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Abstract

Background: Preterm infants are at high risk of infection and have distinct pathogen recognition 

responses. Suggested mechanisms include soluble mediators that enhance cellular levels of cAMP.

Objective: To assess the relationship between blood cAMP concentrations and TLR-mediated 

cytokine production in infants during the first month of life.

Methods: Cord and serial peripheral blood samples (days of life 1 to 28) were obtained from a 

cohort of very preterm (<30 weeks geatstational age) and term human infants. Whole blood 
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concentrations of cAMP and FSL-1 and LPS in vitro stimulated cytokine concentrations were 

measured by ELISA and multiplex bead assay.

Results: cAMP concentrations were higher in cord than peripheral blood, higher in cord blood of 

female preterm infants, and lower at days 1 and 7 in infants exposed to chorioamnionitis, even 

after adjusting for leukocyte counts. TLR2 and TLR4-mediated TNF-α, IL-1β, IL-6, IL-12p70 and 

IL-10 production in vitro increased over the first month of life in preterm infants and were 

positively correlated with leukocyte-adjusted cAMP levels and reduced by exposure to 

choriamnionitis.

Conclusions: The ontogeny of blood cAMP concentrations and associations with 

chorioamnionitis and TLR-mediated production of cytokines, suggest that this secondary 

messenger helps shape distinct neonatal pathogen responses in early life.

Introduction

Newborn infants, especially those born preterm are particularly susceptible to invasive 

infections; up to 60% of the most premature infants (<28 weeks gestational age; GA) have at 

least one sepsis episode during their hospital admission (1). Immune responses in preterm 

infants are distinct from those of term infants, older children and adults and contribute to the 

increased risk of invasive infection in this population (2). Importantly, dysregulated 

infection-related inflammation is associated with adverse long-term outcomes in preterm 

infants (3, 4).

The mechanisms shaping the ontogeny of early life immune responses, particularly in 

preterm infants, are incompletely understood. Gestational age-dependent maturation of 

responses to innate immune pattern recognition receptor (PRR) stimulation may be critical 

for susceptibility to invasive infections and associated outcomes. Prior studies have 

demonstrated gestational age-specific functional differences in the innate immune response 

to PRR stimulation (5). In vitro studies have implied a role for soluble mediators, as age-

specific differences in response to stimulation were found to be dependent on the use of 

autologous or age-matched plasma in these experiments (6, 7).

Neonatal plasma contains multiple immunomodulating factors, including adenosine, that is 

present in markedly elevated concentrations compared to adults (8–10). Adenosine enhances 

production of cyclic adenosine mono-phosphate (cAMP), a key component of intracellular 

signaling pathways. Extracellular stimuli such as adeonosine activate adenylate cyclase, 

which in turn generates cAMP and pyrophosphate (11, 12). cAMP may modulate innate and 

inflammatory responses to whole microbes, microbial products or vaccine adjuvants (e.g., 

certain Toll-like Receptor (TLR) agonists) with implications for sepsis pathophysiology as 

well as adjuvanted vaccine design (9). Whether induced physiologically by adenosine or 

pharmacologically by phosphodieseterase inhibitors, cAMP inhibits production of pro-

inflammatory cytokines (e.g. TNF, IFNs), but preserves or enhances the production of acute-

phase cytokines such as IL-6 and regulatory cytokines such as IL-10 (13–16).

Most mechanistic studies of early life immune ontogeny have focused exclusively on cord 

blood (17), however, risk of infection persists throughout the neonatal period and in preterm 
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infants is highest between 10 and 14 days of age (18). We therefore evaluated the 

concentrations of circulating cAMP (cellular and extracellular) in the first month of life and 

their correlation with TLR2 and TLR4-mediated in vitro cytokine production in a 

prospective longitudinal study.

