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ORIGINAL ARTICLE

Chemokine CCL18 predicts intraventricular hemorrhage in very
preterm infants

HANNA KALLANKARI!, TUULA KAUKOLA!, MARJA OJANIEMI!, RIITTA HERVA?,
MARJA PERHOMAA?, REETTA VUOLTEENAHO!, STEPHEN F. KINGSMORE* &
MIKKO HALLMAN!

Unstitute of Clinical Medicine, Department of Pediatrics, University of Oulu, FIN-90014, University of Oulu, Finland,
2Institute of Clinical Medicine, Department of Pathology, University of Oulu, Finland FIN-90014, 3Institute of Clinical
Medicine, Department of Radiology, University of Oulu, FIN-90014, Finland, and *National Center for Genome
Resources, Santa Fe, New Mexico, USA

Abstract

Background. Intraventricular hemorrhage (IVH) in very preterm infants is @ common disease associated with long-term
consequences. Risk factors of IVH remain to be further defined.

Aims. To determine whether specific immunoproteins at birth predict the risk of IVH and whether their receptors are
localized at the bleeding site.

Methods. A prospective cohort consisted of 163 infants born before 32 weeks of gestation. Altogether 107 cord blood
immunoproteins and 12 cytokines from peripheral blood obtained 1 and 7 days after birth were analyzed. Serial brain
ultrasounds were assessed. Immunohistochemistry of a chemokine receptor from 14 autopsies was studied.

Results. Low levels of cord chemokine CCL18 (chemokine (C-C motif) ligand 18) robustly predicted the risk of IVH grade
II-IV when ante- and neonatal risk factors were considered. Cord CCL18 increased from 32 weeks to term. During the
first week after very preterm birth CCL18 increased as the risk of new IVH cases decreased. CCL18 receptor, CCR3, was
detectable in choroid plexus, periventricular capillary endothelium, ependymal cells, and in germinal matrix.

Conclusion. Low cord blood CCL18 is an independent risk factor of IVH. CCL18 may inhibit signal transduction of its
receptor in periventricular cells. Defining the function and regulation of CCL18 may help to decrease the risk of IVH.

Key words: CCL18, CCR3, chorioamnionitis, cord blood cytokines, GM-CSE IL-4, IL-6, IL-8, intraventricular hemorrhage,
periventricular cells

Introduction ependyma into one or both lateral ventricles (IVH

Intraventricular hemorrhage (IVH) is a major brain
injury in very preterm infants linked to subsequent
neurodevelopmental disabilities (1). The pathogenesis
of IVH is multifactorial. Fragility of germinal matrix
(GM) vasculature and deficient autoregulation of
cerebral blood-flow are among the proposed factors
leading to GM hemorrhage (IVH grade I) (2,3).
Cerebral hypoxia-ischemia/reperfusion can addition-
ally perturb cerebrovascular blood-flow injuring GM
vessels (2,4). Hemorrhage may rupture through the

grade II) and cause ventricular dilatation (IVH grade
III). Finally, intraventricular hemorrhage may obstruct
the blood-flow in the terminal veins coursing through
the GM, resulting in hemorrhagic venous infarction
(IVH grade IV) (1,3). In most cases, IVH is evident
by 72 hours after birth, and the extent of the injury
is detected within the first postnatal week (2). Higher
grades (II-IV) of IVH are associated with poor neu-
rodevelopmental outcome, whereas follow-up results
of IVH grade I are inconclusive (2,5-8).
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Key messages

e Low concentration of chemokine CCLI18
(chemokine (C-C motif) ligand 18) in cord
blood is an independent risk factor of intraven-
tricular hemorrhage in very preterm infants.

e CCLI18 is an inhibitory ligand of CCR3
receptor that was detectable at the bleed-
ing site. Understanding the function and
factors that control the ontogeny of CCL18
may contribute towards prevention of this
serious disorder.

Risk factors for IVH in preterm infants include
very low gestational age, vaginal birth, and intrauter-
ine infection (1). Extension of histologic chorioam-
nionitis (HCA) to the fetal compartment may be
detrimental to the fetus. Indeed, according to several
studies fetal inflammatory response syndrome,
defined by umbilical vasculitis (9) or increased cord
serum proinflammatory cytokines (10), predicted
the risk of IVH (11,12). However, association
between fetal inflammation and IVH has not been
confirmed in all studies (13,14).

