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Abstract

Introduction

This study aimed to investigate amniotic fluid (AF) proteins that were differentially expressed

between patients with cervical insufficiency (CI) and asymptomatic short cervix (SCX,� 25

mm), and whether these proteins could be predictive of spontaneous preterm birth (SPTB)

in these patients.

Method

This was a retrospective cohort study of 129 singleton pregnant women with CI (n = 80) or

SCX (n = 49) at 17 to 26 weeks who underwent amniocentesis. An antibody microarray was

used to perform comparative proteomic profiling of AF from matched CI (n = 20) and SCX (n

= 20) pregnancies. In the total cohort, an ELISA validation study was performed for 15 candi-

date proteins of interest. Subgroup analyses of patients with CI and SCX were conducted to

evaluate the association between the 15 proteins and SPTB at < 32 weeks of gestation.

Results

Eighty-six proteins showed intergroup differences. ELISA validation confirmed significantly

higher levels of AF EN-RAGE, IL-8, lipocalin-2, MMP-9, S100A8/A9, thrombospondin-2,

and TNFR2 in patients with CI than in those with SCX. Multivariable analysis showed that

increased AF levels of EN-RAGE, S100A8/A9, and uPA were independently associated

with SPTB at < 32 weeks in patients with CI; whereas in patients with SCX, high AF levels of

APRIL, EN-RAGE, LBP, and TNFR2 were independently associated with SPTB at < 32

weeks.
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Conclusions

Multiple AF proteins show altered expression in patients with CI compared with SCX con-

trols. Moreover, several novel mediators involved in inflammation were identified as poten-

tial biomarkers for predicting SPTB after the diagnosis of CI and SCX. These results provide

new insights into target-specific molecules for targeted therapies to prevent SPTB in

patients with CI/SCX.

Introduction

Cervical insufficiency (CI), defined as the inability of the uterine cervix to maintain a preg-

nancy in the absence of contractions, and asymptomatic short cervix (SCX), characterized by a

cervix that is� 25 mm in length by ultrasound measurement, in the mid-trimester remain sig-

nificant obstetric problems affecting 0.1–1% of all pregnancies and 0.5% of asymptomatic sin-

gleton women at 16–23 weeks of gestation [1–3], respectively, and they represent important

antecedents for spontaneous preterm birth (SPTB) [4]. Intra-amniotic inflammation and pre-

mature cervical changes are among the several events that contribute for the development of

CI and asymptomatic SCX [4–6]. Moreover, cervical insufficiency/sufficiency is not a condi-

tion of “all-or-nothing;” instead, it is considered a continuum which can be assessed through

transvaginal cervical length measurements [4, 7, 8]. Therefore, asymptomatic SCX in the mid-

trimester may be, at least in part, associated with increased risk of CI and subsequent SPTB [4,

7]. To date, the proteins and mechanisms underlying such a continuum, and their contribu-

tion for subsequent SPTB, have not been fully elucidated. Hence, better understanding of such

molecular and cellular mechanisms may provide useful information for developing effective

targeted prevention and treatment strategies for CI and asymptomatic SCX.

Previous reports have identified potential proteins involved in the underlying mechanisms

of cervical competence continuum and subsequent SPTB, including interleukin (IL)-6 in

amniotic fluid (AF), complement components 3a and 5a in maternal blood, as well as IL-6, tis-

sue inhibitor of metalloproteinases-1, Dickkopf (DKK) 3, and vitamin D binding protein in

cervicovaginal fluid [9–13]. However, most of these studies have only addressed specific target

proteins, thus not reflecting all proteins having a role in the complex network of mechanisms

involved in the continuum of cervical competence. In contrast to conventional, single analyte

approaches for protein analysis (such as enzyme-linked immunosorbent assays [ELISA]), anti-

body microarray is a high-throughput technique that allows simultaneous identification of

hundreds of proteins related to a specific condition; thus, it has proposed as an useful screen-

ing tool for biomarker discovery and for investigating signal pathways [14].

The present study aimed to investigate the proteins and their related signaling pathways

that were differentially expressed in AF between women with CI and SCX (� 25 mm) using an

antibody microarray. Moreover, the identified deregulated proteins were also evaluated

regarding their predictive potential for SPTB in patients with CI and SCX.

Materials and methods

Study design and participants

This retrospective cohort study involved 129 asymptomatic singleton pregnant women diag-

nosed with SCX (n = 49) or CI (n = 80) at 17 and 26 weeks of gestation who were admitted to

the high-risk maternity unit of the Seoul National University Bundang Hospital (Seongnamsi,
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Republic of Korea) between September 2004 and July 2018. Women who underwent transab-

dominal amniocentesis to assess AF for possible subclinical infection/inflammation [4, 15–18]

and who delivered a live fetus were included in the study. Women with 1) preterm premature

rupture of the membranes (PPROM), preterm contraction, or preterm labor (PTL) at diagno-

sis; 2) multifetal pregnancy; 3) prophylactic cerclage during early pregnancy; 4) evidence of

clinical chorioamnionitis at admission; and/or 5) major congenital anomalies were excluded

from the study. SCX was defined as a transvaginal sonographic cervical length of� 25 mm,

measured using the standard technique as previously described [19]. CI was defined as a pain-

less dilation of the cervix in the mid-trimester� 1 cm with fetal membranes visual at or

beyond the external os, as determined by a sterile speculum examination, without contractions

or labor. Gestational age was determined based on menstrual dating along with an ultrasound

scan performed in the first or early second trimester. The ethics committee of the Seoul

National University Bundang Hospital approved the study (project number B-1105/128-102).

Written informed consent was obtained from all patients for the amniocentesis procedure, as

well as for the use of the AF samples and clinical data for research purposes.

A nested case-control approach was used for the protein discovery study, comprising 20

patients with CI (case group) and 20 patients with SCX (control group). CI cases were ran-

domly chosen from the list of eligible patients with CI (n = 80) using a random sequence gen-

erator. For each case patient, control patients were selected by matching gestational age at

amniocentesis, parity, maternal age, and years of sampling.

Biological sample collection and processing. Collection, preparation, and storage of AF

samples, and the identification of microorganisms were performed as previously reported

[20]. Briefly, at the time of admission, transabdominal ultrasound-guided amniocentesis was

performed using a 22-gauge spinal needle. Presence of microorganisms, such as aerobic/anaer-

obic bacteria, fungi, and genital mycoplasmas (Ureaplasma urealyticum and Mycoplasma
hominis), in AF samples was determined by conventional culture-based methods, as previously

described [20]. The remaining AF was centrifuged for 10 min at 1,500 × g, and the supernatant

was aliquoted and stored at −70˚C until use.

Membrane-based human antibody array. AF proteome profiles of SCX control and CI

case groups (n = 20 in each group) were determined using a Human Antibody Array Kit

(AAH-BLM-1B-2; RayBiotech, Norcross, GA, USA) comprising 507 different immune-regula-

tory proteins, including cytokines, chemokines, matrix metalloproteases, adhesion molecules,

growth and angiogenic factors, and adipokines (described in detail in previous studies [21,

22]). The detailed detection process of the protein antibody microarray and image analyses are

provided in S3 File. Briefly, equal amounts (25 μg) of protein from the individual AF samples

were pooled into case (CI, n = 20) and control (SCX, n = 20) samples, up to a total of 500 μg

per group, for use in the high-throughput protein microarray. The pooled AF samples were

analyzed in duplicate according to the manufacturer’s protocol. To identify target molecules

showing significant signal intensity differences between CI cases and SCX controls, protein

spots were selected based on the following criteria: (1) fold change (FC) of� 1.3 or� 0.77 for

up- or downregulated proteins, respectively, based on the chemiluminescence image analysis,

and (2) visible to the naked eye.

ELISA validation. To verify the results of the antibody microarray data, the AF levels of

the proliferation-inducing ligand (APRIL), DKK3, endostatin, advanced glycation end prod-

ucts binding protein (EN-RAGE), insulin-like growth factor-binding protein (IGFBP)-2, IL-8,

lipocalin-2, lipopolysaccharide binding protein (LBP), matrix metalloproteinase (MMP)-2,

MMP-9, S100 calcium-binding protein A8/A9 complex (S100A8/A9), secreted protein acidic

and rich in cysteine (SPARC), thrombospondin-2 (TSP2), tumor necrosis factor receptor 2

(TNFR2), and urokinase-type plasminogen activator (uPA) were evaluated in the final cohort
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of 129 subjects using ELISA kits (DuoSet ELISA; R&D Systems, Minneapolis, MN, USA),

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

dilution ratios are provided in detail in S3 File. The intra- and inter-assay coefficients of varia-

tion (CVs) were < 10% for all analyzed proteins, except for APRIL and DKK3, for which the

inter-assay CVs were 10.5% and 12.8%, respectively. These molecules were selected for the val-

idation study because i) they revealed a high expression FC; and ii) few information was avail-

able to date concerning their expression change in the AF of women with CI/SCX. Ubiquitin-

1 and vascular endothelial growth factor were also evaluated in AF samples by dilution linear-

ity and spike/recovery testing, but the results showed poor assay performance; therefore, quan-

tification of these proteins was not performed.

Management of CI and asymptomatic SCX, and definitions of various factors. Man-

agement of CI or asymptomatic SCX was performed as previously reported [23, 24] and is also

described in S3 File. Briefly, decisions regarding cervical cerclage, bed rest, and use of antibiot-

ics, progesterone, and tocolytic agents, were made based on the discretion of the attending

physician. For maturation of fetal lungs, antenatal corticosteroids were administered between

24 and 34 weeks of gestation. The diagnosis of acute histologic chorioamnionitis and clinical

chorioamnionitis, and the techniques to measure cervical length using transvaginal sonogra-

phy have been previously described in detail [19, 20, 25, 26], and a detailed description is pro-

vided in S3 File. SPTB was defined as preterm birth caused by PTL, PPROM, or the

development of clinical chorioamnionitis.

