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Abstract

Objective

We sought to identify plasma protein biomarkers that are predictive of the outcome of rescue

cerclage in patients with cervical insufficiency.

Methods

This retrospective cohort study included 39 singleton pregnant women undergoing rescue

cerclage for cervical insufficiency (17–25 weeks) who gave plasma samples. Three sets of

pooled plasma samples from controls (cerclage success, n = 10) and cases (cerclage fail-

ure, n = 10, defined as spontaneous preterm delivery at <33 weeks) were labeled with 6-

plex tandem mass tag (TMT) reagents and analyzed by liquid chromatography-tandem

mass spectrometry. Differentially expressed proteins between the two groups were selected

from the TMT-based quantitative analysis. Multiple reaction monitoring-mass spectrometry

(MRM-MS) analysis was further used to verify the candidate proteins of interest in patients

with cervical insufficiency in the final cohort (n = 39).

Results

From MRM-MS analysis of the 40 proteins showing statistically significant changes (P <
0.05) from the TMT-based quantitative analysis, plasma IGFBP-2, PSG4, and PGLYRP2

levels were found to be significantly increased, whereas plasma MET and LXN levels were

significantly decreased in women with cerclage failure. Of these, IGFBP-2, PSG4, and LXN

levels in plasma were independent of cervical dilatation. A multiple-biomarker panel was

developed for the prediction of cerclage failure, using a stepwise regression procedure,

which included the plasma IGFBP-2, PSG4, and LXN (area under the curve [AUC] = 0.916).
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The AUC for this multiple-biomarker panel was significantly greater than the AUC for any

single biomarker included in the multi-biomarker model.

Conclusions

Proteomic analysis identified useful and independent plasma biomarkers (IGFBP-2,

PSG4, and LXN; verified by MRM) that predict poor pregnancy outcome following rescue

cerclage. Their combined analysis in a multi-biomarker panel significantly improved

predictability.

Introduction

Although the incidence of cervical insufficiency is relatively rare, occurring in <0.5% of all

pregnancies, it is one of the main causes of mid-trimester spontaneous abortion and/or early

spontaneous preterm birth [1–3]. An emergency (or rescue) cerclage is currently the only

method to prolong pregnancy and salvage the fetus in women presenting with a dilated cervix

and/or prolapsed membranes in the second trimester. In such cases, this procedure results in

neonatal survival rates of 72% [4]. However, little is known about the biomarkers, especially in

non-invasive samples, that can predict the success of rescue cerclage in women with cervical

insufficiency and help identify ideal candidates for cerclage placement.

Traditionally, the most accurate biomarker-based method to predict clinical success in

women undergoing rescue cerclage has been to analyze amniotic fluid (AF) samples,

obtained by abdominal amniocentesis, for infectious/inflammatory status and decidual

hemorrhage [5–9]. Recently, our group also reported several biomarkers in the AF which

can be used to predict the outcome of rescue cerclage using proteomic-based approaches

[9]. However, second trimester amniocentesis is invasive and may pose the risk of mem-

brane rupture, thus limiting its clinical utility [10]. Importantly, several studies have

reported significant changes in various proteins, occurring simultaneously in the AF and

maternal blood compartments, in the setting of decidual hemorrhage and microbial inva-

sion of amniotic cavity [11–13]. Therefore, a maternal blood sample may be a feasible alter-

native to AF samples. However, to date, there is little information on the role of multiple

protein mediators in the maternal blood, especially when evaluated using a high-throughput

approach, in predicting adverse outcomes in women undergoing emergency cerclage for

cervical insufficiency.

Of note, recently, applications, such as mass spectrometry (MS)-based proteomic tech-

niques, have been shown to be useful in the discovery of novel protein biomarkers associated

with complex conditions with multiple causes, including spontaneous preterm delivery

(SPTD) [14, 15]. Specifically, in the setting of preterm labor, novel markers of SPTD have been

reported using proteomic analysis of serum samples [16–18]. However, to date, there has been

no study using this approach to identify plasma biomarkers of pregnancy outcome after rescue

cerclage for cervical insufficiency. Therefore, we aimed to comprehensively identify plasma

protein biomarkers that are predictive of the outcome of rescue cerclage in patients with acute

cervical insufficiency, using tandem mass tag (TMT)-based liquid chromatography-tandem

mass spectrometry (LC-MS/MS), followed by multiple reaction monitoring-mass spectrome-

try (MRM-MS) analysis.
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Materials and methods

Study design

This study was approved by the ethics committee at Seoul National University Bundang Hos-

pital (IRB no. B-1311/228-010). Written informed consent was obtained from all participants

for the collection and use of blood samples for research purposes. All patients were recruited at

the Seoul National University Bundang Hospital (Seongnamsi, Republic of Korea) between

September 2004 and December 2015. The study population consisted of women with a single-

ton pregnancy at 17 to 25 weeks of gestation, who underwent rescue cerclage after diagnosis of

acute cervical insufficiency. The inclusion criteria were as follows: (1) a live fetus, (2) intact

amniotic membranes, and (3) the availability of an aliquot of a maternal plasma sample for

analysis. Women with multiple pregnancies, major congenital anomalies, clinical chorioam-

nionitis at presentation, or prophylactic cerclage during early pregnancy were excluded from

the study. A total of 39 women undergoing rescue cerclage for cervical insufficiency were

enrolled in the study. Cervical insufficiency was defined as a painless spontaneous dilatation of

the cervix� 1 cm on physical examination, associated with exposed fetal membranes, as deter-

mined by visual assessment during a sterile speculum examination, without any uterine

contractions.

We performed a nested case-control study for biomarker discovery using stored mater-

nal plasma samples from 10 case patients who had subsequent SPTD at < 33 weeks of gesta-

tion after cerclage placement and 10 control patients who delivered at� 33 weeks. Case

patients were randomly selected from a subgroup of 23 women with SPTD at < 33 weeks

from a total cohort of 39 women who had undergone rescue cerclage for cervical insuffi-

ciency and who met the inclusion and exclusion criteria described above. Each control

patient who had rescue cerclage for cervical insufficiency was matched for gestational age at

sampling, cervical dilatation, parity, years of cerclage placement, and maternal age with a

case patient. The proteomic profiles of maternal plasma samples were compared between

the case and control groups using TMT-based quantitative analysis. To verify the biomarker

candidates selected from the discovery experiment, MRM-MS was performed in the final

cohort of 39 individual samples.

Management of cervical insufficiency and collection and storage of plasma

samples

Women with acute cervical insufficiency were scheduled to receive rescue cerclage using the

McDonald technique under spinal anesthesia. For women with advanced cervical dilatation

and bulging of fetal membranes, amnioreduction and an inflated Foley catheter were used to

decrease intra-amniotic fluid pressure and replace the prolapsed fetal membranes. The use and

type of antibiotic and tocolytic agent (ritodrine, magnesium sulfate, or atosiban) were deter-

mined by the attending physician. Antenatal corticosteroids for enhanced fetal lung matura-

tion were administered to women at 24 + 0 to 33 + 6 weeks of gestation. A more detailed

description of the method for rescue cerclage and the medication given to patients undergoing

these procedures have been published elsewhere [6].

