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Abstract

Objective

We sought to identify plasma biomarkers associated with spontaneous preterm birth

(SPTB, delivery within 21 days of sampling) in women with preterm labor (PTL) without

intra-amniotic infection/inflammation (IAI) using label-free quantitative proteomic analysis,

as well as to elucidate specific protein pathways involved in these cases.

Methods

This was a retrospective cohort study comprising 104 singleton pregnant women with PTL

(24–32 weeks) who underwent amniocentesis and demonstrated no evidence of IAI. Analy-

sis of pooled plasma samples collected from SPTB cases and term birth (TB) controls (n =

10 for each group) was performed using label-free quantitative mass spectrometry for prote-

ome profiling in a nested case-control study design. Eight candidate proteins of interest

were validated by ELISA-based assay and a clot-based assay in the total cohort.

Results

Ninety-one proteins were differentially expressed (P < 0.05) in plasma samples obtained

from SPTB cases, of which 53 (58.2%) were upregulated and 38 (41.8%) were downregu-

lated when compared to TD controls. A validation study confirmed that plasma from women

who delivered spontaneously within 21 days of sampling contained significantly higher lev-

els of coagulation factor Ⅴ and lower levels of S100 calcium binding protein A9 (S100A9),

especially the former which was independent of baseline variables. The top-ranked path-

ways related to the 91 differentially expressed proteins were liver-X-receptor/retinoid X
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receptor (RXR) activation, acute phase response signaling, farnesoid X receptor/RXR acti-

vation, coagulation system, and complement system.

Conclusions

Proteomic analyses in this study identified potential novel biomarkers (i.e., coagulation fac-

tor V and S100A9) and potential protein pathways in plasma associated with SPTB in the

absence of IAI in women with PTL. The present findings provide novel insights into the

molecular pathogenesis and therapeutic targets specific for idiopathic SPTB.

Introduction

Preterm labor (PTL) is observed in 2–3% of all pregnancies and accounts for approximately

one-third of spontaneous preterm births (SPTB), which is a major cause of perinatal mortality

and morbidity [1–3]. PTL is currently thought to be a complex syndrome attributed to multi-

ple factors, including intra-amniotic infection and/or inflammation (IAI), vascular disease,

genetic predisposition, and uterine overdistension [4, 5]. However, except in PTL cases involv-

ing IAI, in most cases, it is difficult to demonstrate a causal relationship with PTL followed by

SPTB [6]. Thus, identification of biomarkers that reflect biochemical alterations and mecha-

nisms causally related to preterm labor and delivery in cases other than IAI, particularly using

non-invasive methods, is clinically relevant for developing a cause-based treatment.

Substantial evidence implicates maternal subclinical inflammation and/or infection in

approximately 40% of SPTB cases [1, 7]. However, in more than half of the SPTB cases, its eti-

ology remains unknown and is thus categorized as idiopathic [8]. Despite the prevalence, clini-

cal importance, and global health significance of idiopathic PTL and birth, few studies have

specifically examined the biomarkers to be used as a guide for their prediction and as a thera-

peutic target. This is because currently, the objective criteria required to define it as idiopathic

PTL subgroups are lacking. Accumulated evidence shows (ⅰ) fetal CD4+ T cell activation, calci-

protein particles, and Q-profile based on the presence of 5 SELDI peaks in the amniotic fluid

(AF) and (ⅱ) protein Z levels in maternal plasma as effective potential biomarkers to assess the

risk of idiopathic PTL and birth [9–12]. However, these studies were limited by analyses

restricted to selected target markers and the fact that the definition of idiopathic PTL and birth

is not enough to completely exclude any infection/inflammatory cases as it was determined

based on the analysis of either the AF or placenta alone.

Proteomics-based approaches using various separation methods coupled with mass spec-

trometry could represent promising strategies for complex disorders, such as idiopathic PTL

and birth, as they can analyze multiple protein signatures concurrently, providing new and

pertinent insights into the causes of unsolved diseases [13–15]. The purpose of the study was

to identify plasma biomarkers associated with SPTB in women with PTL without IAI using

label-free quantitative proteomics analysis, as well as to elucidate top-ranked pathways

involved in these cases.

Materials and methods

Study population and research design

We performed a retrospective cohort study of all consecutive women with singleton pregnan-

cies who were diagnosed with PTL at 24 + 0 to 32 + 6 weeks of gestation who underwent
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amniocentesis to rule out infection/inflammation. All participants were recruited from the

Seoul National University Bundang Hospital between July 2004 and December 2016. The pres-

ent study focused on the non-infectious and non-inflammatory causes of SPTB. This study was

conducted through a comprehensive database search of patients admitted to the high-risk preg-

nancy unit of our hospital during the study period. Eligible patients were identified based on

the following inclusion criteria: 1) delivery of a live singleton fetus; 2) availability of an aliquot

of plasma sample for analysis, which was obtained at the time of amniocentesis; 3) absence of

active labor, defined as cervical dilation of 4 cm or more; 4) absence of major congenital anoma-

lies; 5) no evidence of clinical chorioamnionitis at the time of admission or during hospitaliza-

tion; 6) no medically induced preterm deliveries for maternal or fetal indications; and 7) cases

without findings associated with intra-uterine infection/inflammation that were defined as the

presence of at least one of the following (based on previous studies): a positive AF microbial cul-

ture, histologic evidence of chorioamnionitis, AF IL-6 levels� 1.0 ng/mL, or white blood cells

(WBC) counts� 50 cells/mm3 [16–20]. The local ethics committee of Seoul National University

Bundang Hospital, Seongnamsi, Republic of Korea, approved our study (project number B-

1105/128-102). All women provided written informed consent to collect and use the biological

samples and clinical information prior to the amniocentesis procedure.

We conducted a nested case-control study for biomarker discovery using pooled plasma

samples collected from 10 cases who delivered spontaneously within 21 days of sampling (who

also underwent SPTB< 34 weeks), and 10 controls with term birth (TB). Cases were randomly

selected from a subgroup of 20 patients who delivered spontaneously within 21 days from a

total cohort comprising 104 women with PTL in the absence of infection/inflammation who

met the inclusion criteria. A control was selected for each case, matched by gestational age at

sampling, years of admission, and maternal age. Plasma proteome profiles were compared

between the case and control groups and were analyzed by label-free quantitative proteomics

using spectral counting. The primary and secondary outcome measures involved SPTB within

21 days of sampling and before 34 weeks of gestation, respectively.

Collection and storage of plasma and AF samples

A transabdominal ultrasound-guided amniocentesis was performed with a 22-gauge spinal

needle under aseptic conditions at the time of admission. The AF samples were immediately

transported to the clinical laboratory for culturing genital mycoplasmas (Mycoplasma hominis
and Ureaplasma urealyticum) and aerobic/anaerobic bacteria and examining the presence of

WBCs. The methods are described in a previous study [21]. The residual AF was centrifuged

for 10 minutes at 1,500 × g to remove cells and debris, divided into aliquots, and stored at

-70˚C until further analysis. The IL-6 levels in AF were assessed using an enzyme-linked

immunosorbent assay (ELISA) human IL-6 DuoSet Kit (R&D System, Minneapolis, MN,

USA) to exclude subclinical intra-amniotic inflammation. The measurements of IL-6 in AF

are described in detail in Supplementary Materials.

At the time of amniocentesis—on admission to a hospital, venous peripheral blood samples

were collected into both ethylenediaminetetraacetic acid (EDTA) and sodium citrate tubes.

Blood plasma samples were centrifuged for 10 minutes at 1,500 × g, after which the superna-

tant was aliquoted and stored at -70˚C until further use. Plasma samples that were significantly

hemolyzed were excluded from the study.

Definition, diagnosis, and management of preterm labor

PTL was defined as the presence of regular uterine contractions at a frequency of five minutes

or less accompanied by a cervical change (softening, effacement, or dilation) that required
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hospitalization prior to 37 weeks of gestation. Pathologic diagnosis of acute histologic chor-

ioamnionitis (HCA) was made when acute inflammatory changes were detected in any tissue

sample [fetal membranes (amnion and chorion-decidua), chorionic plate, or umbilical cord],

in accordance with the previously detailed definition [22]. Clinical chorioamnionitis was diag-

nosed in accordance with the criteria proposed by Gibbs et al. [23], and a detailed description

is provided in the Supplementary Materials. The management of PTL has been described pre-

viously in detail [21] and is described in the Supplementary Materials. In briefly, clinical care

decisions for PTL were primarily made at the discretion of the attending obstetricians, includ-

ing decisions concerning the use and type of tocolytic drug, treatment of microbial invasion of

the amniotic cavity (MIAC)/intra-amniotic inflammation, and the timing of delivery in a

woman with PTL and MIAC/intra-amniotic inflammation. Women with PTL were initially

hydrated, and if uterine contractions persisted, a regimen of intravenous tocolytic therapy

(e.g., magnesium sulfate, ritodrine, or atosiban) was initiated. Antenatal corticosteroids were

administered to mature fetal lungs between 24 and 34 weeks of gestation. At our institution,

prophylactic antibiotics were not administered to any patient with PTL to prolong gestation,

except in those with a development of clinical signs of chorioamnionitis and a diagnosis (or

clinical suspicion) of subclinical MIAC/intra-amniotic inflammation.

Mass spectral analysis of plasma samples

Quantification of total protein amount in each plasma sample was performed using a bicinch-

oninic acid assay (Micro BCA Protein Assay Kit, Thermo Fisher Scientific, Bremen, Ger-

many). The pooled plasma samples from the TB control and SPTB case groups (10 samples

per group; 4 mg per group) were generated by combining equal amounts (400 μg) of 10 indi-

vidual plasma samples from each group and further filtered by centrifugation for 5 min at

16,000 × g and 4˚C. Subsequently, the pooled plasma samples within each group (4 mg per

group) were subjected to immunoaffinity depletion for removal of the top 14 high-abundance

proteins, as described in the Supplementary Materials. The depleted plasma samples (300 μg

per group) were digested by trypsin, followed by high-pH reversed-phase fractionation, as

described in the Supplementary Materials.

The fractionated peptide samples were then analyzed in triplicate using an online Thermo

Easy nLC 1000 system (Thermo Fisher Scientific, Bremen, Germany) interfaced with a

Thermo quadrupole-orbitrap Q-Exactive mass spectrometer (Thermo Fisher Scientific, Bre-

men, Germany), controlled by Xcalibur version 2.0.6 software (Thermo Fisher Scientific, San

Jose, CA, USA), as described in the Supplementary Materials.