Ingenuity pathway analysis. The Ingenuity Pathway Analysis (IPA) bioinformatics tool

(Version 49932394; QIAGEN, Hilden, Germany) was used to determine the functional anno-

tation and molecular pathways that were associated with the differentially expressed proteins

(DEPs) identified between CI and SCX samples. UniProt accession numbers of the DEPs, and

their corresponding log2 ratios, were uploaded into the IPA software online.

Statistical methods. Comparisons between groups were performed using the Student’s t-
test or Mann-Whitney U test for continuous data, and the χ2 test or Fisher’s exact test for cate-

gorical data, as appropriate. Logistic regression analysis was performed to assess the indepen-

dent association between the AF levels of each protein and the outcome measure, after

adjusting for baseline clinical variables with a P-value< 0.05 in the univariate analysis.

Receiver operating characteristic (ROC) curves were generated to determine the optimal cutoff

and predictive values of each studied protein in the AF for the outcome measure, and the area

under the curves (AUCs) were compared as previously described [27]. Correlations between

non-normally distributed continuous variables were examined using the Spearman’s rank cor-

relation test. Data analysis was conducted using SPSS version 25.0 (IBM Corp., Armonk, NY,

USA). The significance level was set at 0.05 (two-tailed) for all statistical analyses.

Results

Discovery phase

The baseline characteristics of the exploratory cohorts used for the antibody microarray analy-

sis are presented in S1 Table. Owing to matching, CI cases and SCX controls were similar for

gestational age at amniocentesis, parity, and maternal age.

Using the spot selection criteria (described in Materials and Methods), 86 out of 507

human proteins included in the membrane-based microarray were found to be differentially

expressed among AF samples from patients with SCX and those with CI (Fig 1). Overall, 60

proteins were upregulated and 26 were downregulated in CI compared with SCX (S2 Table).

These 86 proteins were further analyzed using IPA to assess their canonical pathways and bio-

logical functions (S3 Table). Five main pathways were identified, including ‘granulocyte/
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agranulocyte adhesion and diapedesis,’ ‘hepatic fibrosis/hepatic stellate cell activation,’ and

‘cardiac hypertrophy signaling.’ Moreover, IPA also identified ‘connective tissue disorders,’

‘inflammatory disease,’ ‘organismal injury and abnormalities,’ ‘skeletal and muscular disor-

ders,’ and ‘immunological disease’ as top disease and disorder functions related to these 86

DEPs.

ELISA validation phase. Fifteen candidate proteins identified by the antibody microarray

—APRIL, DKK3, endostatin, EN-RAGE, IGFBP-2, IL-8, LBP, lipocalin-2, MMP-2, MMP-9,

S100A8/A9, SPARC, TSP2, TNFR2, and uPA—were further validated by quantitative ELISA

in 129 individual samples (80 CI and 49 SCX samples). The median AF levels of EN-RAGE,

IL-8, lipocalin-2, MMP-9, S100A8/A9, TSP2, and TNFR2 were significantly higher in patients

with CI than in patients with SCX (Table 1). However, the AF levels of APRIL, DKK3, endosta-

tin, IGFBP-2, LBP, MMP-2, SPARC, and uPA, as well as demographic factors did not signifi-

cantly differ between the two groups (Table 1).

Subgroup analysis of patients with CI. A subgroup analysis was conducted according to

the disease entity to evaluate the association between the 15 protein markers in AF and SPTB

at< 32 weeks of gestation. In the subgroup analysis of patients with CI, the median AF levels

of EN-RAGE, IL-8, lipocalin-2, MMP-9, S100A8/A9, and uPA were significantly higher in

women with CI who had SPTB at< 32 weeks than in those who delivered at� 32 weeks

(Table 2). Furthermore, multivariate analysis revealed that elevated AF levels of EN-RAGE,

S100A8/A9, and uPA (but not IL-8, lipocalin-2, or MMP-9) were significantly associated with

SPTB at< 32 weeks after adjusting for cervical dilatation, cerclage placement, and vaginal pro-

gesterone therapy (Table 3).

Fig 1. Expression profile of 507 proteins in the amniotic fluid (AF) of patients with cervical insufficiency (CI, case subjects) versus short cervix (SCX,

control subjects). Pooled AF samples from each group (20 samples per group, matched for gestational age) were assayed using a human antibody array kit.

Fold change cutoff values of� 1.3 or� 0.77 for upregulated or downregulated proteins, respectively, revealed 86 differentially expressed proteins (indicated in

rectangles) in AF samples from patients with CI relative to SCX controls. Number 1 indicates the positive controls.

https://doi.org/10.1371/journal.pone.0263586.g001
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AUC values of AF EN-RAGE, S100A8/A9, and uPA for the prediction of SPTB at< 32

weeks of gestation were 0.744, 0.763, 0.755, and 0.649, respectively (S4 Table and Fig 2), not

showing significant differences among them (all variables: P = 0.09–0.66). Moreover, the con-

centration of the AF proteins was found to be significantly associated with SPTB at< 32 weeks

of gestation (EN-RAGE, S100A8/A9, and uPA), showing a significant correlation with each

other (all proteins, r = 0.35–0.84, P< 0.005).

Subgroup analysis of patients with a SCX. Univariate analyses of SCX patients showed

that elevated AF levels of APRIL, EN-RAGE, LBP, and TNFR2 were significantly associated

with SPTB at< 32 weeks (Table 4). Moreover, these associations remained significant in mul-

tivariable analysis, even after adjusting for gestational age at sampling (Table 3). In the sub-

group of women with SCX, the AUCs for the prediction of SPTB at< 32 weeks were 0.856 for

Table 1. Demographic and clinical characteristics, and quantification of the selected candidate biomarkers of interest in women with cervical insufficiency or a

short cervix included in the study.

Characteristics Disease entity P-value

Cervical insufficiency (n = 80) Short cervix (n = 49)

Age (years) 32.4 ± 3.3 32.2 ± 3.5 0.766

Nulliparity 51.3% (41/80) 57.1% (28/49) 0.517

Gestational age at amniocentesis (weeks) 21.7 ± 2.3 22.0 ± 2.1 0.523

Cerclage placement 66.3% (53/80) 75.5% (37/49) 0.268

Vaginal progesterone therapy 32.5% (26/80) 61.2% (30/49) 0.001

Positive AF cultures 8.8% (7/80) 8.2% (4/49) 1.000

Cervical dilatation (cm) 2.0 (1.0–8.0)

� 3 cm 47.5% (38/80)

< 3 cm 52.5% (42/80)

Cervical length by ultrasound (mm) 9.6 ± 4.5

AF APRIL (ng/mL) 0.75 ± 0.52 0.79 ± 1.16 0.280

AF DKK3 (ng/mL) 229.23 ± 84.39 230.03 ± 62.51 0.687

AF endostatin (ng/mL) 62.72 ± 20.57 59.32 ± 19.89 0.348

AF EN-RAGE (ng/mL) 26.92 ± 19.72 11.40 ± 15.14 <0.001

AF IGFBP-2 (ng/mL) 1362.68 ± 494.45 1190.80 ± 483.11 0.060

AF IL-8 (ng/mL) 6.54 ± 6.67 1.89 ± 4.53 <0.001

AF LBP (ng/mL) 652.24 ± 437.78 566.05 ± 412.27 0.268

AF lipocalin-2 (ng/mL) 1260.10 ± 753.55 625.79 ± 574.49 <0.001

AF MMP-2 (ng/mL) 105.97 ± 31.97 102.82 ± 28.24 0.483

AF MMP-9 (ng/mL) 5.75 ± 5.84 2.07 ± 4.23 <0.001

AF S100 A8/A9 (ng/mL) 2004.38 ± 1012.29 1133.56 ± 909.59 <0.001

AF SPARC (ng/mL) 906.79 ± 488.18 915.42 ± 462.89 0.985

AF TSP2 (ng/mL) 136.12 ± 70.53 89.92 ± 40.51 <0.001

AF TNFR2 (ng/mL) 15.25 ± 9.91 11.48 ± 8.38 <0.001

AF uPA (ng/mL) 0.32 ± 0.29 0.62 ± 2.27 0.184

Gestational age at delivery (weeks) 29.6 ± 7.2 34.7 ± 5.7 <0.001

AF, amniotic fluid; APRIL, a proliferation-inducing ligand; DKK3, dickkopf-related protein 3; EN-RAGE (S100A12), extracellular newly identified receptor for

advanced glycation end products binding protein; IGFBP, insulin-like growth factor-binding protein; IL, interleukin; LBP, lipopolysaccharide binding protein; MMP,

matrix metalloproteinase; S100 A8/A9, S100 calcium-binding protein A8/A9 complex; SPARC, secreted protein acidic and rich in cysteine; TSP2, thrombospondin-2;

TNFR2, tumor necrosis factor receptor 2; uPA, urokinase-type plasminogen activator.

Values are presented as mean ± standard deviation, median (range), or % (n/N).

Significant findings (P< 0.05) are indicated in bold fonts.

https://doi.org/10.1371/journal.pone.0263586.t001
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AF APRIL, 0.705 for AF EN-RAGE, 0.756 for AF LBP, and 0.715 for AF TNFR2 (S5 Table and

Fig 3), which were not statistically significantly different (all variables: P = 0.09–0.73). The AF

levels of APRIL, EN-RAGE, LBP, and TNFR2 were significantly correlated with each other (all

variables, r = 0.209–0.592, P< 0.01), except for APRIL and EN-RAGE (r = 0.209, P = 0.150),

and APRIL and LBP (r = 0.233, P = 0.107).