Among postnatal factors, severity of clinical
illness, fluctuation of arterial blood pressure (BP),
deficient autoregulation of cerebral blood-flow,
hypercapnia, respiratory distress syndrome (RDS),
positive pressure ventilation, pneumothorax, and
coagulation disorders have been associated with IVH
(1,5). On the other hand, intrauterine growth restric-
tion and antenatal corticosteroids have been identi-
fied to be protective against IVH (15,16).

Besides structural immaturity and functional
deficits in the cerebral hemodynamics, cytokines,
hormones, and growth factors may influence defense
against IVH (17). Specific receptors and their ligands
appear to influence normal brain development and
neuropathology depending on the maturity and envi-
ronmental stresses (18). To that end, the aim of the
current study was to determine whether cord serum
immunoproteins would predict risk of IVH among
a cohort of very preterm infants. In addition, brain
tissue was investigated to localize a corresponding spe-
cific signaling receptor in periventricular cells. Here
we describe a novel chemokine restricted to primates
with potential of influencing the risk of IVH.

Materials and methods
Study population

The study population consisted of infants born
alive before 32 weeks of gestation at Oulu Univer-
sity Hospital from November 1998 to November

Abbreviations

BP blood pressure

CART classification and regression trees

CCL18 chemokine (C-C motif) ligand 18

CCR3 chemokine (C-C motif) receptor 3

CRIB clinical risk index for babies

ELGAN extremely low gestational age new-born
(<28 weeks)

GA gestational age

G-CSF granulocyte colony-stimulating factor

GM germinal matrix

GM-CSF granulocyte-macrophage  colony-stimulating
factor

HCA histologic chorioamnionitis

IL interleukin

IVH intraventricular hemorrhage

LR logistic regression

OR odds ratio

PDA patent ductus arteriosus

RDS respiratory distress syndrome

ROC receiver operating characteristic

TNF-a tumor necrosis factor-o

VLGA very low gestational age (<32 weeks)

2002. The data set of the prospective cohort has
been previously described (19). The study protocol
was approved by the ethics committee of Oulu Uni-
versity Hospital. Written informed consent was
obtained from the parents.

Very low gestational age (VLGA, <32 weeks)
infants who died after birth (z=18) or had serious
congenital disease or malformation syndrome (7=0)
were excluded. Additionally, infants were excluded if
the umbilical cord blood sample was not available
(n=42), parents refused to participate in the study
(n=6), or no follow-up data were available (n=3).
A total of 163 infants out of 232 were enrolled. Ges-
tational age (GA) was confirmed by ultrasound before
20 weeks of gestation. In addition, cord blood was
analyzed from 33 term-born infants. The sera from
these low-risk infants were obtained without identifi-
cation of the individuals or obtaining a consent. Sup-
plementary Table I lists the prospectively collected
antenatal and early neonatal data selected for the
analysis of the factors influencing the risk of IVH.

Brain imaging

Cranial ultrasound screening was performed using
HDI 5000 (Advanced Technology Laboratories
Ultrasound, Botwell, WA) with a curved-array 5-8
MHz transducer. According to the protocol, the
infants underwent serial brain ultrasound assess-
ments at the following ages: 1-3 days, 1, 2, and 4
weeks, and thereafter every 4 weeks until discharge
or at term. Examinations were performed by a pedi-
atric radiologist, and the results were reviewed
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afterwards by a research radiologist (M.P.) without
knowledge of the clinical data. Intraventricular
hemorrhage was classified using standard criteria
(3), and the most severe grade was included in the
present analysis. Early IVH was defined as IVH
diagnosed within 3 days of life.

Analysis of immunoproteins

Cord blood. For measurement of the 107 proteins
presented in Supplementary Table II, cord serum
was separated by centrifugation and stored at —70°C.
Concentrations of the cytokines were analyzed using
antibody-based protein microarrays with DNA
amplification (20) and expressed as fluorescence
units (FU).