Methods

Study subjects

This longitudinal observational cohort study was approved by the institutional ethics 

committee at King Edward Memorial Hospital, Perth, Australia (1627/EW) and written 

informed consent was obtained from parents prior to study participation. 129 infants born at 

less than 30 weeks’ GA and 20 term infants (37–41 weeks’ GA) without major congenital 

abnormalities or chromosomal aberrations were recruited into this study. Serial blood 

samples were collected from recruited preterm infants from cord and peripheral blood on 

days of life (DOL) 1, 7, 14, 21 and 28. For ethical reasons, blood collection from recruited 

healthy term infants was limited to cord and peripheral blood on Days 1 and 28. Infants were 

determined to have an episode of confirmed late-onset sepsis (LOS; onset >72h after birth) 

based on a positive blood culture and C-reactive protein (CRP) concentration >15 mg/dL 

during sepsis evaluation. Those with negative blood cultures but with CRP >15 were deemed 

to have clinical LOS. Table 1 describes the basic clinical characteristics of the study cohort.

Blood sampling and preparation

Infant cord and peripheral blood (800 l) for whole blood stimulation and white blood cell 

extended differential counts was collected by venipuncture or from an existing umbilical 

catheter (DOL 1 only) on days 7, 14, 21 and 28 into lithium-heparin tubes (Becton 

Dickinson, North Ryde, Australia).

An additional 400 l of infant blood was collected, as above, into lithium-heparin tubes 

containing 2 µl of 2mM dipyridamole (in DMSO; Sigma-Aldrich, Castle Hill, Australia) and 

2 µl of 200 µM erythro-9-(2-hydroxy-3-nonyl) adenine hydrochloride (in water; Sigma-

Aldrich). Samples were centrifuged at 6,000 x g for 2 minutes and plasma was removed. 

Blood cell pellets were resuspended in 1 ml 0.1M HCL and incubated at room temperature 

for 20 minutes. These samples were centrifuged at 1,000 x g for 10 minutes and supernatant 

(blood lysate) was stored at −80°C until cAMP measurement.

Placental histology

Placental histology was examined as part of routine clinical care from pregnancies delivering 

<30 weeks’ GA. Sections of the chorioamniotic membranes, umbilical cord, chorionic plate 

and placenta were analyzed using an adaptation of a widely accepted semi-quantitative 

scoring system, as previously described (19, 20).

cAMP determination

cAMP in blood lysates was quantified using a cyclic AMP ELISA kit in accordance with the 

manufacturer’s instructions (Cayman Chemical, Ann Arbor, MI; Lower limit of detection, 

0.3 pmol/mL).
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Whole blood stimulation

Twenty-five l of whole blood was cultured in 75 l RPMI 1640 GlutaMAX, supplemented 

with 0.01M HEPES, 1mM sodium pyruvate, 5.5 M beta-mercaptoethanol (all from Gibco, 

Life Technologies, Mulgrave, Australia), 24h at 37°C and 5% CO2 with either supplemented 

RPMI media, 10ng/mL LPS and 100ng/mL FSL-1 (both from Invivogen, San Diego, CA). 

Following overnight incubation, 100 l of RPMI 1640 supplemented, as above along with the 

addition of 5% fetal bovine serum (SAFC Biosciences, Lenexa, KS), was added and 

supernatants harvested and stored at −80°C.

Multiplex cytokine assay

Cytokine production following stimulation was quantified using a validated in-house 

multiplex bead-based assay (21). Primary antibodies against IL-1 and IL-12p70 (R&D 

Systems, Minneapolis, MN) and IL-6, IL-10 and TNF- (BD Biosciences, North Ryde, 

Australia) were covalently conjugated to carboxylated microspheres (Luminex Corporation, 

Austin, TX). Supernatants were diluted in phosphate-buffered saline (PBS) with 0.05% (v/v) 

Tween20 and 2% (v/v) newborn bovine serum (all from Sigma-Aldrich). Microspheres, at a 

concentration of 3,500 per bead region, and diluted samples were transferred to MV 