Discussion

The main findings of this study were the following: (i) using protein–antibody microarray

analysis, seven novel proteins (i.e., EN-RAGE, IL-8, lipocalin-2, MMP-9, S100A8/A9, TSP2,

and TNFR2) and their specific signaling pathways, most of which are involved in

Table 2. Demographic and clinical characteristics, and quantification of the selected candidate biomarkers of interest in women with cervical insufficiency strati-

fied according to the occurrence of spontaneous preterm birth.

Characteristics Delivery < 32 weeks (n = 44) Delivery� 32 weeks (n = 36) P-value

Age (years) 32.2 ± 3.5 32.6 ± 3.1 0.323

Nulliparity 56.8% (25/44) 44.4% (16/36) 0.225

Gestational age at amniocentesis (weeks) 21.7 ± 2.5 21.6 ± 1.9 0.768

Cervical dilatation (cm) 3.0 (1.0–8.0) 2.0 (1.0–8.0) 0.006

� 3 cm 59.1% (26/44) 33.3% (12/36) 0.022

< 3 cm 40.9% (18/44) 66.7% (24/36)

Cerclage placement 47.7% (21/44) 88.9% (32/36) <0.001

Vaginal progesterone therapy 13.6% (6/44) 55.6% (20/36) <0.001

Positive AF cultures 15.9% (7/44) 0.0% (0/36) 0.015

Use of antibiotics 95.5% (42/44) 97.2% (35/36) 0.679

Use of antenatal steroid 40.9% (18/44) 22.2% (8/36) 0.076

Use of tocolytics 52.3% (23/44) 33.3% (12/36) 0.089

AF APRIL (ng/mL) 0.82 ± 0.59 0.67 ± 0.42 0.451

AF DKK3 (ng/mL) 224.89 ± 95.93 234.67 ± 68.67 0.292

AF endostatin (ng/mL) 63.10 ± 20.26 62.24 ± 21.25 0.767

AF EN-RAGE (ng/mL) 33.76 ± 17.92 18.56 ± 18.79 <0.001

AF IGFBP-2 (ng/mL) 1361.85 ± 532.19 1363.70 ± 451.51 0.884

AF IL-8 (ng/mL) 7.78 ± 6.59 5.02 ± 6.54 0.008

AF LBP (ng/mL) 735.22 ± 504.48 550.81 ± 317.29 0.173

AF lipocalin-2 (ng/mL) 1461.18 ± 774.17 1014.33 ± 657.56 0.006

AF MMP-2 (ng/mL) 107.20 ± 37.77 104.46 ± 23.44 0.843

AF MMP-9 (ng/mL) 7.02 ± 6.68 4.19 ± 4.21 0.044

AF S100 A8/A9 (ng/mL) 2417.20 ± 862.09 1499.82 ± 961.15 <0.001

AF SPARC (ng/mL) 852.89 ± 552.11 972.69 ± 394.07 0.119

AF TSP2 (ng/mL) 140.10 ± 79.81 131.26 ± 57.97 0.832

AF TNFR2 (ng/mL) 17.43 ± 11.80 12.58 ± 6.11 0.072

AF uPA (ng/mL) 0.39 ± 0.36 0.24 ± 0.13 0.024

Gestational age at delivery (weeks) 23.8 ± 3.6 36.9 ± 2.1 <0.001

AF, amniotic fluid; APRIL, a proliferation-inducing ligand; DKK3, dickkopf-related protein 3; EN-RAGE (S100A12), extracellular newly identified receptor for

advanced glycation end products binding protein; IGFBP, insulin-like growth factor-binding protein; IL, interleukin; LBP, lipopolysaccharide binding protein; MMP,

matrix metalloproteinase; S100 A8/A9, S100 calcium-binding protein A8/A9 complex; SPARC, secreted protein acidic and rich in cysteine; TSP2, thrombospondin-2;

TNFR2, tumor necrosis factor receptor 2; uPA, urokinase-type plasminogen activator.

Values are presented as mean ± standard deviation, median (range), or % (n).

Significant findings (P< 0.05) are indicated in bold fonts.

https://doi.org/10.1371/journal.pone.0263586.t002
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inflammation and extracellular matrix remodeling, were identified as being more significantly

expressed in AF samples of CI cases than in SCX controls; (ii) increased AF levels of

EN-RAGE, S100A8/A9, and uPA are independently associated with SPTB at< 32 weeks in

patients with CI; and (iii) in patients with a SCX, high AF levels of APRIL, EN-RAGE, LBP,

and TNFR2 are independently associated with SPTB at< 32 weeks. These results provide new

insights into specific biomarkers that could be valuable for targeted strategies to prevent SPTB

in patients with CI/SCX and help to understand the underlying mechanisms of CI based on

the hypothesis that SCX and CI might represent a continuum of risk for the development of

SPTB.

Among the biomarkers analyzed, only the AF levels of EN-RAGE were found to be inde-

pendently predictive of SPTB at< 32 weeks in both patients with CI and those with SCX, with

relatively good accuracy. Moreover, this protein level is significantly higher in the AF from

patients with CI than in that from those with SCX. Taken together, these data suggest that in

the asymptomatic context, EN-RAGE may play an important role in the process of cervical rip-

ening, dilation, and preterm parturition, but it may also have the potential to be clinically used

to determine whether preterm birth may occur. EN-RAGE (also known as calgranulin C or

S100A12) is mainly involved in the regulation of inflammatory processes and immune

responses by binding with RAGE [28]. Thus, EN-RAGE has been proposed as a useful bio-

marker for inflammation-related disease [28]. In particular, Buhimschi et al. used proteomic

fingerprint technology to show that EN-RAGE expression is upregulated in the AF during

microbial invasion of the amniotic cavity (MIAC), intra-amniotic inflammation (IAI), and his-

tologic chorioamnionitis (HCA) in pregnancies complicated by PTL or PPROM [29–31].

These data are in agreement with the herein reported ELISA-based results of AF EN-RAGE,

along with its reported associations with SPTB risk in CI/SCX [12, 32].

Table 3. Multivariable logistic regression model showing the unadjusted and adjusted odds ratios of an association between various proteins in amniotic fluid and

spontaneous preterm birth at< 32 weeks in women with cervical insufficiency and a short cervix.

Variables Odds ratio (95% confidence interval) P-value§

Unadjusted Adjusted

Cervical insufficiency†

AF EN-RAGE (ng/mL) 1.044 (1.018–1.070) 1.037(1.005–1.070) 0.022

AF IL-8 (ng/mL) 1.069 (0.994–1.150) 1.055 (0.958–1.161) 0.275

AF lipocalin-2 (ng/mL) 1.001 (1.000–1.002) 1.001 (1.000–1.002) 0.055

AF MMP-9 (ng/mL) 1.099 (1.005–1.202) 1.084 (0.968–1.214) 0.162

AF S100 A8/A9 (ng/mL) 1.001 (1.000–1.002) 1.001 (1.000–1.002) 0.006

AF uPA (ng/mL) 27.084 (1.515–484.117) 365.087 (2.378–56055.036 0.022

A short cervix‡

AF APRIL (ng/mL) 14.552 (2.166–97.774) 13.644 (1.639–113.541) 0.016

AF EN-RAGE (ng/mL) 1.058 (1.014–1.104) 1.089 (1.025–1.157) 0.006

AF LBP (ng/mL) 1.004 (1.000–1.007) 1.005 (1.001–1.009) 0.014

AF TNFR2 (ng/mL) 1.128 (1.002–1.271) 1.170 (1.028–1.332) 0.018

AF, amniotic fluid; EN-RAGE (S100A12), extracellular newly identified receptor for advanced glycation end products binding protein; IL, interleukin; MMP, matrix

metalloproteinase; S100 A8/A9, S100 calcium-binding protein A8/A9 complex; uPA, urokinase-type plasminogen activator; APRIL, a proliferation-inducing ligand;

LBP, lipopolysaccharide binding protein; TNFR2, tumor necrosis factor receptor 2.
† Adjustment for cervical dilatation, cerclage placement, and vaginal progesterone therapy.
‡ Adjustment for gestational age at sampling.

§ For the adjusted odds ratio.

Significant findings (P< 0.05) are indicated in bold fonts.

https://doi.org/10.1371/journal.pone.0263586.t003
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The present study shows that elevated levels of EN-RAGE, S100A8/A9, and uPA in AF

could independently predict SPTB at< 32.0 weeks in women with CI. S100A8/A9 (also

known as calprotectin), which is in the form of a heterodimer, is primarily released from neu-

trophils, monocytes, and macrophages and plays an important role in the regulation of antimi-

crobial and inflammatory responses, and in the induction of cytokine secretion [33]. Previous

studies have shown that S100A8/A9 expression is upregulated in the AF or maternal serum of

pregnancies complicated by SPTB, HCA, IAI, and preeclampsia [22, 34–36]. Herein, S100A8/

A9 levels in the AF of women with CI were found to be significantly associated with SPTB risk

as well. uPA (also known as urokinase) is a potent 50 kDa serine protease that catalyzes the

conversion of plasminogen to plasmin, contributing to the degradation of the extracellular

matrix and thrombolysis [37]. Data from previous studies have shown that TNF-α, which is

involved in preterm parturition, stimulates the biosynthesis of uPA and MMPs in cultured

human chorionic cells, and that uPa is strongly expressed in the fetal membranes collected

after spontaneous labor at term [38, 39]. These studies support the present findings on the

Fig 2. Receiver operating characteristic (ROC) curves of amniotic fluid (AF) EN-RAGE, S100A8/A9, and uPA at

predicting spontaneous preterm birth (SPTB) at< 32 weeks of gestation (AF EN-RAGE: area under the curve

[AUC] = 0.744, SE = 0.057; AF S100A8/A9: AUC = 0.763, SE = 0.054; and AF uPA: AUC = 0.649, SE = 0.062).