Blood sample after birth. Two peripheral samples of arte-
rial blood were collected on day 1 and 7 after birth.
Ethylenediaminetetraacetic acid (EDTA) plasma
specimens were separated and stored at —70°C. The
analysis of the following cytokines was performed using
the Cytometric Bead Array Kit (BD Biosciences, San
Diego, CA): interleukin (IL)-18, IL-2, IL-3, 11.-4, IL-6,
IL-8, IL.-10, IL-12p70, eotaxin, granulocyte colony-
stimulating factor (G-CSF), granulocyte-macrophage
colony-stimulating factor (GM-CSF), and tumor
necrosis factor (TNF)-o. (125 patients). Distinct
fluorescence intensities for the specific proteins were
measured with flow cytometry together with the BD™
CBA Software (BD Biosciences).

Quantitative analysis. Concentrations of chemokine
(C-C motif) ligand 18 (CCL18) in cord blood and in
plasma on day 1 and 7 after very preterm birth (23
patients with all available specimens) and in cord
blood at term (4 specimens) were measured using
Duoset ELISA (R&D Systems Inc., Minneapolis,
MN) according to the manufacturer’s instructions.
The concentrations measured by enzyme-linked
immunosorbent assay (ELISA) correlated with the
values obtained by antibody-based protein microarray
with DNA amplification (r=0.704).

Placental pathology

Placentas (n=159) were fixed in 10% neutral buff-
ered formalin immediately after birth. The rim of the
membranes was taken from the site of membrane
rupture. The umbilical cord specimens were obtained
from the fetal and placental sides and from midway
between the sides of insertion. A full-thickness spec-
imen of placental parenchyma was taken from mid-
way between the umbilical cord insertion and the
placental margin. For histologic examination, paraf-
fin blocks were cut into 5-um slices and stained with

hematoxylin-eosin. Histologic chorioamnionitis was
defined according to the criteria of Salafia et al. (21).
The placentas were evaluated by a single pathologist
(R.H.) without any knowledge of clinical data.

Immunohistochemistry of the brain

Nine preterm and five term infants who died between
1998 and 2008 were included in the study to detect
the cellular localization of chemokine (C-C motif)
receptor 3 (CCR3). Seven of the preterm infants
were born between 23 and 27 weeks of gestation and
two infants between 31 and 32 weeks. The primary
causes of death were IVH (n=3), RDS (n=2), sep-
ticemia (n=2), severe asphyxia due to placental
abruption (n=1), and pericardium tamponade
caused by hydrops fetalis (z=1). Causes of death of
the full-term infants included septicemia (z=1) and
perinatal asphyxia (n=4).

The formalin-fixed, paraffin-embedded blocks of
representative brain tissue were cut into 4-um slices,
deparaffinized, and rehydrated. The antigen retrieval
was done in a microwave oven in Tris-EDTA buffer,
pH 9. Endogenous peroxidase activity was inhibited
with peroxidase-blocking solution (DAKO, Glostrup,
Denmark). The sections were incubated with 1:100
dilution of rabbit anti-human CCR3 polyclonal anti-
body (AHP1010, manufactured by AbD Serotec,
Dusseldorf, Germany). CCR3 detection was done
using the DakoCytomation kit (DAKO), and the
samples were stained with DAB substrate (DAKO).
The specificity of the antibody was confirmed by opti-
mization of the immunohistochemical staining condi-
tions on positive control tissues (liver and spleen).

Statistical analysis

Classification and regression trees (CART) was
used as a primary evaluation to identify the major
risk factor(s) for IVH grade II-IV. We used a con-
servative application of CART that is not affected
by problems of multiple testing. The details of the
test were explained previously (19). Further statis-
tical analyses were performed using the SPSS 15.0
program (SPSS Inc., Chicago, IL). Spearman’s
rank correlation test was used in order to find out
the associations between independent variables
and IVH. Receiver operating characteristic (ROC)
was used to evaluate the cut-off point of the best
sensitivity and specificity for the predicting vari-
able. Categorical variables were assessed using the
chi-square test or Fisher’s exact test. Differences
in continuous variables between two outcome
groups (IVH grade II-IV versus no IVH or IVH
grade I) were studied using the Mann-Whitney U
test. Stepwise logistic regression (LR) was used as
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a secondary analysis to evaluate covariates as inde- Table I. Characteristics of the study group (n=163).
pendent predictors for dependent variable. All tests

