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Abstract
Background—~Preterm neonates are highly vulnerable to infection.

Objectives—To investigate the developmental contribution of prematurity, chorioamnionitis and
antenatal corticosteroids (ANS) on the maturation of neonatal microbial pathogen recognition
responses.

Methods—Using standardized protocols, we assayed multiple inflammatory cytokine responses
(IL-1B, IL-6, TNF-a and 1L-12/23p40) to three prototypic Toll-like receptor (TLR) agonists:
TLR4 (LPS), TLR5 (flagellin) and TLR7/8 (R848), and to the non-TLR retinoic acid-inducible
gene | (RIG-I)-like receptor agonist, in cord blood mononuclear cells from neonates born before
33 weeks of gestation and at term.

Results—TLR responses develop asynchronously in preterm neonates, whereas responses to
TLR7/8 were more mature and followed by the development of TLR4 responses, which were also
heterogeneous. Responses to TLR5 were weakest and most immature. Maturity in TLR responses
was not influenced by sex. Overall, we detected no significant contribution of ANS and
chorioamnionitis to the developmental attenuation of either TLR or RIG-I responses.

Conclusions—The maturation of anti-microbial responses in neonates born early in gestation
follows an asynchronous developmental hierarchy independently of an exposure to
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chorioamnionitis and ANS. Our data provide an immunological basis for the predominance of
specific microbial infections in this age group.
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INTRODUCTION

Preterm neonates are vulnerable to morbidity and mortality from infection. This is partly
attributable to attenuated immune responses [1]. Immune cells recognize pathogens through
a series of germ-line encoded Pattern Recognition Receptors (PRR), such as the Toll-like
receptors (TLR); the carbohydrate-binding C-type lectin receptors (CLR); the retinoic acid-
inducible gene I (RIG-1)-like receptors that primarily detect non-self, double-stranded RNA
(dsRNA); and the nucleotide-binding oligomerization domain-containing (NOD)-like
receptors (NLR) [2]. TLR responses have been best studied and are markedly attenuated in
preterm neonates [3,4]. However, this could result from a number of factors /n utero, which
may also broadly suppress innate immune responses. Specifically, chorioamnionitis,
commonly associated with prematurity, may induce a state of immune tolerance [5]. The use
of antenatal corticosteroids (ANS) in mothers of preterm infants delivered before 34 weeks
of gestation is standard practice in perinatal medicine [6]. Significant immune attenuation
can also be observed in mononuclear cells exposed /n vitroto corticosteroid equivalents
comparable to levels measured in serum of pregnant women after a standard ANS treatment
[7-10]. When examining infants exposed to ANS, however, no effects were detected on cord
blood IL-6 responses [9]. One major limitation of previous studies is the lack of rigorous
definitions of chorioamnionitis and of the timing of ANS exposure, which can vary
substantially among subjects. Moreover, we have recently shown that RIG-I responses are
also attenuated in human preterm neonates, indicating a more global immaturity [11].
However, it is unclear to what extent exogenous perinatal factors may contribute to such
global attenuation of innate immune responses in neonates born early in gestation.

Here, we applied robust experimental procedures to determine the contribution of
prematurity, ANS and chorioamnionitis to the extent of innate immune attenuation observed
in preterm neonates born early in gestation.

MATERIAL AND METHODS
Study population

After written consent, cord blood samples were collected in sodium heparin-anticoagulated
Vacutainer tubes (BD Bioscience) from 43 preterm neonates born before 33 weeks of
gestation, and from 20 healthy neonates born at term by Caesarean section delivery at the
Children’s & Women’s (C&W) Health Centre of British Columbia between July 2009 and
July 2012. Clinical characteristics of preterm neonates are shown in table 1. Exposure to
ANS was defined according to the timing of the last maternal dose received.
Chorioamnionitis was determined by a blind histological examination of at least 5 micro-
dissection slides by a medical pathologist (CS), and defined as maternal stage 1 or greater
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according to validated criteria [5]. Based on i) the half-lives for serum levels and receptor
occupancy of acetate betamethasone of up to 9.0+/-2.7 and 14 hours, respectively, in
pregnant women [12-14], and on ii) an estimated fetal-to-maternal serum drug ratio at
delivery between 0.3 and 0.5 [12-14], and on data in preterm neonates confirming virtual
plasmatic drug clearance beyond 48 hours [15], the direct effect of a short-term exposure to
ANS was assessed by comparing four subgroups: exposed to ANS for less than 12 hours, 12
to 72 hours or more than 72 hours. Our study was approved by the C&W Research Ethics
Board (protocol #H05-70519).

