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Abstract

Introduction

To identify potential biomarkers in the plasma that could predict histologic chorioamnionitis
(HCA) in women with preterm premature rupture of membranes (PPROM), using shotgun
and targeted proteomic analyses.

Methods

This retrospective cohort study included 78 singleton pregnant women with PPROM (24-34
gestational weeks) who delivered within 96 h of blood sampling. Maternal plasma samples
were analyzed by label-free liquid chromatography-tandem mass spectrometry for prote-
ome profiling in a nested case-control study design (HCA cases vs. non-HCA controls [n =9
each)). Differential expression of 12 candidate proteins was assessed by multiple reaction
monitoring-mass spectrometry (MRM-MS) analysis in individual plasma samples from
cases and controls matched by gestational age at sampling (n = 40, cohort 1). A validation
study was further performed in an independent study group (n = 38, cohort 2) using ELISA
and turbidimetric immunoassay for three differentially expressed proteins.

Results

Shotgun proteomics analyses yielded 18 proteins that were differentially expressed (P <
0.05) between HCA cases and non-HCA controls. MRM-MS analysis of 12 differentially
expressed proteins further revealed that the CRP, C4A, and SAA4 levels were significantly
increased in women with HCA. A multi-marker panel comprising plasma SAA4 and C4A
showed enhanced potential for differentiating HCA from non-HCA women (area under the
curve = 0.899). Additional validation of these findings by ELISA assays revealed that the
CRP levels were significantly higher in women with HCA than in those without HCA,
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whereas the plasma levels of C4A and SAA4 did not significantly differ between the two
groups.

Conclusions

Plasma C4A, SAA4, and CRP were identified as potential biomarkers for detecting HCA in
women with PPROM, based on targeted and shotgun proteomic analyses, showing good
accuracy when used as a combined dual-biomarker panel (C4A and SAA4). Nevertheless,
ELISA validation of these proteins, except for CRP, may not yield clinically useful markers
for predicting HCA.

Introduction

Preterm premature rupture of membranes (PPROM), which precedes approximately 30-40%
of preterm births, is the main cause of neonatal morbidity, mortality, and long-term sequelae
[1, 2]. In particular, almost half of all PPROM cases are frequently complicated by subclinical
acute inflammation in the placenta and fetal tissue, commonly named as acute histologic chor-
ioamnionitis [HCA] [3, 4]. Increasing evidences suggest that HCA carries additional risks to
both the pregnant women and their fetuses, including greater risk of imminent preterm birth,
as well as sepsis, neurologic morbidity, and mortality in neonates [5-9]. However, the diagno-
sis of HCA is possible only after delivery, and hence, cannot be implemented in clinical prac-
tice. Thus, more accurate and early prenatal predictive markers (especially noninvasive ones)
are urgently needed for identifying subclinical HCA in the context of PPROM.

Traditionally, inflammatory biomarkers in the amniotic fluid (AF) detected via amniocen-
tesis, including pro-inflammatory cytokines and matrix metalloproteinases (MMPs), have
been considered to be clinically useful predictors of subclinical HCA in women with PPROM
[6,7, 10, 11]. However, amniocentesis is invasive and technically difficult to perform, espe-
cially in women with severe oligohydramnios secondary to PPROM, thereby limiting the util-
ity of these markers in the clinical practice. Importantly, increased levels of various cytokines
and MMPs were reported to occur concurrently in the maternal blood and AF compartments
in cases of HCA/microbial invasion of the amniotic cavity (MIAC), in the context of PPROM
[12-14]. Moreover, as a hallmark of inflammation of the chorioamniotic membranes, neutro-
phils derived from the fetal membranes in acute HCA are predominantly of maternal origin,
whereas the neutrophils found in the umbilical cord and chorionic vessels on the chorionic
plate of placenta are of fetal origin [15-17]. Fetal cells and fetal exosomes enter the maternal
circulation during pregnancy [18, 19]. Thus, the development of acute HCA may be well
reflected in the maternal circulation via mediators associated with neutrophils derived from
maternal and fetal origin. Consequently, an approach using maternal blood samples may pro-
vide a feasible alternative to AF assessment for the prediction of HCA in PPROM. However, to
date, few information is available on the role of multiple protein mediators in maternal circula-
tion that are causally linked to HCA development in women with PPROM, particularly when
assessed using high-throughput screening platforms.

Noteworthy, quantitative mass spectrometry (MS)-based proteomics has recently emerged
as one of the most powerful tools for high-throughput protein screening, particularly for dis-
ease-specific proteins of low abundance [20], showing promising results for the discovery of
novel serum protein markers in the field of complex syndromes with multiple causes, such as
preterm birth [21-23]. In particular, multiple reaction monitoring-mass spectrometry
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(MRM-MS) analysis became the primary technique for quantitative proteomics, which pro-
vides high selectivity, sensitivity, and the capability to quantitate numerous peptides or pro-
teins simultaneously [24, 25]. However, to date, the use of the aforementioned approaches to
identify biomarkers of HCA in maternal blood from women with PPROM has not been
attempted, despite that this approach in the discovery phase has been applied using PPROM
AF samples in relation to acute HCA [26-28]. We hypothesized that shotgun and targeted
proteomic analyses of the plasma samples would lead to the identification of a set of sensitive,
novel markers of acute HCA among patients with PPROM. Our aim was to identify potential
plasma biomarkers that could predict HCA in women with PPROM, using shotgun and tar-
geted proteomic analyses.

Materials and methods
Study design and participants

A retrospective cohort study was conducted in women with singleton pregnancies who were
admitted to the Department of Obstetrics and Gynecology at the Seoul National University
Bundang Hospital, Seongnamsi, Republic of Korea, between June 2004 and July 2015. Women
who were diagnosed with PPROM from 24+0 to 34+6 weeks of gestation, who delivered a live
fetus within four days (96 h) of blood sample collection, and had available data for placental
histopathology were included in the study. Women were excluded if they had (1) a time inter-
val of more than 96 h from plasma sampling to delivery (this criterion was used to preserve a
significant time-related association between the proteins assayed in the blood and the occur-
rence of pathological placental lesions), (2) multiple gestations, (3) evidence of clinical chor-
ioamnionitis at the time of admission; and (4) a fetus with major congenital anomalies.
PPROM was defined as clinically confirmed fetal membrane rupture with leakage of AF pre-
ceding the onset of labor and at < 37 weeks of gestation. This condition was diagnosed by
visual examination, using a sterile speculum, to confirm pooling of AF in the vagina (or fluid
leakage from the cervix) in association with a positive nitrazine test and/or AmniSure ROM
test (Qiagen, Hilden, Germany). The primary outcome measure was subclinical histologic
chorioamnionitis. The study was approved by the Ethics Committee of the Seoul National
University Bundang Hospital (project number B-1311/228-010). Written informed consent
was obtained from all study participants for the collection and use of blood samples and the
use of the clinical information for research purposes.