X o o Variable
were two-tailed. Statistical significance was set at
P < 0.05 HCA® 64 (40.3)®
T Antenatal steroid? 140 (85.9)

Vaginal delivery? 47 (28.8)

Results Gestational age (week)® 29.1 (23.3-31.9)
Birth-weight (g)°© 1170 (370-2295)

Chinical characteristics ELGAN® 49 (30.1)
Male® 85 (52.1)

The clinical characteristics of the study population RDS? 105 (64.4)

are presented in Table I. Differences in clinical fac- PDA?® 44 (27.0)

tors between infants with IVH grade II-IV compared IVH .

to infants with no IVH or IVH grade I are shown in gi:jz - ‘11?) E271')6 )

Table II. Among the cohort, 23 (14%) infants had Grade IIT* 8 (4.9)

IVH grade II-1IV. Intraventricular hemorrhage grade Grade IV? 5 (3.1)

II-IV was more common in extremely preterm Early IVH (»=160)

infants (gestation <28 weeks) (14/49; 29%) com- Grade r 18 (11.0)

pared to infants born =28 weeks of gestation (9/114; gi:jz EP Z Eé‘z;

8%) (P=0.001). A total of 12 infants (52%) of the Grade IV® 4(25)

23 who developed IVH grade II-1V did so within the ]

first 3 days of life (early IVH). ?Data are given as frequency; n (%).

PA total number of placentas examined (7=159), 4 missing
cases.

‘Data are given as median (minimum-maximum).
ELGAN=extremely low gestational age new-born; HCA=
histologic chorioamnionitis; IVH =intraventricular hemorrhage;

Of the 107 cord serum proteins, chemokine CCL18 PDA=patent ductus arteriosus; RDS=respiratory distress
emerged as the only cytokine associating with IVH syndrome.

grade II-IV in CART. Infants with IVH grade 11—

IV had a lower median level of cord serum CCL18 without IVH and those with IVH grade I (median
compared to infants with no IVH or IVH grade 1 6470 FU versus 6472 FU, P=0.666). Term-
(4060 FU versus 6471 FU, P=0.002). There was no born infants had a higher median level of CCL18
difference in CCL18 concentration between infants compared to very preterm infants (10097 FU versus

Chemokine (C-C motif) ligand 18 and intraventricular
hemorrhage

Table II. Differences of clinical factors in univariate analyses between two outcome groups.

Factor IVH grade II-1IV (n=23) No IVH or IVH grade I (n=140) P-value®
HCAP 13 (56.5) 51 (37.5) 0.085¢
Funisitis® 6 (26.1) 27 (19.9) 0.495¢
Pre-eclampsia® 5 (21.7) 37 (26.4) 0.634¢
Antenatal steroid® 18 (78.3) 122 (87.1) 0.257¢
Vaginal delivery® 9 (39.1) 38 (27.1) 0.240¢
GA (wk)d 27.7 (25.1-28.9) 29.6 (27.9-30.9) <0.0001¢
SGAP 4 (17.4) 34 (24.3) 0.600f
5 min Apgar scored 6 (5-7) 7 (6-8) 0.023¢
First 12 h, CRIB score? 9.00 (3-11) 2 (1-5) <0.0001¢
First 24 h, lowest mean BP (mmHg)¢ 21 (16-24) 27 (23-31) <0.0001¢
First 24 h, highest paCO, (kPa)? 6.5 (5.7-7.6) 6.1 (5.2-7.1) 0.117¢
RDSP 23 (100) 82 (58.6) <0.0001f
PDAP 15 (65.2) 29 (20.7) <0.0001¢
CCLI18 (FU)4 4060 (3078-5866) 6471 (4796-7670) 0.002¢

3P < 0.05 was considered as significant.

bData are given as frequency; n (%).

cPearson chi-square test.

dData are given as median (25th—-75th percentiles).

¢Mann-Whitney U test.

fFisher’s exact test.

