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Abstract
Background  Despite extensive research, the identification of effective biomarkers for early prediction of preterm 
birth (PTB) continues to be a challenging endeavor. This study aims to identify amniotic fluid (AF) protein biomarkers 
useful for the early diagnosis of PTB.

Methods  We initially identified the protein expression profiles in the AF of women with PTB (n = 22) and full-term 
birth (FTB, n = 22), from the First People’s Hospital of Yunnan Province who underwent amniocentesis from November 
2019 to February 2020, using mass spectrometry employing the data-independent acquisition (DIA) technique, 
and then analyzed differentially expressed proteins (DEPs). Subsequently, the least absolute shrinkage and selection 
operator (LASSO) and random forest analysis were employed to further screen the key proteins for PTB biomarker 
identification. The receiver operating characteristic (ROC) analysis, calibration plots, and decision curve analyses (DCA) 
were utilized to assess the discrimination and calibration of the key biomarkers.

Results  A total of 25 DEPs were identified between the PTB and FTB groups, comprising 13 up-regulated and 12 
down-regulated proteins. Three key protein biomarkers for early PTB diagnosis were identified: IL1RL1 (interleukin-1 
receptor-like 1), APOE (apolipoprotein E), and NECTIN4 (nectin cell adhesion molecule 4). The results of the ROC 
analysis showed that the area under the curve (AUC) of the three proteins combined as a biomarker for early 
diagnosis of PTB was 0.913 (95% CI: 0.823-1.000), with a sensitivity of 0.864 and a specificity of 0.955, both superior to 
those of the individual biomarkers. Bootstrap internal validation revealed a concordance index (C-index) of 0.878, with 
a sensitivity of 0.812 and a specificity of 0.773, indicating the robust predictive performance of these biomarkers.
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Background
Preterm birth (PTB), defined as delivery occurring before 
37 weeks of gestation, represents the leading cause of 
death in newborns and children under 5 years of age [1, 
2]. Worldwide, approximately 15  million newborns are 
delivered prematurely each year, resulting in roughly 
1 million fatalities [3]. PTB is considered to be potentially 
associated with genetics, infections, immune imbalances, 
hormonal disorders, and psychological stress [4]. In addi-
tion to an increased risk of death, preterm infants are 
afflicted with a variety of complications and long-term 
adverse effects, such as a high prevalence of respiratory 
distress syndrome, bronchopulmonary dysplasia, sep-
sis, and cerebral palsy [5], which is a major global health 
problem.

The early prediction of PTB is essential for aiding 
clinicians in making more informed decisions. Over 
the past decades, numerous efforts have focused on 
identifying novel biomarkers capable of predicting a 
higher risk of PTB, including fetal fibronectin, placental 
α-microglobulin-1, phosphorylated insulin-like growth 
factor-binding protein 1, and C-reactive protein, among 
others. However, these predictors of PTB are frequently 
inaccessible in resource-limited settings and are char-
acterized by suboptimal accuracy [6–12], highlighting 
the absence of a reliable method for predicting PTB. 
Amniotic fluid (AF), serving as the environment for fetal 
growth and development, contains substances originat-
ing from the placenta and fetus, and can avoid the occur-
rence of false positive results caused by contamination 
of the sample by maternal blood, representing a signifi-
cant potential source of biomarkers for identifying fetal 
pathology [13–15]. However, studies based on AF for 
PTB are relatively scarce due to its challenging accessi-
bility. Meanwhile, owing to the limitations of traditional 
proteomics methods, the range of identified proteins 
remains narrow. Given PTB’s status as a multifactorial 
dysfunctional syndrome mediated by complex molecu-
lar mechanisms, its precise molecular mechanisms are 
still not well understood [16], making the prevention and 
treatment of PTB a long-standing challenge.

Our objective was to identify biomarkers for the early 
diagnosis of PTB by analyzing the AF of pregnant women 
utilizing quantitative proteomics data-independent 
acquisition(DIA) technology [17], a method offering 
the advantages of high-throughput and comprehensive 
proteomic quantification. The potential implications of 
this research include improved maternal management 
strategies and enhanced understanding of the biological 

mechanisms influencing PTB, along with the identifica-
tion of novel biomarkers for PTB.