Multiscreen plates (Merck-Millipore, Bayswater, Australia) and incubated at room 

temperature for 30 min on an orbital shaker (500 rpm), protected from light. Biotinylated 

secondary antibodies against IL-1β, IL-12p70 (R&D Systems) and IL-6, IL-10 and TNF-α 
(BD Biosciences) were then added, and the plate was incubated for another 30 min at RT 

(500 rpm, in the dark). Wells were washed with PBS containing 1% (w/v) BSA, 0.25% (v/v) 

Tween20 and 0.001% (w/v) NaN3 vacuum filtration before a streptavidin-PE conjugate (BD 

Biosciences) was added for 15 min with shaking. Wells were washed twice as above, and the 

fluorescence in each bead region was measured on a BioPlex 200 System (Bio-Rad, 

Gladesville, Australia). Data were acquired electronically in real time and analyzed using 

BioPlex Manager 5.0 software. Data in pg/mL were generated from seven-point, four- or 

five-parameter logistic standard curves. All values below the lowest standard were assigned 

an arbitrary cut-off value of half the lowest detectable standard for analysis.

White blood cell enumeration by extended differential count

Whole blood samples were surface stained with antibodies targeting common leukocyte 

markers used in the validated method by Faucher et al. (22). In brief, 25μl of whole blood 

was stained with a cocktail of the following monoclonal antibodies (mAB): phycoerythrin 

(PE) conjugated CD36 (CD36-PE, clone CD38, mouse anti-human), allophycocyanin (APC) 

conjugated CD2 (CD2-APC, clone S5.29, mouse), Alexa Fluor 647 (AF647) conjugated 

CD294 (AF647-CD294, clone BM16, rat anti-human), APC-H7 conjugated CD16 (APC-

H7-CD16, clone 3G8, mouse anti-human), BD Horizon V450 (V450) conjugated CD19 

(V450-CD19, clone HIB19, mouse anti-human), AmCyan conjugated CD45 (AmCyan-

CD45, clone 2D15, mouse anti-human). Following 15 min incubation, red blood cells were 

lysed with 1ml BD FACS Lysing Solution for 10 min in the dark at room temperature. Cells 

were then washed with FACS buffer (PBS, 2% w/v bovine serum albumin, 0.01% w/v 

sodium azide from Sigma-Aldrich and 2% v/v fetal calf serum from SAFC Biosciences) and 

resuspended in BD Stabilizing Fixative with a known volume transferred to BD TruCOUNT 
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Tubes, to allow for absolute counts of each cell type, and stored at 4 °C in the dark prior to 

analysis. Spectral compensation for each antibody was achieved using BD CompBeads. All 

antibody clones and flow cytometry reagents were obtained from BD Biosciences, unless 

otherwise stated.

White blood cells were analyzed using a three-laser, eight-color BD FACSCanto II flow 

cytometer and BD FACSDiva software (BD Biosciences,). Prior to acquisition flow 

cytometer calibration was performed using SPHERO Ultra Rainbow Calibration beads 

(Spherotech, Lake Forest, IL), in addition to BD Cytometer Setup and Tracking beads (BD 

Biosciences) to monitor cytometer performance. Post-acquisition cell population analysis 

was performed using FlowJo software version 8 (Tree Star Inc., Ashland, OR). Various 

leukocyte populations were identified using the validated gating strategy described by 

Faucher and colleagues (22). In brief, the following cell types were identified from the white 

blood cell (WCC; CD45+) population: neutrophils (SSChigh/CD16+), non-cytotoxic T cells 

(SSClow/CD16−→CD2&CD294+/SSClow), classical monocytes (SSClow/

CD16−→CD2&CD294−→CD19−/CD36+).