Differences among the AUCs of AF EN-RAGE, S100A8/A9, and uPA were not significant (all variables: P = 0.09–0.66).

EN-RAGE, extracellular newly identified receptor for advanced glycation end products binding protein; S100A8/A9,

S100 calcium binding protein A8/A9 complex; uPA, urokinase-type plasminogen activator.

https://doi.org/10.1371/journal.pone.0263586.g002
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association between uPA and SPTB risk in CI women, as both term and preterm parturition

involve common phenotypic changes, including cervical remodeling and dilatation [40].

Assessment of women with SCX revealed that AF levels of APRIL, EN-RAGE, LBP, and

TNFR2 were significantly and independently associated with SPTB at< 32 weeks. These

results agree with those of previous studies showing that AF inflammatory score of� 8 (,

which is assigned using 14 inflammatory mediators in AF) and AF monocyte chemoattractant

protein-1 were predictive of delivery at< 34 weeks in patients with mid-trimester SCX [41,

42]. APRIL (also known as TNFSF13) is a protein that binds to B-cell maturation antigen and

plays an important role in the immune system and apoptosis [43]. This protein is mainly

expressed in immune cells, such as monocytes, macrophages, and T cells, as well as in the pla-

centa, including in villous cytotrophoblast cells [44]. To date, no studies have reported the

association between APRIL in AF with SPTB, MIAC, or IAI. Herein, AF APRIL was found to

Table 4. Demographic and clinical characteristics, and quantification of the selected candidate biomarkers of interest in women with a short cervix stratified

according to the occurrence of spontaneous preterm birth.

Characteristics Delivery < 32 weeks (n = 10) Delivery� 32 weeks (n = 39) P-value

Age (years) 30.7 ± 2.8 32.6 ± 3.6 0.053

Nulliparity 60.0% (6/10) 56.4% (22/39) 0.838

Gestational age at amniocentesis (weeks) 20.6 ± 1.8 22.4 ± 2.1 0.020

Cerclage placement 70.0% (7/10) 76.9% (30/39) 0.650

Vaginal progesterone therapy 70.0% (7/10) 58.9% (23/39) 0.523

Positive AF cultures 10.0% (1/10) 7.7% (3/39) 1.000

Use of antibiotics 100.0% (10/10) 79.5% (31/39) 0.117

Use of antenatal steroid 40.0% (4/10) 23.7% (9/38) 0.425

Use of tocolytics 60.0% (6/10) 33.3% (13/39) 0.123

Cervical length by ultrasound (mm) 10.0 ± 6.0 9.5 ± 4.1 0.775

AF APRIL (ng/mL) 1.87 ± 2.25 0.52 ± 0.33 0.001

AF DKK3 (ng/mL) 258.66 ± 82.39 222.70 ± 55.29 0.297

AF endostatin (ng/mL) 68.67 ± 20.66 59.95 ± 19.24 0.102

AF EN-RAGE (ng/mL) 23.91 ± 22.71 8.19 ± 10.75 0.047

AF IGFBP-2 (ng/mL) 1038.15 ± 501.38 1229.93 ± 477.04 0.229

AF IL-8 (ng/mL) 6.08 ± 8.97 0.81 ± 1.01 0.253

AF LBP (ng/mL) 997.32 ± 692.48 455.47 ± 199.06 0.013

AF lipocalin-2 (ng/mL) 1002.19 ± 936.46 529.27 ± 402.93 0.224

AF MMP-2 (ng/mL) 112.49 ± 42.72 100.34 ± 23.33 0.535

AF MMP-9 (ng/mL) 4.97 ± 8.04 1.33 ± 2.13 0.359

AF S100 A8/A9 (ng/mL) 1341.72 ± 1172.15 1080.18 ± 839.84 0.673

AF SPARC (ng/mL) 1010.57 ± 762.49 891.03 ± 360.49 0.728

AF TSP2 (ng/mL) 100.70 ± 53.74 87.16 ± 36.76 0.862

AF TNFR2 (ng/mL) 18.49 ± 15.89 9.68 ± 3.56 0.037

AF uPA (ng/mL) 2.13 ± 4.91 0.23 ± 0.15 0.244

Gestational age at delivery (weeks) 24.7 ± 4.6 37.2 ± 1.9 <0.001

AF, amniotic fluid; APRIL, a proliferation-inducing ligand; DKK3, Dickkopf-related protein 3; EN-RAGE (S100A12), extracellular newly identified receptor for

advanced glycation end products binding protein; IGFBP, insulin-like growth factor-binding protein; IL, interleukin; LBP, lipopolysaccharide binding protein; MMP,

matrix metalloproteinase; S100 A8/A9, S100 calcium-binding protein A8/A9 complex; SPARC, secreted protein acidic and rich in cysteine; TSP2, thrombospondin-2;

TNFR2, tumor necrosis factor receptor 2; uPA, urokinase-type plasminogen activator.

Values are presented as mean ± standard deviation or % (n/N).

Significant findings (P< 0.05) are indicated in bold fonts.

https://doi.org/10.1371/journal.pone.0263586.t004
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be strongly independently associated with SPTB at< 32 weeks in SCX women. This is consis-

tent with data published from a recent transcriptomic study on human normal term labor,

demonstrating that TNFRSF13B, which has been shown to interact with APRIL [45], may play

an important role in regulating the labor transcriptome in the choriodecidua [46]. LBP is a

protein that binds to lipopolysaccharide (LPS) and plays a critical role in the innate immune

response to both gram-negative and gram-positive microbes [47]. Moreover, this protein initi-

ates a process that triggers the release of cytokines, with the attachment of the LPS-LBP com-

plex to CD14 [47, 48]. Previous studies revealed that the levels of LBP were significantly higher

in the AF of PTL pregnancies complicated by SPTB, MIAC, or IAI [49, 50], which is in line

with the herein reported association of LBP with SPTB at< 32 weeks in the context of SCX.

TNFR2 is a receptor for TNF-α, which is known to be a potent pleiotropic promoter of inflam-

mation [51]. TNFR2 is mostly expressed in immune cells and has proinflammatory effects, but

also elicits strong anti-inflammatory and cell-protective activities [51, 52]. A previous study

showed that TNFR2 in AF has been associated with SPTB in women with PTL, irrespective of

the presence of MIAC and cervical ripening at term parturition [53], which agrees with the

newly found association between TNFR2 and SPTB in women with SCX.

The levels of several inflammatory (EN-RAGE, IL-8, lipocalin-2, S100-A8/A9, and TNFR2)

and extracellular matrix-related (MMP-9 and TSP2) proteins were found to be significantly

higher in the AF of patients with CI than in that of patients with SCX. These results are similar

to those of previous studies by Weiner et al. and Son et al., who demonstrated that the AF lev-

els of various cytokines and MMP-8, as well as the Mass-Restricted score (that was associated

with intra-uterine inflammation), were significantly increased in patients with CI compared

with healthy pregnant women (genetic amniocentesis) [54, 55]. We acknowledge that compar-

ing the results of the current study involving women with CI and SXC directly to those of the

aforementioned studies involving women with CI and normal pregnancies may not be the

most suitable approach. Nevertheless, this type of comparison is still relevant considering that

Fig 3. (A) Receiver operating characteristic (ROC) curves of amniotic fluid (AF) APRIL and EN-RAGE at predicting

spontaneous preterm birth (SPTB) at< 32 weeks of gestation (AF APRIL: area under the curve [AUC] = 0.856,

SE = 0.060; and AF EN-RAGE: AUC = 0.705, SE = 0.114). (B) ROC curves of AF LBP and TNFR2 at predicting SPTB

at< 32 weeks of gestation (AF LBP: AUC = 0.756, SE = 0.093; and AF TNFR2: AUC = 0.715, SE = 0.118). Differences

among the AUCs of AF APRIL, EN-RAGE, LBP, and TNFR2 were not significant (all variables: P = 0.09–0.73). APRIL,

a proliferation-inducing ligand; EN-RAGE, extracellular newly identified receptor for advanced glycation end

products binding protein; LBP, lipopolysaccharide binding protein; TNFR2, tumor necrosis factor receptor 2.

https://doi.org/10.1371/journal.pone.0263586.g003

PLOS ONE AF proteome in cervical insufficiency and short cervix

PLOS ONE | https://doi.org/10.1371/journal.pone.0263586 February 7, 2022 11 / 18

https://doi.org/10.1371/journal.pone.0263586.g003
https://doi.org/10.1371/journal.pone.0263586


(1) there is a continuum of cervical competence, as shown by the increasing risk of SPTB with

decreasing cervical length [7]; (2) CI may be considered as a non-measurable cervical length

(i.e., 0 mm cervix on transvaginal sonographic assessment); and (3) the levels of inflamma-

tory-associated mediators were inversely correlated with cervical length in women with a SCX

(� 25 mm) [12, 13, 56]. Notably, in the present study, AF TSP2 was identified as a biomarker

that could distinguish CI from SCX, despite no association between TSP2 and SPTB was

found, suggesting that TSP2 may play a role in the process of cervical ripening and dilation.

TSP2, a matricellular glycoprotein in the extracellular matrix, participates in cell-to-matrix

communication and plays a significant role in the pathophysiological processes of collagen

fibrillogenesis, angiogenesis, and wound healing by binding to pro-MMP-2 and MMP-2 [57,

58]. In agreement with the known biological role of TSP2 in the extracellular matrix, previous

studies using pregnant mice showed that TSP2 deficiency is associated with premature soften-

ing of the uterine cervix [59, 60]. These studies further support the present finding that AF

TSP2 levels are significantly higher in pregnancies complicated with CI than in those with

SCX.