Methods
Participants and sample collection
This is a nested case-control study. The study design is 
shown in Fig.  1. The study received approval from the 
Medical Ethics Committee of Kunming Medical Uni-
versity (approval number: KMMU2020MEC056). Addi-
tionally, informed consent forms were duly signed by 
all participants.Participants were recruited between 
November 2019 and February 2020 from the First Peo-
ple’s Hospital of Yunnan Province. Participants were 
enrolled without prior consideration to their gesta-
tional age. Post-delivery, women who gave birth before 
37 weeks were categorized into the PTB group, while 
those delivering after 37 weeks were placed in the FTB 
group. The case and control groups were matched on 
a 1:1 basis according to age, ethnicity, and gestational 
time at amniocentesis. Inclusion criteria included: (1) 
live fetuses; (2) available AF samples for analysis; (3) no 
preterm premature rupture of membranes; (4) no major 
congenital anomalies. Participants with multiple preg-
nancies or with pregnancy complications were excluded 
from this study. We used the last menstrual period to 
determine gestational age. General maternal characteris-
tics and delivery information were obtained through hos-
pital medical records and telephone follow-up.

Amniocentesis was employed to detect chromosomal 
abnormalities and various genetic disorders. AF samples 
(10  mL) were collected from patients who underwent 
amniocentesis at our hospital. Amniotic cells were sepa-
rated by centrifugation, thereby enriching the cell-free 
supernatant. Subsequently, the AF samples were stored at 
-80 °C for future analysis.

Data acquisition and LC-MS/MS analysis
Samples were pooled for spectral library construction 
and digested with trypsin according to internal stan-
dard operating procedures. Dithiothreitol was added to a 
final concentration of 20 mM and incubated at 30 °C for 
2 h. After cooling, iodoacetamide was added to 25 mM, 
agitated, and left in the dark for 30  min. Urea concen-
tration was diluted with 50 mM ammonium bicarbon-
ate (NH4HCO3) buffer. Lys-C (2 µg) in NH4HCO3 was 
added, followed by incubation at 37  °C for 4  h. Trypsin 
(2  µg) was then added,  and samples were incubated at 
37  °C for 16  h. Samples were desalted, lyophilized, and 
reconstituted in 0.1% formic acid. Peptide concentration 
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was measured by OD280. High-abundance peptides 
were isolated using High-Performance Reversed-Phase 
chromatography. Post-lyophilization, peptides were 
reconstituted in 10 µL of 0.1%  formic acid, and concen-
trations determined again by OD280. Finally, 2 µg of pep-
tides were combined with indexed retention time (iRT) 
standards for data-dependent acquisition (DDA) mass 
spectrometry.

DDA and DIA analyses were performed on a Q-Exac-
tive HFX mass spectrometer with an Easy nLC-1200 
system using 0.1% formic acid in water (Liquid A) and 
84% acetonitrile (Liquid B). Samples were separated on a 
25 cm tip-column at 300 nl/min with an 8–30% Liquid B 
gradient over 40  min, 30–100% over 10  min, and 100% 
for 15  min. DDA MS scan range was 300–1800  m/z, 
resolution 60,000, AGC target 3e6, IT 50 ms, with MS2 
scans at 30,000 resolution, AGC target 3e6, IT 120 ms, 
and 27 normalized collision energy. DIA MS scan range 
was 350–1650  m/z, with MS2 using 30 DIA windows, 
30,000 resolution, AGC target 3e6, auto IT, and 30 nor-
malized collision energy.

DDA and DIA data were processed using Spectronaut 
(Version 14.4.200727.47784) with trypsin digestion (one 
missed cleavage), fixed carbamidomethylation, variable 
oxidation, and acetylation. Proteins were identified with 
FDR < 1% using dynamic iRT, MS2 interference cor-
rection, cross-run normalization, and a Q value cutoff 
of 0.01.An additional file shows this in more detail [see 
Additional file 1]

Identification of differentially expressed proteins (DEPs)
DEPs in AF samples from the PTB and FTB groups 
were identified using the R “limma” package, applying 
the criteria of fold change (FC) ≥ 1.23 or FC ≤ 0.81, and a 
P-value < 0.05. Volcano plots were subsequently gener-
ated to illustrate these DEPs.