BP=blood pressure; CCL18=chemokine (C-C motif) ligand 18; CRIB=clinical risk index for babies; FU=fluorescence units;
GA=gestational age; HCA=histologic chorioamnionitis; IVH=intraventricular hemorrhage; PDA=patent ductus arteriosus;
RDS =respiratory distress syndrome; SGA =small for gestational age.
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6053 FU, P < 0.0001). However, in very preterm
infants gestational age did not associate with CCL18
(P=0.667). There was no detectable association
between CCL18 and HCA or funisitis.

As CCL18 expression was previously shown to
be induced by GM-CSF and IL-4 in monocyte-
derived dendritic cells (22), the possible associations
between these three cytokines were further studied.
Correlations between CCL18 and I1.-4 (P=0.02,
Spearman’s correlation with Bonferroni correction)
and between IL.-4 and GM-CSF levels (P < 0.0001)
were evident. Similar to CCL18, the cord serum
concentrations of IL.-4 and GM-CSF were lower in
very preterm infants than in infants born at term
(P < 0.0001). Neither these two cytokines, common
proinflammatory cytokines (IL-10, IL-1f3, IL-6, IL-8,
TNF-0), nor any of the other cord blood proteins
analyzed showed association with IVH grade II-
IV (Spearman correlation, ROC analysis), whereas
CCL18 (cut-off value 4969 FU) predicted the risk
of IVH grade II-IV with a specificity of 73% and
a sensitivity of 74% (area under ROC-curve 0.72,
P=0.002) (Figure 1).

In the LR model (covariates: CCL18 <4969 FU
and GA <28 wk) CCLI18 independently predicted
IVH grade II-IV (OR 7.6; 95% confidence interval
(CI) 2.5-23.0, P < 0.0001). Gestational age had no
significant effect. Further, CCL18 remained an inde-
pendent risk factor for IVH grade II-IV (P=0.001)
when ante- and neonatal risk factors associating
with IVH grade II-IV in univariate analyses were
considered (Tables IT and III). Together with CCL18,

0.8 1

o
[=1]
I

Sensitivity

o
»
AL

0.2 1

0 0.2 0.4 0.6 0.8 1
1-5pecificity

Figure 1. Receiver operating characteristic (ROC) curve showing

the cord blood concentration of CCL18 in prediction of the risk

of intraventricular hemorrhage grade II-IV. Low level of CCL18

in cord blood (cut-off value 4969 fluorescence units) predicted

IVH in very preterm infants with a sensitivity of 74% and a
specificity of 73% (area under ROC curve 0.72, P=0.002).

Table III. A multiple logistic regression model shows independent
risk factors of IVH grade II-IV.

Odds ratio
Predictor (95% confidence interval) P-value?
CCL18 7.7 (2.2-27.0) 0.001
Low mean BP 4.6 (1.3-16.5) 0.019

Covariates: CCL18 < 4969 FU, gestational age < 28 weeks, 5 min
Apgar score < 7, clinical risk index for babies > 4, lowest mean
blood pressure (BP) < 25 mmHg, respiratory distress syndrome,
patent ductus arteriosus.

2P < 0.05 was considered as significant.

the lowest mean BP during the first day of life addi-
tively predicted IVH grade II-IV. In an additional
comparison, cases with IVH grade I were excluded.
In this LR model (CCL18 <4969 FU, GA <28 wk,
RDS, PDA, 5 min Apgar <7, CRIB score >4, and
lowest mean BP <25 mmHg), CCL18 remained a
significant, independent risk factor for IVH (OR 8.1;
95% CI 2.1-31.5, P=0.002).

Subgroup analysis

Infants born before 28 weeks of gestarion. In this popu-
lation, HCA associated with IVH grade II-IV
(P=0.005). In the LR model (CCL18 <4969 FU,
HCA, and GA <27.1 wk), HCA (OR 54.4; 95% CI
3.1-954.2, P=0.006) and CCL18 (OR 24.0; 95%
CI 2.1-270.0, P=0.01) independently predicted
IVH grade II-IV. Histologic chorioamnionitis and
CCL18 remained significant, independent risk fac-
tors when other clinical variables associating with
IVH grade II-IV (mode of delivery, CRIB score, the
lowest mean BP, and PDA) were included in the
analysis (data not shown).

