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A B S T R A C T   

(1) Objective: discover new candidate biomarkers for spontaneous preterm birth in early pregnancy samples. 
When fully clinically validated, early pregnancy biomarkers for sPTB give the possibility to intervene or monitor 
high-risk pregnancies more intensively through, as example, pelvic exams, ultrasound or sonographic cervical 
length surveillance. 
(2) Study design: Early pregnancy serum samples of eight spontaneous extreme and very preterm birth cases (<32 
weeks of gestational age) without any symptoms of preeclampsia and fetal growth restriction and eight un
complicated pregnancies were analyzed by liquid chromatography mass spectrometry (LC-MS). Thirteen pro
teins, which were differentially expressed according to the LC-MS data, were subsequently selected for 
confirmation by enzyme-linked immunosorbent assay (ELISA). 
(3) Results: Differential expression of four candidate biomarkers was confirmed by ELISA with decreased early 
pregnancy levels of gelsolin and fibulin-1 and increased levels of c-reactive protein and complement C5 in the 
preterm birth group. 
(4) Conclusions: The confirmed candidate biomarkers are all to some extent related to inflammatory pathways 
and/or the complement system. This supports the hypothesis that both play a role in extreme and very preterm 
birth without any symptoms of preeclampsia and fetal growth restriction. The predictive value of complement 
C5, c-reactive protein, fibulin-1 and gelsolin should, therefore, be validated in another cohort with early preg
nancy samples.   

1. Introduction 

Preterm birth is the delivery of a fetus before 37 weeks of pregnancy 
and it is one of the main causes of neonatal mortality and morbidity [1, 
2]. About 40–45% of the cases are spontaneous preterm labor with 
intact membranes and in 25–30% of the cases the membranes are 
ruptured. Both together are seen as spontaneous preterm birth (sPTB) 
and all other preterm births are mainly medically indicated based on 
fetal growth restriction (FGR) or maternal complications such as pre
term pre-eclampsia (PT-PE) [1]. The causes of sPTB are thought to be 
related to stress, inflammation, infection, placental abruption or uterine 
distension [3–5]. The prevalence of preterm birth is globally increasing 
with incidences ranging from 5 to 9% and the disorder can be subdivided 
in extreme (<28 weeks of gestational age), very (28–32 weeks) and 
moderate to late (32–37 weeks) preterm birth [1,6]. Fetal consequences 

of preterm birth can be mortality, but also serious neonatal morbidity 
later in life are known such as neurodevelopmental impairments, as 
cerebral palsy, impaired learning and visual handicaps and increased 
risk of (non-)infectious respiratory problems [7,8]. Current predictors 
for sPTB are a short cervical length and maternal risk factors such as a 
maternal history of sPTB, smoking and increased maternal age [9]. 
Apart from the placement of a cervical pessary or treatment with pro
gesterone, antibiotics or acetylsalicylic acid treatment, no other thera
peutic interventions are available to reduce the risk of sPTB [10–12]. 
Some of these interventions are preferably started in the first trimester 
and, therefore, there is a need for predictive early pregnancy bio
markers. Therapies to improve fetal outcome that can be started when 
there is a threatening preterm labor are magnesium sulfate to protect the 
fetal brain, steroids to accelerate fetal lung growth and uterine 
contraction inhibitors to allow these medicines to take effect [13,14]. 
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Furthermore, early pregnancy biomarkers can also give new biological 
insights in the etiology of the disorder and can result in new therapeutic 
targets. 

2. Material and methods 

2.1. Study population 

This study was approved by the Institutional Review Board of the 
University Medical Centre Groningen (Medical Ethics Committee 
(METc) no: 2013-216). As part of this study, demographic and clinical 
parameters of pregnant women were recorded and a serum sample was 
collected during a first trimester visit to the health care professional, 
aliquoted and stored at − 80 ◦C. Because of the various etiologies, sPTB 
was in this study strictly defined as; labor before 32 weeks in a singleton 
pregnancy and without any symptoms of PE or FGR. Delivery before 32 
weeks is considered as extreme and very prematurity and is responsible 
for about 20% of the sPTB cases [1]. In total, 8 sPTB cases and 8 control 
pregnancies were analyzed. Control pregnancies had no co-morbidities, 
such as systemic lupus erythematosus, diabetes mellitus or anti
phospholipid syndrome, no maternal pregnancy complications such as 
hypertensive disorders, gestational diabetes mellitus or fetal growth 
restriction and no peri-/neonatal complications such as sepsis, asphyxia, 
hypoglycemia, respiratory distress syndrome, intraventricular hemor
rhage or necrotizing enterocolitis. Control pregnancies were spontane
ously conceived first pregnancies, delivered at term and did not use 
acetylsalicylic acid or antihypertensive agents. 