Protein identification and label-free quantitative analysis

The SEQUEST search algorithm (Sorcerer v 4.3.0, Sage-N Research, Milpitas, CA, USA) was

used to search all LC-MS/MS files against the UniProt protein database (42,083 entries;

released in March 2015). The search criteria were set to a mass tolerance of 10 ppm and 1 Da

for the MS and MS/MS data, respectively. The maximum number of missed cleavages by tryp-

sin was set for all searches. Cysteine carbamidomethylation (+57.021 Da) was set as a fixed

modification, and methionine oxidation (+15.995 Da) was set as a variable modification. Scaf-

fold 4 (version 4.3.2, Proteome Software Inc., Portland, OR, USA) was used to filter peptide

and protein identifications for an estimated false discovery rate of< 1%. All proteins were

identified using two or more unique peptides. To identify differentially expressed proteins

(DEPs) between the two groups, the spectral count data (the number of MS/MS matched to

the protein) was first extracted prior to the statistical analysis. Proteins identified in at least

two technical replicates were used for statistical analysis. Then, the spectral counts of the
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identified proteins were log2-transformed and compared using the R statistical program with a

power law global error model (PLGEM, http://www.bioconductor.org) to discover proteins

showing statistically significant changes (P-value < 0.05) between the SPTB case and TB con-

trol groups [24–26]. The relative abundance ratios of proteins that demonstrated statistically

significant changes were calculated as ratios between spectral counts in the SPTB cases and

those in TB controls, and the proteins showing fold changes (FCs) > 1.5 or < 0.66, either up

or downregulated, with P-value < 0.05, were considered as DEPs. Only proteins that met these

criteria were subjected to further analyses. The materials and methods used for complete

proteomic analysis are described in detail in the Supplementary Materials.

Ingenuity pathway analysis (IPA)

UniProt accession numbers of the DEPs and their corresponding log2 ratios between spectral

counts obtained from the SPTB case and TB control groups were uploaded to the web-based

IPA software (Version 26127183; QIAGEN, CA, USA) for functional analysis. Taxonomy was

set to human, and the disease and canonical pathways connecting to all DEPs were visualized

based on the published literature (i.e., knowledge base–driven pathway analysis). Once a data-

set containing the DEPs in the proteomic analysis (called the focus proteins) was uploaded to

the IPA website, these focus proteins were mapped to corresponding gene objects in the Inge-

nuity Pathways Knowledge Base as a reference set. Subsequently, biological pathways were

generated using the knowledge base for interactions between mapped focus genes (data set)

and all other gene objects stored in the knowledge base. For each pathway (network), the P-

value (showing the probability of the mapped focus genes in a network being observed

together owing to random chance) was computed according to the fit of the dataset of signifi-

cant genes. This P-value was computed using the right-tailed Fischer exact test.

ELISA and coagulation factor activity assays

Confirmation of proteomic data of DEPs of interest was validated using an immunoassay for

five candidate biomarkers and coagulation factor activity assays for three biomarkers with a

total cohort comprising 104 individual samples. The levels of complement C3 and C5 (BD Bio-

sciences, San Diego, CA 92121, USA), macrophage colony-stimulating factor 1 receptor

(CSF1R), S100A9, and transforming growth factor beta-induced (TGFBI) (DuoSet ELISA;

R&D Systems, Minneapolis, MN, USA) were measured in EDTA plasma samples using ELISA

kits according to the manufacturer’ s instructions. The ranges for the protein standard curves

and their dilution ratios are described in detail in the Supplementary Materials. The intra- and

inter-assay coefficients of variation (CVs) were < 10% for all analyzed proteins, except for the

inter-assay CV of S100A9 (11.5%). The activity levels of coagulation factor Ⅴ, Ⅶ, and Ⅸ were

determined in citrate plasma by a clot-based assay performed using STA-R Evolution Analyzer

(Diagnostic STAGO Inc., Parsippany, NJ, USA). The aforementioned 8 target proteins were

selected because i) they exhibit relationships with idiopathic PTL and birth in a proteomic pro-

filing study but were not validated in individual samples in large cohorts (i.e., complements

and coagulation factors) [27]; ⅱ) they were involved in the molecular mechanisms underlying

potential biological pathways of idiopathic SPTB [27, 28]; iii) they showed a high expression

FC or statistical significance; and iv) commercial ELISA kits for these proteins were readily

available.

Statistical analysis

The clinical characteristics and plasma levels of candidate markers were compared using the

Mann-Whitney U-test or Student’s t-test for continuous data (based on the results of a
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Shapiro-Wilk test), and the Fisher’s exact test or χ2-test for categorical data. Thereafter, multi-

variate logistic regression analyses were conducted to assess the independent relationship

between plasma biomarker levels and SPTB within 21 days of sampling, after adjusting for

baseline clinical covariates (i.e., parity, use of corticosteroids, and AF IL-6 levels), with a P
value < 0.1, during univariate analysis. For all statistical tests, two-sided P values< 0.05, were

regarded as statistically significant, and SPSS version 25.0 software (IBM SPSS Inc., Chicago,

IL, USA) was used for statistical analyses.

Results

In total, 172 women with PTL at a gestational age between 24 + 0 and 32 + 6 weeks, who

met all inclusion criteria were recruited. Of the 172 patients, 17 patients showed positive AF

microbial cultures, 38 demonstrated acute HCA, 60 showed AF IL-6 levels� 1.0 ng/mL, and

21 showed AF WBC counts� 50 cells/mm3. Many patients concurrently met the criteria used

for defining IAI in this study (Fig 1 and S1 Table). Sixty-eight patients in whom at least one of

the IAI criteria were met were subsequently excluded from the study. Hence, 104 women were

left for assessing the association between plasma proteins and SPTB in the absence of IAI. The

clinical and demographic characteristics of women with PTL who were excluded because of

IAI and included in the present study are presented in S2 Table. Patients excluded from the

Fig 1. Flow-chart outlining the study design with inclusion and exclusion of patients.

https://doi.org/10.1371/journal.pone.0259265.g001
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study owing to IAI were more parous, delivered significantly earlier, and demonstrated a

higher rate of SPTBs within� 7, 14, and 21 days of sampling and at< 34 weeks than women

without IAI who were included for analyses presented here.

Clinical characteristics of the discovery cohorts

S3 Table presents the demographic and clinical characteristics of exploratory cohorts. TB con-

trols and SPTB cases demonstrated similar gestational age at sampling and maternal age; how-

ever, SPTB cases exhibited a tendency of higher AF IL-6 levels, although the difference did not

reach statistical significance (P = 0.059), and were more parous.

Discovery and verification of biomarker candidates using proteomic

analysis

Fig 2A provides a general workflow for the identification of plasma biomarkers associated

with SPTB in the absence of infection/inflammation. In the LC-ESI-MS/MS analyses, 273 and

258 proteins were identified with two or more unique peptides from the case and control

groups, respectively, and 244 proteins were commonly identified in the two groups (Fig 2B).

Fig 2. (A) Schematic workflow of the experimental design. Plasma samples pooled from each group (10 samples per group) were subjected to

immunoaffinity depletion to remove the 14 most abundant proteins. After high-pH reversed-phase fractionation of the peptides obtained with the

tryptic digestion of each sample group, the peptides were subjected to LC-MS/MS followed by label-free quantitative analysis based on spectral

counting. Differentially expressed proteins (DEPs) were functionally annotated using the IPA software, and the DEPs of interest were verified using

the ELISA and clot-based assay. (B) Venn diagrams showing the distribution of proteins identified in the LC-MS/MS analyses. Case: patients without

infection/inflammation who delivered spontaneously within 21 days of sampling; Control: patients without infection/inflammation who delivered at

term. IAI, intra-amniotic infection/inflammation.

https://doi.org/10.1371/journal.pone.0259265.g002
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To select the DEPs between the control and SPTB case groups, the following criteria were

applied: (ⅰ) P-value < 0.05 by PLGEM; (ii) FC ratio > 1.5 or< 0.66; and (iii) spectral

counts > 50 from at least two technical replicates of LC-MS/MS runs. Ninety-one DEPs

between the SPTB and TB groups met these selection criteria; the expression of 53 (58.2%)

DEPs was upregulated and that of 38 (41.8%) was downregulated in the SPTB case group com-

pared to that observed in the TB control group (S4 Table). These 91 DEPs were also analyzed

using the IPA program to investigate their biological functions and canonical pathways (S5

Table). The following top five canonical pathways were observed in IPA: ‘liver-X-receptor

(LXR)/retinoid X receptor (RXR) activation’, ‘acute phase response signaling (APR)’, ‘farne-

soid X receptor (FXR)/RXR activation’, ‘coagulation system’, and ‘complement system’.

Verification of proteomic data in the total cohort

Verification studies were conducted in 104 individual samples for eight candidate proteins of

interest that were differentially expressed at significantly higher levels in plasma between the

SPTB case and TB control groups: 1–5) complement C3 and C5, CSF1R, S100A9, and TGFBI,

for which levels were measured using quantitative ELISA; and 6–8) coagulation factor Ⅴ, Ⅶ,

and Ⅸ, for which the activity was measured via a clot-based assay. The activity levels of coagu-

lation factor V in the plasma were significantly higher, and plasma S100A9 levels were signifi-

cantly lower in women who delivered spontaneously within 21 days of sampling than in those

who delivered after 21 days (P< 0.05 for each, Table 1 and Fig 3). However, the univariate

analysis also revealed that nulliparity had a borderline association with the SPTB within 21

days of sampling (P = 0.051); thus, we further performed multivariate analyses for baseline dif-

ference in parity in comparison to the control. In the multivariate analysis, elevated levels of

plasma coagulation factor V, but not lower levels of S100A9, were significantly associated with

SPTB within 21 days (Table 2). In addition, no significant intergroup differences were

observed in plasma coagulation Ⅶ and in Ⅸ, complement C3 and C5, CSF1R, and TGFBI lev-

els (Table 1).

When SPTB at< 34 weeks was used as the outcome measure, univariate analyses revealed

no significant association between elevated plasma levels of eight proteins validated in this

study (complements C3 and C5; factors Ⅴ, Ⅶ, Ⅸ; CSF1R; S100A9; and TGFBI) and SPTB

at< 34 weeks, although high plasma levels of factor Ⅴ had a borderline association with SPTB

at< 34 weeks (P = 0.096) (Table 3). Furthermore, in the multivariate analysis, elevated plasma

factor Ⅴ levels did not demonstrate an association with SPTB at< 34 weeks when corrected

for the baseline differences in parity and AF IL-6 levels (Table 2).

Discussion

In the current study of women with PTL without IAI, we (1) characterized 91 DEPs and their

potential biological pathways (i.e., LXR/RXR activation, APR signaling, FXR/RXR activation,

coagulation system, and complement system) in pooled plasma samples of women with SPTB

compared to those of women with TB, using quantitative label-free proteomic analysis; and (2)

attempted to verify selected target proteins (8 DEPs) using clot-based and ELISA-based assays.

We confirmed the higher levels of coagulation factor V and lower levels of S100A9 in plasma

from women with SPTB within 21 days of sampling, the former which was independent of

baseline variables. These data suggest that nonspecific immune inflammatory- and coagula-

tion-related events may contribute to the risk of idiopathic SPTB and may provide novel

insights into the molecular pathogenesis and therapeutic targets specific for idiopathic SPTB.