Cord blood processing, stimulation and cytokine measures

We used strict procedures for processing of blood samples, TLR stimulation and cytokine
measures, as described [3]. To minimize experimental variability, blood was processed
within 2 hours of collection. Cord mononuclear cells (CMBC) were stimulated in 96-well,
round-bottom plates containing pre-mixed concentrations of TLR4 (LPS, Invivogen
#tirl-3pelps), TLRS (flagellin, Invivogen #tlrl-pstfla) and TLR7/8 (R848, Invivogen #tlrl-
r848) agonists, for 24 hours in a 37°C incubator, at 5% CO,. Pre-made plates containing
batched dilutions of TLR agonists were stored at —80°C for a maximum of 6 months. For
standardization, significant batch-to-batch variability over a relatively long study period was
excluded by ensuring IL-6 and IL-1f responses in term neonates remained within one
standard deviation of each other (supplementary figure 1). In addition, an equivalent
proportion of preterm versus term samples were tested within each batches. Finally,
responses from each batch of plates were benchmarked on a reference group of healthy adult
subjects (data not shown).

RIG-1 responses were determined following stimulation of CBMC from a subgroup of
neonates born between 28 and 33 weeks of gestation (n = 13-20 per group) in RPMI-1640
medium supplemented with 10% FBS using 1 pg/mL of the synthetic RIG-I agonist 5" ppp-
dsRNA delivered into the cytosol by transfection (LyoVec). To control for RIG-I
independent responses, we transfected cells with a similar dSRNA-19mer, which lacks the
5’tri-phosphate group (ctl-dsRNA) required for RIG-1 activation [16]. After stimulation, cell
culture supernatants were stored at —80°C and cytokines (IL-1p, IL-6, TNF-a, I1L-12/23p40)
were measured using enzyme-linked immunosorbent assays (ELISA) [3].

Statistical analyses

Based on our previous studies, we estimated that a minimum of 6 subjects per
chorioamnionitis or ANS exposure subgroup would provide 80% power to detect differences
in either IL-1p, IL-6 or 1L-12/23p40 LPS responses between preterm and term neonates
(p<0.01) [3]. In order to obtain this number of subjects in each subgroup, we projected to
recruit 42 preterm neonates. Relationships between non-transformed cytokine responses
were first examined graphically. In subsequent analyses, peak responses and area under the
dose-response curve (AUC) yielded similar results. Therefore, only the AUC-based data are
presented. Differences in TLR responses between term neonates and preterm neonates
according to subgroups of ANS and chorioamnionitis exposure were assessed using a Mann-
Whitney U test. Differences between TLR/cytokine dose-responses were determined using
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mixed-model ANOVA. Sex-related differences in responses were determined using an
ANOVA.

Comparisons between ligand- and cytokine- specific maturation effects were adjusted for
multiple comparisons, as described [17]. The effect of gestational age, birth weight and
mode of delivery on TLR responses within the preterm group was assessed using
correlations. Contributions of prematurity, ANS and maternal/fetal chorioamnionitis were
determined separately, using adjusted correlations with responses in a linear regression
model for each TLR/cytokine response (using AUC) as predictors, and 95% confidence
intervals calculated using the bootstrap. ANS exposure was analyzed as a continuous
variable (hours) after transformation to log(1/ANChours) to reduce skewness, as described
[18]. For neonates with no ANC exposure ANC, Hours was set to the maximum of observed
values + K, with K chosen to normalize the resultant distribution on the log scale.

Hierarchical, gestational age-dependent maturation in TLR responses

To assess the maturation of TLR responses at low gestation, we first compared dose-
responses between preterm and term neonates. Most TLR responses were diminished in
preterm neonates compared with term neonates (figure 1). Generally, responses to the
TLR7/8 agonist R848 were also stronger, except for IL-6, followed by responses to the
TLR4 agonist LPS; responses to the TLR5 agonist flagellin were weakest. In all neonates,
sex did not significantly affect responses using an analysis of variance and in group
comparisons (p>0.1; data not shown). Moreover, within the group of preterm neonates, no
significant effect of gestational age, birth weight and mode of delivery was detected on TLR
responses (data not shown).

When the contribution of prematurity was considered, we observed a distinct developmental
hierarchy (figure 2). When comparing individual responses according to each TLR ligand,
R848 cytokine responses were more mature or “term-like”, followed by LPS responses and
by flagellin responses. Likewise, when comparing cytokine responses, TNF-a responses
were significantly more mature compared with IL-1p and IL-6 responses. Together, these
data indicate that neonatal TLR responses follow a distinctive, asynchronous development
before 33 weeks of gestation.