2.2. Liquid chromatography-tandem mass spectrometry 

Before liquid chromatography–mass spectrometry (LC-MS) analysis, 
serum samples were 1:20 diluted in 100 mM ammonium bicarbonate 
(ABC) (Sigma Aldrich, Saint Louis, MO), denatured with NuPage LDS- 
Sample buffer (Thermo Fisher Scientific, San Jose, CA) and loaded on 
a sodium dodecyl sulfate polyacrylamide gel electrophoresis gel (SDS- 
PAGE) (Westburg, Leusden, Netherlands). In order to exclude possible 
bias during sample preparation, a triplicate of both a sPTB and a control 
sample in combination with a quality control sample were loaded on 
each gel. After this, gels were stained and cut in uniform gel blocks. 
These gel blocks were subsequently washed with mixtures of ammonium 
bicarbonate (ABC) (Sigma Aldrich, Saint Louis, MO) and acetonitrile 
(ACN) (Biosolve, Valkenswaard, Netherlands) and overnight tryptic 
digested by Sequencing Grade Modified Trypsin (Promega, Madison, 
WI) at 37 ◦C. The next day, the peptides were extracted from the gel and 
analyzed by an Ultimate 3000 HPLC system (Thermo Fisher Scientific, 
San Jose, CA) coupled online to a Q Exactive Plus Hybrid Quadrupole- 
Orbitrap MS with a NanoFlex source (Thermo Fisher Scientific). MS 
data was acquired through data-dependent acquisition (DDA) and the 
identification of the spectra was performed with an UniprotKB human 
proteome UP000005640 (July 2016) by the software PEAKS X+ (Bio
informatics Solutions Inc., Waterloo, Ontario, Canada). After identifi
cation and quantification, non-normalized relative LC-MS intensities of 
all peptides were exported with a False Discovery Rate (FDR) of 0.1% for 
quality control normalization and statistical analysis. For a full detailed 
experimental protocol, see supplementary data. Significantly different 
proteins were further analyzed by Reactome (https://reactome.org) to 
investigate which biological pathways were altered in sPTB. Enriched 
pathways with a corrected p-value of <0.01 after Benjamini-Hochberg 
correction were expected to be involved in the sPTB cases. 

2.3. Enzyme-linked immunosorbent assay 

The absolute concentrations of the selected proteins were measured 
by enzyme-linked immunosorbent assay (ELISA). All kits were used 
according to the supplied protocol. Serum samples were tested undiluted 
for heparin cofactor II (Abbexa, Cambridge, United Kingdom, 

abx570183) and C4b-binding protein alpha chain (Abbexa, abx052696). 
The following dilution factors were used for the other proteins: serum 
amyloid P-component (Abbexa, abx253561) 1:30, fibronectin (Abcam, 
Cambridge, United Kingdom, ab108848) 1:100, lumican (Thermo Fisher 
Scientific, EH310RB) 1:100, complement C3 (Novus Biologicals, Min
neapolis, MIN, NBP2-60618) 1:800, kininogen (Thermo Fisher Scienti
fic, EH287RB) 1:1,000, c-reactive protein (R&D Systems, Minneapolis, 
MIN, DCRP00) 1:2,500, apolipoprotein D (Novus Biologicals, NBP2- 
69833) 1:25,000, complement factor H (Novus Biologicals, DY4779) 
1:25,000, kallistatin (Abcam, ab193714) 1:10,000, prothrombin (Novus 
Biologicals, NBP2-60590) 1:80,000 and complement C5 (Abcam, 
ab125963) 1:80,000. The antigen concentration in the samples was 
calculated by optical density interpolation in the standard curve. All 
samples were tested in duplicate and intra-assay variations were below 
15% for all ELISAs. In four cases the response of heparin cofactor II was 
not detectable while the samples were already undiluted. These values 
were set to half the value of the lowest point of the standard curve to 
make statistical evaluation possible. Next to the unbiased proteomics 
approach, two well-described markers for other pregnancy related dis
orders, pregnancy associated plasma protein A (PAPP-A) and placenta 
growth factor (PlGF), were measured during study enrollment by using 
PerkinElmer’s AutoDelfia. In two other studies by our group focusing on 
preterm preeclampsia (PT PE) and fetal growth restriction (FGR), dif
ferential expression of apolipoprotein D (ApoD) and fibronectin (FINC) 
were observed and, therefore, these proteins were also included in the 
ELISA analysis [15] (FGR manuscript in preparation). 