IPA analyses allowed the identification of important functional pathways that are differ-

ently involved in CI versus SCX, including granulocyte/agranulocyte adhesion and diapedesis;

hepatic fibrosis/hepatic stellate cell activation; and cardiac hypertrophy signaling. Granulo-

cyte/agranulocyte adhesion and diapedesis signaling pathway, as an important part of the

innate immune response, is the first line of host defense against invading pathogens and is piv-

otal for recruiting granulocytes and agranulocytes to a site of infection or injury [61, 62]. The

hepatic fibrosis/hepatic stellate cell activation pathway also represents a fundamental part of

the wound healing in response to hepatic injury of any etiology (such as viral infection), which

includes the characterization of matrix proteases and their inhibitors, cytokines, and apoptotic

mediators [63, 64]. The cardiac hypertrophy signaling pathway is a relatively new concept, and

thus its significance has not yet been fully defined. Nevertheless, a recent report suggests that

inflammation, specifically the role of TLR4 signaling, plays an important role in the pathologi-

cal mechanisms of cardiac hypertrophy [65]. Similar to our results, Govia et al. analyzed prote-

omic profiling of AF using normal pregnancy (genetic amniocentesis) as a control group and

found chemotaxis, homing of leukocytes, activation of cells, and inflammatory response as the

top activated biological functions associated with CI [66]. Taken together, these IPA data sug-

gest that inflammatory and immune responses that have occurred in the uterine cavity may

play an important role in the process of premature cervical dilation. Nonetheless, whether this

inflammatory immune response is causative or resultant of premature cervical dilation

remains unclear and needs to be further investigated.

The current study had several limitations. First, the study was retrospective in nature and

the study participants were recruited over a period of 14 years to collect as extensive data as

possible, despite advances in the management of CI/SCX during this period. Thus, it was not

possible to apply the uniform standard of currently acceptable medical care to all patients,

potentially modifying the impact of various AF proteins on SPTB risk. Second, the study did

not include a control cohort of healthy pregnant women with normal cervical length in the

same gestational age who underwent genetic amniocentesis and who delivered at term for

determining a reference concentration range of the various evaluated proteins. Third, to mea-

sure protein concentrations in AF, frozen stored samples were used, potentially leading to

alterations in the concentrations of the proteins measured. In fact, IL-6 and angiogenin con-

centrations in AF were reported to decrease over time despite storage under optimal freezing

conditions [67]. Fourth, obtaining AF is an invasive procedure that has not been routinely

used in clinical practice. Thus, the measurement of AF mediators studied may be clinically

unfeasible for routine use. Fifth, owing to the small sample size in the subgroup analysis, there
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might be biased results toward the null hypothesis, especially in women with SCX. Additional

studies with larger patient cohorts should be performed to further validate the reported find-

ings. Finally, in the antibody microarray experiment, we conducted a nested case-control

study for biomarker discovery using pooled samples from 20 CI and 20 SCX women. However,

this approach may affect the selection of the DEPs and their related signaling pathways,

according to previous studies on the effects of pooling samples on the performance of classifi-

cation algorithms, which showed that misclassification rates are likely to increase with pool

sizes in a linear pattern [68, 69]. Nonetheless, we believe that the pooled sample effect on our

study is limited because a verification step was performed in which individual samples were

analyzed in a relatively larger cohort for quantification of biomolecules. Moreover, the avail-

able literature does not provide the optimal number of samples to be used in pooled sample

approaches for protein microarray experiments.

Conclusions

Using protein–antibody microarray analysis of AF, several novel proteins and their specific

signaling pathways were identified to be significantly altered between women with CI and

SCX, most of which are involved in inflammation-immune and extracellular matrix remodel-

ing. In addition, of the 15 potential differential mediators analyzed, elevated AF concentrations

of EN-RAGE, S100A8/A9, and uPA were found to be independently associated with SPTB

at< 32 weeks in patients with CI, whereas in patients with an SCX, increased AF levels of

APRIL, EN-RAGE, LBP, and TNFR2 were related to SPTB. Further investigations are needed

to confirm our results, and to determine whether these biomarkers could be useful to guide

intervention strategies (such as cerclage) for CI and SCX to prevent harm and risks.

Supporting information

S1 Table. Demographic and clinical characteristics of the study population recruited for

antibody microarray analysis [case-control study].

(DOCX)

S2 Table. Proteins differentially expressed in amniotic fluid samples from women with cer-

vical insufficiency as compared with those with a short cervix.

(DOCX)

S3 Table. Summary of the ingenuity pathway analysis of the 87 differentially expressed

proteins in cervical insufficiency vs. a short cervix.

(DOCX)

S4 Table. Diagnostic indices of EN-RAGE, S100 A8/A9, and uPA in amniotic fluid to pre-

dict spontaneous preterm birth at< 32 weeks in women with cervical insufficiency

(n = 80).

(DOCX)

S5 Table. Diagnostic indices of APRIL, EN-RAGE, LBP, and TNFR2 in amniotic fluid to

predict spontaneous preterm birth at < 32 weeks in women with a short cervix (n = 49).

(DOCX)

S1 File. Raw data for the exploratory cohort.

(SAV)

S2 File. Raw data for the total cohort.

(SAV)

PLOS ONE AF proteome in cervical insufficiency and short cervix

PLOS ONE | https://doi.org/10.1371/journal.pone.0263586 February 7, 2022 13 / 18

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0263586.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0263586.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0263586.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0263586.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0263586.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0263586.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0263586.s007
https://doi.org/10.1371/journal.pone.0263586


S3 File.

(PDF)

Acknowledgments

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

Author Contributions

Conceptualization: Kyo Hoon Park.

Data curation: Subeen Hong, Kyo Hoon Park, Young Eun Lee, Eunwook Joo, Iseop Cho.

Formal analysis: Subeen Hong, Kyo Hoon Park, Young Eun Lee, Ji Eun Lee, Yu Mi Kim,

Eunwook Joo, Iseop Cho.

Funding acquisition: Kyo Hoon Park.

Investigation: Subeen Hong, Kyo Hoon Park, Young Eun Lee, Ji Eun Lee, Yu Mi Kim,

Eunwook Joo.

Methodology: Subeen Hong, Kyo Hoon Park, Young Eun Lee, Ji Eun Lee, Yu Mi Kim,

Eunwook Joo, Iseop Cho.

Resources: Kyo Hoon Park, Ji Eun Lee.

Supervision: Kyo Hoon Park.

Validation: Subeen Hong, Kyo Hoon Park, Young Eun Lee, Ji Eun Lee, Yu Mi Kim, Eunwook

Joo, Iseop Cho.

Writing – original draft: Subeen Hong, Kyo Hoon Park.

Writing – review & editing: Subeen Hong, Kyo Hoon Park, Young Eun Lee, Ji Eun Lee, Yu

Mi Kim, Eunwook Joo, Iseop Cho.

References
1. Lidegaard O. Cervical incompetence and cerclage in Denmark 1980–1990. A register based epidemio-

logical survey. Acta Obstet Gynecol Scand. 1994; 73(1):35–8. https://doi.org/10.3109/

00016349409013390 PMID: 8304022.

2. Harger JH. Cervical cerclage: patient selection, morbidity, and success rates. Clin Perinatol. 1983; 10

(2):321–41. PMID: 6352142.

3. Kuusela P, Jacobsson B, Soderlund M, Bejlum C, Almstrom E, Ladfors L, et al. Transvaginal sono-

graphic evaluation of cervical length in the second trimester of asymptomatic singleton pregnancies,

and the risk of preterm delivery. Acta Obstet Gynecol Scand. 2015; 94(6):598–607. https://doi.org/10.

1111/aogs.12622 PMID: 25732204.

4. Romero R, Espinoza J, Erez O, Hassan S. The role of cervical cerclage in obstetric practice: can the

patient who could benefit from this procedure be identified? Am J Obstet Gynecol. 2006; 194(1):1–9.

https://doi.org/10.1016/j.ajog.2005.12.002 PMID: 16389003.

5. Romero R, Espinoza J, Kusanovic JP, Gotsch F, Hassan S, Erez O, et al. The preterm parturition syn-

drome. BJOG. 2006; 113 Suppl 3:17–42. https://doi.org/10.1111/j.1471-0528.2006.01120.x PMID:

17206962.

6. Cunningham FG LK, Bloom SL, Spong CY, Dashe JS, Hoffman BL, Casey BM, et al. Preterm labor. In:

Williams obstetrics. 24th (ed) ed. New York: McGraw-Hill Education; 2014.

7. Iams JD, Johnson FF, Sonek J, Sachs L, Gebauer C, Samuels P. Cervical competence as a continuum:

a study of ultrasonographic cervical length and obstetric performance. Am J Obstet Gynecol. 1995; 172

(4 Pt 1):1097–103; discussion 104–6. https://doi.org/10.1016/0002-9378(95)91469-2 PMID: 7726247.

8. ACOG Practice Bulletin No.142: Cerclage for the management of cervical insufficiency. Obstet Gyne-

col. 2014; 123(2 Pt 1):372–9. https://doi.org/10.1097/01.AOG.0000443276.68274.cc PMID: 24451674.