Contribution of ANS and chorioamnionitis

To determine the contribution of exogenous perinatal factors to the developmental
attenuation in TLR responses, we stratified subgroups of preterm neonates according to
rigorous exposure definitions for chorioamnionitis and ANS. Significant differences were
observed in TLR responses between term neonates and each of the preterm ANS
(supplementary figure 2) and chorioamnionitis (supplementary figure 3) exposure
subgroups, whereas responses were comparable among preterm neonates. We used adjusted
correlations to quantify the contribution of exposure to ANS, and maternal or fetal
chorioamnionitis to each TLR/cytokine response within 95% confidence intervals. For IL-1p
and IL-6, prematurity contributed significantly to all individual TLR responses, whereas,
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again, the contributions of ANS and either fetal or maternal histological chorioamnionitis
were negligible (figure 3). For TNF-a responses as well as for the IL-12/23p40 response to
R848, neither prematurity, ANS, nor maternal or fetal chorioamnionitis significantly
contributed to the attenuation in preterm neonates. This finding is expected, considering that
both TNF-a and R848-induced IL-12/23p40 responses are mature in preterm infants,
resulting in very small variability. Overall, we detected a substantial contribution of
prematurity whereas no separate contributions of ANS and chorioamnionitis were detected.

Attenuation in RIG-I-like receptor responses

Next, we asked whether non-TLR responses were also affected by an exposure to ANS or
chorioamnionitis. To this end, we compared cytokine responses to cytosolic delivery of a
synthetic ligand of RIG-1 (5"ppp-dsRNA), and of a RIG-I-independent control ligand (ctl-
dsRNA). We chose these ligands because their signalling pathways are TLR-independent
[19]. The attenuation in RIG-1 responses in preterm neonates was also largely unaffected by
exposure to chorioamnionitis (figure 4A), or to ANS (figure 4B). Interestingly, IL-1B, IL-6
and TNF-a (figure 4) and IFN-a. (data not shown) cytokine responses were even more
attenuated than TLR responses despite preterm neonates’ being more mature in this analysis
(mean GA+/-SD = 30+/-1.6 weeks).

DISCUSSION

In order to assess the developmental impact of chorioamnionitis and ANS on innate immune
responses, we quantified multiple TLR responses in a sizeable cohort of clinically well-
characterized preterm neonates born early in gestation, using highly-standardized
experimental procedures and rigorous exposure definitions. Overall, we demonstrate that the
maturation of TLR responses before 33 weeks of gestation does not follow a linear
continuum. Rather, these responses mature asynchronously, according to a distinct
developmental hierarchy. Moreover, we detect a predominant contribution of prematurity to
the extent of developmental attenuation observed in TLR response, whereas the influence of
chorioamnionitis and of a short-term exposure to ANS appears negligible. To our knowledge
this is the largest dataset reporting on multiple TLR function in very preterm neonates. Our
data have important implications for understanding of the specific vulnerabilities to infection
observed in preterm neonates.

The hierarchy observed in the maturation of preterm TLR responses is reminiscent of the
maturation of other immune functions during development. For example, the development of
TLR functions also progresses asynchronously in early childhood [20]. Likewise, placental
transfer of maternal antibodies occurs selectively during pregnancy [21]. This conserved
pattern may reflect a high degree of functional specialization required in humans exposed to
an evolving micro-organism environment throughout development. The recognition of
pathogen using PRRs is a key event in the defence against infections. Consistent with our
findings, we observed even greater attenuation in response to LPS in neonates born before
29 weeks of gestation, which may explain the high occurrence of gram-negative bacterial
infections in this age group [3]. In contrast, the more mature R848 responses may indicate
potential avenues to enhance immune responses at this early age [22].
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To our knowledge, our study is the first examining TLR5 (flagellin) responses in preterm
neonates. We recently also reported diminished RIG-I responses in preterm neonates born at
28 to 32 weeks of gestation [11]. Engagement of RIG-1 triggers activation of transcription
factor NF-xB, and of interferon regulatory factor 3 (IRF3) and IRF7 through a distinct,
dsRNA-dependent protein kinase R pathway, independent of TLRs [23]. The more global
attenuation in both TLR and TLR-independent PRR responses indicate a central regulation
either at the level or more downstream of NF-xB.