Early intraventricular hemorrhage. Infants with early
IVH grade II-IV had lower median levels of cord
serum CCL18 (4099 FU versus 6203 FU,P=0.026)
and GM-CSF (554 FU versus 663 FU, P=0.034)
and a higher level of IL-8 (7199 FU versus 3686 FU,
P=0.042), compared to infants without early IVH

Table IV. A multiple logistic regression model shows independent
risk factors of early IVH grade II-IV.

Odds ratio
Predictor (95% confidence interval) P-value?
CCL18 14.5 (2.4-88.2) 0.004
GM-CSF 7.7 (1.4-41.2) 0.017
Low mean BP 11.2 (1.8-70.5) 0.01

Covariates: CCL18 < 4969 FU, GM-CSF < 596 FU, IL-8 > 5847
FU, gestational age < 28 week, histologic chorioamnionitis, 5 min
Apgar score < 7, clinical risk index for babies score > 4, lowest mean
blood pressure (BP) < 25 mmHg, respiratory distress syndrome,
patent ductus arteriosus.

P < 0.05 was considered as significant.



or with early IVH grade I. In the LR model (CCL18
<4969 FU, GM-CSF <596 FU, IL-8 >5847 FU,
GA <28 wk, and HCA), CCL18 (OR 13.9; 95% CI
2.3-83.5, P=0.004), GM-CSF (OR 9.7; 95% CI
1.8-50.6, P=0.007), and HCA (OR 6.1;95% CI 1.1-
32.9, P=0.036) independently predicted early IVH
grade II-IV.

Infants with HCA had a higher level of IL.-8 com-
pared to infants without HCA (6419 FU versus
2873 FU, P < 0.0001), whereas neither CCL18
(P=0.349) nor GM-CSF (P=0.916) associated
with HCA. After including clinical variables associat-
ing with early IVH grade II-IV in the LR analysis,
CCLI18 remained an independent risk factor. Addi-
tional independent risk factors were GM-CSF and
the lowest mean BP (Table IV).

Infants with cytokine analysis after birth. The cytok-
ines analyzed from arterial blood of 125 VLGA
infants taken on day 1 or on day 7 did not associate
with IVH grade II-IV in univariate analyses. I1.-6
concentrations tended to be higher in infants with
IVH grade II-IV compared to infants with no IVH
or IVH grade I (53.9 FU versus 24.9 FU, P=0.05)
on day 1.

Quantitative analysis. To further evaluate cord
CCL18 concentration as a risk factor of IVH, the
available specimens from 23 infants were submit-
ted to quantitative analysis (Table V). Low cord
CCL18 in VLGA infants developing IVH grade 11—
IV was confirmed (median 4181 pg/mL versus
median 5684 pg/mL in controls without grade II-
IV IVH). CCLI18 increased within the first 24
hours. The increase in CCL18 between day 1 and
7 was not significant. After birth CCL18 levels
tended to be lower in infants with IVH grade II-IV
than in those without IVH or IVH grade 1. How-
ever, these differences were not significant. By the
age of 7 days the levels of CCL18 in VLGA infants
(median 9165 pg/mL) had approached the cord
blood levels of CCL18 at term birth (median
14619 pg/mL).

Chemokine CCL18 and intraventricular hemorrhage 421

Immunohistochemistry for localization of chemokine
(C-C motif) receptor 3

As CCR3 is the only known CC-chemokine receptor
for CCL18 (23), immunohistochemistry of the brain
was performed to detect the cellular localization of
CCR3. We found CCR3 to be detectable already at
23 weeks of gestation. Immunopositivity was detected
in the ependymal cells, the choroid plexus, the ger-
minal matrix, the endothelium of the capillaries, and
in the neurons of the hippocampus of all seven
infants born before 28 weeks of gestation. The local-
ization of CCR3 in two infants born between 31 and
32 weeks of gestation resembled those born between
23 and 27 weeks of gestation; however, immunos-
taining was no longer detectable in the germinal
matrix (Figure 2).

The full-term, non-IVH brain control samples
showed positive staining in the choroid plexus, the
ependymal cells, and in the neurons of the hip-
pocampus (7=5). The germinal matrix was negative
at term. One infant who died of acute asphyxia had
faint staining in the endothelia of the capillaries. A
similar finding was seen in another infant who died
of early septicemia. Interestingly, samples from brain
tissue of three term infants who died several days
after an episode of severe asphyxia demonstrated
neuronal loss, laminar necrosis, and remarkable
capillary proliferation with highly positive CCR3
staining of the endothelial cells (Figure 2).