Statistical analysis

For longitudinal analysis of cAMP concentrations in blood lysates, values were log-

transformed to satisfy distributional requirements, and analyzed by fitting a mixed model 

with the Geisser-Greenhouse correction as implemented in GraphPad Prism version 8.0 (San 

Diego, CA). This mixed model uses a compound symmetry covariance matrix, and is fit 

using Restricted Maximum Likelihood (REML). In the presence of random missing values 

(as was the case in this study), the results can be interpreted as for repeated measures 

ANOVA. Correlations of cAMP and cell counts were determined using the Spearman 

correlation test. We controlled for total cell counts when assessing cytokine responses by 

dividing the cytokine values by the total leukocyte counts and log-transformed this ratio, as 

well as the cAMP values, and calculated corresponding Spearman correlation coefficients. 

Comparison of the means between two groups was done using a Mann-Whitney U-test.

Results

cAMP concentrations after birth

The demographics of the study population are listed in Table 1. cAMP concentrations were 

significantly higher in cord blood than peripheral blood in term infants but not preterm 

infants (Figure 1A). The concentration of cAMP in the cord blood of term infants (median 

10.7 mmol/L, range 1.4 – 207.3, n=16) was higher than that in preterm infant cord blood 

(median 2.4 mmol/L, range - 0.4 – 40.05; n=37, P=0.0028), but was not different in 

peripheral blood on day of life (DOL) 1 (median 2.2 vs 2.8 mmol/L; n=15 and 109, 

respectively) or DOL28 (median 2.5 vs 2.3 mmol/L; n=11 and 102 respectively).

White cell counts (WCC) in cord blood, and DOL1 peripheral blood, were also higher in 

term infants compared to preterm infants (6.9×109 cells/L vs 3.4×109 cells/L, n=15 and 32, 

P<0.0001; and 10×109 cells/l vs 5.5×109 cells/L, n=15 and 109, P=0.0001, for cord and 

DOL1, respectively). This prompted us to examine the associations between cAMP 

Strunk et al. Page 5

Pediatr Res. Author manuscript; available in PMC 2020 October 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



concentrations and differential WCC (Table 2). cAMP levels in cord blood were positively 

correlated with the absolute numbers of total white blood cells as well as with the counts for 

neutrophils, classical monocytes and B cells. cAMP concentrations in peripheral blood 

showed positive correlations with total white blood cell, neutrophil and inflammatory 

monocyte counts on DOL1 and DOL7, and with classical monocyte and B cell counts on 

DOL7. cAMP concentrations on DOL14 were negatively correlated with non-cytotoxic T 

cell counts.

Given the positive associations between cAMP concentrations and WCC, we examined 

WCC corrected cAMP concentrations (pmol/cell) in cord and peripheral blood samples 

(Figure 1b). The cell corrected concentration of cAMP was still higher in term cord blood 

than in DOL1 peripheral blood but there was no longer a difference with DOL28 blood. 

However, the leukocyte-corrected concentration of cAMP in preterm infant cord blood was 

now higher than peripheral blood throughout the 28 day postnatal period (P<0.01). The cell 

corrected concentrations of cAMP in cord, DOL1 and DOL28 did not differ between term 

and preterm infants.

cAMP correlates with TLR2- and TLR4 mediated cytokine production in preterm infants

To characterize innate immune responses in early life, cord and peripheral blood was 

stimulated in vitro with fibroblast-stimulating lipopeptide-1 (FSL-1; TLR2/6 agonist) or 

lipopolysaccharide (LPS; TLR4 agonist) and cytokines measured in supernatant by 

multiplex assay (Figure 2). The levels of LPS-induced TNF-α, IL-1β, IL-6 and IL-10 were 

higher in term infant peripheral blood than the equivalent preterm infant blood samples 

(P<0.05 for IL-10 at DOL28, P<0.005 for remaining cytokines). Cord blood IL-1β, IL-6 and 

IL-10 levels were also higher in term infants than preterm infants after LPS stimulation 

(P<0.001). TNF-α, IL-1β, IL-6 and IL-10 levels were also higher in term infants than 

preterm infants after FSL stimulation, and this was most marked for IL-6 and IL-10 in cord 

blood and DOL1 blood (P<0.05), for TNF- on DOL1 and 28 (P<0.05), and for IL-1 on 

DOL1 (P<0.0001). IL-12p70 levels did not differ between preterm and term infants. LPS 

consistently induced higher levels of all cytokines than FSL at each time point in both 

preterm and term infants.