However, in the present study, we were unable to elucidate the factors underlying the initiation
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of these immune inflammatory- and coagulation-related events as our study was not designed

to address this issue.

Using shotgun proteomics as well as ELISA and clot-based assays, we found coagulation

factor V and S100A9 in plasma as potential novel biomarkers associated with an increased risk

of SPTB within 21 days of sampling in women with PTL without IAI. Coagulation factor V is a

cofactor protein that interacts with other clotting proteins, such as activated coagulation factor

X and prothrombin, to increase the production of thrombin, resulting in the formation of the

fibrin clot [29]. Particularly, a population-based study showed that the maternal carriage of

factor V Leiden, which is a variant (mutated form) of factor V that causes an increase in the

formation of blood clots or thrombi, was associated with an increased risk of preterm birth,

especially late preterm birth [30]. In general, this is consistent with the results of our study.

Moreover, with respect to PTL and SPTB, a recent study revealed that shortened PT and aPTT

(but not factor Ⅷ), which may be attributed to the elevated levels of coagulation factors Ⅶ,

Ⅸ, and XI, were documented in women with threatened PTL who eventually developed pre-

term birth compared to those with TB [31]. However, to our knowledge, no published studies

have evaluated whether the changes in the plasma levels of coagulation factor Ⅴ, Ⅶ, and Ⅸ are

associated with idiopathic SPTB. In this study, we demonstrated for the first time that high

Table 1. Demographic and clinical characteristics along with candidate proteins of interest in participants comprising the total cohort based on the occurrence of

spontaneous preterm birth within 21 days of sampling.

Women delivering within 21 days of sampling (n = 20) Women delivering after 21 days of sampling (n = 84) P-value

Maternal age (years) 32.1 ± 4.6 31.1 ± 3.7 0.676

Nulliparity 50.0% (10/20) 72.6% (61/84) 0.051

Gestational age at sampling (weeks) 30.5 ± 2.1 29.8 ± 2.2 0.144

AF IL-6 (ng/mL) 0.58 ± 0.31 0.44 ± 0.23 0.123

AF WBC counts (cells/mm3) 3.0 ± 3.1 4.3 ± 4.9 0.320

Positive AF cultures 0% (0) 0% (0) 1.000

Histologic chorioamnionitisa 0% (0/19) 0% (0/19)

Use of tocolytic agents 95.0% (19/20) 94.0% (79/84) 1.000

Use of antibiotics 10.0% (2/20) 19.0% (16/84) 0.514

Use of antenatal corticosteroids 90.0% (18/20) 70.2% (59/84) 0.091

Gestational age at delivery (weeks) 32.0 ± 2.8 37.9 ± 1.9 <0.001

Serum C-reactive protein (mg/dL) 0.72 ± 0.64 0.71 ± 1.00 0.149

Plasma C3 (ng/mL) 30.4 ± 7.04 28.3 ± 6.6 0.258

Plasma C5 (ng/mL) 71.2 ± 17.6 71.5 ± 22.9 0.601

Plasma coagulation factor Ⅴ(% activity) 71.0 ± 20.2 58.3 ± 24.5 0.013

Plasma coagulation factor Ⅶ (% activity) 239.3 ± 79.1 259.3 ± 53.0 0.425

Plasma coagulation factor Ⅸ (% activity) 171.5 ± 66.6 179.8 ± 42.0 0.951

Plasma CSF1R (ng/mL) 1652.1 ± 434.3 1660.4 ± 271.8 0.469

Plasma S100A9 (ng/mL) 49.6 ± 166.8 180.2 ± 290.0 0.039

Plasma TGFBI (ng/mL) 3601.41 ± 928.85 3430.82 ± 689.72 0.569

Clinical chorioamnionitis 0% (0) 0% (0) 1.000

AF, amniotic fluid; IL, interleukin; WBC, white blood cells; CSF1R, macrophage colony-stimulating factor 1 receptor; S100A9, calcium-binding protein A9; TGFBI,

transforming growth factor beta-induced.

Values are given as mean ± SD or % (n/N).
aData for the histologic evaluation of the placenta were only available in 38 of the 104 women because in 10 cases, delivery took place at another institution and in 56

cases, histologic evaluation of the placenta was not performed because of our institutional policy that only the placentas in cases of preterm birth are to be sent for

histopathologic examination.

https://doi.org/10.1371/journal.pone.0259265.t001
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plasma levels of factor V, but not factor Ⅶ and Ⅸ, are independently associated with an

increased risk of SPTB within 21 days of sampling in patients with PTL without IAI. Our find-

ing is evident given the fact that increased plasma levels of factor V lead to an increased pro-

thrombinase activity and thrombin generation (assessed by systemic levels of TAT complex)

that were previously reported to play a significant role in women with PTL who delivered

within 3 weeks [32]. Moreover, our findings are supported by previous candidate gene associa-

tion studies, showing that factor Ⅴ and factor Ⅶ genes are significantly associated with pre-

term birth [33, 34].

S100A9 [calgranulin B; myeloid-related protein (MRP) 14], a protein belonging to the S100

family of calcium-binding proteins, is mainly expressed in granulocytes such as neutrophils

and plays an important role as a regulator of inflammatory processes and immune response

[35, 36]. Although considerable attention has been focused on the pro-inflammatory effects of

S100A9, this protein also exerts anti-inflammatory effects via pattern recognition receptor

binding [36]. Consistent with its known biological role, several proteomic studies on women

with PTL have proposed S100A9 in AF, maternal serum, or cervical fluid as a diagnostic

marker for intra-amniotic infection and/or inflammation [37, 38]. Similarly, based on the gene

expression analysis using qRT-polymerase chain reaction (PCR), Erez et al. found that higher

Fig 3. Median activity of coagulation factor Ⅴ and median S100A9 levels with 25th and 75th quartile ranges (boxes) and extreme values of each protein

in the plasma collected from women who delivered spontaneously within 21 days of sampling (n = 20) and those who delivered after 21 days (n = 84).

https://doi.org/10.1371/journal.pone.0259265.g003

Table 2. Relationship between plasma coagulation factor Ⅴand S100A9 and spontaneous preterm birth� 21 days of sampling or at< 34 weeks in women with pre-

term labor without infection and/or inflammation, analyzed by multiple logistic regression analysis.

Variables Spontaneous preterm birth within 21 days of

sampling

Spontaneous preterm birth at < 34 weeks

Adjusted a P-value Adjusted b P-value

Plasma coagulation factor Ⅴ (% activity) 1.024 (1.000–1.049) 0.046 1.019 (0.990–1.048) 0.208

Plasma S100A9 (ng/mL) 0.997 (0.994–1.001) 0.099

S100A9, calcium-binding protein A9
a Adjustment for nulliparity and administration of cortocisteroids.
b Adjustment for nulliparity and amniotic fluid interleukin-6 levels.

https://doi.org/10.1371/journal.pone.0259265.t002
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mRNA expression of S100A9 in the chorioamniotic membranes was associated with the pres-

ence of HCA in women with PTL [39]. However, in the current study, excluding the cases of

IAI, we unexpectedly found significantly lower levels of plasma S100A9 in PTL patients deliv-

ering spontaneously within 21 days compared to those in the controls in both proteomic and

ELISA results. We could not find any data related to our findings in published literature.

Nonetheless, we propose that the relationship between lower S100A9 levels in the plasma and

SPTB without IAI may be explained by the findings reported by Averill et al. [40], given that

immune/inflammatory-related pathways may still be important common pathways that lead

to term and preterm parturition, despite excluding the cases of IAI [41, 42]. Averill et al.

showed that among three different myeloid cell populations (dendritic cells, macrophages, and

neutrophils), S100A9-deficient dendritic cells exhibit an exacerbated release of cytokines (anti-

inflammatory), whereas S100A9-deficient neutrophils show a reduced secretion of cytokines

(pro-inflammatory) [40].

S100A9 characterized as a damage-associated molecular pattern (DAMP) molecule is con-

sidered one of the most important alarmins [43]. DAMPs are endogenous molecules that are

released upon tissue and cellular damage, resulting in the activation of the innate immune sys-

tem [43]. Recent evidence suggests that these alarmin molecules typically exhibit dual

Table 3. Demographic and clinical characteristics along with candidate proteins of interest in participants comprising the total cohort based on the occurrence of

spontaneous preterm birth at< 34 weeks of gestation.

SPTB at < 34 weeks (n = 13) SPTB at� 34 weeks (n = 91) P-value

Maternal age (years) 32.6 ± 4.8 31.1 ± 3.7 0.550

Nulliparity 46.1% (6/13) 71.4% (65/91) 0.067

Gestational age at sampling (weeks) 29.3 ± 2.2 30.0 ± 2.1 0.215

AF IL-6 (ng/mL) 0.65 ± 0.24 0.44 ± 0.25 0.008

AF WBC counts (cells/mm3) 2.9 ± 3.4 4.2 ± 4.7 0.357

Positive AF cultures 0% (0) 0% (0) 1.000

Histologic chorioamnionitisa 0% (0/13) 0% (0/25)

Use of tocolytic agents 92.3% (12/13) 94.5% (86/91) 0.561

Use of antibiotics 0% (0/13) 19.7% (18/91) 0.118

Use of antenatal corticosteroids 92.3% (12/13) 71.4% (65/91) 0.176

Gestational age at delivery (weeks) 30.3 ± 2.2 37.7 ± 1.8 <0.001

Serum C-reactive protein (mg/dL) 0.85 ± 0.7 0.78 ± 1.0 0.207

Plasma C3 (ng/mL) 29.7 ± 8.1 28.5 ± 6.5 0.894

Plasma C5 (ng/mL) 73.7 ± 19.6 71.2 ± 22.3 0.192

Plasma coagulation factor Ⅴ(% activity) 69.1 ± 20.7 59.5 ± 24.4 0.096

Plasma coagulation factor Ⅶ (% activity) 220.0 ± 89.6 260.5 ± 51.9 0.103

Plasma coagulation factor Ⅸ (% activity) 159.5 ± 73.5 180.8 ± 42.3 0.517

Plasma CSF1R (ng/mL) 1506.0 ± 460.4 1679.0 ± 276.4 0.334

Plasma S100 A9 (ng/mL) 74.5 ± 208.8 166.8 ± 282.3 0.153

Plasma TGFBI (ng/mL) 3585.76 ± 980.84 3446.01 ± 704.55 0.789

Clinical chorioamnionitis 0% (0) 0% (0) 1.000

SPTB, spontaneous preterm birth; AF, amniotic fluid; IL, interleukin; WBC, white blood cells; M-CSF1R, macrophage colony-stimulating factor receptor; S100A9,

calcium-binding protein A9; TGFBI, transforming growth factor beta-induced.