Fig 1 shows a brief flowchart of the inclusion of the participants according to the experi-
mental phases. For the proteomic study based on label-free liquid chromatography (LC)-tan-
dem mass spectrometry (MS/MS) and verification using MRM-MS analysis, 20 patients with
HCA (case subjects) were randomly selected among the initial 40 HCA patients using a ran-
dom sequence generator and 20 control patients were matched according to parity, length of
specimen storage (+ 5 years), maternal age (+ 5 years), and gestational age at sampling (+ 1.5
weeks) (n = 40, cohort 1). In the discovery phase using label-free LC-MS/MS, a nested case-
control study comprising 9 patients with PPROM and HCA (case subjects) and 9 gestational
age-matched patients with PPROM without HCA (control subjects) was conducted, all of
which were selected among cohort 1 (Fig 1). To verify the biomarker candidates selected from
the discovery experiment, MRM-MS was performed in the MRM-verification set of 40 indi-
vidual samples (cohort 1). Finally, in the enzyme-linked immunosorbent assays (ELISA) vali-
dation phase, the levels of transforming growth factor-beta-induced (TGFBI), which was
accidentally missed in the MRM analysis, and biomarkers showing significant association with
HCA in the MRM-MS verification phase were assessed using plasma samples from the remain-
ing 20 HCA cases and 18 non-HCA controls (n = 38, cohort 2) (Fig 1).
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Fig 1. A brief flow chart of patients included in the proteomic and immunoassay analyses. ELISA, enzyme-linked immunosorbent assay; HCA, histologic
chorioamnionitis; PPROM, preterm premature rupture of membranes; MRM-MS, multiple reaction monitoring-mass spectrometry.

https://doi.org/10.1371/journal.pone.0270884.9001

Biological sample collection and processing

At enrollment, maternal venous blood samples were collected in ethylenediaminetetraacetic
acid tubes after routine measurements of serum C-reactive protein (CRP) concentration in
patients diagnosed with PPROM. The CRP concentrations were measured using a latex-
enhanced turbidimetric immunoassay (Denka Seiken, Tokyo, Japan) in an automated analyzer
(Toshiba 200FR; Toshiba, Tokyo, Japan). The samples were immediately centrifuged at 1500 x
g for 10 min, and the supernatant was aliquoted and stored at —70°C until further use.

The methods for the collection of placental tissue samples and processing for histologic
assessment have previously been reported [29, 30], and a detailed description is provided in
Supplementary Materials. Placental histopathology was performed by board-certified patholo-
gists blinded to the clinical data.

Definition, diagnosis, and management of PPROM

Management of PPROM and pathological diagnosis of acute and clinical chorioamnionitis
were conducted as previously described [31-33], and detailed descriptions are provided in
Supplementary Materials. Briefly, prophylactic broad-spectrum antibiotics (ampicillin plus
macrolides [azithromycin, clarithromycin, or erythromycin]) were administered to all patients
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presenting with PPROM. For patients with PPROM pregnancies between 23 and 34 weeks of
gestation, antenatal corticosteroids were used to support fetal lung maturation. Intravenous
tocolytic therapy, such as atosiban, magnesium sulfate, or ritodrine, was administered to
patients with PPROM at < 34 weeks of gestation at the discretion of the attending physicians.

Diagnosis of HCA and funisitis

Acute HCA was diagnosed when acute inflammatory change was detected in any tissue sample
(fetal membranes [amnion and chorion-decidual], chorionic plate, or umbilical cord), in accor-
dance with a previously detailed definition [30]. Acute funisitis was diagnosed when neutro-
phils infiltrated the wall of the umbilical cord vessels and/or Wharton’s jelly using previously
published criteria. The presence and degree of acute inflammation was assessed and classified
as grade 0, 1, or 2 based on previously published criteria [30].

Label-free LC-MS/MS analysis (discovery phase)

Individual plasma samples from HCA cases (n = 9) and non-HCA controls (n = 9) were used
to identify potential plasma protein biomarker candidates. Proteins from each plasma sample
were digested with trypsin and analyzed using a Q Exactive Plus Hybrid Quadrupole-Orbitrap
Mass Spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) coupled to an Ultimate
3000 RSLC system (Dionex, Waltham, MA, USA) with a nanoelectrospray source. The MS
and MS/MS data were searched against the UniProt human database (release date: December
2014) for protein identification using MaxQuant (version 1.6.1.0.) [34, 35]. To extract differen-
tially expressed proteins (DEPs) between non-HCA and HCA groups, bioinformatics analysis
was performed using Perseus software (version 1.6.0.2, https://maxquant.net/perseus/) [36,
37]. Detailed descriptions of the discovery phase experiments are provided in Supplementary
Materials. The spectra generated in this study has been submitted to the PRIDE database; Proj-
ect Accession PXD027573 (to view please use reviewer account username: reviewer_px-
d027573@ebi.ac.uk and password: HFm1lofE).

Targeted LC-MRM-MS analysis (verification phase)

Target proteins selected from DEPs acquired by label-free quantification were subjected to
LC-MRM-MS analyses using a triple quadrupole (QQQ) mass spectrometer to measure and
compare the abundance of the target proteins in individual samples (detailed description of
MRM method development is provided in Supplementary Materials). For MRM verifica-
tion, 12 proteins, except for five immunoglobulin-domain proteins and (accidentally
missed) TGFBI, were selected for the MRM-MS assay. A multiplexed MRM method that
quantified 49 surrogate peptides derived from 12 proteins in a one-time sample injection
was established. Relative quantification of each target peptide was performed using 40 indi-
vidual plasma samples from cohort 1 and the established LC-MRM-MS method. The MRM
data are deposited into Panorama Public: https://panoramaweb.org/0EOuoM.url (to view
please use reviewer account username: panorama-+reviewer54@proteinms.ne and password:
zhSUQMpm).