LPS-stimulated cytokine levels in preterm infants were lower in peripheral blood on DOL1 

than in cord blood and then increased over the first month of life (Figure 2). The same 

pattern was seen for TNF-α, IL-6 after LPS stimulation and for IL-10 after FSL stimulation. 

IL-12p70 levels were higher in preterm infant cord blood than peripheral blood on DOL1 

after LPS and FSL stimulation, as was TNF- after LPS stimulation.

We next assessed if cAMP concentrations in cord and peripheral blood were associated with 

LPS and FSL-induced cytokine production. Due to the positive correlations of cAMP 

concentrations with white blood cell counts, we assessed all associations using cytokine and 

cAMP values after correction of each for leukocyte count. Overall, cell-corrected cAMP 

levels in preterm infant peripheral blood showed a weak to moderate correlation with cell-

corrected cytokine production from DOL1 onwards after FSL stimulation and DOL7 

onwards with LPS stimulation (Table 3a/b). Consistent with our previously published studies 

of term newborns (9), LPS-induced TNF-production in term cord blood was negatively 
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correlated with cAMP whereas DOL1 IL-10 responses were positively correlated. No other 

term LPS cytokine responses correlated with cAMP and term FSL-induced cytokine 

reponses did not correlate with cAMP levels.

cAMP concentrations in preterm infants correlate with sex and chorioamnionitis

We next examined potential effects of common immunologically relevant clinical parameters 

on cell-corrected preterm cAMP levels. cAMP concentrations in cord and peripheral blood 

showed no correlation with GA or birthweight. Further, there was no effect of mode of 

delivery, multiple birth status or subsequent diagnosis of LOS (P>0.05, data not shown). In 

contrast, cAMP levels were two-fold higher in female compared to male preterm infant cord 

blood (median 1.15 vs 0.54 pmol/cell; ranges 0.27–3.73 vs 0.19–11.3 pmol/cell; P=0.04, n 

=14 and 18 respectively), but these differences were not observed in peripheral blood. cAMP 

levels were lower in peripheral blood on DOL1 and DOL7 in infants exposed to 

chorioamnionitis compared to unexposed infants (Figure 3A). In keeping with the positive 

association between cell-corrected cAMP and cytokine production, LPS-induced cytokine 

levels were also lower on DOL1 and 7 in infants exposed to chorioamnionitis compared to 

those who were unexposed (Figure 3B–F). The same pattern was also seen for TNF- and 

IL-12p70 after FSL stimulation (data not shown).

Discussion

To our knowledge, this is the first study to determine total cAMP concentration in human 

preterm and term infant cord and peripheral blood during the neonatal period and to 

characterize the association with TLR2 and TLR4-mediated cytokine production. The 

second messenger cAMP is a key regulator of cellular functions including metabolism, gene 

expression and immune function (23, 24). Increases in intracellular cAMP generally dampen 

production of pro-inflammatory/Th1-polarizing cytokines, but in vitro animal and human 

adult data may not reflect the effects in neonates, due to well recognized age- and species-

specific differences (13).

