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Abstract

In current neonatal practice, clinical signs of intrauterine infection (IUI) are often non-specific. 

From a large panel of immune biomarkers, we seek to identify cord blood markers that are most 

strongly associated with the fetal inflammatory response (FIR), a specific placental lesion 

associated with serious neonatal complications. We used multiplex immunoassay to measure 27 

biomarkers, selected as part of an NIH-funded study of preterm birth, according to gestational 

age(GA) and extent of placental inflammation: involvement of chorion, amnion, decidua (maternal 

inflammatory response, MIR); extension to umbilical cord or chorionic plate (FIR). We used false-

discovery rate (FDR<5%, P<0.001) to account for multiple comparisons. Among 506 births (GA 

23-42wks), IL-1β increased with FIR among preterm subgroups (P=0.0001 for <32wks; P=0.0009 

for 33-36wks). IL-6 and IL-8 increased with FIR among preterm and full-term infants (P<0.0001). 

P-trend for IL-6 and IL-8 with MIR versus FIR was <0.0001. Comparison with respect to clinical 

IUI yielded persistent elevation with FIR even when clinical signs were absent. The remaining 24 

markers were not significantly associated. We conclude that among 27 cord blood biomarkers, 
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IL-1β, IL-6 and IL-8 are selectively associated with FIR. These markers may be clinically useful 

indicators of extensive IUI associated with poor neonatal outcome.
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INTRODUCTION

Infants born to mothers with clinical evidence of intrauterine infection (IUI) are often treated 

empirically for presumed neonatal sepsis, in an effort to minimize the adverse outcomes 

associated with clinical sepsis syndrome. Despite the use of broad spectrum antibiotics, both 

in the antenatal and postnatal periods, the occurrence of maternal chorioamnionitis and its 

consequences remains problematic. A sensitive marker of IUI that is linked to adverse 

neonatal outcome is FIR, a histopathologic finding of inflammatory infiltration to the fetal 

component of the placental unit. 1 A less extensive form is MIR, in which neutrophilic 

infiltration is confined to the chorion, amnion, and decidua. 2 The incidence of histologic 

chorioamnionitis, as defined by the presence of MIR or FIR, has been reported as high as 

33% among preterm infants. 3 FIR is associated with increased risk of neonatal sepsis, 

chronic lung disease, brain injury, and death. 4 More recent epidemiological studies have 

shown that the incidence of neonatal morbidity is substantially higher with FIR as compared 

with MIR alone. 5 Better identification of high-risk infants is needed for more targeted 

management and prevention of these adverse outcomes. Therefore, early biochemical 

markers that reliably detect the presence of FIR are needed.

Numerous cytokines and related inflammatory biomarkers have been studied to better 

understand the pathophysiology of preterm birth and the role of IUI. Few have been studied 

for their association with FIR. The proinflammatory markers IL-6 and IL-8 are the most 

extensively reported in association with clinical and histologic chorioamnionitis. 6 IL-1β and 

TNF-α have also been identified as markers of infection. 7 The relative sensitivity of these 

markers in detecting placental inflammatory changes as compared to alternative 

immunologic markers has not been reported. Other potential markers of FIR include 

enzymes and receptors which act as chemokines and regulatory proteins in the cytokine 

cascade. 8-10 These include degradation enzymes involved in membrane rupture such as 

matrix metalloproteinase (MMP-9), growth factors related to neuronal maturation such as 

brain-derived neurotrophic factor (BDNF) and neurotrophins (NT-3, NT-4), and receptors 

that mediate these immune processes. Many of these have been reported as being either 

significantly elevated or decreased with preterm birth, 11,12 however, it remains unclear 

whether intrauterine infection/inflammation is an underlying mechanism of these markers.

In this report, we simultaneously measured the levels of 27 cytokines, chemokines, and 

neurotrophin markers in the cord blood of 506 births with GA ranging from 23 to 42 weeks. 

Using corresponding placental data, we analyzed the associations of these 27 markers with 

the presence and extent of histologic inflammation, accounting for GA. Our objective was to 

identify from a large panel of immune biomarkers those which are most strongly associated 
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with a placental inflammatory response, and in particular, with FIR. We hypothesized that 

previously well-established markers of clinical and histologic chorioamnionitis (IL-1β, IL-6, 

IL-8, and TNF-α) would be selectively elevated with the presence of placental 

inflammation, and that the strength of association would increase with the extent of placental 

inflammatory response (MIR versus FIR). Identification of cord blood markers of FIR will 

enhance our understanding of the pathways of preterm birth that are mediated by intrauterine 

infection/inflammation. In addition, our findings may potentially lead to the identification of 

important clinical prognostic markers.

METHODS

Study population

The population was drawn from a larger case-control study evaluating environmental and 

genetic determinants of preterm delivery and low birthweight. 13 The parent study (1998-

present) is being conducted at Boston Medical Center, a large urban hospital with a 

predominantly minority, inner-city patient population. Eligible cases were singleton live 

preterm births under 37 weeks gestation with low birthweight (<2500g). Corresponding 

healthy term controls (≥37 weeks gestation) with normal birthweight (≥2500g) were also 

enrolled. Multiple pregnancies, births that resulted from maternal trauma, and newborns 

with major birth defects were excluded. Cord blood was collected from all births, and 

placentas were sent for pathology based upon routine clinical indications, including 

prematurity. The study was approved by the Institutional Review Boards at Boston 

University Medical Center, Children's Hospital Boston, Beth Israel Deaconess Medical 

Center, and Children's Memorial Hospital.