PLOS ONE AF proteome in cervical insufficiency and short cervix

PLOS ONE | https://doi.org/10.1371/journal.pone.0263586 February 7, 2022 14 / 18

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0263586.s008
https://doi.org/10.3109/00016349409013390
https://doi.org/10.3109/00016349409013390
http://www.ncbi.nlm.nih.gov/pubmed/8304022
http://www.ncbi.nlm.nih.gov/pubmed/6352142
https://doi.org/10.1111/aogs.12622
https://doi.org/10.1111/aogs.12622
http://www.ncbi.nlm.nih.gov/pubmed/25732204
https://doi.org/10.1016/j.ajog.2005.12.002
http://www.ncbi.nlm.nih.gov/pubmed/16389003
https://doi.org/10.1111/j.1471-0528.2006.01120.x
http://www.ncbi.nlm.nih.gov/pubmed/17206962
https://doi.org/10.1016/0002-9378%2895%2991469-2
http://www.ncbi.nlm.nih.gov/pubmed/7726247
https://doi.org/10.1097/01.AOG.0000443276.68274.cc
http://www.ncbi.nlm.nih.gov/pubmed/24451674
https://doi.org/10.1371/journal.pone.0263586


9. Kim YM, Park KH, Park H, Yoo HN, Kook SY, Jeon SJ. Complement C3a, But Not C5a, Levels in Amni-

otic Fluid Are Associated with Intra-amniotic Infection and/or Inflammation and Preterm Delivery in

Women with Cervical Insufficiency or an Asymptomatic Short Cervix (</ = 25 mm). J Korean Med Sci.

2018; 33(35):e220. https://doi.org/10.3346/jkms.2018.33.e220 PMID: 30140190.

10. Park H, Hong S, Yoo HN, Kim YM, Lee SJ, Park KH. The Identification of Immune-Related Plasma Pro-

teins Associated with Spontaneous Preterm Delivery and Intra-Amniotic Infection in Women with Pre-

mature Cervical Dilation or an Asymptomatic Short Cervix. J Korean Med Sci. 2020; 35(7):e26. https://

doi.org/10.3346/jkms.2020.35.e26 PMID: 32080985.

11. Yoo HN, Park KH, Jung EY, Kim YM, Kook SY, Jeon SJ. Non-invasive prediction of preterm birth in

women with cervical insufficiency or an asymptomatic short cervix (</ = 25 mm) by measurement of bio-

markers in the cervicovaginal fluid. PLoS One. 2017; 12(7):e0180878. https://doi.org/10.1371/journal.

pone.0180878 PMID: 28700733.

12. Tarca AL, Fitzgerald W, Chaemsaithong P, Xu Z, Hassan SS, Grivel JC, et al. The cytokine network in

women with an asymptomatic short cervix and the risk of preterm delivery. Am J Reprod Immunol.

2017; 78(3):e12686. https://doi.org/10.1111/aji.12686 PMID: 28585708.

13. Kiefer DG, Keeler SM, Rust OA, Wayock CP, Vintzileos AM, Hanna N. Is midtrimester short cervix a

sign of intraamniotic inflammation? Am J Obstet Gynecol. 2009; 200(4):374 e1-5. https://doi.org/10.

1016/j.ajog.2009.01.047 PMID: 19318146.

14. Chen Z, Dodig-Crnkovic T, Schwenk JM, Tao SC. Current applications of antibody microarrays. Clin

Proteomics. 2018; 15:7. https://doi.org/10.1186/s12014-018-9184-2 PMID: 29507545.

15. Romero R, Gonzalez R, Sepulveda W, Brandt F, Ramirez M, Sorokin Y, et al. Infection and labor. VIII.

Microbial invasion of the amniotic cavity in patients with suspected cervical incompetence: prevalence

and clinical significance. Am J Obstet Gynecol. 1992; 167(4 Pt 1):1086–91. https://doi.org/10.1016/

s0002-9378(12)80043-3 PMID: 1415396.

16. Lee SE, Romero R, Park CW, Jun JK, Yoon BH. The frequency and significance of intraamniotic inflam-

mation in patients with cervical insufficiency. Am J Obstet Gynecol. 2008; 198(6):633 e1-8. https://doi.

org/10.1016/j.ajog.2007.11.047 PMID: 18342290.

17. Vaisbuch E, Hassan SS, Mazaki-Tovi S, Nhan-Chang CL, Kusanovic JP, Chaiworapongsa T, et al.

Patients with an asymptomatic short cervix (<or = 15 mm) have a high rate of subclinical intraamniotic

inflammation: implications for patient counseling. Am J Obstet Gynecol. 2010; 202(5):433 e1-8. https://

doi.org/10.1016/j.ajog.2010.02.007 PMID: 20452483.

18. Hassan S, Romero R, Hendler I, Gomez R, Khalek N, Espinoza J, et al. A sonographic short cervix as

the only clinical manifestation of intra-amniotic infection. J Perinat Med. 2006; 34(1):13–9. https://doi.

org/10.1515/JPM.2006.002 PMID: 16489881.

19. Suh YH, Park KH, Hong JS, Noh JH. Prediction of prolonged pregnancy in nulliparous women by trans-

vaginal ultrasonographic measurement of cervical length at 20–24 weeks and 37 weeks. J Korean Med

Sci. 2007; 22(1):89–93. https://doi.org/10.3346/jkms.2007.22.1.89 PMID: 17297257.

20. 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.

21. Hong S, Park Y, Kim YM, Lee JE, Kim HJ, Park KH. Antibody microarray analysis of amniotic fluid pro-

teins associated with subsequent ruptured membranes in women with threatened preterm labor. Am J

Reprod Immunol. 2021; 85(5):e13371. https://doi.org/10.1111/aji.13371 PMID: 33155323.

22. Park JW, Park KH, Lee JE, Kim YM, Lee SJ, Cheon DH. Antibody Microarray Analysis of Plasma Pro-

teins for the Prediction of Histologic Chorioamnionitis in Women With Preterm Premature Rupture of

Membranes. Reprod Sci. 2019; 26(11):1476–84. https://doi.org/10.1177/1933719119828043 PMID:

30727818.

23. Jung EY, Park KH, Lee SY, Ryu A, Joo JK, Park JW. Predicting outcomes of emergency cerclage in

women with cervical insufficiency using inflammatory markers in maternal blood and amniotic fluid. Int J

Gynaecol Obstet. 2016; 132(2):165–9. https://doi.org/10.1016/j.ijgo.2015.07.011 PMID: 26553528.

24. Jung EY, Park KH, Lee SY, Ryu A, Oh KJ. Non-invasive prediction of intra-amniotic infection and/or

inflammation in patients with cervical insufficiency or an asymptomatic short cervix (</ = 15 mm). Arch

Gynecol Obstet. 2015; 292(3):579–87. https://doi.org/10.1007/s00404-015-3684-3 PMID: 25762201.

25. Yoon BH, Romero R, Kim CJ, Jun JK, Gomez R, Choi JH, et al. Amniotic fluid interleukin-6: a sensitive

test for antenatal diagnosis of acute inflammatory lesions of preterm placenta and prediction of perinatal

morbidity. Am J Obstet Gynecol. 1995; 172(3):960–70. https://doi.org/10.1016/0002-9378(95)90028-4

PMID: 7892891.

26. 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.

PLOS ONE AF proteome in cervical insufficiency and short cervix

PLOS ONE | https://doi.org/10.1371/journal.pone.0263586 February 7, 2022 15 / 18

https://doi.org/10.3346/jkms.2018.33.e220
http://www.ncbi.nlm.nih.gov/pubmed/30140190
https://doi.org/10.3346/jkms.2020.35.e26
https://doi.org/10.3346/jkms.2020.35.e26
http://www.ncbi.nlm.nih.gov/pubmed/32080985
https://doi.org/10.1371/journal.pone.0180878
https://doi.org/10.1371/journal.pone.0180878
http://www.ncbi.nlm.nih.gov/pubmed/28700733
https://doi.org/10.1111/aji.12686
http://www.ncbi.nlm.nih.gov/pubmed/28585708
https://doi.org/10.1016/j.ajog.2009.01.047
https://doi.org/10.1016/j.ajog.2009.01.047
http://www.ncbi.nlm.nih.gov/pubmed/19318146
https://doi.org/10.1186/s12014-018-9184-2
http://www.ncbi.nlm.nih.gov/pubmed/29507545
https://doi.org/10.1016/s0002-9378%2812%2980043-3
https://doi.org/10.1016/s0002-9378%2812%2980043-3
http://www.ncbi.nlm.nih.gov/pubmed/1415396
https://doi.org/10.1016/j.ajog.2007.11.047
https://doi.org/10.1016/j.ajog.2007.11.047
http://www.ncbi.nlm.nih.gov/pubmed/18342290
https://doi.org/10.1016/j.ajog.2010.02.007
https://doi.org/10.1016/j.ajog.2010.02.007
http://www.ncbi.nlm.nih.gov/pubmed/20452483
https://doi.org/10.1515/JPM.2006.002
https://doi.org/10.1515/JPM.2006.002
http://www.ncbi.nlm.nih.gov/pubmed/16489881
https://doi.org/10.3346/jkms.2007.22.1.89
http://www.ncbi.nlm.nih.gov/pubmed/17297257
https://doi.org/10.3346/jkms.2013.28.8.1226
http://www.ncbi.nlm.nih.gov/pubmed/23960452
https://doi.org/10.1111/aji.13371
http://www.ncbi.nlm.nih.gov/pubmed/33155323
https://doi.org/10.1177/1933719119828043
http://www.ncbi.nlm.nih.gov/pubmed/30727818
https://doi.org/10.1016/j.ijgo.2015.07.011
http://www.ncbi.nlm.nih.gov/pubmed/26553528
https://doi.org/10.1007/s00404-015-3684-3
http://www.ncbi.nlm.nih.gov/pubmed/25762201
https://doi.org/10.1016/0002-9378%2895%2990028-4
http://www.ncbi.nlm.nih.gov/pubmed/7892891
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/10.1371/journal.pone.0263586


27. DeLong ER, DeLong DM, Clarke-Pearson DL. Comparing the areas under two or more correlated

receiver operating characteristic curves: a nonparametric approach. Biometrics. 1988; 44(3):837–45.