In this unique large longitudinal cohort of preterm and term neonates, we found higher 

cAMP concentrations in term infant cord blood followed by significantly lower levels in 

peripheral blood on DOL1 and DOL28. We also observed that cAMP concentrations were 

positively correlated with WCC, and following adjustment, cAMP concentrations in preterm 

infant cord blood were also higher than peripheral blood at DOL1–28. This may reflect the 

dynamics of neonatal immune ontogeny of immunomodulatory molecules that induce cAMP 

production, including adenosine (8, 9, 15). Exposure to chorioamnionitis was associated 

with lower cell-corrected cAMP concentrations in peripheral blood at DOL1 and 7 and with 

lower TLR-induced cytokine concentrations, suggesting that cAMP may play a regulatory 

role in fetal and early postnatal life (Figure 3). For example, intrauterine inflammation plays 

a key role in the initiation of preterm delivery and inadequately regulated inflammatory 

responses are associated with increased risk of common adverse prematurity-related 

outcomes (25).

Of note, cell-corrected cAMP levels in cord blood were two-fold higher in female than in 

male neonates. This is in line with emerging evidence that immune function is significantly 
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influenced by sex, but little is known about relevance of sex-specific regulation of neonatal 

immunity (26, 27). Several sex hormones impact key immune cell functions and the 

expression of X-linked immune genes contribute to sex-specific immune responses (26, 28). 

While the mechanisms underlying sex differences in neonatal immunity are largely 

unknown, our observation of lower cAMP concentrations in male cord blood is consistent 

with distinct inflammatory responses that could contribute to poorer short- and long-term 

outcomes in male newborns (29–31).

cAMP concentrations in preterms were positively correlated with peripheral blood TLR2- 

and TLR4-induced IL-1β, IL-6, IL-12p70, anti-inflammatory IL-10 and TNF- levels. In 

contrast, in term newborns, cord blood cAMP was negatively correlated with TLR-4-

induced TNF- but positively correlated with IL-10, consistent with an inhibitory role of 

cAMP towards pro-inflammatory/Th1-polarizing cytokines in the term infant (9). This 

suggests that downstream cAMP signaling responses known to regulate TNF- production in 

response to LPS, such as protein kinase A activation (32), may be differentialy regulated in 

preterm infants. Additionally, selective exposure to adenosine receptor modulating 

substances, such as high-dose caffeine, may alter LPS responses in the peripheral blood of 

preterm infants (33). Alternatively, such differences between preterm and term infant blood 

responses could relate to GA-dependent variation in the regulation/maturation of TLR 

pathways themselves (17).

The positive correlation of IL-6 and IL-10 with cAMP levels suggests that cAMP may have 

a role in the acute-phase response characteristic of the first days of life. This response 

mobilizes liver-derived anti-infective proteins to the bloodstream and maintains an anti-

inflammatory milieu in the context of rapidly maturing pro-inflammatory capacity with 

increasing GA (14, 34). The rapid fall in cAMP levels after birth may contribute to 

regulating the balance of postnatal inflammatory and anti-inflammatory responses to the 

ubiquitous microbial challenges encountered ex utero. Of note, even with the overall 

reduction of cAMP concentrations, values at a given DOL varied up to 10-fold, suggesting 

that in addition to ontogeny, substantial inter-individual differences contribute to 

concentrations of this signaling metabolite. Differences in the concentrations of cAMP could 

have potential implications for the effectivness of drugs that influence cAMP concentrations, 

such as the non-specific phosphodiesterase inhibitor, pentoxifylline whose effects are 

enhanced in neonates and are dependent on an intact adenosine/cAMP pathway (35, 36).

The strengths of the study include the prospective longitudinal design throughout the first 

month of life, the sample size and comprehensive analysis of cAMP levels, together with 

interrogation of immune cell number and capacity for cytokine production in whole blood 

(where extrinsic factors that may influence cAMP pathways are retained) following 

stimulation with defined TLR agonists. This study also had some unavoidable limitations; 

we were unable to determine the predominant source (i.e. intra- vs extracellular, or red blood 

cell vs white blood cell) of cAMP and its main inducers, due to the limited blood volumes 

available from preterm infants. We also did not account for maternal factors, such as 

maternal hypertension which can alter neonatal WCC (37).
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In conclusion, cAMP was present in higher concentrations in cord than peripheral blood in 

preterm and term neonates during the first month of life. Exposure to chorioamnionitis was 

associated with lower levels of cAMP and TLR-induced cytokine responses. The positive 

correlation of cAMP levels with TLR-mediated inflammatory and anti-inflammatory 

cytokine production raises the possibility that cAMP may contribute to shaping early life 