Clinical and demographic information

Maternal interview was conducted using a structured questionnaire that included 

demographic characteristics, medical and reproductive history. In addition, medical record 

review was conducted using a standardized abstraction form that included data on prenatal 

care, clinical presentation, intrapartum management, pregnancy complications, and birth 

outcomes. With regard to clinical signs of intrauterine infection, we examined six variables 

known to be associated with intrauterine infection syndrome:14 intrapartum fever >38°C; 

elevated maternal white blood cell count (WBC) >15,000/mL; maternal heart rate >100bpm; 

fetal heart rate >160bpm; uterine tenderness; and foul-smelling amniotic fluid or vaginal 

discharge.

Determination of gestational age

GA was assessed with an algorithm based upon last menstrual period and early ultrasound 

before 20 weeks gestation. 15 Births were distributed among 3 groups according to 

increasing GA: 1) Very preterm group included births occurring at ≤32wks gestation. 2) 

Moderately preterm group included births at 33-36wks gestation. 3) Full-term group 
included births at ≥37wks.
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Cord blood biomarker assays

Cord blood was obtained by trained nursing staff of the labor and delivery service. Blood 

samples were kept on ice and subsequently centrifuged for 10 minutes in a tabletop 

refrigerated centrifuge at 2500rpm. Plasma was removed from the cell pellet by pipetting. 

Each subject's plasma sample was split into 3 aliquots and stored in a −80°C freezer. The 

following panel of 27 markers was pre-selected based upon an ongoing NIH-funded study to 

understand biomarkers of intrauterine infection/inflammation related to preterm birth: IL-1β, 

IL-2, IL-4, IL-5, IL-6, IL-8, IL-10, IL-12, IL-17, IL-18, soluble IL-6 receptor-α (sIL-6rα), 

IFN-γ, TNF-α, TNF-β, granulocyte/macrophage colony-stimulating factor (GM-CSF), 

triggering receptor expressed on myeloid cells-1 (TREM-1), TGF-β, monocyte 

chemoattractant protein-1 (MCP-1), macrophage inflammatory protein(MIP)-1α, MIP-1β, 

MMP-9, soluble tumor necrosis factor receptor I (sTNFRI), macrophage migration 

inhibitory factor (MIF), RANTES (regulated upon activation, normal T cell expressed and 

presumably secreted), BDNF, NT-3, and NT-4.

Development of Multiplexed Assay—Simultaneous measurement of the 27 biomarkers 

in cord blood plasma was performed from sandwich immunoassays using bead-coupled 

capture antibodies, biotinylated detection antibodies, and phycoerythrin-labeled streptavidin 

according to the techniques described by Skogstrand, et al. 16 Briefly, coupling of capture 

antibodies to carboxylated beads (Luminex Corp., Austin, TX) was performed using 2.5×106 

beads washed, sonicated, and activated (activation buffer, 0.1 mol/L sodium phosphate, pH 

6.2), then incubated and subsequently mixed with capture antibody solution (R&D Systems, 

BD Biosciences Pharmingen, MBL, BioSource, Dako). The multiplexed assay containing 

the 27 biomarkers was developed from sequential addition of analytes while observing 

interactions among antibodies and cross-reactions to other analytes. After preparation of 

calibrators using a 1:1 mixture of pig/guinea pig serum (Dako, Jackson ImmunoResearch), 

the assay was set up for measurement of the calibrators and samples: A suspension of 

capture antibody-conjugated beads was added to each of the samples prepared on 96-well 

filter plates. The beads were washed, captured antigens were subsequently reacted with a 

mixture of biotinylated detection antibodies, and streptavidin-phycoerythrin in assay buffer 

(Molecular Probes) was added to each well. After further incubation, the beads were washed 

and resuspended. The samples were analyzed on the Luminex™ 100, according to 

manufacturer's instructions. All samples were run in duplicate with standard curves and 

spiked controls on each plate.

Characterization of Assays—The characteristics of the 27-plex xMAP assay are 

reported by Skogstrand, et al. 16 Measurements were performed on a pool of human serum, 

and the intra- and interassay coefficients of variance (CV) were determined by repeated 

measurements. The working range was defined as the range of concentrations for which the 

CV (standard deviation/mean ×100) was <20%. 17 These were determined by repeated 

measurements of a mixture of animal serum enriched with different concentrations of the 

analytes.
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Placental histolopathology

All placentas were reviewed by a designated perinatal pathologist, and a subset was 

independently reviewed by a second pathologist to confirm reliability. According to our 

previously published protocol the presence and location of inflammation was reported using 

well-established algorithms. 18 Using a standardized abstraction form, the histologic 

examination status was classified according to the following definitions: 1) FIR included 

births with placental evidence of inflammation extending to the fetal side of the placental 

unit (documented funisitis or chorionic plate vasculitis). 2) MIR included births with 

associated subchorionitis, chorioamnionitis, deciduitis, or free membranitis (and the absence 

of funisitis or chorionic plate vasculitis). 3) No MIR/FIR included births without any of the 

placental findings listed above for MIR or FIR. All cases of FIR had findings of MIR with 

the exception of ten cases.

Statistical methods

Patient demographics, characteristics and biomarker levels were compared using F-test for 

continuous variables and Chi-squared tests for categorical data among the three GA 

subgroups. The biomarker levels were compared between the three groups of placental 

inflammatory response status stratified by the GA subgroups, using multiple linear 

regression models after the adjustment of the following potential confounders: maternal age, 

parity, self-reported maternal ethnicity, presentation with medical induction delivery, 

corticosteroids, tocolysis, intrapartum antibiotic use, and any clinical sign of intrauterine 

infection. Because the distributions of biomarker levels were skewed, natural log-

transformed biomarker measures were used in the regression analyses. All p-values were 

from two-sided tests and all statistical analyses were performed using SAS software version 

9.1 (SAS Institute Inc, Cary, NC). Since 27 biomarkers were tested for the associations with 

preterm birth and placental histology status, false-positive rates were a critical concern for 

the statistical inference. To account for multiple comparisons, we used an FDR-corrected 

threshold to determine the statistical significance of individual tests. FDR controls for the 

expected proportion of false positives, rather than the chance of any false positive, and takes 

into account the observed p-value distribution. 19 Based on the methods by Benjamini and 

Hochberg, P<0.001 was considered statistically significant for FDR <5% (less than 5% of 

reported results are type I errors).