2.4. Statistical analysis 

Baseline characteristics were expressed as median and interquartile 
range for continuous variables and categorical variables were expressed 
as numbers and percentages. Statistical comparison between cases and 
controls wase performed using Mann-Whitney U for continuous vari
ables and Chi-square tests for categorical variables. After quality control 
normalization, relative LC-MS intensities of the peptides were loga
rithmic transformed to obtain a normal distribution and used for sta
tistical comparison. The significantly different peptides were used to see 
which proteins were differently expressed in sPTB. Only proteins with 
more than one significant peptide and an average peptide spectrum 
quality of at least 15 were selected for ELISA confirmation. This peptide 
spectrum quality indicates the quality of the quantified peptide and is 
affected by various parameters such as m/z value, retention time dif
ference, signal-to-noise ratios, feature intensity and isotope distribution. 
By using these parameters in combination with a FDR of 0.1%, the in
clusion of false-positive LC-MS results were reduced as much as possible. 
Absolute protein levels, determined by ELISA, were subsequently 
compared by Mann-Whitney U test. All statistical analyses were per
formed using IBM SPSS Statistics (version 26.0; IBM Corporation) and p- 
values of <0.05 were considered statistically significant. 

3. Results 

Comparison of the baseline characteristics between control and sPTB 
pregnancies only revealed significant differences in body mass index 
(BMI), birth weight and gestational age at delivery (Table 1). Serum 
samples were collected at an average of 12+5 and 13+1 weeks for the 
control and sPTB group, respectively. While a limited number of control 
pregnancies was available, it was not possible to match for BMI between 
the groups. In the sPTB group, two birthweight percentiles were missing 
as no gender was known or the fetus was born too prematurely to 
determine a birth weight percentile. 

3.1. Biomarker discovery 

In total, 2466 peptides were identified and quantified during data- 
analysis by the software PEAKS X+. After statistical analysis, 89 of 
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these peptides were significantly different and these peptides originated 
from 23 proteins (Table 2). To note, each significant peptide from a 
specific protein showed the same trend in expression; up- or 

downregulated in sPTB. The Reactome pathway analysis connected the 
dysregulated proteins in sPTB to 15 pathways with a corrected p-value of 
<0.01 (Table 3). These pathways mainly involved the complement 
system and fibrinolytic mechanisms. 

3.2. ELISA verification biomarker discovery data 

To exclude possible false-positive results in the ELISA analysis, only 
proteins with more than one significant peptide and an average spec
trum quality above 15 were selected for ELISA verification and this 
resulted in a selection of fifteen proteins. Due to limited sample material, 
two proteins had to be excluded and the absolute concentration of 
thirteen proteins was determined by ELISA (Table 2). For CC3, CFAI, 
CFH, HEP2 and KAIN no significantly differential expression was 
observed (Fig. 1A–D). Next to, KNG1, LUM, THRB and SAMP 
(Fig. 2A–D). In line with our LC-MS data, CRP and CO5 were signifi
cantly increased in sPTB: 3566.71 ± 2986.99 versus 8894.69 ±
5594.48 ng/ml for CRP and 117.57 ± 23.54 versus 151.77 ± 17.55 μg/ 
ml for CO5 in the control and sPTB group respectively (Fig. 3A–C). On 
the contrary, GSN and FBLN1 levels were decreased in sPTB with 
24,089.50 ± 3352.45 versus 20,173.74 ± 2838.33 ng/ml for GSN and 
21.87 ± 12.15 versus 13.26 ± 4.27 ng/ml for FBLN1 in the control and 
sPTB group respectively (Fig. 4A–B). Differential early pregnancy 
expression of both ApoD and FINC was previously observed in two other 
studies by our group focusing on pregnancies affected by PT-PE and 
FGR, respectively. In addition, PlGF and PAPP-A are two well-described 
markers for other pregnancy complication and, therefore, expression 
levels of these four proteins were also evaluated in this study. ApoD and 
FINC showed no significant difference and PlGF and PAPP-A were both 
significantly decreased in early pregnancy samples of sPTB pregnancies 
with 32.49 ± 16.97 versus 16.00 ± 9.18 pg/ml for PlGF and 4.07 ± 1.27 
versus 1.49 ± 0.99 IU/ml for PAPP-A in the control and sPTB group 
respectively (Fig. 5A–D). For all proteins, the removal of a possible 