Before cerclage placement, maternal blood samples were obtained by venipuncture and col-

lected into ethylenediaminetetraacetic acid tubes. White blood cell counts and C-reactive pro-

tein concentrations in the maternal blood samples were measured. Blood samples were

centrifuged at 1,500 ×g for 10 min, after which the supernatant was aliquoted and stored frozen

at -80˚C until future use. Plasma samples with significant hemolysis were excluded from the

study.
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TMT-based proteome profiling, followed by verification of candidate

proteins using MRM-MS

From the controls (n = 10) and cases (n = 10) used in the discovery experiments, sets of three,

three, and four plasma samples were pooled with equal amounts of each sample, resulting in

three sets of pooled samples from both the control and case groups. This pooling strategy

(three pools, containing three, three, or four samples each) has merit in terms of (1) reducing

the disadvantage inherent in pooling all 10 samples from each group together, and (2) provid-

ing three independent biological replicates in each group that can be used for six-plex TMT

labeling-based quantitative analyses. These pooled plasma samples were subjected to immuno-

depletion, tryptic digestion, labeling with TMT tags of the peptides produced from tryptic

digestion, high-pH reversed-phase peptide fractionation, LC-ESI-MS/MS analysis, data pro-

cessing for protein identification and quantification, and bioinformatics analysis to identify

differentially expressed proteins (DEPs) between the control and case groups. The DEPs were

then subjected to gene ontology (GO) analysis for functional classification and further vali-

dated using MRM-MS analysis (Fig 1; see details in the S3 File). GO analysis was performed

using the DAVID bioinformatics tool (http://david.abcc.ncifcrif.gov/).

Statistical analysis

Clinical data and abundance levels of candidate proteins were compared using a Mann-

Whitney U-test for continuous non-parametric data and a χ2-test or Fisher’s exact test for

categorical data. MRM results were analyzed using a multivariate logistic regression model

to examine the independent relationships between candidate biomarker levels in the plasma

and the occurrence of SPTD at < 33 weeks, after controlling for baseline clinical variables

(i.e., cervical dilatation), with a p-value <0.05 during univariate analysis. In the logistic

regression model, continuous data for various proteins were transformed into dichotomous

data for prediction or decision-making purposes. Receiver operating characteristic (ROC)

curves were created for each candidate protein and used to determine the optimal cut-off

values (defined using the maximum Youden index (maximum [sensitivity + specificity–

1])) for dichotomization. Using a previously described method [19], we calculated and com-

pared the areas under the ROC curves (AUCs) for each protein. Finally, to determine the

best protein panel, based on candidate plasma biomarkers, to predict the outcome of rescue

cerclage for cervical insufficiency, a multivariate logistic regression analysis was performed

using the backward stepwise method. A Kaplan-Meier survival curve was used to analyze

the interval from cerclage to delivery, and log-rank tests were performed to evaluate differ-

ences in the cerclage-to-delivery interval between the two curves. The data were fitted to

Cox proportional hazards models for multivariate analysis, adjusting for advanced cervical

dilatation. All probability values are 2-tailed, and P values < 0.05 were considered to be sta-

tistically significant. The data analyses were performed with SPSS version 25.0 (IBM SPSS

Inc., Chicago, IL).

Results

Baseline characteristics of the discovery cohorts

The baseline characteristics of the exploratory cohorts used for TMT-based quantitative prote-

omic analysis are presented in S1 Table. Because matching was performed, the patients of the

case and control groups were similar with respect to advanced cervical dilatation at presenta-

tion, gestational age at sampling, maternal age, or parity.
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Experimental design for biomarker discovery and verification using

proteomic analysis

Fig 1 describes the general workflow for the discovery and verification of plasma biomarkers

to predict the pregnancy outcome after rescue cerclage. MS analysis of the TMT-labeled sam-

ples identified 818 proteins and 777 quantifiable proteins with high confidence, at a 1% false

discovery rate (S2 Table). TMT quantification, based on MS2 reporter ion intensity, identified

40 DEPs with a P-value < 0.05 (S3 Table). Thirty-three proteins were up-regulated in the case

group and seven proteins were up-regulated in the control group (S1 Fig).

Gene ontology enrichment analysis of the identified DEPs

To functionally classify proteins showing statistically significant changes between control and

case groups, we performed GO enrichment analysis using the DAVID database (S2 Fig). The

top five enriched biological processes of the DEPs were locomotion, regulation of cell migra-

tion, proteolysis, cell migration, and peptidyl-tyrosine phosphorylation. With regard to

Fig 1. Schematic workflow of the discovery (TMT labeling-based quantification) and verification (LC-MRM MS) experiments.

SPTD, spontaneous preterm delivery; HPLC, high-performance liquid chromatography; LC-MS/MS, liquid chromatography-tandem

mass spectrometry; SIS, stable isotope-labeled standard.

https://doi.org/10.1371/journal.pone.0250031.g001
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molecular function of the plasma proteins enriched in SPTD cases, the top five molecular func-

tions in order of significance were: glycosaminoglycan binding, heparin binding, sulfur com-

pound binding, peptidase activity, and receptor binding. Moreover, with regard to the cellular

component of the GO analysis, most of the identified DEPs were classified as extracellular

proteins.

Verification of differentially expressed proteins using MRM-MS

To verify the 40 DEPs found in the TMT-based quantitative analysis, a targeted multiplexed

peptide MRM-MS assay was used to analyze 39 individual plasma samples. After optimiza-

tion of the MRM methods (S3 File and S3 Fig and S4 and S5 Tables), we measured the rela-

tive abundance of 59 surrogate peptides from the 37 DEPs in individual plasma samples.

After performing a Mann-Whitney U test to compare the light (endogenous peptide) to

heavy peptide peak area ratio (PAR) of each peptide, seven peptides exhibited statistically

significant changes (P < 0.05). The levels of LEGEACGVYTPR (insulin-like growth factor-

binding protein 2 [IGFBP-2]), LIQGAPTIR (IGFBP-2), DVLTFTCEPK (pregnancy specific

beta-1-glycoprotein 4 [PSG4]), IIYGPAYSGR (PSG4), and TDCPGDALFDLLR (peptido-

glycan recognition proteins 2 [PGLYRP2]) were found to be significantly higher in women

who had SPTD at < 33 weeks, than in women in the control group (Table 1 and Fig 2). In

contrast, the levels of GDLTIANLGTSEGR (hepatocyte growth factor receptor [MET]) and

FAVEEIIQK (latexin [LXN]) were significantly lower in women with SPTD at < 33 weeks

(Table 1 and Fig 2).

Using ROC analyses of the PARs, we further assessed the potential of the seven most

markedly dysregulated peptides for prediction of SPTD prior to 33 weeks of gestation after

cerclage (Table 1). The AUCs for the seven peptides ranged from 0.686 to 0.764 and did not

significantly differ from each other (all factors: P = 0.22–1.00).

The mean cerclage-to-delivery interval was 55.72 ± 43.74 days (range, 2–141 days).

Unlike the results analyzed in the discovery cohort, univariate analysis in the final cohort

showed a significant association between cervical dilatation and the occurrence of SPTD

at < 33 weeks (Table 2). Thus, we adjusted for baseline risk factors, such as cervical dila-

tion, in multivariate analyses. In a multiple logistic regression model, continuous factors

were entered as dichotomous covariates using the cut-off points obtained from the ROC

Table 1. The relative abundance of plasma biomarkers in relation to the occurrence of spontaneous preterm delivery at< 33 weeks after cerclage, areas under the

curves, and optimal cut-off values for every protein.