Enzyme-linked immunosorbent assays (ELISA) (validation phase)

Based on the proteomics results, the plasma concentration of complement C4-A (C4A; BD Bio-
sciences, San Jose, CA, USA), serum amyloid A4 (SAA4; Novus Biologicals, Centennial, CO,
USA), and TGFBI (DuoSet ELISA; R&D System, Minneapolis, MN, USA) were further vali-
dated in 38 individual samples (cohort 2) using ELISA kits, according to the manufacturers’
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instructions. Prior to the measurement of the protein levels, the maternal plasma samples were
diluted at 1:4 for SAA4, 1:5000 for TGFBI, and 1:100000 for C4A. For the SAA4 assay, the
plasma samples that contained SAA4 at concentrations higher than 20.0 ng/mL were diluted at
1:30 for final analysis. The intra- and interassay coefficients of variation were 4.1% and 6.6% for
C4A, 4.1% and 10.2% for SAA4, and 1.6% and 4.3% for TGFBI, respectively.

Statistical analysis

Data analyses were performed using SPSS version 25.0 (IBM Corp., Armonk, NY, USA). Com-
parison of clinical data, relative abundance levels of the candidate proteins, and their concen-
trations obtained by ELISA was performed using the Mann-Whitney U test for non-
parametric variables. Comparison of categorical data was performed using the chi-squared or
Fisher’s exact tests, where appropriate. MRM results were expressed as mean + standard devia-
tion and were further analyzed using multivariate logistic regression analyses to evaluate the
independent relationship of the plasma levels of the candidate biomarkers with HCA risk,
adjusting for baseline covariates (such as gestational age at sampling) that had a P-value < 0.05
in univariate analysis. In the logistic regression model, continuous data of various biomarkers
were transformed into binary variables defined by cutoff values, according to their receiver
operating characteristics (ROC) curve, to overcome the imposed analytical limitations of their
left-skewed distribution and achieve clinically relevant decisions [38]. The best cutoff points
were determined using the maximum Youden index (maximum [sensitivity + specificity- 1]).
Finally, to establish the best protein panel to distinguish patients with and without HCA based
on the identified candidate plasma biomarkers, a multivariate logistic regression analysis was
performed using the forward stepwise method. Prior to the construction of a multi-marker
panel, we performed correlation analyses between all markers to evaluate multicollinearity
among the 11 candidate peptides that were significantly up- or down-regulated, as demon-
strated by MRM-MS analyses. The peak area ratios (PARs) of different peptides derived from
the same protein showed almost perfect correlation with each other (four peptides for CRP:

r = 0.891-0.996; five peptides for the SAA4 protein: r = 0.701-0.988; and two peptides for the
C4A protein: r = 0.861). Hence, in this stepwise regression model, only one peptide per pro-
tein, which was selected based on the highest value of AUCs of different peptides, was
included. The Spearman’s rank correlation test was used to evaluate the correlation between
the PARs of the markers. The dichotomized variables were also used as independent variables
to develop a plasma multiple-biomarker panel. Using a previously described method [39], the
areas under the ROC curves (AUCs) for each protein were calculated and compared. All prob-
ability values indicated are two-tailed, and P-values < 0.05 were deemed statistically
significant.

Results

During the study period, 161 consecutive women diagnosed with PPROM who met the inclu-
sion criteria were recruited for this study, among whom 82 delivered after 96 h of sampling;
thus were excluded from the study (Fig 1). During the biomarker discovery phase, one patient
was further excluded because her plasma sample was identified as an outlier by principal com-
ponent analysis (PCA; S1 Fig) and because it showed a remarkably low amount of peptides.
The amount of peptides in the outlier ranged from 23.3% to 36.8% compared to that in the
remaining samples. Overall, 78 samples from women with PPROM (40 cases of HCA and 38
controls without HCA) were used for the present analyses. A detailed description of the inclu-
sion of study participants employed for proteomic studies in the discovery and verification
stages has been provided in the Supplementary Materials.
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Demographic and clinical characteristics of the discovery cohorts

The baseline clinical characteristics of the discovery cohort used for quantitative label-free
proteomic analysis for the identification of biomarkers associated with HCA are described in
Supplementary Information S1 Table. Owing to matching, HCA cases and non-HCA controls
did not differ regarding gestational age at sampling, parity, maternal age, and medication use.

Quantitative proteomic analysis and selection of DEPs (discovery phase)

Fig 2 shows the workflow for the discovery, verification, and validation of plasma biomarkers
that could differentiate HCA cases from non-HCA controls. Label-free LC-MS/MS analyses of
18 individual plasma samples accurately identified and quantified 256 plasma proteins (at least
one unique peptide; at a 1% false discovery rate; S2 Table). Forty-two proteins (16.4%, 42/256)
were identified with one unique peptide; all others were identified with two or more peptides.
Among these 256 proteins, 18 proteins showed significantly different expressions between the
HCA and non-HCA groups, of which 13 (72.2%) were upregulated and 5 (27.8%) were down-
regulated in HCA cases (S2 Fig). Hierarchical clustering analysis of these 18 DEPs revealed
that their expression patterns were in general different between the non-HCA control and
HCA case groups (53 Fig; S3 Table).

Gene ontology (GO) enrichment analysis of the identified DEPs

To gain insight into the function of the identified 18 DEPs, GO enrichment analysis was performed
using DAVID (https://david.ncifcrf.gov). To gain insight into the function of the identified 18
DEPs, GO enrichment analysis was performed using DAVID (https://david.ncifcrf.gov) [40]. The
top five enriched biological processes of the DEPs were protein activation cascade, phagocytosis,
complement activation (classical pathway), humoral immune response, and complement activation
(54 Fig). Moreover, these pathway-related proteins were upregulated in HCA cases.