Values are given as mean ± SD or % (n/N).
aData for the histologic evaluation of the placenta were only available in 38 of the 104 women because in 10 cases, delivery took place at another institution and in 56

cases, histologic evaluation of the placenta was not performed because of our institutional policy that only the placentas in cases of preterm birth are to be sent for

histopathologic examination.

https://doi.org/10.1371/journal.pone.0259265.t003
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functionality (whose immune activity is dependent upon their cellular location), serving as

extracellular inflammatory mediators and performing intracellular transcriptional regulation

and DNA repair [44]. The levels of several DAMPs, such as S100 proteins, high-mobility

group box 1, and heat shock proteins, are elevated in the AF of women with intra-amniotic

inflammation and are considered to play an important pathogenic role in sterile intra-amni-

otic inflammation-related preterm labor/birth [45–47]. Moreover, in a recent study performed

using cord blood samples, Golubinskaya et al. showed that the expression of S100A alarmins

in cord blood monocytes was significantly associated with chorioamnionitis and fetal inflam-

mation in preterm infants [48]. However, to date, no studies (except for the present study con-

cerning S100A9) have reported that the expression of DAMP molecules in the plasma could be

linked to SPTB and IAI. Further large prospective studies are required to confirm the reported

data on S100A9 and to assess the role of plasma DAMP molecules in preterm parturition.

In discovery shotgun proteomics, we observed an upregulation of TGFBI expression and

downregulation of CSF1R expression in plasma samples obtained from SPTB cases compared

to those in TD controls. TGFBI is an extracellular matrix protein that plays a role in cell adhe-

sion, cell-matrix interactions, cell migration, and differentiation [49]. We found only one

study examining the data of TGFBI in the maternal serum in association with SPTB, which

was published by Saade et al [50]. This study showed that TGFBI is one of the 44 proteins

meeting analytical filters that were up-or down-regulated in SPTB compared to those in TB

controls in the biomarker discovery experiment performed using mass spectrometry-based

serum proteomics. These observations are similar to the results of the present study [50]. Nota-

bly, a recent study suggested that TGFBI is involved in the activation of NF-κB signaling dur-

ing the development of pulmonary vasculature [51]. Here, premature or aberrant activation of

NF-κB is closely linked to spontaneous PTL and delivery [52]. CSF1R is a receptor for a cyto-

kine called CSF-1. CSF1 and its receptor CSF1R modulate the production, differentiation,

migration, and function of macrophages, thereby playing a pivotal role in innate immunity

and inflammatory processes [53]. Data depicting an association between CSF1R and SPTB in

humans are unavailable. However, studies examining the expression of macrophage genes in

the whole cervix of both prepartum and non-pregnant rats have demonstrated an upregulation

of CSFR1 expression [54]. Further studies are warranted to determine whether plasma TGFBI

and CSF1R are associated with infection/inflammation-related preterm birth, given the exclu-

sion of women with infectious and inflammatory etiologies of SPTB in the present study.

In the present study, we used label-free quantitative proteomics based on spectral counting

to characterize maternal plasma proteins associated with SPTB among PTL women without

IAI. Over the last decade, several investigators have employed this label-free proteomic tech-

nique to identify biomarkers of SPTB in the serum, AF, and cervicovaginal fluid [27, 42, 55,

56], along with the biomarkers of other human diseases [57]. It demonstrates the following

advantages: 1) cost-effectiveness; 2) requirement of minimal sample preparation; 3) yield high-

proteome coverage; 4) does not require laborious labeling workflows; and 5) allows compari-

son across multiple experimental conditions, particularly compared to stable isotopic labeling

methods [58, 59]. Moreover, the main advantages of spectral counting in the present study

include its simplicity, the fact that relative abundances of different proteins could be typically

measured, and the absence of the use of software [60]. To the best of our knowledge, this study

is the first to investigate plasma proteins specific for idiopathic SPTB using the spectral count-

ing label-free quantitation approach.

In this study, IPA analysis revealed the most important pathways potentially involved in

PTL and SPTB in the absence of IAI: LXR/RXR activation, APR signaling, FXR/RXR activa-

tion, the coagulation system, and the complement system. These pathways are, in general, sim-

ilar to those that are linked to idiopathic SPTB, as observed from the analyses of the plasma
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samples collected from asymptomatic and symptomatic women with threatened PTL in previ-

ous proteomic studies [27, 28, 61]. LXR forms functional heterodimers with RXR, modulates

glucose, lipid, and cholesterol metabolism and inhibits inflammatory responses [62]. In the

present study, we have demonstrated that LXR/RXR activation plays a significant role in the

pathogenesis of PTL and SPTB without IAI. This is, in principle, in agreement with previous

proteomic studies conducted using maternal blood or AF samples that demonstrated the role

of diabetes/lipid metabolisms in the development of idiopathic SPTB [28, 42, 61]. Indeed,

these observations are not unexpected because human and primate studies have corroborated

that decreased maternal glucose levels and maternal dyslipidemia are directly linked to an

increased risk of SPTB [63, 64]. Similar to LXR, FXR plays a key role in lipid and glucose

metabolism and demonstrates anti-inflammatory properties [65, 66]. Hence, as mentioned

before, it is evident that, in this study, altered expression of proteins associated with the FXR/

RXR activation is associated with the regulation of preterm parturition in patients with no

infection/inflammation.

APR signaling is associated with inflammatory reactions induced in response to infection

or stress (e.g., trauma and tissue injury), and modulates immune responses [67]. Furthermore,

normal term and idiopathic preterm parturitions are closely related to inflammation and

immune response [68, 69]. Thus, it was natural that APR signaling-related events likely con-

tributed to SPTB in our study population. Coagulation and complement cascades have been

consistently reported as important pathways for idiopathic SPTB in asymptomatic and symp-

tomatic pregnant women with threatened PTL [27, 28]. We demonstrated the role of the coag-

ulation cascade, and specifically coagulation factors Ⅴ, Ⅶ, Ⅸ, and XI in PTL and SPTB

without IAI. This finding is aligned with the results of other studies that have shown the role of

vaginal bleeding (a result of defective decidual hemostasis) in the initiation of preterm parturi-

tion [4]. Previous studies using human and animal models have shown that thrombin gener-

ated during decidual hemorrhage (i.e., abruptio placenta), resulting in the activation of the

coagulation cascade, can stimulate myometrial contractility and degrade fetal membrane

extracellular matrix, which is one of the key events predisposing the membrane rupture [70–

72]. We also found the complement pathway to be among the top-ranked pathways associated

with SPTB without IAI. Complement cascade plays a central role in the regulation of innate

immunity, adaptive immunity, and inflammation, and its effectors directly enhance coagula-

tion (i.e., crosstalk between these two signaling pathways) [73, 74]. Complement cascade is

intimately connected with either the coagulation cascade or immune system. Given that the

coagulation cascade and immune system are highly relevant to the development of idiopathic

SPTB [4], our finding that the complement pathway is potentially associated with SPTP patho-

genesis related to non-IAI is quite evident.

Despite the fact that the present study identified the top five canonical pathways in the

plasma associated with SPTB without IAI, IPA analysis used in this study has several inherent

limitations, which are described as follows: (1) It used only the most significant genes while dis-

carding other genes, resulting in the loss of information related to some pathways; (2) It treated

each pathway independently from other pathways. This may lead to the observation of other

pathways being significantly affected owing to the set of several overlapping genes; (3) It

assumed that the expression of any gene is independent of the other genes by treating each gene

equally. Hence, the estimated pathways may be incorrect or biased, as biology is a complex sys-

tem of interactions among multiple gene products that constitute different pathways [75].

Our study has several limitations. First, this was a retrospective study, and a validation

study was not conducted with completely independent test samples due to the limited cases of

idiopathic SPTB. These facts limit the general applicability of the findings of this study. Thus,

our results require validation in other cohorts with a larger sample size. Second, the current
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study did not use molecular techniques, such as broad-range 16S rDNA PCR, to exclude MIAC

that was diagnosed as false negative in the conventional cultivation methods for detecting

microorganisms in the AF. PCR and culture-based methods are complementary to each other

in detecting microbes in the AF [7]. However, despite this limitation, our main findings are

valid because the present study incorporated three other exclusion criteria (HCA, AF IL con-

centrations, and AF WBC counts) along with the AF culture results to completely exclude

patients with infection/inflammation [76, 77]. Third, during the verification experiment, the

associations of only two (25%) of the eight proteins identified by shotgun proteomics were

reproduced in the results of the ELISA and clot-based assays performed using individual sam-

ples obtained from the total cohort. However, this may be attributed to the fact that while the

control group for the clot-based and ELISA assays consisted of 84 women delivering after 21

days of sampling, the control group in shotgun proteomic analyses comprised 10 women deliv-

ering at term. Thus, from the perspective of study design for the biomarker discovery phase,

patients without infection/inflammation who delivered after 21 days are considered to be more

appropriate as controls, rather than those who delivered at term [78]. Fourth, it is likely that a

statistically significant association between plasma protein levels (especially S100A9) and SPTB

within 21 days (or at< 34 weeks) cannot be detected using a relatively small sample size in the

SPTB group (type-II error). Fifth, this proteomic analysis was performed with the pooled sam-

ples, which have inherent disadvantages including the fact that low-abundance proteins present

in a few specific samples may not be detected. In addition, the sample pooling strategy may be

against the assumption that idiopathic PTL and delivery is a complex syndrome with multiple

etiological factors, despite several advantages, including low sample availability, reduced experi-

mental cost and time, and the possibility of reducing individual proteome variability not related

to the SPTB phenotype [79, 80]. Nevertheless, in line with the recommendations for biomarker

discovery using pooled samples, we performed verification experiments with individual plasma

samples using selected candidate proteins [81]. Finally, label-free quantification based on spec-

tral counting used in this study is inherently biased against low-abundance proteins during the

MS/MS data acquisition, thereby reducing the overall sensitivity of the quantification [82]. A

major strength of the present study is that both placental histopathology and the AF analyses

were utilized to more strictly select cases with PTL caused by non-IAI causes because there are

inherent limitations to any single analysis. This may lead to the exclusion of many IAI cases in

our analyses compared to that in similar studies [11, 12, 27, 83, 84].

Conclusions

This study used proteomic analyses to identify DEPs and their biological pathways associated

with the SPTB without IAI by analyzing plasma samples collected from women with PTL. We

further validated our proteomic findings and confirmed plasma coagulation factor Ⅴand

S100A9 as potential novel biomarkers of SPTB with non-IAI etiology in blood samples col-

lected via minimal invasion. Further studies using a proteomic approach are required to com-

prehensively identify markers of preterm birth in plasma collected from women with

infectious and inflammatory etiologies of SPTB and compare them to those observed in our

study. It is important to understand how biological processes influence the development of

preterm parturition according to the etiology of SPTB.

Supporting information

S1 Table. Reasons for the exclusion based on the diagnostic criteria for infection/inflam-

mation (n = 68).