Discussion

We demonstrated that very preterm infants develop-
ing IVH shortly after birth have lower levels of cord
serum CCLI18 than very preterm infants without
IVH or with a small germinal matrix hemorrhage.
Among 107 immunoproteins analyzed, CCLI18
was uniquely associated with IVH. This associa-
tion was independent of known risk factors and
was maintained even among the subgroups. CCL18
has not previously been associated with the risk of
intraventricular hemorrhage.

Table V. Analysis of plasma concentrations of CCL18 (pg/mL) from very preterm infants with IVH grade II-IV and no IVH or IVH grade

I using enzyme-linked immunosorbent assay.

IVH grade II-1IV

No IVH or IVH grade 1

Postnatal age Mean (SD) Median n Mean (SD) Median n P value?
Day 0, cord blood 4177 (860) 4181 12 6011 (1866) 5684 11 0.01
Day 1 7957 (2160) 7670 12 9751 (2918) 10292 11 0.077
Day 7 10645 (10525) 7072 12 13176 (10525) 10964 11 0.123

Both in the IVH grade II-IV group and no IVH or IVH grade I groups, CCL18 concentrations increased from day 0 to day 1 (P < 0.05,

paired t test).
3t test (equal variances not assumed).
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Figure 2. Immunohistochemical localization of CCR3 in the brain. Representative brain samples from preterm (A-F) and term (G-J])
infants from different gestational weeks as indicated were stained with anti-CCR3 antibodies. Panel A shows the positive staining in the
germinal matrix. Big black arrows indicate the staining in the ependymal cells, small black arrows in the endothelium of the capillaries,
small open arrows in the neurons of the hippocampus, and big open arrows in the choroid plexus. Panels G and H represent samples
from an infant with long-term asphyxia with remarkable capillary proliferation and an intense CCR3 staining of the endothelia. Panels I
and J represent samples from an infant who died from an acute asphyxia. Original magnification in all figures is X200.

Neither HCA nor funisitis showed association
with IVH among the whole cohort. However, in
infants born before 28 weeks of gestation, HCA did
associate with IVH grade II-IV. Previously, HCA has
been associated with increased risk of IVH in VLGA
infants in several (24-29), but not in all studies (30—
32). The inconsistencies in these reports may be
explained by non-uniform definition of chorioamni-
onitis (33) and by differences in treatment practices,
particularly variable use of antenatal glucocorticoids
which decrease the risk of IVH (15,16). In the pres-
ent study, antenatal glucocorticoids were provided in
nearly all pregnancies with very preterm births.

CCLI18 belongs to the CC-chemokine family,
and it is encoded in chromosome 17ql1.2. Since
the CCL 18 gene is rapidly evolving, being exclusively
identified in primates (34), it may be considered as a
candidate for functionality in the human brain (35).
CCL18 has previously been identified as pulmo-
nary and activation-regulated chemokine (PARC)
(36), dendritic cell-chemokine 1 (DC-CK1) (37),
alternative macrophage activation-associated CC-
chemokine-1 (AMAC-1) (22), and macrophage
inflammatory protein-4 (MIP-4) (38). It participates
in physiological homing of lymphocytes and pri-
mary immune responses. CCL18 may be increased
in specific inflammatory conditions, such as atopic
dermatitis, pneumonitis, arthritis, vasculitis, and,

interestingly, in chorioamnionitis (34). However, in
the present study, the cord blood level of CCL18 did
not associate with either HCA or funisitis.

