple biomarkers to
predict long-term outcome, there remains the possibil-
ity that measuring multiple cytokines around 24 h after
birth could provide a model for predicting both short-
term and long-term outcomes in infants undergoing
active treatment for HIE as well as identifying those
with milder HIE not undergoing treatment with TH
but who are at greater risk of poor outcomes.
Though none have yet translated to clinical practice,
a number of promising biomarkers of HIE remain in
development. The most well-described is perhaps
plasma Tau,44 with metabolomic analyses of the tryp-
tophan/kynurenine pathway,45 plasma-type gelsolin,46
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serum neurofilament light,47 serum 24S-hydroxycholes-
terol,48 and plasma osteopontin49 also receiving recent
attention in various models or types of neonatal and
pediatric brain injury and holding significant promise
for investigation in both large animal models and
human infants with HIE. Though the search for circu-
lating biomarkers in HIE still continues, physiological
measurements such as continuous EEG or amplitude-
integrated EEG (aEEG) are already being implemented
clinically and have shown a robust ability to assist in
long-term outcome prediction in the era of TH,50–52 as
well as having significant promise for automated anal-
ysis and combination with other physiological meas-
urements such as near-infra-red spectroscopy (NIRS)
to examine neurovascular coupling.53–55 We and others
have also shown that monitoring of physiological tem-
perature responses may provide an additional prognos-
tic biomarker in both low and high resource
settings.56,57 While the absence of EEG or continuous
physiological monitoring is another limitation of our
study, we have previously found that EEG monitoring
did not improve outcome prediction above the use of
clinical parameters in this model,8 which is why those
were the focus of baseline injury assessment.

In summary, using an NHP model of term neonatal
HIE, we show a number of alterations in circulating
chemokines based on severity of injury and response to
therapy with TH/Epo. This was particularly the case
with chemokines associated with the peripheral mono-
cyte cell lineage, which to date have received little
attention in the field of neonatal HIE and warrant fur-
ther investigation. As no cytokine or chemokine was
able to significantly improve prognostic accuracy
above the use of basic clinical parameters, further
work is required to determine whether these proteins
have promise as clinical biomarkers.
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