RESULTS

A total of 506 births (105 very preterm, 237 moderately preterm, and 164 full-term) were 

included in the analysis. GA ranged from 23 to 42 weeks. Demographics and clinical 

characteristics of the mother-infant pairs are shown in Table I. Overall, there were 63 

(12.5%) births with FIR, 90 (17.8%) births with MIR, and 353 (69.8%) births with no MIR/

FIR. As expected, there was a higher incidence of FIR in the preterm subgroups.

Comparison of biomarker levels among GA subgroups

Since our sample was quite heterogenous due to the wide range of GA and the influence of 

several covariates related to prematurity (Table I), we first analyzed the 27 biomarkers 

according to GA subgroups to determine the impact of gestational prematurity on cord blood 

Mestan et al. Page 5

J Matern Fetal Neonatal Med. Author manuscript; available in PMC 2016 August 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



levels. Table II shows the median levels of the 27 markers according to GA subgroups, 

regardless of MIR/FIR status. Levels of IL-4, IL-6, IL-8, IL-18, sIL-6Rα, MCP-1, MIP-1β, 

MMP-9, sTNFRI, BDNF, and NT-3 were significantly different among the 3 subgroups. Of 

these, median levels were highest in the very preterm group with IL-6, IL-8, MCP-1, 

MIP-1β, and sTNFRI. Conversely, MMP-9, BDNF, and NT-3 were decreased with GA.

Markers associated with MIR and FIR

Since associations with MIR and FIR could potentially be influenced by GA, we analyzed 

the 27 markers according to MIR/FIR status and further stratified each by GA subgroups. 

Using the group without evidence of MIR or FIR as the reference (No MIR/FIR) and an 

FDR-corrected significance threshold of P<0.001, only IL-1β, IL-6, and IL-8 showed 

statistically significant associations with FIR (Table III). IL-1β was increased with FIR in 

both moderate (P=0.0001) and very preterm (P=0.0009) subgroups. IL-6 and IL-8 were 

increased with FIR in all three GA subgroups (P<0.0001). None of the associations with 

MIR reached statistical significance. However, for IL-6 and IL-8 there was a significant step-

wise elevation of beta-coefficients with MIR versus FIR (p-trend<0.0001) in all GA 

subgroups.

The remaining 24 biomarkers were neither significantly elevated nor decreased. Only 

MCP-1 was marginally significant with FIR in the ≤32wks group, with a beta-coefficient of 

1.11 (P=0.0033). Contrary to our hypothesis, TNF-α was not significantly elevated with 

either MIR or FIR. To illustrate the marked difference in associations from the linear 

regression model as compared with IL-1β, IL-6, and IL-8, results for marginally significant 

MCP-1 and non-significant TNF-α are shown in Table IV. Data for all other non-significant 

markers are not shown.

Associations with signs of intrauterine infection

The incidence of clinical chorioamnionitis, as defined by intrapartum fever plus any two 

additional signs of IUI 14, was only 6.9% among all births, even though the rates of 

individual signs of IUI were much higher overall (Table 1). To determine how the above 

significant associations correlated with clinically apparent infection, we compared IL-1β, 

IL-6, and IL-8 levels according to MIR/FIR status in the presence and absence of any 

clinical sign of IUI (intrapartum fever, elevated maternal WBC, maternal or fetal 

tachycardia, uterine tenderness, foul-smelling amniotic fluid or vaginal discharge). Among 

births with no clinical signs of infection present, all 3 markers were still significantly 

elevated with FIR (Table V). Similar but more substantial associations were seen among the 

births with any clinical sign present, with beta- coefficients roughly 3-fold higher with FIR 

for both IL-6 and IL-8.

DISCUSSION

Our study distinguishes three specific cord blood cytokines (IL-1β, IL-6, and IL-8) from a 

large panel of immune biomarkers as being strongly associated with FIR. In addition, the 

associations of IL-6 and IL-8 with FIR were independent of GA, and were significantly 
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stronger than with MIR alone. Furthermore, all three markers remained significantly 

associated with FIR even when common clinical signs of IUI were not present.

The most notable findings in our study were with IL-6 and IL-8, in which we demonstrated a 

greater than two-fold difference in the beta-coefficients with FIR in both the full term (≥37 

weeks) and very preterm (≤32 weeks) subgroups. For moderately preterm births (33-36 

weeks), beta-coefficients were roughly 2-fold higher with FIR as compared to the reference 

group with no evidence of MIR or FIR. The strength of these associations with IL-1β was 

less pronounced, and statistically significant with preterm birth only. With the exception of 

MCP-1, all remaining 24 biomarkers had beta-coefficients that were <1.0. This was despite 

the finding that several markers were either elevated or decreased with GA (Table II). We 

speculate that cord blood biomarkers within our panel may be markers of gestational 

prematurity, but not necessarily markers of preterm birth mediated by intrauterine infection/

inflammation.