Functional and pathway enrichment analyses
The DEPs were subjected to gene ontology (GO) and 
kyoto encyclopedia of genes and genomes (KEGG) func-
tional enrichment analysis using DAVID (https://david.
ncifcrf.gov/). The GO analysis encompassed three cat-
egories: biological process (BP), cellular component 
(CC), and molecular function (MF). Additionally, KEGG 
analysis facilitated the exploration of potential signaling 
pathways.

Identification of key proteins
Initially, candidate proteins were screened using the 
aforementioned method. Subsequently, two machine 
learning algorithms, the least absolute shrinkage and 
selection operator (LASSO) and random forest, were uti-
lized to further screen for key proteins. For LASSO anal-
ysis, the R package “glmnet” was employed. Additionally, 
the R package “randomForest” was applied to ascertain 
the importance sores of the candidate proteins. The top 
10 proteins, ranked by importance value, were identi-
fied and overlaid with proteins from the LASSO analysis, 

Fig. 1  A flow chart for study population selection
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then combined with the P-value to ascertain the final key 
proteins.

Statistical analysis
Statistical analysis was conducted utilizing logistic 
regression to construct a nomogram model depicting 
PTB occurrence. Receiver operating characteristic (ROC) 
and calibration curves were assessed to evaluate the pre-
dictive accuracy and compliance of the protein. Deci-
sion curve analyses (DCA) were utilized to reflect the net 
benefit of the model to the patient. The model’s internal 
validation was conducted using the bootstrap method. 
All statistical analyses utilized the “limma, glmnet, ran-
domForest, rms, ggplot2, and pROC” packages in the R 
language (Version 4.3.0). Measures with normal distri-
bution were expressed as the mean (standard deviation, 
SD), with two independent samples t-tests employed 
for between-group comparisons. For skewed measures, 
the median (inter-quartile range, IQR) was reported, 
and non-parametric tests were utilized for between-
group comparisons. Constituent ratios (%) represent-
ing categorical variables were analyzed using the χ2 test 
or Fisher’s exact probability method. Protein concentra-
tions underwent logarithmic (base 2) transformation for 
analysis. Following the removal of proteins missing in 

over 50% of samples, the remaining missing values were 
imputed using the K-nearest neighbor (KNN) method. 
All statistical tests were two-sided, and a P value < 0.05 
indicated statistical significance.

Results
Characteristics of participants
A total of 44 pregnant women were included in this 
study, with 22 cases of PTB and 22 cases of FTB. The 
participants’ mean (± SD) age was 33.30(± 5.30) years. As 
expected, There were no significant differences between 
the two groups in age, ethnic group, residence, pregnancy 
time at amniocentesis, mode of delivery, and neonatal 
sex (all P > 0.05);Among the PTB group, The participants’ 
mean (± SD) gestational age was 34.96(± 1.40) weeks, 
and neonatal weight was 2.20(± 4.74) kg. In the FTB 
group, The participants’ mean (± SD) gestational age was 
39.49(± 0.82) weeks, and neonatal weight was 3.34(± 3.40)
kg, There were significant differences in gestational age 
and neonatal weight between the PTB and FTB groups 
(P < 0.05) (Table 1).

Identification of DEPs
We averaged the same proteins and deleted proteins that 
were missing in more than 50% of the samples, and finally 