Targeted protein verification via LC-MRM-MS analysis (verification phase)

To further assess the DEPs identified, MRM-MS analysis was performed using 40 individual
plasma samples from cohort 1 (20 HCA cases and 20 non-HCA controls). S5 Fig shows the
representative response curves of the heavy peptides spiked into the plasma matrix at different
concentrations using the optimized MRM transitions. The relative quantification of 49 surro-
gate peptides from 12 of the 18 identified DEPs (except immunoglobulin-domain proteins and
accidently missed TGFBI) was performed using the established LC-MRM-MS method (54 and
S5 Tables). The measured abundance of each peptide, expressed as the light (i.e., endogenous)
peptide to heavy peptide PAR, was compared between the HCA and non-HCA groups. Over-
all, 11 peptides from three proteins (C4A, CRP, and SAA4) exhibited statistically significant
changes (P < 0.05). Specifically, the levels of AFVFPK, ESDTSYVSLK, GYSIFSYATK, and
QDNEILIFWSK from CRP; EALQGVGDMGR, AYWDIMISNHQNSNR, GNYDAAQR,
GPGGVWAAK, and FRPDGLPK from SAA4; as well as VLSLAQEQVGGSPEK and
QGSFQGGFR from C4A, were found to be significantly higher in the plasma of women with
HCA than in the non-HCA control group (Table 1 and S6 Fig). ROC analyses of the PARs of
the 11 dysregulated peptides (Table 1) showed that their AUCs ranged from 0.695 to 0.830,
and did not differ significantly from each other (all variables: P = 0.21-0.96).

Unlike the results obtained from the discovery cohort, univariate analysis of the MRM-veri-
fication cohort data showed that gestational age at sampling was significantly lower in women
with HCA (P = 0.043; Table 2), despite of the attempted matching for gestational age at sam-
pling between the groups. Therefore, the data were adjusted for baseline differences in
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Fig 2. Schematic workflow of the discovery (label-free LC-MS/MS), verification (LC-MRM-MS), and validation (immunoassay) experiments. C4A, complement
C4-A; CRP, C-reactive protein; HCA, histologic chorioamnionitis; LC, liquid chromatography; MRM-MS, multiple reaction monitoring-mass spectrometry; MS/MS,
tandem mass spectrometry; SAA4; serum amyloid A4; SIS, stable isotope-labeled standard; TGFBI, transforming growth factor-beta-induced.

https://doi.org/10.1371/journal.pone.0270884.9002

gestational age at sampling using multivariate logistic analyses. All continuous factors were
entered as dichotomous factors in the multivariate logistic regression model using cutoff
points obtained from the ROC curve analysis. The optimal cutoff values for gestational age at
sampling and the PARs of AFVFPK, ESDTSYVSLK, GYSIFSYATK, QDNEILIFWSK,
EALQGVGDMGR, AYWDIMISNHQNSNR, GNYDAAQR, GPGGVWAAK, FRPDGLPK,
VLSLAQEQVGGSPEK, and QGSFQGGEFR were < 33.0 weeks, > 0.1835, > 0.2865, > 0.1227,
>0.1045, > 0.5665, > 0.2123, > 1.5443, > 1.2296, > 1.2268, > 0.9058, and > 0.4872, respec-
tively (Table 1). High PARs for AFVFPK, ESDTSYVSLK, GYSIFSYATK, QDNEILIFWSK,
EALQGVGDMGR, AYWDIMISNHQNSNR, GNYDAAQR, GPGGVWAAK, FRPDGLPK,
VLSLAQEQVGGSPEK, and QGSFQGGEFR were significantly associated with the occurrence
of HCA, after adjusting for low gestational age at sampling (< 33.0 weeks, Table 3).

Multiple-marker panel as predictor of HCA

To develop the best multiple-marker panel for the MRM-MS dataset, based on the combina-
tion of the identified biomarker candidates, multivariate analysis with a forward selection was
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Table 1. Correlation between relative abundance of plasma biomarkers and histologic chorioamnionitis, with corresponding areas under the curves and optimal

cutoff values for each protein.

Peptide sequence

AFVFPK (CRP)

ESDTSYVSLK (CRP)
GYSIFSYATK (CRP)
QDNEILIFWSK (CRP)
EALQGVGDMGR (SAA4)
AYWDIMISNHQNSNR (SAA4)
GNYDAAQR (SAA4)
GPGGVWAAK (SAA4)

FRPDGLPK (SAA4)

VLSLAQEQVGGSPEK (C4A)
QGSFQGGER (C4A)

Histologic chorioamnionitis

Absent (n = 20)

0.112 +0.139
0.139 + 0.169
0.062 + 0.075
0.133 +0.154
0.359 +0.135
0.133 +0.052
1.171 £ 0.369
0.973 +0.339
0.966 + 0.312
1.063 + 0.378
0.520 + 0.202

Present (n = 20)

0.467 + 0.698
0.575 + 0.876
0.274 + 0.436
0.311 +0.383
0.582 + 0.231
0.213 +0.089
1.857 +0.597
1.488 +0.528
1.534 £ 0.503
1.334 + 0.449
0.680 + 0.222

P-value

0.007
0.007
0.007
0.033
0.002
0.006
<0.001
0.001
<0.001
0.035
0.035

AUC

0.750
0.751
0.748
0.700
0.780
0.759
0.830
0.800
0.828
0.695
0.695

AUG, areas under the curves; CRP, C-reactive protein; SAA4; serum amyloid A4; C4A, complement C4-A.

Data are given as the means + standard deviation (peak area ratio).

* Values are given as %.

https://doi.org/10.1371/journal.pone.0270884.t001

Cutoff value

>0.1835
>0.2865
>0.1227
>0.1045
>0.5665
>0.2123
>1.5443
>1.2296
>1.2268
>0.9058
>0.4872

Sensitivity *

55.0
50.0
50.0
68.4
65.0
68.4
80.0
80.0
80.0
85.0
80.0

Specificity *

90.0
95.0
95.0
70.0
95.0
94.7
85.0
75.0
80.0
55.0
55.0

performed on three biomarker candidates with P < 0.05 from the univariate analysis. As

described in the statistical analysis section, only one peptide per protein, which was selected
based on the highest value of AUCs of different peptides, was included in this stepwise regres-
sion model. Peptides ESDTSYVSLK, GNYDAAQR, and VLSLAQEQVGGSPEK were selected
for CRP, SAA4, and C4A proteins, respectively, and included in the stepwise regression analy-
sis. A two-marker panel for the diagnosis of HCA, consisting of high PARs for GNYDAAQR
(SAA4 > 1.5443) and VLSLAQEQVGGSPEK (C4A > 0.9058), was identified as the best com-
bination of multiple markers (Table 4), with AUC values of 0.899 (95% confidence interval
[CI]: 0.802-0.995; P = 0.796 by Hosmer-Lemeshow test). Moreover, a cutoff value of > 0.43
was identified as the optimal threshold, with a sensitivity of 80% and a specificity of 85% for
the diagnosis of HCA. The AUC for this multiple-marker panel was significantly larger than

Table 2. Demographic and clinical characteristics of women with preterm premature rupture of membranes included in the MRM verification cohort.