In 1998, Gomez and Romero, et al described the association between elevated fetal plasma 

IL-6 with a systemic fetal inflammatory response and severe neonatal morbidity. 4 In a more 

recent study of 70 births, Tasci and colleagues measured cord blood IL-6 with extent of 

placental inflammation and reported a 100% sensitivity and 81% specificity for predicting 

FIR and culture-positive newborn sepsis. 20 Other studies have reported similar associations 

with cord blood IL-1β and IL-8. 21 These studies support the utilization of IL-1β, IL-6, and 

IL-8 to detect severe intrauterine infection/inflammation that is associated with poor 

neonatal outcome. Our study provides further convincing evidence. Firstly, our study 

illustrates that even among a host of other candidate markers that have previously been 

studied, IL-1β, IL-6, and IL-8 are the most sensitive markers of FIR. Secondly, our results 

showed that among these three markers, IL-6 and IL-8 are elevated with FIR regardless of 

gestational maturity. Thirdly, these markers are more sensitive than clinical signs of 

infection in detecting the presence of FIR (Table V).

Although previous studies have identified IL-1β, IL-6 and IL-8 as markers of IUI, our study 

is the first to employ multiplex immunoassay techniques in conjunction with placental 

histopathology to determine how these cytokines compare to other candidate biochemical 

markers. Our panel included markers with immune functions ranging from pro-

inflammatory (IL-1β, IL-2, IL-5, IL-6, IL-12, IL-17, IL-18, sIL-6Rα, IFN-γ, TNF-α, TNF-

β, GM-CSF, and TREM-1); anti-inflammatory (IL-4, IL-10, and TGF-β); chemokines (IL-8, 

MCP-1, MIP-1α, MIP-1β, RANTES), enzyme/receptors (MMP-9, sTNFRI, MIF); and 

neurotrophic agents (BDNF, NT-3, and NT-4). Furthermore, while most studies have focused 

on either term or preterm births, our study included births ranging from very preterm to full 

term gestation in order to account for the influence of GA. In order to account for the testing 

of multiple hypotheses among groups of placental inflammatory status and GA subgroups, 

we utilized the FDR method which set the threshold for statistical significance such that 

fewer than 5% of reported results are expected to be type I false-positive errors.

We hypothesized that TNF-α would also be elevated with FIR, due to its role in 

overwhelming infection and reported elevation with chorioamnionitis. 22,23 There was a lack 

of association in our study (Table IV). Among very preterm infants, umbilical vein IL-6 has 
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been shown to be elevated with both early neonatal sepsis and histologic chorioamnionitis, 

while TNF-α is not. 24 In vitro studies have shown that TNF-α and IL-1β enhance IL-8 

expression in term decidual cells. 25 This suggests that TNF-α, in conjunction with IL-1β, 

may be an important regulator of chorioamnionitis-related disease but is not as prominent at 

the cord blood level as IL-8. Timing of measurement, therefore, is important in the 

interpretation of our results. Although our sample size was relatively large as compared to 

previous studies, a much larger population is needed to more thoroughly explore the degree 

of independence and extent of interaction among specific markers. For example, although 

our study was not powered to test the significance of intra-group associations given the small 

sample sizes of some subgroups, there was a trend towards step-wise increase in IL-6 and 

IL-8 associations with extent of placental inflammatory response within each GA subgroup. 

For example, beta-coefficients for IL-6 increased from 1.62 with MIR to 2.77 with FIR (p-

trend<0.0001) in the very preterm subgroup. Similarly, the strength of association roughly 

doubled for IL-8 (1.38 with MIR to 2.69 with FIR, p-trend<0.0001). Further interpretation 

of our results will require more targeted studies that are powered to detect interactions 

among these important biomarkers.

In clinical neonatal practice, serious complications such as chronic lung disease and 

neurodevelopmental impairment are difficult to predict in premature infants, particularly in 

the immediate postnatal period. A growing body of evidence supports the fetal inflammatory 

response and proinflammatory cytokines as early markers of these outcomes.5,26-29 Severe 

intrauterine infection, or other in utero events, may trigger an immune response in the fetus, 

leading to inflammation and organ damage that may have lasting impact in the developing 

neonate. Accompanying this immune response of the fetus, cord blood cytokines are 

elevated, suggesting that inflammatory reactions occurring at the placental level and 

involving the fetus are mediated by these cytokines. Our study demonstrates that IL-6 and 

IL-8 are important mediators of FIR and therefore may be useful clinical predictors of 

neonatal morbidity.

In summary, IL-1β, IL-6 and IL-8 are selectively elevated with FIR when comparing among 

a large panel of biomarkers with a wide range of immune functions. Even after adjustment 

for important covariates and consideration of GA, these markers remained significantly 

associated with FIR. Further investigation should be focused on determining diagnostic 

levels via ROC analysis, as well as combinations of these markers to better understand the 

timing, extent, and interaction with other inflammatory markers in the pathophysiology of 

preterm birth. While placental histopathology has been shown to be a more sensitive marker 

of poor outcome due to infection/inflammation than clinical signs, 30,31 pathology results are 

not readily available or cost-effective in the majority of cases. Evaluation of cord blood IL-6 

or IL-8 at the time of birth may serve as a proxy for placental histopathology. With further 

investigation of associated clinical outcomes, combinations of these markers may potentially 

be used as a screening tool that guides the medical management of high-risk deliveries.

ACKNOWLEDGEMENTS

We thank the nursing staff of Labor and Delivery at Boston Medical Center for their continuous support and 
assistance to the study and Lingling Fu for data management, and Ann Ramsay for administrative support. We 
would like to particularly thank the outstanding expert consultants of the BMC Preterm Study team: Drs. Barry 

Mestan et al. Page 8

J Matern Fetal Neonatal Med. Author manuscript; available in PMC 2016 August 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Zuckerman, Phillip Stubblefield, Jerome Klein, Milton Kotelchuck, John M. Kasznica, and Paul Wise. We thank 
Drs. Michael Caplan and Isabelle DePlaen for their careful review of the manuscript. Finally, we thank all of the 
participating mothers and their families.