Peptide sequence Delivery <33 weeks Delivery�33 weeks P-value AUC Cutoff value Sensitivitya Specificitya

(n = 23) (n = 16)

LEGEACGVYTPR (IGFBP-2) 0.115 (0.065–0.231) 0.089 (0.070–0.153) 0.007 0.758 �0.098 78.3 75.0

LIQGAPTIR (IGFBP-2) 0.083 (0.048–0.211) 0.064 (0.049–0.119) 0.050 0.686 �0.072 65.2 68.7

DVLTFTCEPK (PSG4) 0.0528 (0.013–0.285) 0.022 (0.006–0.304) 0.040 0.696 �0.035 78.3 62.5

IIYGPAYSGR (PSG4) 0.347 (0.057–1.078) 0.113 (0.039–1.600) 0.018 0.726 �0.199 82.6 69.7

TDCPGDALFDLLR (PGLYRP2) 0.980 (0.566–1.945) 0.729 (0.407–1.293) 0.049 0.687 �0.785 78.3 56.2

GDLTIANLGTSEGR (MET) 0.037 (0.021–0.063) 0.044 (0.032–0.098) 0.027 0.711 �0.040 65.2 68.7

FAVEEIIQK (LXN) 0.463 (0.208–0.938) 0.602 (0.323–0.754) 0.006 0.764 �0.512 73.9 81.2

AUC, areas under the curves; IGFBP-2, insulin-like growth factor-binding protein 2; PSG4, pregnancy specific beta-1-glycoprotein 4; PGLYRP2, peptidoglycan

recognition proteins 2; MET, hepatocyte growth factor receptor; LXN, latexin.

Data are given as the median (range) (Peak area ratio).
a Values are given as %.

https://doi.org/10.1371/journal.pone.0250031.t001
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curves. The optimal cut-off points for cervical dilatation and the PARs of LEGEACG-

VYTPR, LIQGAPTIR, DVLTFTCEPK, IIYGPAYSGR, TDCPGDALFDLLR,

Fig 2. Interactive plots for significantly differentially expressed (3 up-regulated and 2 down-regulated) proteins in

plasma of women with spontaneous preterm delivery (SPTD) at< 33 weeks of gestation after cerclage placement

(case group), as determined by MRM assay. Interactive plots were generated using the normalized peak area of each

MRM target peptide. The horizontal line in each figure indicates the median value. GDLTIANLGTSEGR (hepatocyte

growth factor receptor [MET]); IIYGPAYSGR (pregnancy specific beta-1-glycoprotein 4 [PSG4]); LEGEACGVYTPR

(insulin-like growth factor-binding protein 2 [IGFBP-2]), FAVEEIIQK (latexin [LXN]); LIQGAPTIR (IGFBP-2);

TDCPGDALFDLLR (peptidoglycan recognition proteins 2 [PGLYRP2]); DVLTFTCEPK (PSG4).

https://doi.org/10.1371/journal.pone.0250031.g002
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GDLTIANLGTSEGR, and FAVEEIIQK (IGFBP-2, IGFBP-2, PSG4, PSG4, PGLYRP2,

MET, and LXN, respectively) were � 3 cm, � 0.098, � 0.072, � 0.035, � 0.199, � 0.040,

and � 0.512, respectively (Table 1). High PARs for LEGEACGVYTPR, DVLTFTCEPK,

and IIYGPAYSGR and a low PAR for FAVEEIIQK were significantly associated with

SPTD at < 33 weeks of gestation after cerclage, after adjustment for advanced cervical

dilatation (� 3 cm, Table 3). However, three candidate biomarker peptides, LIQGAPTIR,

TDCPGDALFDLLR, and GDLTIANLGTSEGR were not found to be associated with

SPTD at < 33 weeks, after adjustment for advanced cervical dilatation (Table 3).

Table 2. Demographic and clinical characteristics of women involved in the final cohort.

Delivery at <33 weeks (n = 23) Delivery at�33 weeks (n = 16) P-value

Age (years) 31.0 (27.0–39.0) 33.0 (24.0–38.0) 0.295

Nulliparity 60.9% (14/23) 50% (8/16) 0.501

Gestational age at sampling (weeks) 22.0 (17.3–25.1) 22.3 (20.0–25.4) 0.219

Cervical dilatation (cm) 3.0 (0.5–5.0) 1.5 (0.5–4.0) 0.001

�3 cm 65.2% (15/23) 12.5% (2/16) 0.001

<3 cm 34.8% (8/23) 87.5% (14/16)

Serum C-reactive protein (mg/L) 3.3 (0.5–33.9) 5.2 (0.1–32.0) 0.361

White blood cells count (×103/mm3) 11.0 (6.5–18.6) 10.5 (7.1–13.3) 0.278

Use of tocolytics 69.6% (16/23) 50.0% (8/16) 0.217

Use of corticosteroids 47.8% (11/23) 18.8% (3/16) 0.093

Use of antibiotics 100.0% (23/23) 100.0% (16/16)

Gestational age at delivery (weeks) 25.1 (19.4–32.3) 36.8 (33.5–40.5) <0.001

Values are given as median (range) or % (n/N).

https://doi.org/10.1371/journal.pone.0250031.t002

Table 3. Multivariable logistic regression model showing the adjusted odds ratios of association between various

proteins in maternal plasma and spontaneous preterm delivery at<33 weeks after adjusting for advanced cervical

dilatation (� 3cm).

Variablesa Adjusted odds ratio (95% confidence interval)b P-valuec

LEGEACGVYTPR (IGFBP-2) 8.151 (1.528–43.481) 0.014

LIQGAPTIR (IGFBP-2) 3.415 (0.718–16.247) 0.123

DVLTFTCEPK (PSG4) 14.852 (1.597–138.134) 0.018

IIYGPAYSGR (PSG4) 12.056 (1.948–74.626) 0.007

TDCPGDALFDLLR (PGLYRP2) 4.000 (0.789-20-285) 0.094

GDLTIANLGTSEGR (MET) 4.768 (0.933–24.359) 0.061

FAVEEIIQK (LXN) 15.193 (2.263–101.992) 0.005

IGFBP-2, insulin-like growth factor-binding protein 2; PSG4, pregnancy specific beta-1-glycoprotein 4; PGLYRP2,

peptidoglycan recognition proteins 2; MET, hepatocyte growth factor receptor; LXN, latexin.
a All continuous predictors were entered as dichotomous variables using the cut-off values derived from the receiver-

operating characteristic curves to predict SPTD at <33 weeks.
a Variables were dichotomized: high LEGEACGVYTPR (� 0.098 vs. < 0.098), high LIQGAPTIR (� 0.072 vs. <

0.072), high DVLTFTCEPK (� 0.035 vs. < 0.035), high IIYGPAYSGR (� 0.199 vs. < 0.199), high

TDCPGDALFDLLR (� 0.785 vs. < 0.785), low GDLTIANLGTSEGR (� 0.040 vs. > 0.040), and low FAVEEIIQK

(� 0.512 vs. > 0.512).
b Adjusted for cervical dilatation� 3cm.
c For the adjusted odds ratio.

https://doi.org/10.1371/journal.pone.0250031.t003
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Multiple-biomarker panel as an independent predictor of the outcome of

rescue cerclage

To develop the optimal multiple-biomarker panel, based on the combination of biomarker

candidates, multivariate analysis with a backward selection was carried out on seven bio-

marker candidates found to be significant during univariate analysis (P< 0.05). For this

multi-biomarker combination, all continuous biomarker data were converted to dichotomous

covariates using cut-off points derived from the ROC analyses, as detailed in Table 1. A three-

protein panel consisting of high PARs for LEGEACGVYTPR (IGFBP-2,� 0.098) and

DVLTFTCEPK (PSG4,� 0.035) and a low PAR for FAVEEIIQK (LXN,� 0.512) was identi-

fied as the best multiple-biomarker combination (Table 4). The AUC of this multiple-bio-

marker panel was 0.916 (95% confidence interval [CI], 0.828–1.004) and the Hosmer-

Lemeshow test showed no statistical significance (P = 0.901), suggesting adequate fit to the

model. A cut-off point of� 0.53 was identified as the optimal threshold value for predicting

SPTD prior to 33 weeks after rescue cerclage, with a sensitivity of 87.0% (95% CI, 66.4%–

97.2%) and a specificity of 81.2% (95% CI, 54.3%–95.9%). The AUC for this multiple-bio-

marker panel was significantly greater than the AUC for any single biomarker included in the

multi-biomarker model (P< 0.05 for each, Fig 3).