TLR-mediated cytokine responses. Future studies should further explore the 

immunomodulatory properties of cAMP pathways in early life, whose distinct functional 

ontogeny may inform age-specific strategies for treatment or prevention of neonatal 

infection and inflammation.
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Figure 1. 
cAMP concentrations in whole blood lysates are higher in newborn cord blood (cord) than 

peripheral blood (Day 1 – 28 of life) after correcting for white cell count. Data show: A) 

individual cAMP newborn levels and B) individual cell-corrected cAMP levels along with 

median and 95% CI, n=37–109 for preterm infants (open circles) and 11–16 for term infants 

(crosses). P values <0.05 shown for mixed effect model with Tukey multiple comparison 

test.
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Figure 2. 
Cytokine concentrations in preterm and term infant whole-blood from cord blood (cord) or 

peripheral blood (Day (D) 1 −28 of life) after stimulation with FSL (TLR2/6) or LPS 

(TLR4). Medians and 95% CI of total cytokine concentrations are depicted. Unstimulated 

levels of IL-1β, IL12p70 and TNF- were below the limit of detection for nearly all samples 

(median response = 1.2 pg/mL) while median IL-6 reponses were <17 pg in preterm infants 

and <42 pg/mL in term infants in the first week of life and then 1.2 pg/mL, thereafter. 

Median untsimulated IL-10 levels were <6 pg/mL in preterm and term infants in cord and on 

DOL1 and then 1.2 pg/mL, thereafter. ****, P<0.001; **, P<0.01; *, P<0.05 comparing Day 

1 to cord or Day 1 to Days 7–28, using a mixed effect model with Tukey multiple 

comparison test. N = 56 −121 for preterm infants and 12–19 for term infants.
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Figure 3. 
White cell count corrected cAMP concentrations and LPS-induced cytokine responses in 

preterm infant peripheral blood (Day 1 and 7 of life) are associated with exposure to 

choriamnionitis. Medians and 95% CI are depicted for A) cAMP, B) TNF-α, C) IL-12p70, 

D) IL-6, E) IL-10 and F) IL-1β. ****, P<0.001; **, P<0.01; *, P<0.05 comparing infants 

exposed to histiological chorioamnionitis (HCA+) to those unexposed (HCA-) by Mann-

Whitney test. n=12–16/group for cord samples and 39–44 per group for peripheral blood 

samples.
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Table 1.

Demographic characteristics of the study cohort.

Preterm infants
n=129

Term infants
n=20

Gestational age (weeks) 27.1 (25.6–28.7) 39.8 (38.7–41.1)

Birthweight (grams) 920 (725–1175) 3530 (3045–3890)

Male 72 (55.8%) 9 (45.0%)

Multiple birth 27 (20.9%) 0

Caesarean section 72 (55.8%) 3 (15%)

Histological chorioamnionitis

  yes 54 (41.8%) N/A

  unknown 17 (13.1%)

Late-onset sepsis

  Confirmed 5 (3.8%) 0

  Clinical 4 (3.1%) 0

Age at septic episode (days) 12 (9–17) N/A

Data are expressed as median (IQR) or n (%), as appropriate.
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Table 2.

Spearman rank correlations of cord and peripheral blood (preterm and term) lysate cAMP concentrations 

versus absolute white cell counts.