Sources of support:

The study was supported in part by grants from the National Institute of Child Health and Human Development 
(R01 HD41702), National Institute of Environmental Health Sciences (R01ES11682, R21ES11666), and March of 
Dimes Birth Defects Foundation (20-FY98-0701 and 20-FY02-56).

REFERENCES

1. Pacora P, Chaiworapongsa T, Maymon E, Kim YM, Gomez R, Yoon BH, Ghezzi F, Berry SM, 
Qureshi F, Jacques SM. Funisitis and chorionic vasculitis: the histological counterpart of the fetal 
inflammatory response syndrome. J Matern Fetal Neonatal Med. 2002; 11(1):18–25. others. 
[PubMed: 12380603] 

2. Naeye RL. Functionally important disorders of the placenta, umbilical cord, and fetal membranes. 
Hum Pathol. 1987; 18(7):680–91. [PubMed: 3297994] 

3. Ogunyemi D, Murillo M, Jackson U, Hunter N, Alperson B. The relationship between placental 
histopathology findings and perinatal outcome in preterm infants. J Matern Fetal Neonatal Med. 
2003; 13(2):102–9. [PubMed: 12735410] 

4. Gomez R, Romero R, Ghezzi F, Yoon BH, Mazor M, Berry SM. The fetal inflammatory response 
syndrome. Am J Obstet Gynecol. 1998; 179(1):194–202. [PubMed: 9704787] 

5. Lau J, Magee F, Qiu Z, Hoube J, Von Dadelszen P, Lee SK. Chorioamnionitis with a fetal 
inflammatory response is associated with higher neonatal mortality, morbidity, and resource use 
than chorioamnionitis displaying a maternal inflammatory response only. Am J Obstet Gynecol. 
2005; 193(3 Pt 1):708–13. [PubMed: 16150264] 

6. Hillier SL, Witkin SS, Krohn MA, Watts DH, Kiviat NB, Eschenbach DA. The relationship of 
amniotic fluid cytokines and preterm delivery, amniotic fluid infection, histologic chorioamnionitis, 
and chorioamnion infection. Obstet Gynecol. 1993; 81(6):941–8. [PubMed: 8497360] 

7. Weatherstone KB, Rich EA. Tumor necrosis factor/cachectin and interleukin-1 secretion by cord 
blood monocytes from premature and term neonates. Pediatr Res. 1989; 25(4):342–6. [PubMed: 
2786182] 

8. Dammann O, Phillips TM, Allred EN, O'Shea TM, Paneth N, Van Marter LJ, Bose C, Ehrenkranz 
RA, Bednarek FJ. Naples M and others. Mediators of fetal inflammation in extremely low 
gestational age newborns. Cytokine. 2001; 13(4):234–9. [PubMed: 11237431] 

9. Jacobsson B, Holst RM, Wennerholm UB, Andersson B, Lilja H, Hagberg H. Monocyte chemotactic 
protein-1 in cervical and amniotic fluid: relationship to microbial invasion of the amniotic cavity, 
intra-amniotic inflammation, and preterm delivery. Am J Obstet Gynecol. 2003; 189(4):1161–7. 
[PubMed: 14586371] 

10. Romero R, Gomez R, Galasso M, Munoz H, Acosta L, Yoon BH, Svinarich D, Cotton DB. 
Macrophage inflammatory protein-1 alpha in term and preterm parturition: effect of microbial 
invasion of the amniotic cavity. Am J Reprod Immunol. 1994; 32(2):108–13. [PubMed: 7826499] 

11. Athayde N, Edwin SS, Romero R, Gomez R, Maymon E, Pacora P, Menon R. A role for matrix 
metalloproteinase-9 in spontaneous rupture of the fetal membranes. Am J Obstet Gynecol. 1998; 
179(5):1248–53. [PubMed: 9822510] 

12. Chouthai NS, Sampers J, Desai N, Smith GM. Changes in neurotrophin levels in umbilical cord 
blood from infants with different gestational ages and clinical conditions. Pediatr Res. 2003; 53(6):
965–9. [PubMed: 12621105] 

13. Wang X, Zuckerman B, Pearson C, Kaufman G, Chen C, Wang G, Niu T, Wise PH, Bauchner H, 
Xu X. Maternal cigarette smoking, metabolic gene polymorphism, and infant birth weight. Jama. 
2002; 287(2):195–202. [PubMed: 11779261] 

14. Gibbs RS, Blanco JD, St Clair PJ, Castaneda YS. Quantitative bacteriology of amniotic fluid from 
women with clinical intraamniotic infection at term. J Infect Dis. 1982; 145(1):1–8. [PubMed: 
7033397] 

Mestan et al. Page 9

J Matern Fetal Neonatal Med. Author manuscript; available in PMC 2016 August 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



15. Kramer MS, Platt R, Yang H, Joseph KS, Wen SW, Morin L, Usher RH. Secular trends in preterm 
birth: a hospital-based cohort study. Jama. 1998; 280(21):1849–54. [PubMed: 9846780] 

16. Skogstrand K, Thorsen P, Norgaard-Pedersen B, Schendel DE, Sorensen LC, Hougaard DM. 
Simultaneous measurement of 25 inflammatory markers and neurotrophins in neonatal dried blood 
spots by immunoassay with xMAP technology. Clin Chem. 2005; 51(10):1854–66. [PubMed: 
16081507] 

17. Ekins R, Edwards P. On the meaning of “sensitivity”. Clin Chem. 1997; 43(10):1824–31. 
[PubMed: 9341999] 

18. Gupta M, Mestan KK, Martin CR, Pearson C, Ortiz K, Fu L, Stubblefield P, Cerda S, Kasznica JM, 
Wang X. Impact of clinical and histologic correlates of maternal and fetal inflammatory response 
on gestational age in preterm births. J Matern Fetal Neonatal Med. 2007; 20(1):39–46. [PubMed: 
17437198] 

19. Benjamini Y, Hochberg Y. Controlling the false discovery rate: a practical and powerful approach 
to multiple testing. J Royal Stat Soc Ser B. 1995; 57:289–300.