Plasma protein markers and the cerclage-to-delivery interval

Kaplan-Meier survival analyses showed that patients with higher plasma levels of LEGEACG-

VYTPR (IGFBP-2) (�0.098; log-rank test, P = 0.038), DVLTFTCEPK (PSG4) (� 0.035; log-

rank test, P = 0.007), or IIYGPAYSGR (PSG4) (� 0.199; log-rank test, P = 0.004) who under-

went rescue cerclage for cervical insufficiency, exhibited significantly shorter cerclage-to-deliv-

ery intervals (Fig 4). Low plasma FAVEEIIQK (LXN) levels (� 0.512) displayed an almost

significant association with shorter cerclage-to-delivery intervals (log-rank test, P = 0.053).

Likewise, the Cox proportional hazards model indicated that high plasma levels of

DVLTFTCEPK (PSG4) and IIYGPAYSGR (PSG4), but not LEGEACGVYTPR (IGFBP-2) or

FAVEEIIQK (LXN), were significantly associated with shorter cerclage-to-delivery intervals,

after adjusting for advanced cervical dilatation (� 3cm) (Table 5).

Discussion

The main findings of this study were as follows: (1) utilizing TMT-based quantitative proteo-

mic analysis, 40 DEPs were characterized in pooled plasma samples of women who experi-

enced SPTD prior to 33 weeks of gestation after rescue cerclage; (2) among these 40 DEPs

Table 4. Regression coefficients, ORs, and 95% CIs of the best protein panel� for predicting spontaneous preterm delivery (SPTD) at<33 weeks of gestation.

Predictor Beta-coefficient SE OR (95% CI) P-value

High LEGEACGVYTPR (IGFBP-2) (� 0.098)† 3.167 1.230 23.74 (2.13–264.42) 0.01

High DVLTFTCEPK (PSG4) (� 0.035)† 2.523 1.226 12.47 (1.13–137.71) 0.04

Low FAVEEIIQK (LXN) (� 0.512)† 2.29 1.011 9.92 (1.37–71.89) 0.023

Constant -3.836 1.415 0.022 0.007

SE, standard error; OR, odds ratio; CI, confidence interval; IGFBP-2, insulin-like growth factor-binding protein 2; PSG4, pregnancy specific beta-1-glycoprotein 4; LXN,

latexin.
†Variables were dichotomized: high LEGEACGVYTPR (� 0.098 vs. < 0.098), high DVLTFTCEPK (� 0.035 vs. < 0.035), and low FAVEEIIQK (� 0.512 vs. > 0.512).

�Formula that was generated to predict SPTD at < 33 weeks was as follows: Y = logₑ (Z) = -3.836 + 3.167 (if LEGEACGVYTPR was� 0.098) + 2.523 (if DVLTFTCEPK

was� 0.035) + 2.29 (if FAVEEIIQK was� 0.512). Z = eʸ and risk (%) = [Z/(1 + Z)]× 100.

https://doi.org/10.1371/journal.pone.0250031.t004
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validated by MRM-MS analysis, three plasma proteins (IGFBP-2, LEGEACGVYTPR; PSG4,

DVLTFTCEPK and IIYGPAYSGR; and LXN, FAVEEIIQK) were confirmed as potential bio-

markers for pregnancy outcome following rescue cerclage in women with cervical insuffi-

ciency, independent of well-known risk factors, such as cervical dilatation; and (3) a multi-

biomarker panel (with an AUC of 0.916), consisting of LEGEACGVYTPR (IGFBP-2),

DVLTFTCEPK (PSG4), and FAVEEIIQK (LXN) was more closely associated with SPTD

at< 33 weeks of gestation after cerclage, than individual biomarker levels. To the best of our

knowledge, this is the first proteomic study of plasma samples to identify biomarkers associ-

ated with poor pregnancy outcomes in women with cervical insufficiency undergoing rescue

cerclage. The biomolecules identified in the current study may contribute to a better under-

standing of the biochemical mechanisms responsible for SPTD after rescue cerclage and they

represent targets for the development of novel therapeutics.

In the current study, the AUC values for IGFBP-2, PSG4, and LXN ranged from 0.686 to

0.764, when used as single markers to predict cerclage failure following rescue cerclage. How-

ever, their overall diagnostic performance as single markers was not sufficient to be used in

clinical practice. Utilizing a stepwise regression model, a combined multi-biomarker panel

comprising 3 plasma proteins (IGFBP-2, PSG4, and LXN) greatly improved the predictive

accuracy to an AUC of 0.916, demonstrating that this multi-biomarker panel had a signifi-

cantly better overall diagnostic performance than each of the biomarkers alone. These observa-

tions are in line with the results of previous studies on disorders with complex pathogeneses

(e.g., preterm birth and preeclampsia) [20–22] and suggested that the molecular mechanism

Fig 3. (A) Receiver operating characteristic (ROC) curves for plasma LEGEACGVYTPR (IGFBP-2), DVLTFTCEPK (PSG4), and FAVEEIIQK (LXN) levels in

predicting spontaneous preterm delivery (SPTD) at< 33 weeks of gestation after cerclage placement (LEGEACGVYTPR: area under the curve [AUC] = 0.758,

standard error [SE] = 0.079; DVLTFTCEPK: AUC = 0.696, SE = 0.095; and FAVEEIIQK: AUC = 0.764, SE = 0.080). (B) ROC curve for the best combined

predictive model (including plasma LEGEACGVYTPR [IGFBP-2], DVLTFTCEPK [PSG4], and FAVEEIIQK [LXN]) for predicting SPTD at< 33 weeks of

gestation. The AUC for the combined predictive model was 0.905 (P< 0.05 for LEGEACGVYTPR vs the combined predictive model, P< 0.05 for

DVLTFTCEPK vs the combined predictive model, and P< 0.05 for plasma FAVEEIIQK vs the combined predictive model).

https://doi.org/10.1371/journal.pone.0250031.g003
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Fig 4. Kaplan-Meier survival estimates of the cerclage-to-delivery interval for (A) LEGEACGVYTPR (IGFBP-2) of�0.098 or<0.098 (median,

26.00 days [95% CI, 1.17–50.82] vs. 93.00 days [95% CI, 78.21–107.79]; P = 0.038), (B) DVLTFTCEPK (PSG4) of�0.035 or<0.035 (median, 26.00

days [95% CI, 7.99–44.00] vs. 93.00 days [95% CI, 78.81–107.18]; P = 0.007), (C) IIYGPAYSGR (PSG4) of�0.199 or<0.199 (median, 19.00 days

[95% CI, 0.00–38.53] vs. 93.00 days [95% CI, 77.82–108.17]; P = 0.004), and (D) FAVEEIIQK (LXN) of�0.512 or>0.512 (median, 14.00 days [95%

CI, 0.85–27.14] vs. 86.00 days [95% CI, 71.23–100.76]; P = 0.053). IGFBP, insulin-like growth factor-binding protein; CI, confidence interval; PSG,

pregnancy-specific beta 1 glycoprotein; LXN, latexin.

https://doi.org/10.1371/journal.pone.0250031.g004

Table 5. Cox proportional hazards analysis of cerclage-to-delivery interval.