Table 1 
Baseline characteristics of pregnancies affected by uncomplicated pregnancies 
(controls) and spontaneous preterm birth (sPTB).    

Controls sPTB p-value 

(n = 8) (n = 8) 

Maternal age (years) 33 33 0.878a 

(29–35) (26–36) 
Maternal BMI (kg/m2) 21.5 30.4 <0.01a 

(20.4–22.0) (25.5–31.2) 
Gestational age sampling (days) 92 90 0.442a 

(89–96) (82–95) 
Parity 0 (100%) 0 (100%) 0.584b 

Gravidity 1 8 (100%) 4 (50%) 
2 0 (0%) 0 (0%) 
3 0 (0%) 2 (25%) 
4 0 (0%) 2 (25%) 

Gender fetusc Female 2 (25.0%) 1 (12.5%) 0.584b 

Male 6 (75.0%) 6 (75%) 
Birthweight (g) 3580 1383 <0.001a 

(3310–4110) (1065–1683) 
Birthweight percentile (%)c 61 74 0.755a 

(13–84) (52–81) 
Gestational age at delivery (days) 287 194 <0.001a 

(285–289) (182–208) 
Smoking 0 (0%) 1 (12.5%) 0.302b 

Preterm premature rupture of 
membranes 

0 (0%) 3 (37.5%) 0.055b 

Data are presented as respectively median and interquartile range for continuous 
data and numbers and percentages for categorical data. 

a Analysis by Mann-Whitney U test. 
b Analysis by Chi-square test. 
c Missing data at baseline; gender fetus n = 1 and birthweight percentile n = 2. 

Table 2 
Data of significant differently expressed proteins in spontaneouse preterm birth compared to uncomplicated pregnancies.  

Protein Accession 
numbera 

Abbreviation Up-/ 
down- 

regulatedb 

Significant peptides (total 
peptides) 

Average spectrum 
quality 

Protein coverage of 
peptides (%) 

Selected for ELISA 
analysis 

Alpha-1-acid glycoprotein 
1 

P02763 A1AG1 ↑  1 [4] 23.4 26  

Alpha-2-antiplasmin P08697 A2AP ↑  1 [7] 14.4 36  
Apolipoprotein L1 P08519 APOA ↑  1 [11] 12.3 3  
C4b-binding protein alpha 

chainc 
P04003 C4BP ↑  3 [11] 19.4 30  

Cholinesterase P06276 CHLE ↑  1 [14] 16.4 37  
Complement C3 P01024 CC3 ↑  14 (87) 33.4 68 X 
Complement C5 P01031 CO5 ↑  7 [59] 17.9 68 X 
Complement component 