20. Tasci Y, Dilbaz B, Uzmez Onal B, Caliskan E, Dilbaz S, Doganci L, Han U. The value of cord 
blood interleukin-6 levels for predicting chorioamnionitis, funisitis and neonatal infection in term 
premature rupture of membranes. Eur J Obstet Gynecol Reprod Biol. 2006; 128(1-2):34–9. 
[PubMed: 16459014] 

21. D'Alquen D, Kramer BW, Seidenspinner S, Marx A, Berg D, Groneck P, Speer CP. Activation of 
umbilical cord endothelial cells and fetal inflammatory response in preterm infants with 
chorioamnionitis and funisitis. Pediatr Res. 2005; 57(2):263–9. [PubMed: 15611353] 

22. Hung TH, Chen SF, Hsu JJ, Hsieh CC, Hsueh S, Hsieh TT. Tumour necrosis factor-alpha 
converting enzyme in human gestational tissues from pregnancies complicated by 
chorioamnionitis. Placenta. 2006; 27(9-10):996–1006. [PubMed: 16376986] 

23. Kazzi SN, Jacques SM, Qureshi F, Quasney MW, Kim UO, Buhimschi IA. Tumor necrosis factor-
alpha allele lymphotoxin-alpha+250 is associated with the presence and severity of placental 
inflammation among preterm births. Pediatr Res. 2004; 56(1):94–8. [PubMed: 15128916] 

24. Kashlan F, Smulian J, Shen-Schwarz S, Anwar M, Hiatt M, Hegyi T. Umbilical vein interleukin 6 
and tumor necrosis factor alpha plasma concentrations in the very preterm infant. Pediatr Infect 
Dis J. 2000; 19(3):238–43. [PubMed: 10749467] 

25. Lockwood CJ, Arcuri F, Toti P, Felice CD, Krikun G, Guller S, Buchwalder LF, Schatz F. Tumor 
necrosis factor-alpha and interleukin-1beta regulate interleukin-8 expression in third trimester 
decidual cells: implications for the genesis of chorioamnionitis. Am J Pathol. 2006; 169(4):1294–
302. [PubMed: 17003486] 

26. Arai H, Matsuda T, Goto R, Takada G. Increased numbers of macrophages in tracheal aspirates in 
premature infants with funisitis. Pediatr Int. 2008; 50(2):184–8. [PubMed: 18353056] 

27. Bashiri A, Burstein E, Mazor M. Cerebral palsy and fetal inflammatory response syndrome: a 
review. J Perinat Med. 2006; 34(1):5–12. [PubMed: 16489880] 

28. Bose CL, Laughon MM, Dammann CE. Bronchopulmonary Dysplasia and Inflammatory 
Biomarkers in the Premature Neonate. Arch Dis Child Fetal Neonatal Ed. 2008

29. Hansen-Pupp I, Hallin AL, Hellstrom-Westas L, Cilio C, Berg AC, Stjernqvist K, Fellman V, Ley 
D. Inflammation at birth is associated with subnormal development in very preterm infants. Pediatr 
Res. 2008; 64(2):183–8. [PubMed: 18391842] 

30. Guzick DS, Winn K. The association of chorioamnionitis with preterm delivery. Obstet Gynecol. 
1985; 65(1):11–6. [PubMed: 3966012] 

31. Heller DS, Rimpel LH, Skurnick JH. Does histologic chorioamnionitis correspond to clinical 
chorioamnionitis? J Reprod Med. 2008; 53(1):25–8. [PubMed: 18251357] 

Mestan et al. Page 10

J Matern Fetal Neonatal Med. Author manuscript; available in PMC 2016 August 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Mestan et al. Page 11

Table I

Maternal demographics and clinical characteristics of the study population.

Full Term (≥ 37 
weeks)n=164

Moderate Preterm 
(33-36 weeks) n=237

Very Preterm (≤ 32 
weeks) n=105 P

*

Maternal age, years 28.9 ± 6.6 28.6 ± 6.8 29.0 ± 6.8 0.819

Birth weight, g 3172.3 ± 673.9 2452.0 ± 508.7 1520.4 ± 507.5 <0.001

Gestational age, weeks 39.3 ± 1.3 35.2 ± 1.1 30.1 ± 2.6 <0.001

Race

        Black 113(68.9) 130(54.9) 76(72.4) <0.001

        White 9(5.5) 41(17.3) 8(7.6)

        Hispanic 18(11.0) 43(18.1) 12(11.4)

        Other 24(14.6) 23(9.7) 9(8.6)

Parity (>1) 92(56.1) 131(55.3) 70(66.7) 0.122

Married 108(65.9) 161(67.9) 67(63.8) 0.746

Medical induction 54(32.9) 89(37.6) 30(28.6) 0.249

Tocolysis 3(1.8) 20(8.4) 20(19.0) <0.001

Antenatal steroids 3(1.8) 28(11.8) 56(53.3) <0.001

Antepartum antibiotics 64(43.5) 74(38.5) 48(60.8) 0.004

Signs of Intrauterine Infection (IUI):