Variablea Adjusted hazard ratio (95% confidence interval)b P-valuec

High DVLTFTCEPK (PSG4) (� 0.035) 2.87 (1.38–5.99) 0.005

High IIYGPAYSGR (PSG4) (� 0.199) 2.64 (1.31–5.34) 0.007

High LEGEACGVYTPR (IGFBP-2) (� 0.098) 1.91 (0.95–3.86) 0.070

Low FAVEEIIQK (LXN) 1.93 (0.99–3.77) 0.052

(� 0.512)

a Variables were dichotomized: high DVLTFTCEPK (� 0.035 vs. < 0.035), high IIYGPAYSGR (� 0.199 vs. < 0.199),

high LEGEACGVYTPR (� 0.098 vs. < 0.098), and low FAVEEIIQK (� 0.512 vs. > 0.512).
b Adjusted for cervical dilatation� 3cm.
c For the adjusted hazard ratio.

https://doi.org/10.1371/journal.pone.0250031.t005
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for the development of SPTD after rescue cerclage for cervical insufficiency is multifactorial.

Finally, the clinical relevance of our findings is that plasma protein biomarkers (assessed by

MRM-MS quantitative proteomics) in patients undergoing rescue cerclage for cervical insuffi-

ciency could be beneficial for identification of adverse pregnancy outcomes. This information

may assist clinicians (at least in part) in non-invasively selecting optimal candidates for rescue

cerclage, and providing personalized counseling based on patient-specific risks.

An important finding from the present study that should be highlighted is that the plasma

levels of IGFBP-2, PSG4, and LXN were independent predictors of the outcome of rescue cerc-

lage in women with cervical insufficiency and they were assayed in a non-invasive manner.

IGFBP-2 is known to regulate the activity of insulin growth factor, which is involved in the

control of placental and fetal growth and development [23] and is expressed in human fetal

and placental tissues [24, 25]. Previous studies have shown that serum IGFBP-2 levels are not

significantly altered by preterm birth, whereas serum IGFBP-1 levels are significantly altered

[26, 27]. In contrast, our group previously reported that low plasma levels of IGFBP-2 were

independently associated with histologic chorioamnionitis in women with preterm labor [28].

However, in the present study, IGFBP-2 levels were significantly increased in plasma from

patients with poor pregnancy outcome after rescue cerclage. This is in accordance with a previ-

ous proteomic study using plasma from asymptomatic women at 17–28 weeks of gestation, in

which IGFBP-2 was detected as a protein that distinguished cases of preterm birth from term

controls [29]. We cannot explain the discrepancy between the present findings and those of

earlier reports on preterm labor [26, 27], but the clinical significance and mechanisms of

action of IGFBP-2 identified in the present study require further confirmation in large cohort

studies. Finally, in the current study, the plausible mechanisms by which increased plasma

IGFBP-2 levels in cervical insufficiency contribute to SPTD (cerclage failure) may be related to

abnormal placental function, leading to the activation of placental vascular insufficiency, a

known significant risk factor associated with SPTD [30]. This notion is supported by previous

studies showing that IGFBP-2 and its family of proteins have a significant association with pla-

cental dysfunction, particularly due to maternal vascular insult [31, 32].

PSG4 is a member of a family of proteins that are synthesized by placental trophoblasts and

released into the maternal blood circulation throughout pregnancy [33, 34]. Maternal plasma

levels of PSG4 are significantly altered in cases of adverse pregnancy outcome (e.g., fetal growth

retardation, pre-eclampsia, and preterm birth) compared to normal pregnancies [34, 35]. Fur-

thermore, the PSG4 gene is associated with the molecular mechanisms of smoking-induced pla-

cental abnormalities [36]. Thus, we speculated that elevated levels of plasma PSG4 in women

with cerclage failure may reflect abnormal placentation and the activation of placental vascular

insufficiency, and thus they may be associated with an increased risk of SPTD after cerclage.

Latexin is the only known mammalian carboxypeptidase inhibitor. It may play a role in

inflammation and innate immune pathways [37] and it has been reported to be a putative

tumor suppressor protein in several studies showing the significant down-regulation of its

mRNA and proteins levels in several cancer types [38–40]. However, to date, there has been no

report on the levels of latexin in the plasma of women with preterm birth-related disorders,

including cervical insufficiency and preterm labor, or on its role during pregnancy. In the

present study, lower latexin levels were significantly and independently associated with SPTD

at< 33 weeks following rescue cerclage. Given that inflammation is a critical component of

tumor progression and the tumor microenvironment is mostly regulated by inflammatory

cells [41], our results regarding latexin are supported by several reports showing that inflam-

mation is associated with an increased risk of SPTD after emergency cerclage [6].

There are several limitations of this study. First, the current study included a small number

of study subjects from a single center, the study was retrospective, and the validation of
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candidate proteins from our discovery experiments was not performed in a completely inde-

pendent set of samples. These factors may limit the generalizability of our results and thus,

these findings should be replicated in a larger, independent cohort. Second, our proteomic

analysis for the discovery of biomarker candidates was performed on pooled samples, despite

the fact that sample pooling in proteomic approaches may not closely represent the biological

average of the individual samples [42]. In fact, Molinari et al. have reported that pooling of

samples reduces the power of statistical tests, resulting in a reduced number of differential

peaks and an increase in the detection of false differential peaks, when compared to using indi-

vidual samples [42]. Third, this study was performed in only one ethnic group (a Korean eth-

nic group). Given previous reports that biomarkers of SPTD differ in different races [43], our

proteomics results should be replicated in women of other ethnic backgrounds, in a larger

cohort. Fourth, the MRM results were not further validated by ELISA, limiting their applica-

tion in routine clinical practice. The strengths of our study are as follows: (1) this is the first

comprehensive assessment of plasma proteomic profiles associated with poor outcome after

rescue cerclage; (2) several novel potential biomarkers of the clinical outcome of cerclage were

identified in a complex biological sample; and (3) we included an adjustment for the effect of

cervical dilation (which is considered an important clinical factor in this context) in our multi-

variate analysis. In the present study, SPTD prior to 33 weeks after rescue cerclage was selected

as the primary outcome measure, as the incidence of neonatal morbidity and mortality associ-

ated with prematurity decreased significantly in neonates born after this gestational age [44].

In addition, we performed targeted MRM-MS quantitative proteomics instead of ELISA

because it has advantages of (1) cost-effectiveness, (2) ability to simultaneously quantify multi-

ple peptides, and (3) generation of consistent, accurate, and reproducible datasets between lab-

oratories [45–47].

Conclusions

Our study demonstrated that a targeted proteomics-based approach can be useful for identifi-

cation of biomarkers in blood samples that can potentially be used in clinical practice to pre-

dict the outcome of rescue cerclage. Plasma levels of IGFBP-2, PSG4, and LXN may be used as

independent biomarkers to predict poor pregnancy outcome following rescue cerclage, with

good accuracy, particularly when used as a combined multi-biomarker panel. Further studies

are needed to investigate the possible mechanistic role of these biomarkers in promoting pre-

term birth after rescue cerclage for cervical insufficiency.