C9c 
P02748 CC9 ↑  4 [25] 20.6 44  

Complement factor H P08603 CFH ↑  5 [15] 24.9 26 X 
Complement factor I P05156 CFAI ↑  3 [7] 22.3 20 X 
C-reactive protein P02741 CRP ↑  2 [6] 17.7 25 X 
Fibulin-1 P23142 FBLN1  ↓ 3 [9] 24.2 10 X 
Galectin-3-binding 

protein 
Q08380 LG3BP ↑  3 [15] 11.9 31  

Gelsolin P06396 GSN  ↓ 4 [28] 20.6 63 X 
Hemopexin P02790 HPX ↑  1 [8] 10.8 37  
Heparin cofactor 2 P05546 HEP2 ↑  5 [17] 22.7 56 X 
Kallistatin P29622 KAIN  ↓ 4 [19] 26.7 62 X 
Kininogen-1 P01042 KNG1 ↑  2 [17] 16.1 27 X 
Lumican P51884 LUM  ↓ 4 [13] 21.8 40 X 
Prothrombin P00734 THRB ↑  3 [11] 26.8 28 X 
Serum amyloid P- 

component 
P02743 SAMP ↑  5 [10] 23.6 54 X 

Sulfhydryl oxidase 1 O00391 QSOX1  ↓ 2 [12] 12.3 23  
Vitronectin P04004 VTNC ↑  1 [12] 10.0 23   

a Uniprot Accession number. 
b Expression level for sPTB compared to control group. 
c Proteins were not tested due to limited sample material. 
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outlier caused no change in significance and even strengthened the 
significance in the case of CRP. 

4. Discussion 

The differentially expressed proteins after the untargeted discovery 
analysis were mainly involved in the complement system and coagula
tion. The complement system is, among other systems, strongly associ
ated with our immune and coagulation system. Dysregulation of both 
systems is associated with several pathways in the development of sPTB 
[16–19]. After untargeted analyses, candidate biomarkers should pref
erably be confirmed in a targeted analysis, such as ELISA, and thirteen 
proteins were, therefore, selected for ELISA confirmation. In total, dif
ferential expression of four proteins was confirmed by ELISA and these 
proteins were mainly related to inflammatory pathways: gelsolin (GSN), 
fibulin-1 (FBLN1), c-reactive protein (CRP) and complement C5 (CO5). 
Possible reasons why the other selected proteins were not confirmed by 
ELISA could be that the used ELISA assays were targeted against the full 
native protein, while differential expression was only present for a 
specific isoform - or the other way around - or the used LC-MS intensities 
of the peptides did not reflect the actual concentration of the protein. 

GSN is a calcium dependent regulator of the actin cytoskeleton and 
next to this cellular form, there is a secretory isoform [20]. Decreased 
levels of this secretory form are linked to various pathological (inflam
matory) conditions such as preeclampsia (PE), sepsis, active live injury, 
Alzheimer’s disease, fibrosis and arthritis [21–26]. Circulating GSN is 
responsible for the removal of extracellular actin originating from 
damaged tissue and by doing this, it prevents an inflammatory reaction. 

Further, studies also showed that the actin scavenging system, including 
GSN, is altered during PE in the late second and third trimester. At that 
moment, PE is also characterized as a pro-inflammatory state [24,27]. 
Altered GSN levels are not yet commonly associated with sPTB, but it is 
known that an inflammation and/or failure of maternal tolerance to the 
semi-allogeneic fetus represents a large proportion of the sPTB cases 
without any symptoms of PE and FGR [1,18,28]. 

The complement system, which is part of the innate immune 
response, mediates various steps in inflammatory responses and is 
crucial for a successful pregnancy [29,30]. While the defense mecha
nism to protect the mother and fetus against infectious agents needs to 
maintain, the immune system also needs to accept the semi allogenic 
fetus and this delicate balance during pregnancy can be disrupted [31, 
32]. From implantation till early second trimester a pregnancy is a 
strong inflammatory condition, as the fetus needs to break the uterus’ 
lining, damage the endometrial tissue to invade and replace cells during 
spiral artery remodeling [33]. In all these processes, an inflammatory 
environment is required for an adequate repair and removal of cellular 
debris and an imbalance in this condition is associated with sPTB [17, 
18]. This dysregulation in the immune response and mainly in the 
complement system is also observed in our data with confirmed 
increased early pregnancy levels of CRP and CO5 in sPTB pregnancies by 
ELISA. 

The protein CRP is a multifunctional component of the acute phase 
response and is synthesized by the liver in response to, among other 
factors, interleukin-6 of activated macrophages and T cells during 
infection and tissue injury [34]. The protein regulates the classical 
complement pathway through activating complement component 1q 

Table 3 
Altered pathways in sPTB after Reactome analysis of all differentially expressed proteins (p-value <0.01).  