Table 1  Maternal characteristics and neonatal outcomes
Characteristic All,

n = 441
Preterm birth,
n = 221

Full term birth,
n = 221

P-value2

Age
  Mean (SD) 33.30 (5.30) 33.60 (5.40) 33.00(5.30) 0.735
  Median (IQR) 32.00(29.00,38.30) 32.5(29.0,38.8) 32.00(29.00,37.30) 0.741
Ethnic group > 0.999
  Han Chinese 38 (86.36%) 19 (86.36%) 19 (86.36%)
  Minority 6 (13.64%) 3 (13.64%) 3 (13.64%)
Residence 0.296
  Yunnan Province 33 (75.00%) 15 (68.18%) 18 (81.82%)
  Other provinces of China 11 (25.00%) 7 (31.82%) 4 (18.18%)
Pregnancy time at amniocentesis
  Mean (SD) 19.95(1.92) 20.03(2.15) 19.86(1.71) 0.775
  Median (IQR) 19.30 (18.70, 20.63) 19.30 (18.70, 21.23) 19.15 (18.75, 20.30) 0.823
Gestational age
  Mean (SD) 37.22(2.56) 34.96(1.40) 39.49(0.82) < 0.001
  Median (IQR) 37.50 (35.33, 39.33) 35.25 (34.70, 35.90) 39.35 (38.90, 40.00) < 0.001
Mode of delivery 0.340
  Cesarean 29 (65.91%) 16 (72.73%) 13 (59.09%)
  Vaginal 15 (34.09%) 6 (27.27%) 9 (40.91%)
Neonatal weight
  Mean (SD) 2.77 (7.08) 2.20 (4.74) 3.34(3.40) < 0.001
  Median (IQR) 2.90(2.28,3.30) 2.25(1.94,2.45) 3.30(3.15,3.60) < 0.001
Neonatal sex 0.763
  Female 21 (47.73%) 11 (50.00%) 10 (45.45%)
  Male 23 (52.27%) 11 (50.00%) 12 (54.55%)
Note1n (%)
2Wilcoxon rank sum test; Fisher’s exact test; Pearson’s Chi-squared test; Welch Two Sample t-test
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retained the expression profiles of 611 proteins in 44 
samples. A total of 25 DEPs were identified, comprising 
13 up-regulated proteins: CTSL, C8A, AXL, NENF, ISLR, 
HMCN1, ALCAM, F10, C8B, ITIH2, IL1RL1, CST2, 
and MYH9 and 12 down-regulated proteins: NECTIN4, 
HBA2, CLPS, ANXA13, PLEC, SLIT1, GOLPH2, MRC2, 
APOE, CEACAM5, OLFML3, and ARHGDIA (Fig. 2A).

GO and KEGG enrichment analysis
The GO analysis comprised three categories: BP, CC, and 
MF (Fig.  2B). In BP analysis, the three most prominent 
processes identified were immune response, heterophilic 
cell-cell adhesion via plasma membrane cell adhesion 
molecules, and virus entry into host cells. In CC analysis, 
the top three components were extracellular exosome, 
extracellular region, and extracellular space. Additionally, 
protein binding and macromolecular complex binding 
were identified as important roles in MF. KEGG analy-
sis revealed that the primary enrichment pathways were 
“complement and coagulation cascades” and “regulation 
of actin cytoskeleton” (Fig. 2C).

Identification of key proteins based on LASSO and Random 
Forest algorithm
LASSO analysis resulted in the selection of 8 proteins 
(Fig.  3A and B), while random forest analysis identified 
the top 10 proteins based on importance values (Fig. 3C 
and D). Upon overlapping these two algorithms and to 
prevent overfitting, the top 3 proteins with the smallest 
P-values were chosen as key predictors for PTB, namely 
IL1RL1, APOE, and NECTIN4 (Fig.  3E). The identified 
proteins exhibited differential expression between the 
PTB and FTB groups, indicating their potential role in 
PTB among pregnant women (Fig. 3F&G&H).

Evaluation of key protein biomarkers: IL1RL1, APOE, and 
NECTIN4
A logistic regression model was constructed based on the 
above 3 factors and then integrated into the nomogram 
(Fig.  4A). In this model, a higher total score for each 
patient indicates an increased risk of maternal PTB.

The combined AUC of the three proteins as a bio-
marker for early PTB diagnosis was 0.913 (95% CI: 
0.823-1.000), which was greater than that of the indi-
vidual biomarkers IL1RL1:0.731 (95%CI: 0.581–0.882), 
APOE:0.713 (95%CI: 0.557–0.868), and NECTIN4:0.731 
(95% CI: 0.571–0.891) (Fig.  4B), Furthermore, the cali-
bration curves closely approximated the ideal diagonal 
(Fig. 4C), and the DCA demonstrated a significantly bet-
ter net gain in the prediction model (Fig. 4D).In addition, 
internal validation using bootstrap self-sampling method 
(1000 times) showed that the C-index of the combined 
marker prediction model was 0.878, sensitivity was 0.812, 
and specificity was 0.773. These results indicate that the 
protein biomarkers exhibit superior performance.