The marginal influence of chorioamnionitis is consistent with other studies in humans
showing that exposure to prolonged rupture of membranes did not affect LPS-induced TNF-
a and IL-6 production [24]. In contrast, in preterm sheep models exposure to intra-amniotic
infection increases inflammatory responses upon ex vivo re-stimulation of cord blood cells
[25]. Likewise, a short-term exposure to ANS in this model profoundly reduced endotoxin-
stimulated IL-6 responses [26]. Several reasons might explain the discrepancies between
human studies and animal models, including differences in the type and chronicity of
infection. Our study stresses the importance of obtaining data directly in human populations.
These data are also important for interpretation of neonatal immunology studies that mainly
use cord blood, as a less invasive source of biological sample from small preterm neonates.
In vitro, corticosteroids directly affect the function of immune cells as a dexamethasone drug
equivalent to the concentration of corticosteroids found in cord blood during maternal
treatment with ANS can suppress TLR-induced cytokine responses [8]. In human preterm
neonates, ANS have been associated with lower HLA-DR expression on monocytes [15].
However, according to our study such transient decrease in antigen presentation function in
cord blood due to ANS exposure is unlikely to be accompanied by significant TLR hypo-
responsiveness. The negligible effect of chorioamnionitis and ANS on cord blood responses
also implies that exposure to these factors should not be a systematic exclusion in studies,
since neonates represent a considerable proportion of the “normal” population.

Our study has limitations. Despite its being the largest study of its kind in very preterm
neonates, it was not designed to detect subtle effects of ANS or chorioamnionitis (or a major
effect on a minority of preterm neonates) on innate immune responses. This undoubtedly
requires considerably larger sample size, as our present dataset informs us. Furthermore,
because only two neonates were not exposed to ANS as a comparison group, we were
unable to assess the possibility of sustained effects of ANS exposure; for example, on the
differentiation of immune cells, beyond the predicted plasmatic clearance of the drug
[15,27]. However, the lack of major sustained effect of ANS on preterm immune functions is
less likely, considering the results of clinical trials, which demonstrated a reduction (rather
than a worsening) of the incidence of neonatal sepsis in neonates born from mothers who
received ANS [6]. Finally in the clinical setting, a number of variables not captured in our
analysis may also have affected the maturation of innate immune responses. Specifically, our
preterm and term neonates differ substantially in the presence of maternal labour. Previous
studies have reported differences in TLR responses with labour in term neonates [28,29].
However, no substantial effect was detectable in preterm neonates in our study beyond (data
not shown). Severe growth restrictions may also affect innate immune responsiveness in a
subset of preterm neonates over the attenuation already resulting from prematurity [30].
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In conclusion, our study reveals an important developmental characteristic of the neonatal
innate immune system. In preterm neonates, PRR responses mature asynchronously,
according to a developmental hierarchy that is largely independent of perinatal exposures
such as chorioamnionitis and ANS. This study represents a more explicitly defined step
forward in our understanding of why human preterm neonates are so vulnerable to infection.
Future studies are required to identify potential ways to promote the maturation of neonatal
innate immune defences to prevent infections.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 2. Developmental Hierarchy in neonatal TL R responses maturation
Degree of immaturity (expressed as the difference in mean [term — preterm] area under the

curve of each responses on the log(x + 1) scale) in (A) TLR ligand-specific or (B) cytokine-
specific responses between term and preterm neonates with 95% confidence intervals (bars);
*p<0.05 for maturation effects after adjusting for multiple comparisons (see methods for
details).
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Figure 3. Contribution of prematurity, histological chorioamnionitis (maternal or fetal) and ANS

to TLR responses

Data show adjusted correlations (y-axis) with 95% confidence intervals (bars).
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Figure 4. Contribution of chorioamnionitis and prematurity to TL R-independent cytokine

responses

RIG-I-dependent (5" ppp-dsRNA) and control RIG-I-independent (ctl-dsRNA) responses
(boxes and whisker graphs) in term (white bars) and preterm neonates (gray bars) (A) with
or without histological chorioamnionitis (HC) and (B) exposed to different levels of

antenatal corticosteroids (ANS); *p<0.05; **p<0.01; ***p<0.001.
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Clinical characteristics of preterm neonates

Table 1

Clinical characteristics

Preterm neonates (n = 43)

Post-natal infection (%) *

Gestational age, average + SD (weeks) 29+3.0
Birth weight, average + SD (g) 1182 + 480
Male gender (%) 63
Histological chorioamnionitis' (%) 28
Antenatal corticosteroid exposure (n) | <12 hours 8
12 - 72 hours 8
>72 hours 25
None 2
Caesarean deliveries (%) 70
Labour at delivery (%) 58
35
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*
Defined as blood culture-positive infection, pneumonia or necrotizing enterocolitis; all of the infections occurred beyond 72 hours of life. None of
the infants had early-onset (<72 hours) sepsis.
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