(DOCX)

PLOS ONE Plasma proteomics in preterm labor without infection/inflammation

PLOS ONE | https://doi.org/10.1371/journal.pone.0259265 October 28, 2021 14 / 20

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0259265.s001
https://doi.org/10.1371/journal.pone.0259265


S2 Table. Comparison between the characteristics and delivery outcomes of the analyzed

cohort (i.e., women without infection/inflammation) and those of the patients excluded

from the study (i.e., women with infection/inflammation).

(DOCX)

S3 Table. Demographic and clinical characteristics of the participants in the exploratory

cohorts.

(DOCX)

S4 Table. List of 91 plasma proteins that demonstrated significant changes in the pairwise

comparison between spontaneous preterm birth (both within 21 days of sampling and

before 34 weeks) and term birth in women without infection and/or inflammation.

(DOCX)

S5 Table. Summary of the ingenuity pathway analysis of the 91 proteins with altered

expression in spontaneous preterm birth (both within 21 days of sampling and before 34

weeks) in comparison to term birth in women with preterm labor without infection and/or

inflammation.

(DOCX)

S1 File. Raw data for the exploratory cohort.

(SAV)

S2 File. Raw data for the total cohort.

(SAV)

S3 File. Raw data for the analyzed and excluded cohorts.

(SAV)

Acknowledgments

We are grateful to the patients in the study. We thank our medical staffs for their assistance.

Author Contributions

Conceptualization: Kyo Hoon Park, Sue Shin.

Data curation: Ji Eun Lee, Kyo Hoon Park, Hyeon Ji Kim, Yu Mi Kim, Ji-Woong Choi, Sue

Shin, Kyong-No Lee.

Formal analysis: Ji Eun Lee, Kyo Hoon Park, Hyeon Ji Kim, Yu Mi Kim, Ji-Woong Choi, Sue

Shin, Kyong-No Lee.

Funding acquisition: Kyo Hoon Park.

Investigation: Ji Eun Lee, Kyo Hoon Park, Yu Mi Kim, Ji-Woong Choi, Sue Shin, Kyong-No

Lee.

Methodology: Ji Eun Lee, Kyo Hoon Park, Yu Mi Kim, Ji-Woong Choi, Sue Shin, Kyong-No

Lee.

Project administration: Kyo Hoon Park.

Supervision: Kyo Hoon Park.

Validation: Ji Eun Lee, Kyo Hoon Park, Sue Shin, Kyong-No Lee.

PLOS ONE Plasma proteomics in preterm labor without infection/inflammation

PLOS ONE | https://doi.org/10.1371/journal.pone.0259265 October 28, 2021 15 / 20

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0259265.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0259265.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0259265.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0259265.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0259265.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0259265.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0259265.s008
https://doi.org/10.1371/journal.pone.0259265


Writing – original draft: Ji Eun Lee, Kyo Hoon Park, Hyeon Ji Kim.

Writing – review & editing: Ji Eun Lee, Kyo Hoon Park, Hyeon Ji Kim, Yu Mi Kim, Ji-

Woong Choi, Sue Shin, Kyong-No Lee.

References
1. Goldenberg RL, Culhane JF, Iams JD, Romero R. Epidemiology and causes of preterm birth. Lancet.

2008; 371(9606):75–84. https://doi.org/10.1016/S0140-6736(08)60074-4 PMID: 18177778.

2. Frey HA, Klebanoff MA. The epidemiology, etiology, and costs of preterm birth. Semin Fetal Neonatal

Med. 2016; 21(2):68–73. https://doi.org/10.1016/j.siny.2015.12.011 PMID: 26794420.

3. Manuck TA, Rice MM, Bailit JL, Grobman WA, Reddy UM, Wapner RJ, et al. Preterm neonatal morbid-

ity and mortality by gestational age: a contemporary cohort. Am J Obstet Gynecol. 2016; 215(1):103.

e1-. e14. https://doi.org/10.1016/j.ajog.2016.01.004 PMID: 26772790

4. Romero R, Dey SK, Fisher SJ. Preterm labor: one syndrome, many causes. Science. 2014; 345

(6198):760–5. https://doi.org/10.1126/science.1251816 PMID: 25124429.

5. Menon R. Spontaneous preterm birth, a clinical dilemma: etiologic, pathophysiologic and genetic het-

erogeneities and racial disparity. Acta Obstet Gynecol Scand. 2008; 87(6):590–600. https://doi.org/10.

1080/00016340802005126 PMID: 18568457.

6. Romero R, Gomez R, Chaiworapongsa T, Conoscenti G, Kim JC, Kim YM. The role of infection in pre-

term labour and delivery. Paediatr Perinat Epidemiol. 2001; 15 Suppl 2:41–56. https://doi.org/10.1046/j.

1365-3016.2001.00007.x PMID: 11520399.

7. Combs CA, Gravett M, Garite TJ, Hickok DE, Lapidus J, Porreco R, et al. Amniotic fluid infection, inflam-

mation, and colonization in preterm labor with intact membranes. Am J Obstet Gynecol. 2014; 210

(2):125 e1- e15. https://doi.org/10.1016/j.ajog.2013.11.032 PMID: 24274987.

8. Goldenberg RL, Hauth JC, Andrews WW. Intrauterine infection and preterm delivery. N Engl J Med.

2000; 342(20):1500–7. https://doi.org/10.1056/NEJM200005183422007 PMID: 10816189.

9. Shook LL, Buhimschi CS, Dulay AT, McCarthy ME, Hardy JT, Duzyj Buniak CM, et al. Calciprotein parti-

cles as potential etiologic agents of idiopathic preterm birth. Sci Transl Med. 2016; 8(364):364ra154.

https://doi.org/10.1126/scitranslmed.aah4707 PMID: 27831903.

10. Gomez-Lopez N, Romero R, Xu Y, Miller D, Arenas-Hernandez M, Garcia-Flores V, et al. Fetal T Cell

Activation in the Amniotic Cavity during Preterm Labor: A Potential Mechanism for a Subset of Idio-

pathic Preterm Birth. J Immunol. 2019; 203(7):1793–807. https://doi.org/10.4049/jimmunol.1900621

PMID: 31492740.

11. Buhimschi IA, Zhao G, Rosenberg VA, Abdel-Razeq S, Thung S, Buhimschi CS. Multidimensional pro-

teomics analysis of amniotic fluid to provide insight into the mechanisms of idiopathic preterm birth.

PLoS One. 2008; 3(4):e2049. https://doi.org/10.1371/journal.pone.0002049 PMID: 18431506.

12. Kusanovic JP, Espinoza J, Romero R, Hoppensteadt D, Nien JK, Kim CJ, et al. Plasma protein Z con-

centrations in pregnant women with idiopathic intrauterine bleeding and in women with spontaneous

preterm labor. J Matern Fetal Neonatal Med. 2007; 20(6):453–63. https://doi.org/10.1080/

14767050701398272 PMID: 17674255.

13. Aslam B, Basit M, Nisar MA, Khurshid M, Rasool MH. Proteomics: Technologies and Their Applications.

J Chromatogr Sci. 2017; 55(2):182–96. https://doi.org/10.1093/chromsci/bmw167 PMID: 28087761.

14. Kacerovsky M, Lenco J, Musilova I, Tambor V, Lamont R, Torloni MR, et al. Proteomic biomarkers for

spontaneous preterm birth: a systematic review of the literature. Reprod Sci. 2014; 21(3):283–95.

https://doi.org/10.1177/1933719113503415 PMID: 24060632.

15. Buhimschi CS, Weiner CP, Buhimschi IA. Clinical proteomics: a novel diagnostic tool for the new biol-

ogy of preterm labor, part I: proteomics tools. Obstet Gynecol Surv. 2006; 61(7):481–6. Epub 2006/06/

22. https://doi.org/10.1097/01.ogx.0000224617.11789.ab PMID: 16787551.

16. Buhimschi CS, Bhandari V, Hamar BD, Bahtiyar MO, Zhao G, Sfakianaki AK, et al. Proteomic profiling

of the amniotic fluid to detect inflammation, infection, and neonatal sepsis. PLoS Med. 2007; 4(1):e18.

https://doi.org/10.1371/journal.pmed.0040018 PMID: 17227133.

17. Buhimschi IA, Christner R, Buhimschi CS. Proteomic biomarker analysis of amniotic fluid for identifica-

tion of intra-amniotic inflammation. BJOG. 2005; 112(2):173–81. Epub 2005/01/25. https://doi.org/10.

1111/j.1471-0528.2004.00340.x PMID: 15663581.

18. Jacobsson B, Mattsby-Baltzer I, Andersch B, Bokstrom H, Holst RM, Wennerholm UB, et al. Microbial

invasion and cytokine response in amniotic fluid in a Swedish population of women in preterm labor.

Acta Obstet Gynecol Scand. 2003; 82(2):120–8. https://doi.org/10.1034/j.1600-0412.2003.00047.x

[pii]. PMID: 12648172.

PLOS ONE Plasma proteomics in preterm labor without infection/inflammation

PLOS ONE | https://doi.org/10.1371/journal.pone.0259265 October 28, 2021 16 / 20

https://doi.org/10.1016/S0140-6736%2808%2960074-4
http://www.ncbi.nlm.nih.gov/pubmed/18177778
https://doi.org/10.1016/j.siny.2015.12.011
http://www.ncbi.nlm.nih.gov/pubmed/26794420
https://doi.org/10.1016/j.ajog.2016.01.004
http://www.ncbi.nlm.nih.gov/pubmed/26772790
https://doi.org/10.1126/science.1251816
http://www.ncbi.nlm.nih.gov/pubmed/25124429
https://doi.org/10.1080/00016340802005126
https://doi.org/10.1080/00016340802005126
http://www.ncbi.nlm.nih.gov/pubmed/18568457
https://doi.org/10.1046/j.1365-3016.2001.00007.x
https://doi.org/10.1046/j.1365-3016.2001.00007.x
http://www.ncbi.nlm.nih.gov/pubmed/11520399
https://doi.org/10.1016/j.ajog.2013.11.032
http://www.ncbi.nlm.nih.gov/pubmed/24274987
https://doi.org/10.1056/NEJM200005183422007
http://www.ncbi.nlm.nih.gov/pubmed/10816189
https://doi.org/10.1126/scitranslmed.aah4707
http://www.ncbi.nlm.nih.gov/pubmed/27831903
https://doi.org/10.4049/jimmunol.1900621
http://www.ncbi.nlm.nih.gov/pubmed/31492740
https://doi.org/10.1371/journal.pone.0002049
http://www.ncbi.nlm.nih.gov/pubmed/18431506
https://doi.org/10.1080/14767050701398272
https://doi.org/10.1080/14767050701398272
http://www.ncbi.nlm.nih.gov/pubmed/17674255
https://doi.org/10.1093/chromsci/bmw167
http://www.ncbi.nlm.nih.gov/pubmed/28087761
https://doi.org/10.1177/1933719113503415
http://www.ncbi.nlm.nih.gov/pubmed/24060632
https://doi.org/10.1097/01.ogx.0000224617.11789.ab
http://www.ncbi.nlm.nih.gov/pubmed/16787551
https://doi.org/10.1371/journal.pmed.0040018
http://www.ncbi.nlm.nih.gov/pubmed/17227133
https://doi.org/10.1111/j.1471-0528.2004.00340.x
https://doi.org/10.1111/j.1471-0528.2004.00340.x
http://www.ncbi.nlm.nih.gov/pubmed/15663581
https://doi.org/10.1034/j.1600-0412.2003.00047.x
http://www.ncbi.nlm.nih.gov/pubmed/12648172
https://doi.org/10.1371/journal.pone.0259265


19. Musilova I, Pliskova L, Gerychova R, Janku P, Simetka O, Matlak P, et al. Maternal white blood cell

count cannot identify the presence of microbial invasion of the amniotic cavity or intra-amniotic inflam-

mation in women with preterm prelabor rupture of membranes. PLoS One. 2017; 12(12):e0189394.

https://doi.org/10.1371/journal.pone.0189394 PMID: 29232399.