Age (years)
Nulliparity

Gestational age at sampling (weeks)

Gestational age at delivery (weeks)

Male gender
Use of antibiotics

Use of tocolytics

Use of corticosteroids

Serum CRP (mg/dL)

Funisitis

MRM, multiple reaction monitoring; CRP, C-reactive protein.

Values are given as the mean + SD or % (n).

https://doi.org/10.1371/journal.pone.0270884.t002

Histologic chorioamnionitis

Absent (n = 20)
29.7+£3.7
50.0% (10/20)
33.0+14
332+14
45% (9/20)
100% (20/20)
35.0% (7/20)
75.0% (15/20)
0.50 + 0.40
0% (0/20)

Present (n = 20)

30.7 +4.2
45.0% (9/20)
31.8+1.9
322419
50% (10/20)
95.0% (19/20)
70.0% (14/20)
75.0% (15/20)
1.59 + 1.91
35.0% (7/20)

P-value

0.512
1.000
0.043
0.157
0.752
1.000
0.056
1.000
0.041
0.004
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Table 3. Multivariate logistic regression analysis assessing the association between the various maternal plasma proteins and histologic chorioamnionitis in women
with preterm premature rupture of membranes included in the MRM verification cohort.

Variables® Adjusted odds ratio (95% confidence interval)® P-value®
AFVFPK (CRP) 10.410 (1.756-61.721) 0.010
ESDTSYVSLK (CRP) 18.072 (1.885-173.246) 0.012
GYSIFSYATK (CRP) 18.072 (1.885-173.246) 0.012
QDNEILIFWSK (CRP) 5.065 (1.197-21.439) 0.028
EALQGVGDMGR (SAA4) 28.434 (3.034-266.449) 0.003
AYWDIMISNHQNSNR (SAA4) 38.379 (3.439-428.295) 0.003
GNYDAAQR (SAA4) 18.342 (3.371-99.812) 0.001
GPGGVWAAK (SAA4) 11.734 (2.410-57.121) 0.002
FRPDGLPK (SAA4) 12.790 (2.481-65.945) 0.002
VLSLAQEQVGGSPEK (C4A) 12.109 (1.902-77.113) 0.008
QGSFQGGEFR (C4A) 6.362 (1.300-31.138) 0.022

CRP, C-reactive protein; SAA4; serum amyloid A4; C4A, complement C4-A.

* All continuous predictors were entered as dichotomous variables using the cut-off values derived from the receiver-operating characteristic curves to predict histologic
chorioamnionitis.

? Variables were dichotomized: high AFVFPK (> 0.1835 vs. < 0.1835), high ESDTSYVSLK (> 0.2865 vs. < 0.2865), high GYSIFSYATK (> 0.1227 vs. < 0.1227), high
QDNEILIFWSK (> 0.1045 vs. < 0.1045), high EALQGVGDMGR (> 0.5665 vs. < 0.5665), high AYWDIMISNHQNSNR (> 0.2123 vs. < 0.2123), high GNYDAAQR
(> 1.5443 vs. < 1.5443), high GPGGVWAAK (> 1.2296 vs. < 1.2296), high FRPDGLPK (> 1.2268 vs. < 1.2268), high VLSLAQEQVGGSPEK (> 0.9058 vs. < 0.9058),
and high QGSFQGGEFR (> 0.4872 vs. < 0.4872).

® Adjusted for low gestational age at sampling (<33.0 weeks).

¢ For the adjusted odds ratio.

https://doi.org/10.1371/journal.pone.0270884.t003

the AUC for VLSLAQEQVGGSPEK (C4A), but not GNYDAAQR (SAA4) (P =0.012 and
P =0.196, respectively; Fig 3).

Validation of protein biomarkers by ELISA

A validation study was also performed in an independent study group (n = 38, cohort 2) for
C4A, SAA4, and CRP, which were significantly highly expressed in HCA cases compared with
non-HCA controls in the targeted proteomic analysis. As observed in the targeted proteomics,
the median plasma levels of CRP were significantly higher in women with HCA than in those
without HCA (P < 0.001, Fig 4), and this difference remained significant even after adjusting
for gestational age at sampling (odds ratio [OR]: 7.53; 95% CI: 1.10-51.34; P = 0.039) (S6
Table). However, the plasma levels of C4A and SAA4, as determined by ELISA, did not signifi-
cantly differ between the HCA and non-HCA groups in cohort 2 and the entire study cohort

Table 4. Regression coefficients, odds ratios, and 95% confidence intervals of the best protein panel” for predicting histologic chorioamnionitis.

Predictor Beta-coefficient SE OR (95% CI) P-value
High GNYDAAQR (SAA4) (> 1.5443)" 3.686 1.146 39.899 (4.219-377.330) 0.001
High VLSLAQEQVGGSPEK (C4A) (> 0.9058)" 2.703 1.213 14.929 (1.385-160.953) 0.026
Constant -3.497 1.253 0.030 0.005

SE, standard error; OR, odds ratio; CI, confidence interval; SAA4; serum amyloid A4; C4A, complement C4-A.

"Variables were dichotomized: high GNYDAAQR (> 1.5443 vs. < 1.5443) and high VLSLAQEQVGGSPEK (> 0.9058 vs. < 0.9058).

*Formula that was generated to predict histologic chorioamnionitis was as follows: Y = log, (Z) = -3.497 + 3.686 (if GNYDAAQR was > 1.5443) + 2.703 (if
VLSLAQEQVGGSPEK was > 0.9058). Z = e¥ and risk (%) = [Z/(1 + Z)]x 100.

https://doi.org/10.1371/journal.pone.0270884.t004
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Fig 3. (A) ROC curves for three plasma GNYDAAQR (SAA4) and VLSLAQEQVGGSPEK (C4A) levels to predict HCA (area under the curve [AUC] +
standard error [SE] = 0.830 + 0.071 and 0.695 * 0.084, respectively). (B) ROC curve for the best combined predictive model [including plasma
VLSLAQEQVGGSPEK (C4A) and GNYDAAQR (SAA4)] to predict HCA, with an AUC = 0.899 (P < 0.05 for VLSLAQEQVGGSPEK vs. the combined
predictive model, and P = 0.19 for GNYDAAQR vs. the combined predictive model). C4A, complement C4-A; HCA, histologic chorioamnionitis; ROC,
receiver operating characteristic; SAA4; serum amyloid A4.

https://doi.org/10.1371/journal.pone.0270884.9003

(Fig 4 and S7 Table). For TGFBI, which was inadvertently missed in the targeted proteomic
assay, its plasma levels determined by ELISA did not significantly differ between the non-HCA
and HCA groups within cohorts 1 and 2 (Fig 4), and the total study cohort (S7 Table).