PMID: 3203132.

28. Meijer B, Gearry RB, Day AS. The role of S100A12 as a systemic marker of inflammation. Int J Inflam.

2012; 2012:907078. https://doi.org/10.1155/2012/907078 PMID: 22811950.

29. 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.

30. Buhimschi IA, Zhao G, Pettker CM, Bahtiyar MO, Magloire LK, Thung S, et al. The receptor for

advanced glycation end products (RAGE) system in women with intraamniotic infection and inflamma-

tion. Am J Obstet Gynecol. 2007; 196(2):181 e1-13. https://doi.org/10.1016/j.ajog.2006.09.001 PMID:

17306673.

31. Buhimschi IA, Zambrano E, Pettker CM, Bahtiyar MO, Paidas M, Rosenberg VA, et al. Using proteomic

analysis of the human amniotic fluid to identify histologic chorioamnionitis. Obstet Gynecol. 2008; 111(2

Pt 1):403–12. https://doi.org/10.1097/AOG.0b013e31816102aa PMID: 18238979.

32. Lee SM, Park KH, Jung EY, Cho SH, Ryu A. Prediction of spontaneous preterm birth in women with cer-

vical insufficiency: Comprehensive analysis of multiple proteins in amniotic fluid. J Obstet Gynaecol

Res. 2016; 42(7):776–83. https://doi.org/10.1111/jog.12976 PMID: 26990253.

33. 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.

34. 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.

35. Braekke K, Holthe MR, Harsem NK, Fagerhol MK, Staff AC. Calprotectin, a marker of inflammation, is

elevated in the maternal but not in the fetal circulation in preeclampsia. Am J Obstet Gynecol. 2005; 193

(1):227–33. https://doi.org/10.1016/j.ajog.2004.11.055 PMID: 16021084.

36. Kostakis ID, Cholidou KG, Kallianidis K, Perrea D, Antsaklis A. The role of calprotectin in obstetrics and

gynecology. Eur J Obstet Gynecol Reprod Biol. 2010; 151(1):3–9. https://doi.org/10.1016/j.ejogrb.

2010.03.006 PMID: 20378239.

37. Mahmood N, Mihalcioiu C, Rabbani SA. Multifaceted Role of the Urokinase-Type Plasminogen Activa-

tor (uPA) and Its Receptor (uPAR): Diagnostic, Prognostic, and Therapeutic Applications. Front Oncol.

2018; 8:24. https://doi.org/10.3389/fonc.2018.00024 PMID: 29484286.

38. So T, Ito A, Sato T, Mori Y, Hirakawa S. Tumor necrosis factor-alpha stimulates the biosynthesis of

matrix metalloproteinases and plasminogen activator in cultured human chorionic cells. Biol Reprod.

1992; 46(5):772–8. https://doi.org/10.1095/biolreprod46.5.772 PMID: 1317222.

39. Watanabe T, Araki M, Mimuro J, Tamada T, Sakata Y. Fibrinolytic components in fetal membranes and

amniotic fluid. Am J Obstet Gynecol. 1993; 168(4):1283–9. https://doi.org/10.1016/0002-9378(93)

90381-r PMID: 7682753.

40. Romero R, Mazor M, Munoz H, Gomez R, Galasso M, Sherer DM. The preterm labor syndrome. Ann N

Y Acad Sci. 1994; 734:414–29. https://doi.org/10.1111/j.1749-6632.1994.tb21771.x PMID: 7978942.

41. Kiefer DG, Keeler SM, Rust O, Chow SS, Craig ME, Peltier MR, et al. Amniotic fluid inflammatory score

is associated with pregnancy outcome in patients with mid trimester short cervix. Am J Obstet Gynecol.

2012; 206(1):68 e1-6. https://doi.org/10.1016/j.ajog.2011.08.002 PMID: 21974988.

42. Keeler SM, Kiefer DG, Rust OA, Vintzileos A, Atlas RO, Bornstein E, et al. Comprehensive amniotic

fluid cytokine profile evaluation in women with a short cervix: which cytokine(s) correlates best with out-

come? Am J Obstet Gynecol. 2009; 201(3):276 e1-6. https://doi.org/10.1016/j.ajog.2009.05.045 PMID:

19733278.

43. Mackay F, Silveira PA, Brink R. B cells and the BAFF/APRIL axis: fast-forward on autoimmunity and

signaling. Curr Opin Immunol. 2007; 19(3):327–36. https://doi.org/10.1016/j.coi.2007.04.008 PMID:

17433868.

44. Langat DL, Wheaton DA, Platt JS, Sifers T, Hunt JS. Signaling pathways for B cell-activating factor

(BAFF) and a proliferation-inducing ligand (APRIL) in human placenta. Am J Pathol. 2008; 172

(5):1303–11. https://doi.org/10.2353/ajpath.2008.071139 PMID: 18403603.

45. Wu Y, Bressette D, Carrell JA, Kaufman T, Feng P, Taylor K, et al. Tumor necrosis factor (TNF) recep-

tor superfamily member TACI is a high affinity receptor for TNF family members APRIL and BLyS. J

Biol Chem. 2000; 275(45):35478–85. https://doi.org/10.1074/jbc.M005224200 PMID: 10956646.

46. Lui S, Duval C, Farrokhnia F, Girard S, Harris LK, Tower CL, et al. Delineating differential regulatory sig-

natures of the human transcriptome in the choriodecidua and myometrium at term labor. Biol Reprod.

2018; 98(3):422–36. https://doi.org/10.1093/biolre/iox186 PMID: 29329366.

PLOS ONE AF proteome in cervical insufficiency and short cervix

PLOS ONE | https://doi.org/10.1371/journal.pone.0263586 February 7, 2022 16 / 18

http://www.ncbi.nlm.nih.gov/pubmed/3203132
https://doi.org/10.1155/2012/907078
http://www.ncbi.nlm.nih.gov/pubmed/22811950
https://doi.org/10.1371/journal.pmed.0040018
http://www.ncbi.nlm.nih.gov/pubmed/17227133
https://doi.org/10.1016/j.ajog.2006.09.001
http://www.ncbi.nlm.nih.gov/pubmed/17306673
https://doi.org/10.1097/AOG.0b013e31816102aa
http://www.ncbi.nlm.nih.gov/pubmed/18238979
https://doi.org/10.1111/jog.12976
http://www.ncbi.nlm.nih.gov/pubmed/26990253
https://doi.org/10.3389/fimmu.2018.01298
http://www.ncbi.nlm.nih.gov/pubmed/29942307
https://doi.org/10.1001/jama.292.4.462
http://www.ncbi.nlm.nih.gov/pubmed/15280344
https://doi.org/10.1016/j.ajog.2004.11.055
http://www.ncbi.nlm.nih.gov/pubmed/16021084
https://doi.org/10.1016/j.ejogrb.2010.03.006
https://doi.org/10.1016/j.ejogrb.2010.03.006
http://www.ncbi.nlm.nih.gov/pubmed/20378239
https://doi.org/10.3389/fonc.2018.00024
http://www.ncbi.nlm.nih.gov/pubmed/29484286
https://doi.org/10.1095/biolreprod46.5.772
http://www.ncbi.nlm.nih.gov/pubmed/1317222
https://doi.org/10.1016/0002-9378%2893%2990381-r
https://doi.org/10.1016/0002-9378%2893%2990381-r
http://www.ncbi.nlm.nih.gov/pubmed/7682753
https://doi.org/10.1111/j.1749-6632.1994.tb21771.x
http://www.ncbi.nlm.nih.gov/pubmed/7978942
https://doi.org/10.1016/j.ajog.2011.08.002
http://www.ncbi.nlm.nih.gov/pubmed/21974988
https://doi.org/10.1016/j.ajog.2009.05.045
http://www.ncbi.nlm.nih.gov/pubmed/19733278
https://doi.org/10.1016/j.coi.2007.04.008
http://www.ncbi.nlm.nih.gov/pubmed/17433868
https://doi.org/10.2353/ajpath.2008.071139
http://www.ncbi.nlm.nih.gov/pubmed/18403603
https://doi.org/10.1074/jbc.M005224200
http://www.ncbi.nlm.nih.gov/pubmed/10956646
https://doi.org/10.1093/biolre/iox186
http://www.ncbi.nlm.nih.gov/pubmed/29329366
https://doi.org/10.1371/journal.pone.0263586


47. Zweigner J, Schumann RR, Weber JR. The role of lipopolysaccharide-binding protein in modulating the

innate immune response. Microbes Infect. 2006; 8(3):946–52. https://doi.org/10.1016/j.micinf.2005.10.

006 PMID: 16483818.

48. Wright SD, Ramos RA, Tobias PS, Ulevitch RJ, Mathison JC. CD14, a receptor for complexes of lipo-

polysaccharide (LPS) and LPS binding protein. Science. 1990; 249(4975):1431–3. https://doi.org/10.

1126/science.1698311 PMID: 1698311.

49. Gardella C, Hitti J, Martin TR, Ruzinski JT, Eschenbach D. Amniotic fluid lipopolysaccharide-binding

protein and soluble CD14 as mediators of the inflammatory response in preterm labor. Am J Obstet

Gynecol. 2001; 184(6):1241–8. https://doi.org/10.1067/mob.2001.113908 PMID: 11349195.