Supporting information

S1 Table. Demographic and clinical characteristics of women in the exploratory cohort.

(XLSX)

S2 Table. List of identified proteins from control (cerclage success, n = 10) and case (cerc-

lage failure, n = 10) groups.

(XLSX)

S3 Table. List of plasma proteins that exhibited significant differences in a pairwise com-

parison of spontaneous preterm delivery < 33 weeks vs.� 33 weeks, after rescue cerclage

in women with cervical insufficiency, using TMT-based quantitative proteomics.

(XLSX)

S4 Table. List of surrogate peptides for MRM method development.

(XLSX)

PLOS ONE Plasma markers of the success of rescue cerclage

PLOS ONE | https://doi.org/10.1371/journal.pone.0250031 April 15, 2021 13 / 17

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0250031.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0250031.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0250031.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0250031.s004
https://doi.org/10.1371/journal.pone.0250031


S5 Table. Optimized MRM method parameters of 404 transitions for 59 peptides from 37

proteins.

(XLSX)

S1 Fig. A heatmap with dendrogram of hierarchical cluster analysis of 40 differentially

expressed proteins. Case and control refer to plasma samples acquired from patients who had

subsequent spontaneous preterm delivery at<33 weeks after cerclage placement (case) and

who delivered at�33 weeks (control). (red = increased, green = decreased).

(TIF)

S2 Fig. Gene-ontology enrichment analysis of the identified differentially expressed pro-

teins as determined by the DAVID bioinformatics database tool.

(TIF)

S3 Fig. Representative response curves of heavy peptides.

(TIF)

S1 File. Raw data for the exploratory cohort.

(SAV)

S2 File. Raw data for the total cohort.

(SAV)

S3 File.

(PDF)

Acknowledgments

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

Author Contributions

Conceptualization: Kisoon Dan, Ji Eun Lee, Sun Min Kim, Kyo Hoon Park.

Data curation: Kisoon Dan, Ji Eun Lee, Sun Min Kim, Subeen Hong, Hyeon Ji Kim, Kyo

Hoon Park.

Formal analysis: Kisoon Dan, Ji Eun Lee, Dohyun Han, Subeen Hong, Hyeon Ji Kim, Kyo

Hoon Park.

Funding acquisition: Kyo Hoon Park.

Investigation: Dohyun Han, Sun Min Kim, Subeen Hong, Hyeon Ji Kim, Kyo Hoon Park.

Methodology: Kisoon Dan, Ji Eun Lee, Dohyun Han, Sun Min Kim, Subeen Hong, Hyeon Ji

Kim, Kyo Hoon Park.

Project administration: Kyo Hoon Park.

Supervision: Dohyun Han, Kyo Hoon Park.

Validation: Kisoon Dan, Kyo Hoon Park.

Writing – original draft: Kisoon Dan, Ji Eun Lee, Sun Min Kim, Kyo Hoon Park.

Writing – review & editing: Kisoon Dan, Ji Eun Lee, Dohyun Han, Sun Min Kim, Subeen

Hong, Hyeon Ji Kim, Kyo Hoon Park.

PLOS ONE Plasma markers of the success of rescue cerclage

PLOS ONE | https://doi.org/10.1371/journal.pone.0250031 April 15, 2021 14 / 17

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0250031.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0250031.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0250031.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0250031.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0250031.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0250031.s010
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0250031.s011
https://doi.org/10.1371/journal.pone.0250031


References
1. Berghella V. Every 30 seconds a baby dies of preterm birth. What are you doing about it? Am J Obstet

Gynecol. 2010; 203(5):416–7. https://doi.org/10.1016/j.ajog.2010.05.042 PMID: 21055509.

2. 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.

3. Brown R, Gagnon R, Delisle MF, Maternal Fetal Medicine C, Gagnon R, Bujold E, et al. Cervical insuffi-

ciency and cervical cerclage. J Obstet Gynaecol Can. 2013; 35(12):1115–27. https://doi.org/10.1016/

S1701-2163(15)30764-7 PMID: 24405880.

4. Ehsanipoor RM, Seligman NS, Saccone G, Szymanski LM, Wissinger C, Werner EF, et al. Physical

Examination-Indicated Cerclage: A Systematic Review and Meta-analysis. Obstet Gynecol. 2015; 126

(1):125–35. https://doi.org/10.1097/AOG.0000000000000850 PMID: 26241265.

5. 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.

6. 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.

7. Lee KY, Jun HA, Kim HB, Kang SW. Interleukin-6, but not relaxin, predicts outcome of rescue cerclage

in women with cervical incompetence. Am J Obstet Gynecol. 2004; 191(3):784–9. https://doi.org/10.

1016/j.ajog.2004.04.019 PMID: 15467541.

8. Park JC, Kim DJ, Kwak-Kim J. Upregulated amniotic fluid cytokines and chemokines in emergency

cerclage with protruding membranes. Am J Reprod Immunol. 2011; 66(4):310–9. https://doi.org/10.

1111/j.1600-0897.2011.00991.x PMID: 21410810.

9. Lee J, Lee JE, Choi JW, Han MH, Seong SY, Park KH, et al. Proteomic Analysis of Amniotic Fluid Pro-

teins for Predicting the Outcome of Emergency Cerclage in Women with Cervical Insufficiency. Reprod

Sci. 2020; 27(6):1318–29. https://doi.org/10.1007/s43032-019-00110-8 PMID: 32046453.

10. Tabor A, Philip J, Madsen M, Bang J, Obel EB, Norgaard-Pedersen B. Randomised controlled trial of

genetic amniocentesis in 4606 low-risk women. Lancet. 1986; 1(8493):1287–93. https://doi.org/10.

1016/s0140-6736(86)91218-3 PMID: 2423826.

11. Chow SS, Craig ME, Jones CA, Hall B, Catteau J, Lloyd AR, et al. Differences in amniotic fluid and

maternal serum cytokine levels in early midtrimester women without evidence of infection. Cytokine.

2008; 44(1):78–84. https://doi.org/10.1016/j.cyto.2008.06.009 PMID: 18703348.

12. Park H, Park KH, Kim YM, Kook SY, Jeon SJ, Yoo HN. Plasma inflammatory and immune proteins as

predictors of intra-amniotic infection and spontaneous preterm delivery in women with preterm labor: a

retrospective study. BMC Pregnancy Childbirth. 2018; 18(1):146. https://doi.org/10.1186/s12884-018-

1780-7 PMID: 29743041.

13. Di Renzo GC, Roura LC, Facchinetti F, Antsaklis A, Breborowicz G, Gratacos E, et al. Guidelines for

the management of spontaneous preterm labor: identification of spontaneous preterm labor, diagnosis

of preterm premature rupture of membranes, and preventive tools for preterm birth. J Matern Fetal Neo-

natal Med. 2011; 24(5):659–67. https://doi.org/10.3109/14767058.2011.553694 PMID: 21366393.

14. 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.

15. 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.

16. Esplin MS, Merrell K, Goldenberg R, Lai Y, Iams JD, Mercer B, et al. Proteomic identification of serum

peptides predicting subsequent spontaneous preterm birth. Am J Obstet Gynecol. 2011; 204(5):391 e1-

8. https://doi.org/10.1016/j.ajog.2010.09.021 PMID: 21074133.