Discussion

This study aimed to identify the potential biomarkers in blood plasma that are associated with
HCA in patients with PPROM and to develop a multimarker panel to improve discriminatory
power by combining these biomarker candidates. Overall, this study identified 18 DEPs using
label-free LC-MS/MS analysis in peripheral plasma samples of women with PPROM and HCA
and characterized their potential biological pathways. Moreover, among 12 DEPs verified by
MRM-MS analysis, three plasma proteins (CRP, C4A, and SAA4) were confirmed as potential
independent biomarkers for the detection of HCA, which allowed to develop a two-marker
panel (with AUC values of 0.899, comprising GNYDAAQR and VLSLAQEQVGGSPEK pep-
tides of SAA4 and C4A, respectively) that could help improve the prediction of HCA. Lastly,
CRP, C4A, and SAA4 were further assessed in plasma samples from an independent cohort of
women with PPROM using ELISA, but only CRP was detected at significantly higher concen-
trations in PPROM women with HCA compared with those without HCA. Using MS-based
proteomic technology, this study provides new insights for a better understanding of the
molecular responses and biochemical mechanisms underlying acute inflammatory processes
in the placenta that could be detected in the maternal circulation.

In the context of PPROM, an ideal HCA prediction tool would accurately and noninva-
sively identify women at higher risk. In the present study, the discriminatory ability of plasma
C4A, SAA4, and CRP ranged between AUC 0.695-0.830 as single markers for noninvasively

PLOS ONE | https://doi.org/10.1371/journal.pone.0270884  July 7, 2022 11/22


https://doi.org/10.1371/journal.pone.0270884.g003
https://doi.org/10.1371/journal.pone.0270884

PLOS ONE

Plasma proteomics and histologic chorioamnionitis

CRP (mg/dL)

SAA4 (ng/mL)

P<0.001 P=0.770
8 [ 1 250 [ |
T .
L ]
7 50 —
6 - —_ ®
- 40 —
5 . € ]
N o0 oo
4 . 2 30 - .
N
$ 25.37 oo oo
3 243 g 20 )
PR ... L °®
(9]
2 — 3
10 o ¢
1 ° H LY oo®
0.33 X. ses $
0 0
T T T
No HCA HCA No HCA HCA
[ P=0.748 — P=0.522
160 T 6 [ _
L]
100 - 5 - .
. o N
80 g 4 - ‘: .;
m { ] L3
60 - U = 3 ':. 264 ge 266
. i » H
40 ....o oS E 2 o0
20 - R S ® 1801 1 4
q o0
o oole0
0 T T 0 T T
No HCA HCA No HCA HCA

Fig 4. Plasma levels of C-reactive protein (CRP), complement C4-A (C4A), serum amyloid A4 (SAA4), and transforming growth factor-
beta-induced (TGFBI) in histologic chorioamnionitis (HCA) cases and non-HCA controls. All samples analysed (n = 20 and 18,
respectively) were from study cohort 2. Horizontal lines indicate the respective median values.

https://doi.org/10.1371/journal.pone.0270884.9004

classifying HCA, suggesting that any single marker alone is not sufficiently useful in clinical
practice. The best protein multi-marker panel herein identified resulted from the combination
of C4A and SAA4, but only marginally improved HCA risk prediction compared with plasma
SAA4 alone, as shown by a small change in AUC values (0.899 vs. 0.830, P = 0.196). Baseline
demographic and clinical factors, such as gestational age at sampling, parity, and amniotic
fluid index, were also strongly associated with the occurrence of HCA [14, 41]; thus, it could
be useful to assess whether the herein identified proteomic plasma biomarkers in combination
with these clinical factors could significantly improve the prediction of HCA.

Using proteomic shotgun and targeted approaches, SAA4, C4A, and CRP were identified as
potential noninvasive biomarkers for the detection of HCA in patients with PPROM. C4A is a
protein that belongs to the anaphylatoxin family (C3A, C4A, and C5A) produced by the activa-
tion of the complement system, which plays an important role in immune protection, immune
tolerance, and immune complex clearance. C4A is known to be expressed in the placenta [42,
43]. Consistent with the known function and expression site of C4A, in the context of preterm
labor, previous cross-sectional studies revealed that elevated levels of C4A in AF (but not in
plasma) were significantly increased in patients with MIAC compared to those without MIAC
[44, 45]. However, to date, no studies have investigated whether altered C4A levels in the
plasma are associated with the development of HCA in PPROM. The present study provides
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evidence for a causal association between elevated plasma C4A levels and HCA using a tar-
geted proteomic approach, but this association should be further confirmed by additional
studies with larger patient cohorts.

SA A4, also known as a constitutive SAA (or C-SAA), is a novel member of the SAA super-
family that is synthesized constitutively in the liver, and is a minor acute-phase reactant in
humans [46, 47]. It is also expressed in the placenta, including the decidua and villous tissue
[48]. In contrast to SAA4, SAAL and SAA2 (A-SAA) respond to acute phase reactions as a
major acute-phase reactant during inflammation [49]. Data from a previous study comprising
a small sample size (n = 43) showed that serum SAA levels, as determined by ELISA, were sig-
nificantly elevated in women with PPROM and HCA than in those without HCA [50]. Never-
theless, in the available reports, the expression of the various SAA subtypes, especially SAA4,
has not yet been investigated in women with PPROM concerning subclinical HCA and MIAC.
This study demonstrated for the first time, using MRM-MS analyses, that SAA4 levels were
significantly increased in the plasma of women with PPROM and HCA. These findings are, in
part, supported by previous studies demonstrating that SAA4 may play a role in inflamma-
tion-related atherogenesis and that changes in serum SAA4 levels were associated with inflam-
matory activities in patients undergoing renal allograft transplantation, although the
magnitude of changes was not larger than a 3-fold increase [47, 51].