Discussion
We identified 25 proteins that were significantly differ-
ent between the AF samples of PTB and FTB groups. By 
overlapping two machine learning algorithms - LASSO 
and random forest analysis and integrating the P-val-
ues, we further identified three key biomarkers for PTB: 
IL1RL1, APOE, and NECTIN4; together these three bio-
markers demonstrated a high-performance prediction of 
PTB with an AUC of 0.913.

In our study, IL1RL1 levels were higher in PTB AF 
samples than in FTB. Similar to our study, IL1RL1 
mRNA was also found to be detected more frequently 
in prenatal maternal plasma samples collected from 

Fig. 2  Differential protein expression and functional enrichment analysis of DEPs. (A) Volcano plot illustrating DEPs between PTB and FTB groups. Red 
dots represent upregulated proteins, blue dots represent downregulated proteins, and gray dots represent proteins with no significant change; (B) 
Functional enrichment analysis of DEPs in BP, CC, and MF; (C) KEGG pathway analysis of DEPs, showing the primary signaling pathways these proteins 
are involved in
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women with spontaneous PTB in a previous plasma/
serum-based study [18]. Furthermore, in the research 
conducted by Kaitu’u-Lino et al [19], it was observed 
that pregnancy failure occurred in women who exhib-
ited dysregulated serum sST2 levels at 6 weeks of gesta-
tion. This evidence suggests that the IL-33/ST2 pathway 
might have a significant role in the pathogenesis of PTB, 
thereby reinforcing our findings. IL1RL1 (Interleukin-1 
receptor-like 1), comprising two different variants, ST2 
(ST2L) and sST2, forms part of the IL-1R family of pro-
teins and serves as an IL-33R, notably expressed in the 
placenta, kidney, and other tissues. This protein is cru-
cial in modulating the immune system and inflammatory 

response. Additionally, mounting evidence suggests that 
elevated serum or tissue levels of IL1RL1 may serve as a 
clinical biomarker for inflammatory diseases [20–23]. In 
the study by Chen S et al. [24], the expression of IL1RL1 
in amniotic fluid cells was detected by PCR after PROZ 
intervention. The results showed that IL1RL1 expression 
was significantly upregulated following PROZ interven-
tion. This suggests that PROZ may regulate the secretion 
of collagen I by influencing the expression of IL1RL1, 
thereby affecting the function of AF cells and potentially 
playing an important role in PTB and membrane rup-
ture. IL1RL1 could potentially function as a biomarker 
for the early diagnosis of PTB; however, the underlying 

Fig. 3  The machine algorithms and expression for key proteins. (A) Penalty plot of the LASSO model with error bars denoting standard errors.This plot 
demonstrates the impact of different penalty values on model error; (B) LASSO plot showing the variations in the size of coefficients for parameters as the 
penalty value (λ) increases, indicating the process of variable selection and regularization; (C) Error rate confidence intervals for the random forest model, 
illustrating the variability in model error; (D) Relative importance of proteins in the random forest model, with longer bars indicating higher importance of 
the proteins; (E) Interaction analysis between the LASSO and random forest algorithms, highlighting the combined effect of both methods; (F-H) Expres-
sion levels of key proteins between PTB and FTB groups, presented as bar charts showing differential expression
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biological mechanisms of its presence in the AF warrant 
further investigation.