Pathway Reactome 
identifier 

p-value Involved genes 

Complement cascade R-HSA-166658 5.26 ×
10− 10 

THRB, KNG1, C4BP, CFH, CFAI, VTNC, CRP, CO5 and CC9 

Regulation of complement cascade R-HSA-977606 6.66 ×
10− 9 

THRB, CC3, C4BP, CFH, CFAI, VTNC, CO5 and CC9 

Platelet degranulation R-HSA-114608 4.60 ×
10− 6 

KNG1, A1AG1, KAIN, QSOX1, A2AP and LG3BP 

Response to elevated platelet cytosolic Ca2+ R-HSA-76005 4.60 ×
10− 6 

KNG1, A1AG1, KAIN, QSOX1, A2AP and LG3BP 

Platelet activation, signaling and aggregation R-HSA-76002 1.07 ×
10− 5 

THRB, KNG1, A1AG1, KAIN, QSOX1, A2AP and LG3BP 

Innate Immune System R-HSA-168249 1.07 ×
10− 5 

THRB, CC3, C4BP, A1AG1, CFH, CFAI, VTNC, CRP, GSN, QSOX1, 
CO5 and CC9 

Regulation of Insulin-like Growth Factor (IGF) transport and uptake by IGF 
binding Protein 

R-HSA-381426 5.15 ×
10− 5 

THRB, QSOX1, KNG1, CC3 and HEP2 

Intrinsic pathway of fibrin clot formation R-HSA-140837 1.60 ×
10− 4 

THRB, KNG1 and HEP2 

Hemostasis R-HSA-109582 4.84 ×
10− 4 

THRB, KNG1, A1AG1, KAIN, HEP2, QSOX1, A2AP and LG3BP 

Post-translational protein phosphorylation R-HSA-8957275 4.97 ×
10− 4 

QSOX1, KNG1, CC3 and HEP2 

Formation of fibrin clot (clotting cascade) R-HSA-140877 5.09 ×
10− 4 

THRB, KNG1 and HEP2 

Activation of C3 and C5 R-HSA-174577 7.28 ×
10− 4 

CO5 and CC3 

Terminal pathway of complement R-HSA-166665 8.31 ×
10− 4 

CO5 and CC9 

Immune system R-HSA-168256 2.74 ×
10− 3 

THRB, CC3, C4BP, A1AG1, CFH, CFAI, VTNC, CRP, GSN, QSOX1, 
CO5 and CC9 

Peptide ligand-binding receptors R-HSA-375276 3.45 ×
10− 3 

THRB, CO5, KNG1, and CC3 

Common pathway of fibrin clot (clotting cascade) R-HSA-375276 5.29 ×
10− 3 

THRB, CO5, KNG1, and CC3 

A1AG1 = Alpha-1-acid glycoprotein 1, CFH = Complement factor H, KAIN = Kallistatin. 
A2AP = Alpha-2-antiplasmin, CO5 = Complement C5, KNG1 = Kininogen-1. 
C4BP––C4b-binding protein alpha chain, CRP––C-reactive protein, LG3BP = Galectin-3-binding protein. 
CC3 = Complement C3, FBLN1 = Fibulin-1, QSOX1 = Sulfhydryl oxidase 1. 
CC9 = Complement component C9, GSN = Gelsolin, THRB = Prothrombin. 
CFAI = Complement factor I, HEP2 = Heparin cofactor 2, VTNC = Vitronectin. 

R.H.J. Beernink et al.                                                                                                                                                                                                                          



Placenta 139 (2023) 112–119

116

Fig. 1. Boxplots of uncomplicated (control) pregnancies and spontaneous preterm birth (sPTB) pregnancies. Boxplot of complement C3 (CC3) [A], complement 
factor H (CFH) [B], heparin cofactor 2 (HEP2) [C] and kallistatin (KAIN) [D] concentrations in uncomplicated (Control) and spontaneous preterm birth (sPTB) 
pregnancies. For each of the groups the median is shown as horizontal line in the interquartile range box with minimum and maximum whiskers. Each individual data 
point is shown as dot and outliers are presented as cross. 