CRP is a protein that is expressed during inflammation or tissue injury (the acute-phase
response) with a peak within 2-3 days of illness, and is produced primarily by the liver in
response to inflammatory mediators, particularly interleukin-6 [52]. In the obstetric field, sev-
eral studies have explored the role of serum CRP as a predictor of HCA and/or MIAC. Ele-
vated CRP levels in circulation were found to be associated with these two outcomes in
women with PPROM, although these associations were weak and conflicting [7, 14, 53, 54]. In
particular, a recent study with a large cohort of PPROM patients (n = 386) showed a weak
association between the occurrence of HCA and elevated serum CRP levels, which is in agree-
ment with the findings of the present study [54]. The discrepant result for CRP among studies
is most likely related to the eligibility criteria of each study cohort, in particular, regarding
time interval between maternal blood and placental samplings. In particular, Ray et al.
reported that plasma levels of CRP progressively and significantly increased in HCA patients,
with a difference from the non-HCA group becoming statistically significant 2 days before
delivery [41].

The present study identifies an important question regarding elucidating mechanisms
underlying the alteration of the expressions of C4A, SAA4, and CRP in maternal plasma medi-
ated by acute HCA. We speculate that the mechanisms are likely to be associated with the loca-
tion where C4A, SAA4, and CRP are produced. Typically, local infection/inflammation (i.e.,
MIAC/intra-amniotic inflammation in utero, as well as “sterile” intra-amniotic inflammation)
has been considered to be the cause of acute HCA [16]. Thus, the levels of proteins that are
mainly produced in the liver in response to the infectious/inflammatory signal in the amniotic
cavity can be elevated in the maternal circulation. In contrast, the levels of proteins that are
produced only by immune cells at the original site of infection (i.e., amniotic cavity) can be
increased in the local areas (e.g., AF and fetal membranes) surrounding to the site at which
they are originally produced but not in the maternal plasma. In fact, the liver is the main organ
that can synthesize and secrete C4A, SAA4, and CRP in response to local inflammatory stimuli
[most prominently IL-6 for acute-phase proteins (e.g., CRP and SAA4)] [46, 47, 52, 55].

In the current study, only one out of the three proteins identified by targeted proteomics
was validated by ELISA, which could be due to (1) the relatively small sample size; (2) a greater
difference of gestational age at sampling between the case and control groups in the cohort 2
compared with that in cohort 1. Additionally, compared with MRM-MS proteomic assays,
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ELISA has fundamental flaws, including a comparatively lower sensitivity to measure protein
concentrations, cross-reactivity of the antibodies with non-target antigens, high-dose hook
effect, and the likelihood of interference of autoantibodies and anti-reagent antibodies [56].
Despite several advantages of MRM assays over ELISAs, the following several issues could
affect the accuracy of MRM-based quantitation: (1) inappropriate fraction preparation of the
complex mixture containing other proteins with high abundance (i.e., serum or plasma),
which may lead to the presence of interfering molecules in the mixture [57]; incomplete diges-
tion of proteins with trypsin [58]; (3) and the presence of artifactual peptide modifications
(i.e., carbamylation, oxidation) [57]. Consequently, these two assays (MRM and ELISA) are
complementary to each other; however, they may not replace one another [59]. This discrep-
ancy could also be attributed to the fact that the MRM quantitation was based on individual
peptides, whereas the ELISA quantification was performed using antibodies targeting specific
epitopes on the surface of whole protein molecules.

In the present study, GO enrichment analysis revealed that the top-ranked biological pro-
cesses detected in the maternal plasma related to the development of HCA were protein activa-
tion cascade, phagocytosis, complement activation (classical pathway), and humoral immune
response. Previous pre-clinical in vivo studies have implicated the protein activation cascade in
the pathogenesis of intestinal inflammation and bacterial infection [60, 61]. In addition, a
recent study using AF samples has shown that regulation of the protein activation cascade is
significantly involved in the pathogenesis of late PPROM complicated by both HCA and
MIAC [62]. A recent study using ex vivo phagocytosis assays, and scanning and transmission
electron microscopy showed that phagocytosis by AF neutrophils was observed in the amniotic
cavity of patients with intra-amniotic infection, suggesting that neutrophil phagocytosis is an
important host defense mechanism for killing microbes invading the amniotic cavity [63]. It is
well acknowledged that the complement activation cascade is highly associated to enhanced
inflammation and immunity [64]. Collectively, the present data on biological functional path-
ways suggested that infection, inflammation, and immune cascades that took place simulta-
neously in the maternal circulation were most importantly associated with PPROM
complicated by HCA. Finally, proteins identified previously in a recent proteomic study con-
ducted by Pan et al. were not found in the present study [65]. However, this discrepancy is
quite typical because these two studies were different in terms of outcomes of interests (pre-
term birth vs. HCA), disease entity studied (mixed population of preterm, term, and PPROM
women vs. PPROM women), type of samples (fetal membranes and placental villi vs. plasma),
study design, and criteria for inclusion and exclusion.

Limitations of the current study include its retrospective study design conducted at a single
center, and relatively small sample size. Moreover, the plasma samples were gathered at a sin-
gle time point; thus, it was not possible to identify a specific pre-delivery time point when sin-
gle measurement of biomarkers in plasma could be recommended for the best prediction of
HCA. Thus, the interpretation of our findings should be treated with caution because our
study included only women who delivered within 96 h after collection of plasma samples,
hence providing information on the biomarkers associated with the development of HCA up
to 4 days before delivery but not during the remaining pregnancy period after PPROM.
Another limitation of the study was that plasma concentrations of immunoglobulin were not
measured for the verification study; thus, the present study could not provide any information
on immunoglobulin-related significant molecules associated with HCA in women with
PPROM. Furthermore, during the ELISA validation experiments, the association of two (66%)
of the three proteins identified by MRM-MS was not reproduced in the ELISA results, as in
other previous studies [59, 66]. Of course, different quantitation results have been reported in
the MRM studies conducted using selected peptides derived from the same target proteins [24,
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58, 67], and different results of proteins quantitation based on the different immunoassay tech-
niques have been also reported [68, 69]. Other limitations of this study included the use of (1)
2 uL of each plasma sample for protein digestion during sample preparation for discovery pro-
teomics, which may affect final protein quantification, and (2) crude plasma samples without
depletion of high-abundance proteins, leading to a smaller number of proteins identified in
the discovery phase of our study. However, these issues may not affect the interpretation of
results in this study, according to the recent report published by Geyer et al. The said study
showed a newly introduced proteomic technology with no protein depletion from crude
plasma sample volume, thereby leading to the development of a rapid and robust “plasma pro-
teome profiling” pipeline [70]. Moreover, several studies have demonstrated that depletion
strategies to remove high-abundance proteins in plasma could lead to the concomitant
removal of some non-targeted proteins (e.g., proteins bound to albumin and immunoglobu-
lins) that may be of potential interest as candidate biomarkers, which may introduce bias in
proteomic studies [71, 72].