Cell type Blood sample Median and range (109 cells/L) r (95% CI: lower, upper) p-value (n)

WBC Cord 4.51 (0.96–16.4) 0.43 (0.15, 0.64) 0.001 (47)

DOL1 6.00 (1.6–47.0) 0.24 (0.06, 0.40) 0.004 (124)

DOL7 6.57 (1.0–25.0) 0.45 (0.27, 0.60) <0.0001 (95)

DOL14 6.19 (2.9–26.4) −0.06 (−0.26, 0.15) 0.29 (95)

DOL21 5.73 (2.1–16.6) 0.06 (−0.16, 0.26) 0.30 (89)

DOL28 5.86 (1.9–13.1) 0.03 (−0.16, 0.21) 0.38 (113)

PMN Cord 1.47 (0.006–9.0) 0.45 (0.18, 0.66) 0.0007 (47)

DOL1 2.41 (0.006–15.5) 0.18 (0.001, 0.35) 0.02 (124)

DOL7 2.15 (0.03–19.8) 0.41 (0.22, 0.57) <0.0001 (95)

DOL14 2.44 (0.01–19.8) 0.04 (−0.17, 0.24) 0.36 (96)

DOL21 1.69 (0.01–10.2) −0.04 (−0.25, 0.18) 0.37 (89)

DOL28 1.46 (0.002–8.6) 0.03 (−0.16, 0.22) 0.39 (113)

Classical Monocytes Cord 0.24 (0.001–1.2) 0.3 (0.006, 0.55) 0.02 (47)

DOL1 0.05 (0.002–0.38) 0.08 (−0.10, 0.26) 0.18 (124)

DOL7 0.60 (0.0001–1.6) 0.30 (0.10, 0.48) 0.002 (94)

DOL14 0.59 (0.0002–1.7) 0.09 (−0.12, 0.29) 0.19 (96)

DOL21 0.45 (0.0005–1.9) 0.21 (−0.003, 0.40) 0.02 (89)

DOL28 0.47 (0.0002–0.3) 0.11 (−0.08, 0.29) 0.11 (113)

CD16+Monocytes Cord 0.04 (0.004–0.2) 0.14 (−0.16, 0.42) 0.17 (47)

DOL1 0.44 (0.0004–26.1) 0.25 (0.08, 0.41) 0.002 (124)

DOL7 0.06 (0.0009–0.3) 0.21 (0.003, 0.40) 0.02 (94)

DOL14 0.08 (0.001–0.4) 0.14 (−0.06, 0.33) 0.08 (96)

DOL21 0.08 (0.008–0.4) 0.14 (−0.07, 0.34) 0.10 (89)

DOL28 0.08 (0.02–0.3) 0.12 (−0.07–0.29) 0.11 (113)

T cells Cord 0.88 (0.3–2.9) 0.21 (−0.08, 0.47) 0.07 (47)

DOL1 0.96 (0.17–5.8) −0.04 (−0.22, 0.14) 0.34 (124)

DOL7 1.37 (0.24–5.2) 0.15 (−0.06, 0.34) 0.08 (95)

DOL14 1.38 (0.07–6.6) −0.22 (−0.41, −0.02) 0.01 (96)

DOL21 1.54 (0.2–5.7) −0.06 (−0.27, 0.15) 0.28 (89)

DOL28 1.64 (0.23–4.6) 0.03 (−0.16, 0.22) 0.38 (113)

B cells Cord 2.28 (0.005–1.6) 0.26 (−0.03, 0.51) 0.04 (47)

DOL1 2.08 (0.0006–1.1) 0.05 (−0.13, 0.24) 0.27 (124)

DOL7 0.23 (0.002–1.1) 0.38 (0.18, 0.54) <0.0001 (95)

DOL14 0.27 (0.002–11.0) 0.08 (−0.12, 0.28) 0.22 (96)

DOL21 0.30 (0.0005–0.9) 0.07 (−0.15, 0.27) 0.27 (89)

DOL28 0.34 (0.0006–1.3) 0.04 (−0.15, 0.23) 0.34 (113)
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WBC, White blood cells.
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