        Intrapartum fever (>38°C) 20(12.2) 13(5.5) 12(11.4) 0.040

        Elevated WBC 43(26.2) 57(24.1) 43(41.0) 0.005

        Maternal or fetal tachycardia 26(15.9) 13(5.5) 11(10.5) 0.003

        Uterine tenderness 4(2.4) 3(1.3) 5(4.8) 0.146

        Foul-smelling AF or vaginal discharge 0(0.0) 3(1.3) 4(3.8) 0.032

        Any above sign 70(42.7) 81(34.2) 53(50.5) 0.014

Placental Inflammatory Response Status:

        No MIR/FIR 123(75.0) 175(73.8) 55(52.4) <0.001

        MIR 32(19.5) 38(16.0) 20(19.0)

        FIR 9(5.5) 24(10.1) 30(28.6)

*
P-value is based upon F-test for continuous variables and chi-square for categorical variables.
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Table II

Comparison of 27 biomarker levels among gestational age subgroups
†

Full Term (≥37 weeks) (n=164) Moderately Preterm (33-36 weeks) 
(n=237)

Very Preterm (≤32 weeks) (n=105) P

IL-1β 54.7 (23.1-125.5) 46.8(12.2-101.7) 45.6(12.6-149.2) 0.011

IL-2 14.6 (2.0-68.5) 23.5(2.0-74.7) 27.4(2.0-76.7) 0.004

IL-4 4.2 (2.0-9.7) 5.4(2.0-10.3) 5.3(2.0-12.7)
<0.001

*

IL-5 5.2 (2.0-12.8) 6.1(2.0-12.1) 6.8(3.5-15.1) 0.001

IL-6 36.1 (9.2-218.7) 27.1(8.4-138.0) 45.3(10.4-4000.0)
<0.001

*

IL-8 30.1 (2.0-227.3) 26.1(4.0-141.4) 41.0(8.5-1143.6)
<0.001

*

IL-10 239.3 (42.0-567.4) 373.5(4.7-800.7) 502.9(2.0-1163.8) 0.191

IL-12 30.9 (9.3-80.6) 29.8(8.1-73.5) 28.1(4.8-67.7) 0.301

IL-17 132.8 (2.0-488.2) 125.4(2.0-514.0) 166.8(2.0-819.6) 0.024

IL-18 708.4 (255.4-2504.0) 649.9(266.7-1829.8) 443.7(192.4-1035.3)
<0.001

*

sIL-6Rα [42.0 (25.7-79.2)] × 103 [51.4(30.6-99.7)] × 103 [49.6(27.9-106.3)] × 103
<0.001

*

IFN-γ 36.4 (14.5-88.9) 39.1(10.4-85.6) 39.7(10.0-91.0) 0.800

TNF-α 16.3(6.4-36.3) 23.0(5.9-45.7) 22.6(7.5-6.3) 0.012

TNF-β 120.3 (31.5-364.4) 117.2(27.0-364.0) 161.7(36.1-432.0) 0.146

GM-CSF 30.6 (5.0-101.2) 33.0(5.0-79.4) 42.0(5.0-84.3) 0.079

TREM-1 [1.1 (0.3-4.3)] × 103 [1.7(0.3-4.7)] × 103 [1.8(0.3-5.2)] × 103 0.002

TGF-β 146.4 (20.0-369.3) 113.0(20.0-292.3) 119.3(20.0-269.9) 0.130

MCP-1 346.3 (97.1-790.7) 675.8(239.5-1202.9) 684.8(115.9-1968.7)
<0.001

*

MIP-1α 536.6 (215.1-1778.1) 615.0(291.6-2329.6) 808.6(223.4-2183.7) 0.031

MIP-1β 827.3 (364.8-2132.5) 955.2(459.7-2560.9) 1116.2(454.9-3201.5)
<0.001

*

MMP-9 [607.9 (325.8-1238.9)] × 103 [546.4(260.8-1215.1)] × 103 [465.6(94.9-857.3)] × 103
<0.001

*

sTNFRI [4.0 (2.3-7.9)] × 103 [5.9(2.9-17.2)] × 103 [10.9(4.1-23.5)] × 103
<0.001

*

MIF [0.5(0.1-1.3)] × 106 [0.6(0.2-1.7)] × 106 [0.4(0.1-1.7)] × 106 0.002

RANTES [52.3 (27.6-111.1)] × 103 [53.7(31.9-94.8)] × 103 [49.3(30.7-83.7)] × 103 0.224

BDNF [2.8 (0.8-9.6)] × 103 [1.9(0.4-6.4)] × 103 [1.4(0.3-5.1)] × 103
<0.001

*

NT-3 169.9 (41.4-543.7) 89.2(4.2-256.0) 75.9(2.0-224.8)
<0.001

*

NT-4 21.9 (6.4-45.7) 23.7(7.8-52.3) 23.1(5.2-37.7) 0.185

†
Biomarker levels are expressed as median (10-90th percentile range). Units are in ng/L.

*
P-values based upon F-test. Statistical significance based upon false-discovery rate (FDR)-corrected threshold of P<0.001.
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Table III

Cord blood biomarkers significantly associated with FIR, according to gestational age subgroups.