50. Espinoza J, Romero R, Chaiworapongsa T, Kim JC, Yoshimatsu J, Edwin S, et al. Lipopolysaccharide-

binding protein in microbial invasion of the amniotic cavity and human parturition. J Matern Fetal Neona-

tal Med. 2002; 12(5):313–21. https://doi.org/10.1080/jmf.12.5.313.321 PMID: 12607763.

51. Yang S, Wang J, Brand DD, Zheng SG. Role of TNF-TNF Receptor 2 Signal in Regulatory T Cells and

Its Therapeutic Implications. Front Immunol. 2018; 9:784. https://doi.org/10.3389/fimmu.2018.00784

PMID: 29725328.

52. Medler J, Wajant H. Tumor necrosis factor receptor-2 (TNFR2): an overview of an emerging drug target.

Expert Opin Ther Targets. 2019; 23(4):295–307. https://doi.org/10.1080/14728222.2019.1586886

PMID: 30856027.

53. Maymon E, Ghezzi F, Edwin SS, Mazor M, Yoon BH, Gomez R, et al. The tumor necrosis factor alpha

and its soluble receptor profile in term and preterm parturition. Am J Obstet Gynecol. 1999; 181(5 Pt

1):1142–8. https://doi.org/10.1016/s0002-9378(99)70097-9 PMID: 10561634.

54. Weiner CP, Lee KY, Buhimschi CS, Christner R, Buhimschi IA. Proteomic biomarkers that predict the

clinical success of rescue cerclage. Am J Obstet Gynecol. 2005; 192(3):710–8. https://doi.org/10.1016/

j.ajog.2004.10.588 PMID: 15746662.

55. Son GH, You YA, Kwon EJ, Lee KY, Kim YJ. Comparative Analysis of Midtrimester Amniotic Fluid Cyto-

kine Levels to Predict Spontaneous Very Pre-term Birth in Patients with Cervical Insufficiency. Am J

Reprod Immunol. 2016; 75(2):155–61. https://doi.org/10.1111/aji.12451 PMID: 26589553.

56. Kalan AM, Simhan HN. Mid-trimester cervical inflammatory milieu and sonographic cervical length. Am

J Obstet Gynecol. 2010; 203(2):126 e1-5. https://doi.org/10.1016/j.ajog.2010.03.013 PMID: 20451891.

57. Yang Z, Strickland DK, Bornstein P. Extracellular matrix metalloproteinase 2 levels are regulated by the

low density lipoprotein-related scavenger receptor and thrombospondin 2. J Biol Chem. 2001; 276

(11):8403–8. https://doi.org/10.1074/jbc.M008925200 PMID: 11113133.

58. Kazerounian S, Yee KO, Lawler J. Thrombospondins in cancer. Cell Mol Life Sci. 2008; 65(5):700–12.

https://doi.org/10.1007/s00018-007-7486-z PMID: 18193162.

59. Akins ML, Luby-Phelps K, Bank RA, Mahendroo M. Cervical softening during pregnancy: regulated

changes in collagen cross-linking and composition of matricellular proteins in the mouse. Biol Reprod.

2011; 84(5):1053–62. https://doi.org/10.1095/biolreprod.110.089599 PMID: 21248285.

60. Kokenyesi R, Armstrong LC, Agah A, Artal R, Bornstein P. Thrombospondin 2 deficiency in pregnant

mice results in premature softening of the uterine cervix. Biol Reprod. 2004; 70(2):385–90. https://doi.

org/10.1095/biolreprod.102.014704 PMID: 14561659.

61. Hallmann R. Complex regulation of granulocyte adhesion to cytokine-activated endothelium. Behring

Inst Mitt. 1993(92):138–43. PMID: 8250807.

62. Hoover RL, Folger R, Haering WA, Ware BR, Karnovsky MJ. Adhesion of leukocytes to endothelium:

roles of divalent cations, surface charge, chemotactic agents and substrate. J Cell Sci. 1980; 45:73–86.

PMID: 7462350.

63. Tsuchida T, Friedman SL. Mechanisms of hepatic stellate cell activation. Nat Rev Gastroenterol Hepa-

tol. 2017; 14(7):397–411. https://doi.org/10.1038/nrgastro.2017.38 PMID: 28487545.

64. Li D, Friedman SL. Liver fibrogenesis and the role of hepatic stellate cells: new insights and prospects

for therapy. J Gastroenterol Hepatol. 1999; 14(7):618–33. https://doi.org/10.1046/j.1440-1746.1999.

01928.x PMID: 10440206.

65. Xiao Z, Kong B, Yang H, Dai C, Fang J, Qin T, et al. Key Player in Cardiac Hypertrophy, Emphasizing

the Role of Toll-Like Receptor 4. Front Cardiovasc Med. 2020; 7:579036. https://doi.org/10.3389/fcvm.

2020.579036 PMID: 33324685.

66. Govia RNM, Birse KD, Sepehri S, Khafipour E, Menticoglou SM, Burgener AD, et al. Amniotic fluid

proteomic signatures of cervical insufficiency and their association with length of latency. Am J Reprod

Immunol. 2018; 80(5):e13030. https://doi.org/10.1111/aji.13030 PMID: 30076666.

67. Spong CY, Ghidini A, Ossandon M, Walker CN, Pezzullo JC. Are the cytokines interleukin-6 and angio-

genin stable in frozen amniotic fluid? Am J Obstet Gynecol. 1998; 178(4):783–6. https://doi.org/10.

1016/s0002-9378(98)70492-2 PMID: 9579444.

PLOS ONE AF proteome in cervical insufficiency and short cervix

PLOS ONE | https://doi.org/10.1371/journal.pone.0263586 February 7, 2022 17 / 18

https://doi.org/10.1016/j.micinf.2005.10.006
https://doi.org/10.1016/j.micinf.2005.10.006
http://www.ncbi.nlm.nih.gov/pubmed/16483818
https://doi.org/10.1126/science.1698311
https://doi.org/10.1126/science.1698311
http://www.ncbi.nlm.nih.gov/pubmed/1698311
https://doi.org/10.1067/mob.2001.113908
http://www.ncbi.nlm.nih.gov/pubmed/11349195
https://doi.org/10.1080/jmf.12.5.313.321
http://www.ncbi.nlm.nih.gov/pubmed/12607763
https://doi.org/10.3389/fimmu.2018.00784
http://www.ncbi.nlm.nih.gov/pubmed/29725328
https://doi.org/10.1080/14728222.2019.1586886
http://www.ncbi.nlm.nih.gov/pubmed/30856027
https://doi.org/10.1016/s0002-9378%2899%2970097-9
http://www.ncbi.nlm.nih.gov/pubmed/10561634
https://doi.org/10.1016/j.ajog.2004.10.588
https://doi.org/10.1016/j.ajog.2004.10.588
http://www.ncbi.nlm.nih.gov/pubmed/15746662
https://doi.org/10.1111/aji.12451
http://www.ncbi.nlm.nih.gov/pubmed/26589553
https://doi.org/10.1016/j.ajog.2010.03.013
http://www.ncbi.nlm.nih.gov/pubmed/20451891
https://doi.org/10.1074/jbc.M008925200
http://www.ncbi.nlm.nih.gov/pubmed/11113133
https://doi.org/10.1007/s00018-007-7486-z
http://www.ncbi.nlm.nih.gov/pubmed/18193162
https://doi.org/10.1095/biolreprod.110.089599
http://www.ncbi.nlm.nih.gov/pubmed/21248285
https://doi.org/10.1095/biolreprod.102.014704
https://doi.org/10.1095/biolreprod.102.014704
http://www.ncbi.nlm.nih.gov/pubmed/14561659
http://www.ncbi.nlm.nih.gov/pubmed/8250807
http://www.ncbi.nlm.nih.gov/pubmed/7462350
https://doi.org/10.1038/nrgastro.2017.38
http://www.ncbi.nlm.nih.gov/pubmed/28487545
https://doi.org/10.1046/j.1440-1746.1999.01928.x
https://doi.org/10.1046/j.1440-1746.1999.01928.x
http://www.ncbi.nlm.nih.gov/pubmed/10440206
https://doi.org/10.3389/fcvm.2020.579036
https://doi.org/10.3389/fcvm.2020.579036
http://www.ncbi.nlm.nih.gov/pubmed/33324685
https://doi.org/10.1111/aji.13030
http://www.ncbi.nlm.nih.gov/pubmed/30076666
https://doi.org/10.1016/s0002-9378%2898%2970492-2
https://doi.org/10.1016/s0002-9378%2898%2970492-2
http://www.ncbi.nlm.nih.gov/pubmed/9579444
https://doi.org/10.1371/journal.pone.0263586


68. Kusonmano K, Netzer M, Baumgartner C, Dehmer M, Liedl KR, Graber A. Effects of pooling samples

on the performance of classification algorithms: a comparative study. ScientificWorldJournal. 2012;

2012:278352. https://doi.org/10.1100/2012/278352 PMID: 22654582.

69. Telaar A, Nurnberg G, Repsilber D. Finding biomarker signatures in pooled sample designs: a simula-

tion framework for methodological comparisons. Adv Bioinformatics. 2010:318573. https://doi.org/10.

1155/2010/318573 PMID: 20671968.

PLOS ONE AF proteome in cervical insufficiency and short cervix

PLOS ONE | https://doi.org/10.1371/journal.pone.0263586 February 7, 2022 18 / 18

https://doi.org/10.1100/2012/278352
http://www.ncbi.nlm.nih.gov/pubmed/22654582
https://doi.org/10.1155/2010/318573
https://doi.org/10.1155/2010/318573
http://www.ncbi.nlm.nih.gov/pubmed/20671968
https://doi.org/10.1371/journal.pone.0263586