Nevertheless, to the best of our knowledge, this is the first comprehensive proteomic study
of maternal plasma to identify potential biomarkers for HCA in women with PPROM. Herein,
both ELISA and MRM-MS were used to verify candidate target proteins in plasma, providing
an opportunity to compare the results of these two techniques. In addition, label-free quantifi-
cation for biomarker discovery, particularly by analyzing individual samples, allowed to iden-
tify quantitative differences between low abundance proteins, as well as for detecting small
changes between samples from an individual [20]. Finally, we included only women who deliv-
ered within 96 h after collection of plasma samples, allowing for direct comparison of plasma
biomarkers and placental histology. Latency of 96 hours was adopted as a criterion for the
study because the median maternal blood levels of various inflammatory markers (i.e., IL-6,
G-CSF, CRP, and WBC) were significantly higher in the HCA group than in the non-HCA
group for up to the 3 days preceding delivery in women with PPROM [41, 73, 74] and the
number of PPROM women who delivered within 72 hours after plasma sampling was too
small in our dataset to warrant analysis. The longer the latency period (time between plasma
sampling and delivery) in cases of PPROM, the stronger is the effect on the placental pathology
with respect to inflammation attributed to ascending infection via ruptured amniotic mem-
branes. Several studies investigating women with PPROM have reported that antibiotic ther-
apy (especially clarithromycin) may attenuate or even resolve acute HCA, MIAC, and intra-
amniotic inflammation in a subset of cases [75-77]. Thus, non-invasive biomarkers identified
in the present study may be of clinical importance for the decision-making process with
respect to the management of PPROM (re-initiation of antibiotics and expediting delivery), as
they can aid in the serial evaluation of the development of acute HCA in women with
PPROM.

Conclusions

In summary, plasma C4A, SAA4, and CRP were identified as potential independent biomark-
ers for the detection of HCA in women with PPROM, based on targeted and shotgun proteo-
mic analyses, showing good accuracy when used as a combined dual-biomarker panel (C4A
and SAA4). Although, these proteins may have substantial biological interest as useful bio-
markers for HCA, ELISA validation of these proteins, except for CRP, may not yield clinically
useful predictive data. Further studies are needed to prospectively validate the clinical utility of
plasma C4a and SAA4 as HCA markers in larger and different cohorts of women with
PPROM. Moreover similar proteomic analyses using other noninvasive samples (such as cervi-
covaginal fluid and saliva) are warranted to identify HCA markers in PPROM. Collectively,
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the development of these non-invasive tests (including plasma biomarkers based on MRM-MS
in the present study) would be very helpful, as it would allow the clinicians to target a particu-
lar subgroup of women at a high risk of acute HCA for therapeutic intervention (e.g., clarithro-
mycin and expediting delivery) [76, 77] and in clinical trials, as well as to monitor whether the
development of new HCA can be attributed to ascending infection via ruptured membranes.
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S1 Table. Demographic and clinical characteristics of women with preterm premature rup-
ture of membrane involved in the discovery cohort study.
(XLSX)

$2 Table. List of identified proteins from control (non-HCA, n = 9) and case (HCA,n=9)
groups.
(XLSX)

S3 Table. List of plasma proteins that exhibited statistically significant differences in a
pairwise comparison of HCA vs. non-HCA in women with PPROM, using label-free quan-
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ture of membranes included in the total cohort (n = 78).
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S1 Fig. Principal component analysis (PCA) plot.
(TIF)

$2 Fig. Volcano plot constructed from label-free quantification data. Volcano plot shows
the plasma upregulated and downregulated differentially expressed proteins (DEPs) in the his-
tologic chorioamnionitis (HCA) and non-HCA groups. Representative protein identifiers in
red indicate statistically significant DEPs (P < 0.05).

(TIF)

S3 Fig. Heatmap with dendrogram of hierarchical clustering analysis of 18 statistically sig-
nificant differentially expressed proteins (DEPs) between histologic chorioamnionitis
(HCA) case and non-HCA control groups (red = increased, green = decreased).

(TIF)

S4 Fig. Top five gene ontology (GO) biological process terms obtained from DAVID GO
enrichment analysis for the 18 differentially expressed proteins.
(TIF)
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S5 Fig. Representative response curves of the heavy peptides. The peptides correspond to
FRPDGLPK and QGSFQGGEFR from SAA4 and C4A, respectively. For each concentration
point, triplicates were analyzed. C4A, complement C4-A; SAA4, serum amyloid A4.

(TIF)

S6 Fig. Interactive plots for significantly upregulated peptides (from CRP, C4A, and
SAA4) in plasma from women with PPROM in HCA group (case), as verified by MRM
analysis. Interactive plots were generated using the normalized peak area of each MRM target
peptide. The median levels of CRP, C4A, and SAA4 in plasma were significantly higher in
women with HCA than in the non-HCA control group. The horizontal line in each figure rep-
resents the median value. C4A, complement C4-A; CRP, C-reactive protein; HCA, histologic
chorioamnionitis; PPROM, preterm premature rupture of membranes; SAA4, serum amyloid
A4

(TIF)

S1 File. Raw data for the exploratory cohort.
(SAV)

S2 File. Raw data for the MRM verification cohort.
(SAV)

S3 File. Raw data for the ELISA validation cohort.
(SAV)

$4 File. Raw data for the total cohort.

(SAV)

S1 Text. Materials and methods (the methods for placental tissue collection and processing
for histologic evaluation; management of PPROM; plasma sample preparation; LC-MS/
MS analysis (discovery phase); data processing for label-free quantification; statistical
analysis (Discovery); plasma sample preparation for quantification of target peptides with
LC-MRM-MS; LC-MRM-MS analysis; optimization of the multiplexed MRM-MS method
for the quantification of target proteins using heavy isotope-labeled peptides; analysis of
complement C4A and SAA4 in the plasma samples during validation phase; for further
details on the inclusion of study participants employed for proteomic studies in the discov-
ery and verification stages).

(DOCX)
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