17. Parry S, Zhang H, Biggio J, Bukowski R, Varner M, Xu Y, et al. Maternal serum serpin B7 is associated

with early spontaneous preterm birth. Am J Obstet Gynecol. 2014; 211(6):678 e1-12. https://doi.org/10.

1016/j.ajog.2014.06.035 PMID: 24954659.

18. 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 e1-10. https://doi.

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

19. 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.

PLOS ONE Plasma markers of the success of rescue cerclage

PLOS ONE | https://doi.org/10.1371/journal.pone.0250031 April 15, 2021 15 / 17

https://doi.org/10.1016/j.ajog.2010.05.042
http://www.ncbi.nlm.nih.gov/pubmed/21055509
https://doi.org/10.3109/00016349409013390
https://doi.org/10.3109/00016349409013390
http://www.ncbi.nlm.nih.gov/pubmed/8304022
https://doi.org/10.1016/S1701-2163(15)30764-7
https://doi.org/10.1016/S1701-2163(15)30764-7
http://www.ncbi.nlm.nih.gov/pubmed/24405880
https://doi.org/10.1097/AOG.0000000000000850
http://www.ncbi.nlm.nih.gov/pubmed/26241265
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/10.1016/j.ijgo.2015.07.011
http://www.ncbi.nlm.nih.gov/pubmed/26553528
https://doi.org/10.1016/j.ajog.2004.04.019
https://doi.org/10.1016/j.ajog.2004.04.019
http://www.ncbi.nlm.nih.gov/pubmed/15467541
https://doi.org/10.1111/j.1600-0897.2011.00991.x
https://doi.org/10.1111/j.1600-0897.2011.00991.x
http://www.ncbi.nlm.nih.gov/pubmed/21410810
https://doi.org/10.1007/s43032-019-00110-8
http://www.ncbi.nlm.nih.gov/pubmed/32046453
https://doi.org/10.1016/s0140-6736(86)91218-3
https://doi.org/10.1016/s0140-6736(86)91218-3
http://www.ncbi.nlm.nih.gov/pubmed/2423826
https://doi.org/10.1016/j.cyto.2008.06.009
http://www.ncbi.nlm.nih.gov/pubmed/18703348
https://doi.org/10.1186/s12884-018-1780-7
https://doi.org/10.1186/s12884-018-1780-7
http://www.ncbi.nlm.nih.gov/pubmed/29743041
https://doi.org/10.3109/14767058.2011.553694
http://www.ncbi.nlm.nih.gov/pubmed/21366393
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/10.1016/j.ajog.2010.09.021
http://www.ncbi.nlm.nih.gov/pubmed/21074133
https://doi.org/10.1016/j.ajog.2014.06.035
https://doi.org/10.1016/j.ajog.2014.06.035
http://www.ncbi.nlm.nih.gov/pubmed/24954659
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
http://www.ncbi.nlm.nih.gov/pubmed/3203132
https://doi.org/10.1371/journal.pone.0250031


20. Holst RM, Hagberg H, Wennerholm UB, Skogstrand K, Thorsen P, Jacobsson B. Prediction of sponta-

neous preterm delivery in women with preterm labor: analysis of multiple proteins in amniotic and cervi-

cal fluids. Obstet Gynecol. 2009; 114(2 Pt 1):268–77. https://doi.org/10.1097/AOG.0b013e3181ae6a08

PMID: 19622987.

21. Wu P, van den Berg C, Alfirevic Z, O’Brien S, Rothlisberger M, Baker PN, et al. Early Pregnancy Bio-

markers in Pre-Eclampsia: A Systematic Review and Meta-Analysis. Int J Mol Sci. 2015; 16(9):23035–

56. https://doi.org/10.3390/ijms160923035 PMID: 26404264.

22. Tsiartas P, Holst RM, Wennerholm UB, Hagberg H, Hougaard DM, Skogstrand K, et al. Prediction of

spontaneous preterm delivery in women with threatened preterm labour: a prospective cohort study of

multiple proteins in maternal serum. BJOG. 2012; 119(7):866–73. https://doi.org/10.1111/j.1471-0528.

2012.03328.x PMID: 22530716.

23. Rutanen EM. Insulin-like growth factors in obstetrics. Curr Opin Obstet Gynecol. 2000; 12(3):163–8.

https://doi.org/10.1097/00001703-200006000-00001 PMID: 10873115.

24. Han VK, Bassett N, Walton J, Challis JR. The expression of insulin-like growth factor (IGF) and IGF-

binding protein (IGFBP) genes in the human placenta and membranes: evidence for IGF-IGFBP inter-

actions at the feto-maternal interface. J Clin Endocrinol Metab. 1996; 81(7):2680–93. https://doi.org/10.

1210/jcem.81.7.8675597 PMID: 8675597.

25. Hill DJ, Clemmons DR. Similar distribution of insulin-like growth factor binding proteins-1, -2, -3 in

human fetal tissues. Growth Factors. 1992; 6(4):315–26. https://doi.org/10.3109/08977199209021543

PMID: 1285082.

26. Raba G, Tabarkiewicz J. Cytokines in Preterm Delivery: Proposal of a New Diagnostic Algorithm. J

Immunol Res. 2018; 2018:8073476. https://doi.org/10.1155/2018/8073476 PMID: 29850638.

27. Laudanski P, Raba G, Kuc P, Lemancewicz A, Kisielewski R, Laudanski T. Assessment of the selected

biochemical markers in predicting preterm labour. J Matern Fetal Neonatal Med. 2012; 25(12):2696–9.

https://doi.org/10.3109/14767058.2012.699116 PMID: 22646705.

28. Park JW, Park KH, Kook SY, Jung YM, Kim YM. Immune biomarkers in maternal plasma to identify his-

tologic chorioamnionitis in women with preterm labor. Arch Gynecol Obstet. 2019; 299(3):725–32.

https://doi.org/10.1007/s00404-019-05061-8 PMID: 30706186.

29. 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.

30. 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.

31. Holmes RP, Holly JM, Soothill PW. Maternal serum insulin-like growth factor binding protein-2 and -3

and fetal growth. Hum Reprod. 1999; 14(7):1879–84. https://doi.org/10.1093/humrep/14.7.1879 PMID:

10402410.

32. Street ME, Seghini P, Fieni S, Ziveri MA, Volta C, Martorana D, et al. Changes in interleukin-6 and IGF sys-

tem and their relationships in placenta and cord blood in newborns with fetal growth restriction compared

with controls. Eur J Endocrinol. 2006; 155(4):567–74. https://doi.org/10.1530/eje.1.02251 PMID: 16990656.

33. Moore T, Dveksler GS. Pregnancy-specific glycoproteins: complex gene families regulating maternal-fetal

interactions. Int J Dev Biol. 2014; 58(2–4):273–80. https://doi.org/10.1387/ijdb.130329gd PMID: 25023693.

34. Towler CM, Horne CH, Jandial V, Campbell DM, MacGillivray I. Plasma levels of pregnancy-specific

beta 1-glycoprotein in complicated pregnancies. Br J Obstet Gynaecol. 1977; 84(4):258–63. https://doi.

org/10.1111/j.1471-0528.1977.tb12573.x PMID: 870010.

35. Pihl K, Larsen T, Laursen I, Krebs L, Christiansen M. First trimester maternal serum pregnancy-specific

beta-1-glycoprotein (SP1) as a marker of adverse pregnancy outcome. Prenat Diagn. 2009; 29

(13):1256–61. https://doi.org/10.1002/pd.2408 PMID: 19911417.