Fig. 2. Boxplots of uncomplicated (control) pregnancies and spontaneous preterm birth (sPTB) pregnancies. Boxplot of kininogen-1 (KNG1) [A], lumican (LUM) [B], 
serum amyloid P-component (SAMP) [C] and prothrombin (THRB) [D] concentrations in uncomplicated (Control) and spontaneous preterm birth (sPTB) preg
nancies. For each of the groups the median is shown as horizontal line in the interquartile range box with minimum and maximum whiskers. Each individual data 
point is shown as dot. 
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(C1q) which will result in phagocytosis after multiple interactions be
tween several complement factors. Various studies already showed that 
CRP could possibly be used as a biomarker for the prediction of sPTB 
[35,36], but also for other disorders such as PE, FGR, gestational 

diabetes and neonatal complications [37–39]. In general, CRP levels are 
already increased during pregnancy compared to non-pregnant in
dividuals as early as 4 weeks of gestation and this emphasizes the 
importance of this factor during pregnancy [40]. 

Fig. 3. Boxplots of uncomplicated (control) pregnancies and spontaneous preterm birth (sPTB) pregnancies. Boxplot of c-reactive protein (CRP) [A] and complement 
C5 (CO5) [B] concentrations in uncomplicated (Control) and spontaneous preterm birth (sPTB) pregnancies. For each of the groups the median is shown as horizontal 
line in the interquartile range box with minimum and maximum whiskers. Each individual data point is shown as dot. * p-value <0.05; ** p-value <0.01. 

Fig. 4. Boxplots of uncomplicated (control) pregnancies and spontaneous preterm birth (sPTB) pregnancies. Boxplot of gelsolin (GSN) [A] and fibulin-1 (FBLN1) [B] 
in uncomplicated (Control) and spontaneous preterm birth (sPTB) pregnancies. For each of the groups the median is shown as horizontal line in the interquartile 
range box with minimum and maximum whiskers. Each individual data point is shown as dot. * p-value <0.05; ** p-value <0.01. 

Fig. 5. Boxplots of uncomplicated (control) pregnancies and spontaneous preterm birth (sPTB) pregnancies. Boxplot of apolipoprotein D (ApoD) [A], fibronectin 
(FINC) [B], placental growth factor (PlGF) [C] and pregnancy associated plasma protein A (PAPP-A) [D] concentrations in uncomplicated (Control) and spontaneous 
preterm birth (sPTB) pregnancies. For each of the groups the median is shown as horizontal line in the interquartile range box with minimum and maximum 
whiskers. Each individual data point is shown as dot and outliers are presented as cross. * p-value <0.05; ** p-value <0.01. 
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CO5 is cleaved by complement C3b into C5a and C5b in the alter
native complement pathway. C5a can attract and activate inflammatory 
cells and C5b binds other complement factors to initiate the formation of 
the membrane attack complex (MAC) [29]. Increased levels of both C5a 
and C5b are already associated in literature with PE and PTB [29,41]. 
CFAI is another mediator in the complement system and it can inactivate 
C3b and C4b by cleaving their peptide bonds [42]. Other important 
cofactors in this reaction are, among others, CFH and C4BP, which were 
also significantly different in our proteomics data and for both, 
increased serum levels were observed in sPTB. Unfortunately, it was not 
possible to confirm these observations for C4BP due to limited material 
and CFH showed no difference in the ELISA data. Surprisingly, differ
ential expression of another candidate biomarker with many significant 
different peptides and a role in the complement system, CC3, was not 
confirmed in the ELISA analysis. To rule out that only a specific isoform 
of this protein is differentially expressed, a targeted LC-MS analysis 
focusing on, for example, the five peptides with the largest statistical 
difference or fold change can be set up in future experiments. 