20. Romero R, Yoon BH, Mazor M, Gomez R, Diamond MP, Kenney JS, et al. The diagnostic and prognos-

tic value of amniotic fluid white blood cell count, glucose, interleukin-6, and gram stain in patients with

preterm labor and intact membranes. Am J Obstet Gynecol. 1993; 169(4):805–16. https://doi.org/10.

1016/0002-9378(93)90009-8 PMID: 7694461

21. Lee SY, Park KH, Jeong EH, Oh KJ, Ryu A, Kim A. Intra-amniotic infection/inflammation as a risk factor

for subsequent ruptured membranes after clinically indicated amniocentesis in preterm labor. J Korean

Med Sci. 2013; 28(8):1226–32. https://doi.org/10.3346/jkms.2013.28.8.1226 PMID: 23960452.

22. Salafia CM, Weigl C, Silberman L. The prevalence and distribution of acute placental inflammation in

uncomplicated term pregnancies. Obstet Gynecol. 1989; 73(3 Pt 1):383–9. PMID: 2915862.

23. 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. https://doi.org/10.

1093/infdis/145.1.1 PMID: 7033397.

24. Pavelka N, Fournier ML, Swanson SK, Pelizzola M, Ricciardi-Castagnoli P, Florens L, et al. Statistical

similarities between transcriptomics and quantitative shotgun proteomics data. Mol Cell Proteomics.

2008; 7(4):631–44. https://doi.org/10.1074/mcp.M700240-MCP200 PMID: 18029349.

25. Lee YY, McKinney KQ, Ghosh S, Iannitti DA, Martinie JB, Caballes FR, et al. Subcellular tissue proteo-

mics of hepatocellular carcinoma for molecular signature discovery. J Proteome Res. 2011; 10

(11):5070–83. https://doi.org/10.1021/pr2005204 PMID: 21913717.

26. Kim SM, Cho BK, Kang MJ, Norwitz ER, Lee SM, Lee J, et al. Expression changes of proteins associ-

ated with the development of preeclampsia in maternal plasma: A case-control study. Proteomics.

2016; 16(10):1581–9. https://doi.org/10.1002/pmic.201500381 PMID: 27001287.

27. Pereira L, Reddy AP, Alexander AL, Lu X, Lapidus JA, Gravett MG, et al. Insights into the multifactorial

nature of preterm birth: proteomic profiling of the maternal serum glycoproteome and maternal serum

peptidome among women in preterm labor. Am J Obstet Gynecol. 2010; 202(6):555. e1-. e10. https://

doi.org/10.1016/j.ajog.2010.02.048 PMID: 20413102.

28. Lynch AM, Wagner BD, Deterding RR, Giclas PC, Gibbs RS, Janoff EN, et al. The relationship of circu-

lating proteins in early pregnancy with preterm birth. Am J Obstet Gynecol. 2016; 214(4):517 e1– e8.

https://doi.org/10.1016/j.ajog.2015.11.001 PMID: 26576488.

29. Gobel K, Eichler S, Wiendl H, Chavakis T, Kleinschnitz C, Meuth SG. The Coagulation Factors Fibrino-

gen, Thrombin, and Factor XII in Inflammatory Disorders-A Systematic Review. Front Immunol. 2018;

9:1731. https://doi.org/10.3389/fimmu.2018.01731 PMID: 30105021.

30. Hiltunen LM, Laivuori H, Rautanen A, Kaaja R, Kere J, Krusius T, et al. Factor V Leiden as a risk factor

for preterm birth—a population-based nested case-control study. J Thromb Haemost. 2011; 9(1):71–8.

https://doi.org/10.1111/j.1538-7836.2010.04104.x PMID: 20946152.

31. Keren-Politansky A, Breizman T, Brenner B, Sarig G, Drugan A. The coagulation profile of preterm

delivery. Thromb Res. 2014; 133(4):585–9. https://doi.org/10.1016/j.thromres.2014.01.018 PMID:

24508451.

32. Elovitz MA, Baron J, Phillippe M. The role of thrombin in preterm parturition. Am J Obstet Gynecol.

2001; 185(5):1059–63. https://doi.org/10.1067/mob.2001.117638 PMID: 11717633.

33. Hao K, Wang X, Niu T, Xu X, Li A, Chang W, et al. A candidate gene association study on preterm deliv-

ery: application of high-throughput genotyping technology and advanced statistical methods. Human

molecular genetics. 2004; 13(7):683–91. https://doi.org/10.1093/hmg/ddh091 PMID: 14976157.

34. Velez DR, Fortunato SJ, Thorsen P, Lombardi SJ, Williams SM, Menon R. Preterm birth in Caucasians

is associated with coagulation and inflammation pathway gene variants. PLoS One. 2008; 3(9):e3283.

https://doi.org/10.1371/journal.pone.0003283 PMID: 18818748.

35. Wang S, Song R, Wang Z, Jing Z, Wang S, Ma J. S100A8/A9 in Inflammation. Front Immunol. 2018;

9:1298. https://doi.org/10.3389/fimmu.2018.01298 PMID: 29942307.

36. Donato R, Cannon BR, Sorci G, Riuzzi F, Hsu K, Weber DJ, et al. Functions of S100 proteins. Current

molecular medicine. 2013; 13(1):24–57. PMID: 22834835.

37. Gravett MG, Novy MJ, Rosenfeld RG, Reddy AP, Jacob T, Turner M, et al. Diagnosis of intra-amniotic

infection by proteomic profiling and identification of novel biomarkers. JAMA. 2004; 292(4):462–9.

https://doi.org/10.1001/jama.292.4.462 PMID: 15280344.

38. Ruetschi U, Rosen A, Karlsson G, Zetterberg H, Rymo L, Hagberg H, et al. Proteomic analysis using

protein chips to detect biomarkers in cervical and amniotic fluid in women with intra-amniotic inflamma-

tion. J Proteome Res. 2005; 4(6):2236–42. https://doi.org/10.1021/pr050139e PMID: 16335971.

PLOS ONE Plasma proteomics in preterm labor without infection/inflammation

PLOS ONE | https://doi.org/10.1371/journal.pone.0259265 October 28, 2021 17 / 20

https://doi.org/10.1371/journal.pone.0189394
http://www.ncbi.nlm.nih.gov/pubmed/29232399
https://doi.org/10.1016/0002-9378%2893%2990009-8
https://doi.org/10.1016/0002-9378%2893%2990009-8
http://www.ncbi.nlm.nih.gov/pubmed/7694461
https://doi.org/10.3346/jkms.2013.28.8.1226
http://www.ncbi.nlm.nih.gov/pubmed/23960452
http://www.ncbi.nlm.nih.gov/pubmed/2915862
https://doi.org/10.1093/infdis/145.1.1
https://doi.org/10.1093/infdis/145.1.1
http://www.ncbi.nlm.nih.gov/pubmed/7033397
https://doi.org/10.1074/mcp.M700240-MCP200
http://www.ncbi.nlm.nih.gov/pubmed/18029349
https://doi.org/10.1021/pr2005204
http://www.ncbi.nlm.nih.gov/pubmed/21913717
https://doi.org/10.1002/pmic.201500381
http://www.ncbi.nlm.nih.gov/pubmed/27001287
https://doi.org/10.1016/j.ajog.2010.02.048
https://doi.org/10.1016/j.ajog.2010.02.048
http://www.ncbi.nlm.nih.gov/pubmed/20413102
https://doi.org/10.1016/j.ajog.2015.11.001
http://www.ncbi.nlm.nih.gov/pubmed/26576488
https://doi.org/10.3389/fimmu.2018.01731
http://www.ncbi.nlm.nih.gov/pubmed/30105021
https://doi.org/10.1111/j.1538-7836.2010.04104.x
http://www.ncbi.nlm.nih.gov/pubmed/20946152
https://doi.org/10.1016/j.thromres.2014.01.018
http://www.ncbi.nlm.nih.gov/pubmed/24508451
https://doi.org/10.1067/mob.2001.117638
http://www.ncbi.nlm.nih.gov/pubmed/11717633
https://doi.org/10.1093/hmg/ddh091
http://www.ncbi.nlm.nih.gov/pubmed/14976157
https://doi.org/10.1371/journal.pone.0003283
http://www.ncbi.nlm.nih.gov/pubmed/18818748
https://doi.org/10.3389/fimmu.2018.01298
http://www.ncbi.nlm.nih.gov/pubmed/29942307
http://www.ncbi.nlm.nih.gov/pubmed/22834835
https://doi.org/10.1001/jama.292.4.462
http://www.ncbi.nlm.nih.gov/pubmed/15280344
https://doi.org/10.1021/pr050139e
http://www.ncbi.nlm.nih.gov/pubmed/16335971
https://doi.org/10.1371/journal.pone.0259265


39. Erez O, Romero R, Tarca AL, Chaiworapongsa T, Kim YM, Than NG, et al. Differential expression pat-

tern of genes encoding for anti-microbial peptides in the fetal membranes of patients with spontaneous

preterm labor and intact membranes and those with preterm prelabor rupture of the membranes. J

Matern Fetal Neonatal Med. 2009; 22(12):1103–15. https://doi.org/10.3109/14767050902994796

PMID: 19916708.

40. Averill MM, Barnhart S, Becker L, Li X, Heinecke JW, Leboeuf RC, et al. S100A9 differentially modifies

phenotypic states of neutrophils, macrophages, and dendritic cells: implications for atherosclerosis and

adipose tissue inflammation. Circulation. 2011; 123(11):1216–26. https://doi.org/10.1161/

CIRCULATIONAHA.110.985523 PMID: 21382888.

41. Gomez-Lopez N, StLouis D, Lehr MA, Sanchez-Rodriguez EN, Arenas-Hernandez M. Immune cells in

term and preterm labor. Cell Mol Immunol. 2014; 11(6):571–81. https://doi.org/10.1038/cmi.2014.46

PMID: 24954221.