Gestational age subgroup 
(weeks)

Placental inflammatory response status n Mean ± SD
†

beta
§ se P

IL-1β ≥ 37 No MIR/FIR 123 3.90 ± 0.80 Ref -- --

MIR 32 4.07 ± 0.79 0.18 0.16 0.2398

FIR 9 4.68 ± 0.60 0.60 0.29 0.0369

33-36 No MIR/FIR 175 3.57 ± 0.98 Ref -- --

MIR 38 3.67 ± 1.01 0.02 0.18 0.9027

FIR 24 4.56 ± 1.16 0.87 0.22
0.0001

*

≤ 32 No MIR/FIR 55 3.36 ± 0.90 Ref -- --

MIR 20 3.80 ± 0.95 0.32 0.29 0.2806

FIR 30 4.32 ± 1.30 0.94 0.28
0.0009

*

IL-6 ≥ 37 No MIR/FIR 123 3.49 ± 1.19 Ref -- --

MIR 32 3.88 ± 1.31 0.56 0.24 0.0186

FIR 9 6.60 ± 1.70 2.78 0.44
<0.0001

*,‡

33-36 No MIR/FIR 175 3.21 ± 1.18 Ref -- --

MIR 38 3.55 ± 1.59 0.30 0.26 0.2415

FIR 24 5.38 ± 2.31 1.97 0.31
<0.0001

*,‡

≤ 32 No MIR/FIR 55 3.36 ± 1.26 Ref -- --

MIR 20 4.86 ± 2.29 1.62 0.51 0.0014

FIR 30 6.15 ± 2.31 2.77 0.49
<0.0001

*,‡

IL-8 ≥ 37 No MIR/FIR 123 3.20 ± 1.60 Ref -- --

MIR 32 3.76 ± 1.46 0.63 0.31 0.0395

FIR 9 5.80 ± 1.27 2.33 0.57
<0.0001

*,‡

33-36 No MIR/FIR 175 3.06 ± 1.43 Ref -- --

MIR 38 3.38 ± 1.27 0.28 0.27 0.2901

FIR 24 5.10 ± 1.89 1.95 0.32
<0.0001

*,‡

≤ 32 No MIR/FIR 55 3.13 ± 1.24 Ref -- --

MIR 20 4.37 ± 1.96 1.38 0.45 0.0021

FIR 30 5.73 ± 1.92 2.69 0.43
<0.0001

*,‡

†
Mean values are expressed using natural log-transformation.

§
Beta-coefficients are adjusted for maternal age, parity, race, presentation with medical induction, corticosteroids, tocolysis, intrapartum 

antibiotics, and any clinical sign of intrauterine infection.

*
P <0.001 indicates statistical significance based upon false-discovery rate (FDR) correction for multiple testing.

‡
P-trend (No MIR/FIR vs. MIR vs. FIR) for IL-6 and IL-8 within each GA subgroup was <0.0001.
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Table IV

Linear regression parameters of selected biomarkers not significantly associated with MIR or FIR
**

Gestational Age subgroup 
(weeks)

Placental inflammatory response status n Mean ± SD
†

beta
§ se P

*

MCP-1 ≥ 37 No MIR/FIR 123 5.52 ± 1.22 Ref -- --

MIR 32 5.73 ± 1.35 0.31 0.24 0.1913

FIR 9 6.55 ± 1.05 0.75 0.44 0.0869

33-36 No MIR/FIR 175 6.18 ± 1.25 Ref -- --

MIR 38 6.35 ± 1.34 0.06 0.24 0.7945

FIR 24 6.08 ± 1.80 −0.18 0.29 0.5365

≤ 32 No MIR/FIR 55 6.00 ± 1.51 Ref -- --

MIR 20 6.49 ± 1.44 0.83 0.39 0.0338

FIR 30 6.75 ± 1.28 1.11 0.38 0.0033

TNF-α ≥ 37 No MIR/FIR 123 2.65 ± 0.68 Ref -- --

MIR 32 2.92 ± 0.82 0.29 0.14 0.0407

FIR 9 3.05 ± 0.59 0.31 0.26 0.2254

33-36 No MIR/FIR 175 2.92 ± 0.84 Ref -- --

MIR 38 2.78 ± 0.96 −0.13 0.16 0.4072

FIR 24 3.09 ± 1.03 0.12 0.20 0.5386

≤ 32 No MIR/FIR 55 2.82 ± 0.88 Ref -- --

MIR 20 3.20 ± 0.65 0.27 0.23 0.2432

FIR 30 3.25 ± 0.84 0.39 0.22 0.0837

†
Mean values are expressed using log-transformation.

§
Beta-coefficients are adjusted for maternal age, parity, race, presentation with medical induction, corticosteroids, tocolysis, intrapartum 

antibiotics, and any clinical sign of intrauterine infection.

*
P<0.001 indicates statistical significance based upon false-discovery rate (FDR)-correction for multiple testing.

**
Data for all remaining non-significantly associated biomarkers are not shown (beta-coefficients <1.0, P>0.0033 for all comparisons).
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Table V

Cytokines associated with MIR and FIR, stratified according to presence versus absence of clinical signs of 

intrauterine infection

IL-1β IL-6 IL-8

n beta(se)
* P n beta(se)

* P n beta(se)
* P

No clinical signs present

No MIR/FIR 226 Ref -- 226 Ref -- 226 Ref --

MIR 50 0.11(0.15) 0.457 50 0.59(0.23) 0.009 50 0.45(0.24) 0.057

FIR 26 0.65(0.20) 0.001 26 1.59(0.30) <0.0001 26 1.55(0.31) <0.0001

Any clinical sign present

No MIR/FIR 127 Ref -- 127 Ref -- 127 Ref --

MIR 40 0.08(0.16) 0.613 40 0.47(0.28) 0.090 40 0.75(0.30) 0.013

FIR 37 0.87(0.19) <0.0001 37 3.09(0.33) <0.0001 37 2.97(0.36) <0.0001

*
Beta-coefficients adjusted for maternal age, parity, race, presentation with medical induction, corticosteroids, tocolysis, intrapartum antibiotics.
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