36. Bruchova H, Vasikova A, Merkerova M, Milcova A, Topinka J, Balascak I, et al. Effect of maternal

tobacco smoke exposure on the placental transcriptome. Placenta. 2010; 31(3):186–91. https://doi.org/

10.1016/j.placenta.2009.12.016 PMID: 20092892.

37. Aagaard A, Listwan P, Cowieson N, Huber T, Ravasi T, Wells CA, et al. An inflammatory role for the

mammalian carboxypeptidase inhibitor latexin: relationship to cystatins and the tumor suppressor TIG1.

Structure. 2005; 13(2):309–17. https://doi.org/10.1016/j.str.2004.12.013 PMID: 15698574.

38. Xue Z, Zhou Y, Wang C, Zheng J, Zhang P, Zhou L, et al. Latexin exhibits tumor-suppressor potential in

pancreatic ductal adenocarcinoma. Oncol Rep. 2016; 35(1):50–8. https://doi.org/10.3892/or.2015.4353

PMID: 26530530.

39. Grasso CS, Wu YM, Robinson DR, Cao X, Dhanasekaran SM, Khan AP, et al. The mutational land-

scape of lethal castration-resistant prostate cancer. Nature. 2012; 487(7406):239–43. https://doi.org/

10.1038/nature11125 PMID: 22722839.

PLOS ONE Plasma markers of the success of rescue cerclage

PLOS ONE | https://doi.org/10.1371/journal.pone.0250031 April 15, 2021 16 / 17

https://doi.org/10.1097/AOG.0b013e3181ae6a08
http://www.ncbi.nlm.nih.gov/pubmed/19622987
https://doi.org/10.3390/ijms160923035
http://www.ncbi.nlm.nih.gov/pubmed/26404264
https://doi.org/10.1111/j.1471-0528.2012.03328.x
https://doi.org/10.1111/j.1471-0528.2012.03328.x
http://www.ncbi.nlm.nih.gov/pubmed/22530716
https://doi.org/10.1097/00001703-200006000-00001
http://www.ncbi.nlm.nih.gov/pubmed/10873115
https://doi.org/10.1210/jcem.81.7.8675597
https://doi.org/10.1210/jcem.81.7.8675597
http://www.ncbi.nlm.nih.gov/pubmed/8675597
https://doi.org/10.3109/08977199209021543
http://www.ncbi.nlm.nih.gov/pubmed/1285082
https://doi.org/10.1155/2018/8073476
http://www.ncbi.nlm.nih.gov/pubmed/29850638
https://doi.org/10.3109/14767058.2012.699116
http://www.ncbi.nlm.nih.gov/pubmed/22646705
https://doi.org/10.1007/s00404-019-05061-8
http://www.ncbi.nlm.nih.gov/pubmed/30706186
https://doi.org/10.1016/j.ajog.2016.02.001
http://www.ncbi.nlm.nih.gov/pubmed/26874297
https://doi.org/10.1016/S0140-6736(08)60074-4
http://www.ncbi.nlm.nih.gov/pubmed/18177778
https://doi.org/10.1093/humrep/14.7.1879
http://www.ncbi.nlm.nih.gov/pubmed/10402410
https://doi.org/10.1530/eje.1.02251
http://www.ncbi.nlm.nih.gov/pubmed/16990656
https://doi.org/10.1387/ijdb.130329gd
http://www.ncbi.nlm.nih.gov/pubmed/25023693
https://doi.org/10.1111/j.1471-0528.1977.tb12573.x
https://doi.org/10.1111/j.1471-0528.1977.tb12573.x
http://www.ncbi.nlm.nih.gov/pubmed/870010
https://doi.org/10.1002/pd.2408
http://www.ncbi.nlm.nih.gov/pubmed/19911417
https://doi.org/10.1016/j.placenta.2009.12.016
https://doi.org/10.1016/j.placenta.2009.12.016
http://www.ncbi.nlm.nih.gov/pubmed/20092892
https://doi.org/10.1016/j.str.2004.12.013
http://www.ncbi.nlm.nih.gov/pubmed/15698574
https://doi.org/10.3892/or.2015.4353
http://www.ncbi.nlm.nih.gov/pubmed/26530530
https://doi.org/10.1038/nature11125
https://doi.org/10.1038/nature11125
http://www.ncbi.nlm.nih.gov/pubmed/22722839
https://doi.org/10.1371/journal.pone.0250031


40. Muthusamy V, Premi S, Soper C, Platt J, Bosenberg M. The hematopoietic stem cell regulatory gene

latexin has tumor-suppressive properties in malignant melanoma. J Invest Dermatol. 2013; 133

(7):1827–33. https://doi.org/10.1038/jid.2013.48 PMID: 23364479.

41. Coussens LM, Werb Z. Inflammation and cancer. Nature. 2002; 420(6917):860–7. https://doi.org/10.

1038/nature01322 PMID: 12490959.

42. 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.

43. Brou L, Almli LM, Pearce BD, Bhat G, Drobek CO, Fortunato S, et al. Dysregulated biomarkers induce

distinct pathways in preterm birth. BJOG. 2012; 119(4):458–73. https://doi.org/10.1111/j.1471-0528.

2011.03266.x PMID: 22324919.

44. 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.

45. Gillette MA, Carr SA. Quantitative analysis of peptides and proteins in biomedicine by targeted mass

spectrometry. Nat Methods. 2013; 10(1):28–34. https://doi.org/10.1038/nmeth.2309 PMID: 23269374.

46. Whiteaker JR, Lin C, Kennedy J, Hou L, Trute M, Sokal I, et al. A targeted proteomics-based pipeline for

verification of biomarkers in plasma. Nat Biotechnol. 2011; 29(7):625–34. https://doi.org/10.1038/nbt.

1900 PMID: 21685906.

47. Kennedy JJ, Abbatiello SE, Kim K, Yan P, Whiteaker JR, Lin C, et al. Demonstrating the feasibility of

large-scale development of standardized assays to quantify human proteins. Nat Methods. 2014; 11

(2):149–55. https://doi.org/10.1038/nmeth.2763 PMID: 24317253.

PLOS ONE Plasma markers of the success of rescue cerclage

PLOS ONE | https://doi.org/10.1371/journal.pone.0250031 April 15, 2021 17 / 17

https://doi.org/10.1038/jid.2013.48
http://www.ncbi.nlm.nih.gov/pubmed/23364479
https://doi.org/10.1038/nature01322
https://doi.org/10.1038/nature01322
http://www.ncbi.nlm.nih.gov/pubmed/12490959
https://doi.org/10.3389/fnmol.2018.00477
http://www.ncbi.nlm.nih.gov/pubmed/30618622
https://doi.org/10.1111/j.1471-0528.2011.03266.x
https://doi.org/10.1111/j.1471-0528.2011.03266.x
http://www.ncbi.nlm.nih.gov/pubmed/22324919
https://doi.org/10.1016/j.ajog.2016.01.004
http://www.ncbi.nlm.nih.gov/pubmed/26772790
https://doi.org/10.1038/nmeth.2309
http://www.ncbi.nlm.nih.gov/pubmed/23269374
https://doi.org/10.1038/nbt.1900
https://doi.org/10.1038/nbt.1900
http://www.ncbi.nlm.nih.gov/pubmed/21685906
https://doi.org/10.1038/nmeth.2763
http://www.ncbi.nlm.nih.gov/pubmed/24317253
https://doi.org/10.1371/journal.pone.0250031