42. Hong S, Lee JE, Kim YM, Park Y, Choi JW, Park KH. Identifying potential biomarkers related to pre-

term delivery by proteomic analysis of amniotic fluid. Sci Rep. 2020; 10(1):19648. https://doi.org/10.

1038/s41598-020-76748-1 PMID: 33184413.

43. Roh JS, Sohn DH. Damage-Associated Molecular Patterns in Inflammatory Diseases. Immune net-

work. 2018; 18(4):e27. https://doi.org/10.4110/in.2018.18.e27 PMID: 30181915.

44. Bertheloot D, Latz E. HMGB1, IL-1α, IL-33 and S100 proteins: dual-function alarmins. Cell Mol Immu-

nol. 2017; 14(1):43–64. https://doi.org/10.1038/cmi.2016.34 PMID: 27569562.

45. Friel LA, Romero R, Edwin S, Nien JK, Gomez R, Chaiworapongsa T, et al. The calcium binding protein,

S100B, is increased in the amniotic fluid of women with intra-amniotic infection/inflammation and pre-

term labor with intact or ruptured membranes. J Perinat Med. 2007; 35(5):385–93. https://doi.org/10.

1515/JPM.2007.101 PMID: 17624933.

46. Chaiworapongsa T, Erez O, Kusanovic JP, Vaisbuch E, Mazaki-Tovi S, Gotsch F, et al. Amniotic fluid

heat shock protein 70 concentration in histologic chorioamnionitis, term and preterm parturition. J

Matern Fetal Neonatal Med. 2008; 21(7):449–61. https://doi.org/10.1080/14767050802054550 PMID:

18570125.

47. Romero R, Chaiworapongsa T, Alpay Savasan Z, Xu Y, Hussein Y, Dong Z, et al. Damage-associated

molecular patterns (DAMPs) in preterm labor with intact membranes and preterm PROM: a study of the

alarmin HMGB1. J Matern Fetal Neonatal Med. 2011; 24(12):1444–55. https://doi.org/10.3109/

14767058.2011.591460 PMID: 21958433.

48. Golubinskaya V, Puttonen H, Fyhr IM, Rydbeck H, Hellstrom A, Jacobsson B, et al. Expression of

S100A Alarmins in Cord Blood Monocytes Is Highly Associated With Chorioamnionitis and Fetal Inflam-

mation in Preterm Infants. Front Immunol. 2020; 11:1194. https://doi.org/10.3389/fimmu.2020.01194

PMID: 32612607.

49. Corona A, Blobe GC. The role of the extracellular matrix protein TGFBI in cancer. Cell Signal. 2021;

84:110028. https://doi.org/10.1016/j.cellsig.2021.110028 PMID: 33940163.

50. Saade GR, Boggess KA, Sullivan SA, Markenson GR, Iams JD, Coonrod DV, et al. Development and

validation of a spontaneous preterm delivery predictor in asymptomatic women. Am J Obstet Gynecol.

2016; 214(5):633 e1- e24. https://doi.org/10.1016/j.ajog.2016.02.001 PMID: 26874297.

51. Liu M, Iosef C, Rao S, Domingo-Gonzalez R, Fu S, Snider P, et al. Transforming Growth Factor-induced

Protein Promotes NF-kappaB-mediated Angiogenesis during Postnatal Lung Development. Am J

Respir Cell Mol Biol. 2021; 64(3):318–30. https://doi.org/10.1165/rcmb.2020-0153OC PMID:

33264084.

52. Lindstrom TM, Bennett PR. The role of nuclear factor kappa B in human labour. Reproduction. 2005;

130(5):569–81. https://doi.org/10.1530/rep.1.00197 PMID: 16264088.

53. Stanley ER, Berg KL, Einstein DB, Lee PS, Pixley FJ, Wang Y, et al. Biology and action of colony—stim-

ulating factor-1. Mol Reprod Dev. 1997; 46(1):4–10. https://doi.org/10.1002/(SICI)1098-2795(199701)

46:1<4::AID-MRD2>3.0.CO;2-V PMID: 8981357.

54. Dobyns AE, Goyal R, Carpenter LG, Freeman TC, Longo LD, Yellon SM. Macrophage gene expression

associated with remodeling of the prepartum rat cervix: microarray and pathway analyses. PLoS One.

2015; 10(3):e0119782. https://doi.org/10.1371/journal.pone.0119782 PMID: 25811906.

55. Pereira L, Reddy AP, Jacob T, Thomas A, Schneider KA, Dasari S, et al. Identification of novel protein

biomarkers of preterm birth in human cervical-vaginal fluid. J Proteome Res. 2007; 6(4):1269–76.

https://doi.org/10.1021/pr0605421 PMID: 17373840.

56. Hitti J, Lapidus JA, Lu X, Reddy AP, Jacob T, Dasari S, et al. Noninvasive diagnosis of intraamniotic

infection: proteomic biomarkers in vaginal fluid. Am J Obstet Gynecol. 2010; 203(1):32 e1-8. https://doi.

org/10.1016/j.ajog.2010.03.037 PMID: 20478552.

PLOS ONE Plasma proteomics in preterm labor without infection/inflammation

PLOS ONE | https://doi.org/10.1371/journal.pone.0259265 October 28, 2021 18 / 20

https://doi.org/10.3109/14767050902994796
http://www.ncbi.nlm.nih.gov/pubmed/19916708
https://doi.org/10.1161/CIRCULATIONAHA.110.985523
https://doi.org/10.1161/CIRCULATIONAHA.110.985523
http://www.ncbi.nlm.nih.gov/pubmed/21382888
https://doi.org/10.1038/cmi.2014.46
http://www.ncbi.nlm.nih.gov/pubmed/24954221
https://doi.org/10.1038/s41598-020-76748-1
https://doi.org/10.1038/s41598-020-76748-1
http://www.ncbi.nlm.nih.gov/pubmed/33184413
https://doi.org/10.4110/in.2018.18.e27
http://www.ncbi.nlm.nih.gov/pubmed/30181915
https://doi.org/10.1038/cmi.2016.34
http://www.ncbi.nlm.nih.gov/pubmed/27569562
https://doi.org/10.1515/JPM.2007.101
https://doi.org/10.1515/JPM.2007.101
http://www.ncbi.nlm.nih.gov/pubmed/17624933
https://doi.org/10.1080/14767050802054550
http://www.ncbi.nlm.nih.gov/pubmed/18570125
https://doi.org/10.3109/14767058.2011.591460
https://doi.org/10.3109/14767058.2011.591460
http://www.ncbi.nlm.nih.gov/pubmed/21958433
https://doi.org/10.3389/fimmu.2020.01194
http://www.ncbi.nlm.nih.gov/pubmed/32612607
https://doi.org/10.1016/j.cellsig.2021.110028
http://www.ncbi.nlm.nih.gov/pubmed/33940163
https://doi.org/10.1016/j.ajog.2016.02.001
http://www.ncbi.nlm.nih.gov/pubmed/26874297
https://doi.org/10.1165/rcmb.2020-0153OC
http://www.ncbi.nlm.nih.gov/pubmed/33264084
https://doi.org/10.1530/rep.1.00197
http://www.ncbi.nlm.nih.gov/pubmed/16264088
https://doi.org/10.1002/%28SICI%291098-2795%28199701%2946%3A1%26lt%3B4%3A%3AAID-MRD2%26gt%3B3.0.CO%3B2-V
https://doi.org/10.1002/%28SICI%291098-2795%28199701%2946%3A1%26lt%3B4%3A%3AAID-MRD2%26gt%3B3.0.CO%3B2-V
http://www.ncbi.nlm.nih.gov/pubmed/8981357
https://doi.org/10.1371/journal.pone.0119782
http://www.ncbi.nlm.nih.gov/pubmed/25811906
https://doi.org/10.1021/pr0605421
http://www.ncbi.nlm.nih.gov/pubmed/17373840
https://doi.org/10.1016/j.ajog.2010.03.037
https://doi.org/10.1016/j.ajog.2010.03.037
http://www.ncbi.nlm.nih.gov/pubmed/20478552
https://doi.org/10.1371/journal.pone.0259265


57. Levin Y, Schwarz E, Wang L, Leweke FM, Bahn S. Label-free LC-MS/MS quantitative proteomics for

large-scale biomarker discovery in complex samples. J Sep Sci. 2007; 30(14):2198–203. https://doi.

org/10.1002/jssc.200700189 PMID: 17668910.

58. Boehmer JL, DeGrasse JA, McFarland MA, Tall EA, Shefcheck KJ, Ward JL, et al. The proteomic

advantage: label-free quantification of proteins expressed in bovine milk during experimentally induced

coliform mastitis. Vet Immunol Immunopathol. 2010; 138(4):252–66. https://doi.org/10.1016/j.vetimm.

2010.10.004 PMID: 21067814.

59. Li Z, Adams RM, Chourey K, Hurst GB, Hettich RL, Pan C. Systematic comparison of label-free, meta-

bolic labeling, and isobaric chemical labeling for quantitative proteomics on LTQ Orbitrap Velos. J Prote-

ome Res. 2012; 11(3):1582–90. https://doi.org/10.1021/pr200748h PMID: 22188275.

60. Little KM, Lee JK, Ley K. ReSASC: a resampling-based algorithm to determine differential protein

expression from spectral count data. Proteomics. 2010; 10(6):1212–22. https://doi.org/10.1002/pmic.

200900328 PMID: 20058246.

61. Cantonwine DE, Zhang Z, Rosenblatt K, Goudy KS, Doss RC, Ezrin AM, et al. Evaluation of proteomic

biomarkers associated with circulating microparticles as an effective means to stratify the risk of sponta-

neous preterm birth. Am J Obstet Gynecol. 2016; 214(5):631 e1- e11. https://doi.org/10.1016/j.ajog.

2016.02.005 PMID: 26874302

62. Steffensen KR, Gustafsson JA. Putative metabolic effects of the liver X receptor (LXR). Diabetes. 2004;

53 Suppl 1:S36–42. https://doi.org/10.2337/diabetes.53.2007.s36 PMID: 14749264.

63. Smith CJ, Baer RJ, Oltman SP, Breheny PJ, Bao W, Robinson JG, et al. Maternal dyslipidemia and risk

for preterm birth. PLoS One. 2018; 13(12):e0209579. https://doi.org/10.1371/journal.pone.0209579

PMID: 30576377.

64. Binienda Z, Massmann A, Mitchell MD, Gleed RD, Figueroa JP, Nathanielsz PW. Effect of food with-

drawal on arterial blood glucose and plasma 13,14-dihydro-15-keto-prostaglandin F2 alpha concentra-

tions and nocturnal myometrial electromyographic activity in the pregnant rhesus monkey in the last

third of gestation: a model for preterm labor? Am J Obstet Gynecol. 1989; 160(3):746–50. https://doi.

org/10.1016/s0002-9378(89)80073-0 PMID: 2929698.