FBLN1 is the only confirmed candidate biomarker which is not 
directly associated with the immune system. In general, the fibulin 
family consists of extracellular matrix proteins involved in tissue 
remodeling and, more specifically, FBLN1 has a role in fibrin formation, 
merges with fibrinogen in the blood and can interact with fibronectin 
[43]. Interestingly, two isoforms of FBLN1 are only expressed by the 
placenta and FBLN1 levels significantly increase during pregnancy [44, 
45]. Studies also showed that FBLN1 alters through the menstrual cycle 
and it might be a mediator of progesterone activity during endometrial 
receptivity [46–48]. Low progesterone levels are associated with labor 
and the steroid hormone is also known as a strong modulator of the 
immune system during pregnancy [28,49]. Moreover, high-risk sPTB 
pregnancies benefit from early administration of progesterone to pre
vent preterm labor [50]. Our observed decreased FBLN1 levels in sPTB 
are in line with studies that showed decreased FBLN1, FBLN3 and FBLN5 
levels in the weak zones of the fetal membranes just before rupture. 
Furthermore, FBLN1 levels were also observed to be decreased during 
the complete pregnancy in PPROM pregnancies [45,51]. Since there is a 
statistical difference in BMI between the groups, the correlation between 
the confirmed candidate biomarkers and BMI was also determined and 
there was a significant Pearson’s correlation for BMI with CRP (R2 =

0.591, p-value <0.05) and GSN (R2 = − 0.684, p-value <0.01). 
Next to the unbiased proteomics approach, a more biased approach 

was used by including the proteins ApoD, FINC, PlGF and PAPP-A in the 
ELISA analysis. All four proteins were already associated with preterm 
PE or FGR by us and other studies [15,52–54]. Significantly decreased 
levels were observed for both PlGF and PAPP-A in sPTB pregnancies and 
no difference was observed for ApoD and FINC. PlGF is a member of the 
vascular endothelial growth factor sub-family and is predominantly 
expressed in the placenta. Further, it plays a role in angiogenesis and is, 
most likely, an indicative factor for abnormal placentation [55]. 
Decreased PlGF levels are already widely associated with the manifes
tation of (PT) PE and FGR and it is suggested that this is related to a 
failure of the differentiation, invasion and remodeling of the uterine 
spiral arteries in these disorders [55–57]. Abnormal remodeling will 
result in inadequate perfusion, stress in the intervillous space, hypoxia 
and malnutrition. This will eventually result in apoptosis and release of 
inflammatory factors at the end of pregnancy. The latter can cause 
systemic endothelial dysfunction and organ failure with the clinical 
symptoms of PE as result [57]. PAPP-A, also called pappalysin-1, is 
primarily synthesized in the syncytiotrophoblast and is a member of the 
insulin-like growth factor (IGF) family [58]. The protease regulates 
growth-promoting processes through cleavage of a specific subset of the 
IGF binding proteins, which will result in the release of bioactive IGFs 
[52]. The role of PAPP-A in PT-PE and FGR is, most likely, more related 
to its influence on reprogramming energy metabolism and trophoblast 
cells instead of angiogenesis, as in the case of PlGF [59]. Low levels of 
PAPP-A result in lower levels of free bioactive IGFs, which have a role in 

endometrial receptivity, placental formation and fetal growth [60–62]. 

5. Conclusion 

First, differential expression of 23 proteins was observed in the 
untargeted biomarker discovery study and differential expression of four 
proteins was confirmed by ELISA. These proteins are mainly (in)directly 
related to inflammatory pathways and the complement system. This 
supports the hypothesis that an excessive inflammation and/or a failure 
of maternal tolerance to the semi-allogeneic fetus play a role in extreme 
and very preterm birth cases without any symptoms of PE and FGR. 
Second, decreased ApoD and FINC levels were observed in preterm PE 
and FGR pregnancies in previous studies, but not in the sPTB pregnan
cies. Although the sample size of this study was small due to limited 
sPTB cases, this observation may indicate that sPTB pregnancies without 
any symptoms of PE or FGR is caused through a different pathophysi
ology than FGR and PE. In addition, differential expression of ApoD and 
FINC might be specifically indicative for the development of, respec
tively, PT PE and FGR. When fully clinically validated, early pregnancy 
biomarkers for sPTB give the possibility to interevene or monitor high- 
risk pregnancies more intensively through, as example, pelvic exams, 
ultrasound or sonographic cervical length surveillance. Furthermore, 
biomarkers can also give new biological insights in the pathophysiology 
of the disorder with possible new therapeutic targets as result. The 
predictive value of CO5, CRP, FBLN1 and GSN should, therefore, be 
validated in another cohort. 
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