Preterm infants with early IVH grade II-IV had
a lower level of cord blood GM-CSF than preterm
controls, and, together with CCL18, GM-CSF inde-
pendently predicted early IVH grade II-IV. In the
previous study of a different population, cord blood
levels of CCL18 and GM-CSF were lower in pre-
term children who developed cerebral palsy than in
gestational controls (39). High levels of CCL18 and
GM-CSF may thus be involved in protection against
IVH and other forms of brain injury. In dendritic
cells and in macrophages cultured with GM-CSF
and IL-4, CCL18 mRNA was shown to be induced
(22,37). In the present study of VLGA infants there
was a positive correlation between CCL18 and IL-4
levels, a finding consistent with possible involvement
of CCLI18 in immune function and homing of
T-lymphocytes. The present study revealed that the
cord blood concentrations of CCL18, GM-CSF, and
IL-4 increase between the 32nd week and the term.
CCL18 further increases after term birth (40). In
the present study we additionally demonstrated a
significant increase in CCL18 protein concentration
within 24 hours after very preterm birth, and a non-
significant increase from day 1 to day 7 (Table V).
The increase in the concentration of CCL18 shortly



after very preterm birth is consistent with the pro-
posed protective role of CCL18 against IVH, as
most hemorrhages start within 24 hours after the
birth, and there is a significant decrease in the rate
of new IVH-events after the first day of life (41).

CCL18 is not known to activate any chemokine
receptor (34). Instead, it serves as an antagonistic
ligand for CCR3 (23), a G-protein-coupled trans-
membrane receptor previously found in micro-
vascular endothelial cells of adult brain (42). Both
neurons and glial cells of term-born, but not preterm
infants have been shown to express CCR3 (43).
Remarkably, we found CCR3 to be detectable in
periventricular capillary endothelium, choroid plexus,
ependymal cells, in germinal matrix, and in the neu-
rons of the hippocampus of preterm infants already
at 23 weeks of gestation. Many other CC-chemokines,
such as CCL5, CCL7, CCL8, CCL11, CCLI13,
CCL24, and CCL26, are also recognized by CCR3.
These chemokines activate CCR3-mediated intrac-
ellular signaling (44). Of the several ligands of CCR3
analyzed in the present study, only CCL18 was asso-
ciated with the risk of IVH.

Previous study showed that CCLI18 inhibits the
chemokine-induced, CCR3-mediated eosinophil che-
motaxis in HOS cells (23). Considering this antago-
nistic function of CCLI18, it is possible that a high
concentration of CCL18 may block the action of
agonistic ligands on CCR3, thereby inhibiting the
leukocyte degranulation and proinflammatory acti-
vation (45) that are known to influence the endothe-
lial permeability and, thus, the risk of bleeding.
However, this putative direct action of CCL18 on
CCR3 remains to be demonstrated. Recently, the
expression of CCL18 was detected in several cell
types in brain biopsies from patients with traumatic
brain injuries (46). Potentially, CCL18 as an inhibi-
tory ligand may locally limit the generation of specific
immune responses (46,47).

We detected CCR3 immunopositivity in the
brain capillary endothelium of very preterm infants.
High CCR3 expression may be a characteristic of
capillary endothelium during active angiogenesis
(48,49). We also detected high levels of CCR3 in the
proliferating capillaries of the brain in term infants
after lethal asphyxia (Figure 2). In addition, the
expression of CCL18 has been shown to be inhibited
by hypoxia in immature dendritic cells (50). Ischemia-
reperfusion plays a role in the pathogenesis of
IVH (2,4). Predisposition of the periventricular
area in very preterm infants to hypoxia-reperfusion-
associated injuries with functional consequences,
most notably spastic diplegia, is in accordance with
the proposed concept of inflammatory dysregulation
(17,35). In support of the present finding, CCL18,
together with some other serum immunoproteins,
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was tentatively associated with cerebral palsy in a
case-control study (39). Fragility of germinal matrix
vasculature is another proposed risk factor of IVH.
Astrocyte endfeet likely provide structural integrity
to germinal matrix blood vessels. Glial fibrillary
acidic protein and other support structures of ger-
minal matrix vessels may be deficient in IVH, and
they are developmentally regulated (51). CCL18 has
been shown to increase the synthesis of an extracel-
lular matrix protein i vitro (52), and, as shown here,
CCL18 has a distinct ontogeny associating with the
risk of IVH. However, specific roles of CCL18 in
immature periventricular tissues remain unclear.

With a limited time window for intervention,
high risk, and severe long-term consequences, IVH
in very preterm infants is an important therapeutic
target. In the present study we aimed to define a
biomarker that may have a direct role in the sequence
leading to altered risk of IVH. Further studies on
CCL18 could help to define new interventions that
lead to further prevention of brain damage.
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