65. Fiorucci S, Cipriani S, Mencarelli A, Renga B, Distrutti E, Baldelli F. Counter-regulatory role of bile acid

activated receptors in immunity and inflammation. Current molecular medicine. 2010; 10(6):579–95.

https://doi.org/10.2174/1566524011009060579 PMID: 20642438.

66. Rizzo G, Renga B, Mencarelli A, Pellicciari R, Fiorucci S. Role of FXR in regulating bile acid homeosta-

sis and relevance for human diseases. Curr Drug Targets Immune Endocr Metabol Disord. 2005; 5

(3):289–303. https://doi.org/10.2174/1568008054863781 PMID: 16178789.

67. Baumann H, Gauldie J. The acute phase response. Immunol Today. 1994; 15(2):74–80. https://doi.org/

10.1016/0167-5699(94)90137-6 PMID: 7512342.

68. Menon R, Behnia F, Polettini J, Richardson LS. Novel pathways of inflammation in human fetal mem-

branes associated with preterm birth and preterm pre-labor rupture of the membranes. Semin Immuno-

pathol. 2020; 42(4):431–50. https://doi.org/10.1007/s00281-020-00808-x PMID: 32785751.

69. Unal ER, Cierny JT, Roedner C, Newman R, Goetzl L. Maternal inflammation in spontaneous term

labor. Am J Obstet Gynecol. 2011; 204(3):223 e1-5. https://doi.org/10.1016/j.ajog.2011.01.002 PMID:

21376162.

70. Elovitz MA, Saunders T, Ascher-Landsberg J, Phillippe M. Effects of thrombin on myometrial contrac-

tions in vitro and in vivo. Am J Obstet Gynecol. 2000; 183(4):799–804. https://doi.org/10.1067/mob.

2000.108897 PMID: 11035316.

71. Han CS, Schatz F, Lockwood CJ. Abruption-associated prematurity. Clin Perinatol. 2011; 38(3):407–

21. https://doi.org/10.1016/j.clp.2011.06.001 PMID: 21890016.

72. Elovitz MA, Ascher-Landsberg J, Saunders T, Phillippe M. The mechanisms underlying the stimulatory

effects of thrombin on myometrial smooth muscle. Am J Obstet Gynecol. 2000; 183(3):674–81. https://

doi.org/10.1067/mob.2000.106751 PMID: 10992192.

73. Merle NS, Noe R, Halbwachs-Mecarelli L, Fremeaux-Bacchi V, Roumenina LT. Complement System

Part II: Role in Immunity. Front Immunol. 2015; 6:257. https://doi.org/10.3389/fimmu.2015.00257

PMID: 26074922.

74. Oikonomopoulou K, Ricklin D, Ward PA, Lambris JD. Interactions between coagulation and comple-

ment—their role in inflammation. Semin Immunopathol. 2012; 34(1):151–65. https://doi.org/10.1007/

s00281-011-0280-x PMID: 21811895.

75. Khatri P, Sirota M, Butte AJ. Ten years of pathway analysis: current approaches and outstanding chal-

lenges. PLoS Comput Biol. 2012; 8(2):e1002375. https://doi.org/10.1371/journal.pcbi.1002375 PMID:

22383865.

PLOS ONE Plasma proteomics in preterm labor without infection/inflammation

PLOS ONE | https://doi.org/10.1371/journal.pone.0259265 October 28, 2021 19 / 20

https://doi.org/10.1002/jssc.200700189
https://doi.org/10.1002/jssc.200700189
http://www.ncbi.nlm.nih.gov/pubmed/17668910
https://doi.org/10.1016/j.vetimm.2010.10.004
https://doi.org/10.1016/j.vetimm.2010.10.004
http://www.ncbi.nlm.nih.gov/pubmed/21067814
https://doi.org/10.1021/pr200748h
http://www.ncbi.nlm.nih.gov/pubmed/22188275
https://doi.org/10.1002/pmic.200900328
https://doi.org/10.1002/pmic.200900328
http://www.ncbi.nlm.nih.gov/pubmed/20058246
https://doi.org/10.1016/j.ajog.2016.02.005
https://doi.org/10.1016/j.ajog.2016.02.005
http://www.ncbi.nlm.nih.gov/pubmed/26874302
https://doi.org/10.2337/diabetes.53.2007.s36
http://www.ncbi.nlm.nih.gov/pubmed/14749264
https://doi.org/10.1371/journal.pone.0209579
http://www.ncbi.nlm.nih.gov/pubmed/30576377
https://doi.org/10.1016/s0002-9378%2889%2980073-0
https://doi.org/10.1016/s0002-9378%2889%2980073-0
http://www.ncbi.nlm.nih.gov/pubmed/2929698
https://doi.org/10.2174/1566524011009060579
http://www.ncbi.nlm.nih.gov/pubmed/20642438
https://doi.org/10.2174/1568008054863781
http://www.ncbi.nlm.nih.gov/pubmed/16178789
https://doi.org/10.1016/0167-5699%2894%2990137-6
https://doi.org/10.1016/0167-5699%2894%2990137-6
http://www.ncbi.nlm.nih.gov/pubmed/7512342
https://doi.org/10.1007/s00281-020-00808-x
http://www.ncbi.nlm.nih.gov/pubmed/32785751
https://doi.org/10.1016/j.ajog.2011.01.002
http://www.ncbi.nlm.nih.gov/pubmed/21376162
https://doi.org/10.1067/mob.2000.108897
https://doi.org/10.1067/mob.2000.108897
http://www.ncbi.nlm.nih.gov/pubmed/11035316
https://doi.org/10.1016/j.clp.2011.06.001
http://www.ncbi.nlm.nih.gov/pubmed/21890016
https://doi.org/10.1067/mob.2000.106751
https://doi.org/10.1067/mob.2000.106751
http://www.ncbi.nlm.nih.gov/pubmed/10992192
https://doi.org/10.3389/fimmu.2015.00257
http://www.ncbi.nlm.nih.gov/pubmed/26074922
https://doi.org/10.1007/s00281-011-0280-x
https://doi.org/10.1007/s00281-011-0280-x
http://www.ncbi.nlm.nih.gov/pubmed/21811895
https://doi.org/10.1371/journal.pcbi.1002375
http://www.ncbi.nlm.nih.gov/pubmed/22383865
https://doi.org/10.1371/journal.pone.0259265


76. Romero R, Miranda J, Chaiworapongsa T, Chaemsaithong P, Gotsch F, Dong Z, et al. A novel molecu-

lar microbiologic technique for the rapid diagnosis of microbial invasion of the amniotic cavity and intra-

amniotic infection in preterm labor with intact membranes. Am J Reprod Immunol. 2014; 71(4):330–58.

https://doi.org/10.1111/aji.12189 PMID: 24417618.

77. DiGiulio DB, Romero R, Amogan HP, Kusanovic JP, Bik EM, Gotsch F, et al. Microbial prevalence,

diversity and abundance in amniotic fluid during preterm labor: a molecular and culture-based investiga-

tion. PLoS One. 2008; 3(8):e3056. https://doi.org/10.1371/journal.pone.0003056 PMID: 18725970.

78. Zondervan KT, Cardon LR, Kennedy SH. What makes a good case-control study? Design issues for

complex traits such as endometriosis. Hum Reprod. 2002; 17(6):1415–23. https://doi.org/10.1093/

humrep/17.6.1415 PMID: 12042253.

79. Martins-de-Souza D, Gattaz WF, Schmitt A, Rewerts C, Marangoni S, Novello JC, et al. Alterations in

oligodendrocyte proteins, calcium homeostasis and new potential markers in schizophrenia anterior

temporal lobe are revealed by shotgun proteome analysis. J Neural Transm (Vienna). 2009; 116

(3):275–89. https://doi.org/10.1007/s00702-008-0156-y PMID: 19034380.

80. Molinari N, Roche S, Peoc’h K, Tiers L, Seveno M, Hirtz C, et al. Sample Pooling and Inflammation

Linked to the False Selection of Biomarkers for Neurodegenerative Diseases in Top-Down Proteomics:

A Pilot Study. Front Mol Neurosci. 2018; 11:477. https://doi.org/10.3389/fnmol.2018.00477 PMID:

30618622.

81. Diz AP, Truebano M, Skibinski DOF. The consequences of sample pooling in proteomics: an empirical

study. Electrophoresis. 2009; 30(17):2967–75. https://doi.org/10.1002/elps.200900210 PMID:

19676090.

82. Lee HY, Kim EG, Jung HR, Jung JW, Kim HB, Cho JW, et al. Refinements of LC-MS/MS Spectral

Counting Statistics Improve Quantification of Low Abundance Proteins. Sci Rep. 2019; 9(1):13653.

Epub 2019/09/22. https://doi.org/10.1038/s41598-019-49665-1 PMID: 31541118.

83. Morgan TK, Tolosa JE, Mele L, Wapner RJ, Spong CY, Sorokin Y, et al. Placental villous hypermatura-

tion is associated with idiopathic preterm birth. J Matern Fetal Neonatal Med. 2013; 26(7):647–53.

https://doi.org/10.3109/14767058.2012.746297 PMID: 23130816.

84. Gomez-Lopez N, Romero R, Plazyo O, Schwenkel G, Garcia-Flores V, Unkel R, et al. Preterm labor in

the absence of acute histologic chorioamnionitis is characterized by cellular senescence of the chor-

ioamniotic membranes. Am J Obstet Gynecol. 2017; 217(5):592 e1– e17. https://doi.org/10.1016/j.ajog.

2017.08.008 PMID: 28847437.

PLOS ONE Plasma proteomics in preterm labor without infection/inflammation

PLOS ONE | https://doi.org/10.1371/journal.pone.0259265 October 28, 2021 20 / 20

https://doi.org/10.1111/aji.12189
http://www.ncbi.nlm.nih.gov/pubmed/24417618
https://doi.org/10.1371/journal.pone.0003056
http://www.ncbi.nlm.nih.gov/pubmed/18725970
https://doi.org/10.1093/humrep/17.6.1415
https://doi.org/10.1093/humrep/17.6.1415
http://www.ncbi.nlm.nih.gov/pubmed/12042253
https://doi.org/10.1007/s00702-008-0156-y
http://www.ncbi.nlm.nih.gov/pubmed/19034380
https://doi.org/10.3389/fnmol.2018.00477
http://www.ncbi.nlm.nih.gov/pubmed/30618622
https://doi.org/10.1002/elps.200900210
http://www.ncbi.nlm.nih.gov/pubmed/19676090
https://doi.org/10.1038/s41598-019-49665-1
http://www.ncbi.nlm.nih.gov/pubmed/31541118
https://doi.org/10.3109/14767058.2012.746297
http://www.ncbi.nlm.nih.gov/pubmed/23130816
https://doi.org/10.1016/j.ajog.2017.08.008
https://doi.org/10.1016/j.ajog.2017.08.008
http://www.ncbi.nlm.nih.gov/pubmed/28847437
https://doi.org/10.1371/journal.pone.0259265