To the best of our knowledge, this is the first study to 
observe in AF that the expression levels of APOE (apo-
lipoprotein E) and NECTIN4 (nectin cell adhesion mol-
ecule 4) are significantly lower in PTB women than in 
the FTB group. It is well known that APOE4 represents 
the strongest genetic risk factor for Alzheimer’s disease 
[25, 26], however, the literature is sparse regarding the 
association of APOE with PTB. APOE, as a lipid-bind-
ing protein, forms lipoprotein complexes that bind to 
lipid molecules. These complexes facilitate the transport 
of cholesterol, triglycerides, and other lipids, which are 
vital for maintaining cell membrane integrity, energy 
metabolism, and lipid homeostasis [27, 28]. Additionally, 
APOE plays a significant role in regulating inflammatory 
responses and is posited to have a neuroprotective func-
tion in the central nervous system [29–31]. We propose 
that a deficiency in APOE may impede the realization of 

its critical functions, suggesting that APOE could serve 
as a novel biomarker and a significant indicator for the 
early diagnosis of PTB. Although NECTIN4 shows high 
expression in a variety of cancers [32–35], differently, 
in our current study, low expression of NECTIN4 was 
observed in the AF of patients with PTB.NECTIN4, also 
referred to as LNIR, PRR4, PVRL4, functions as an inter-
cellular adhesion protein within the immunoglobulin-like 
superfamily, playing a pivotal role in cell-to-cell adhesion, 
as well as facilitating intercellular migration and prolifer-
ation [36, 37]. We hypothesize that its involvement in the 
incidence of PTB may be associated with the diminished 
execution of NECTIN4’s adhesive role, a factor crucial 
for maintaining cellular organization, structure forma-
tion, and the regulation of cellular interactions and sig-
naling. Although its function and mechanism of action in 
PTB still require further in-depth study, the prospect for 
the use of NECTIN4 as a predictor of PTB is compelling.

Fig. 4  Development and validation of a nomogram for PTB prediction.(A) Nomogram for predicting the rate of PTB, incorporating different variables to 
estimate the risk of PTB; (B) ROC curve analysis of key proteins, demonstrating the diagnostic performance of each biomarker with AUC values. Higher 
AUC values indicate better diagnostic accuracy; (C) Calibration plot of the predictive model, comparing predicted probabilities with observed outcomes 
to assess the model’s accuracy; (D) DCA of the predictive model, evaluating the clinical usefulness of the model across different threshold probabilities
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The principal strength of our study lies in the amal-
gamation of a nested case-control design with DIA 
proteomics. This approach, employed in identifying bio-
markers associated with PTB within a cohort of pregnant 
women, meticulously balanced study feasibility and eco-
nomic considerations. Moreover, the amalgamation of 
two distinct machine-learning algorithms significantly 
augmented the interpretability of our findings. Notably, 
three out of the 25 proteins identified in association with 
PTB emerged as potential biomarkers for PTB. These 
biomarkers could potentially serve as a straightforward 
and valuable tool in clinical practice, aiding in the formu-
lation of more precise treatment strategies for patients 
experiencing PTB.

Despite the high predictive performance of the three 
key proteins identified for PTB in this study, several limi-
tations must be acknowledged. Firstly, the diagnostic 
utility of these potential biomarkers requires validation 
through alternative methodologies, such as enzyme-
linked immunosorbent assay (ELISA). Secondly, the pre-
dictive model constructed in this study was exclusively 
focused on protein analysis and did not incorporate 
other contributory factors. Furthermore, its performance 
was not evaluated in an independent cohort, and being 
a single-center study, it limits the generalizability of our 
findings. Additionally, the study was constrained by the 
relatively small cohort of samples and the random selec-
tion of a subset from the PTB group. This selection was 
necessary due to the limited availability of amniotic fluid 
samples, which we recognize as a significant limitation. 
We also acknowledge that studying only one ethnic-
ity further restricts the generalizability of our findings. 
To address these limitations and broaden the scope and 
applicability of our results, future studies should include 
multi-center cohorts with larger sample sizes and more 
diverse populations. Moreover, it is crucial to classify 
patient series samples into groups based on spontaneous 
and iatrogenic PTB. This classification would facilitate a 
more focused search for suitable biomarkers, thereby dis-
tinguishing between different types of PTB and enhanc-
ing the management and treatment of these cases. By 
incorporating these considerations, we aim to refine our 
understanding and improve the diagnostic utility of the 
identified biomarkers.

Conclusions
In conclusion, our study indicates that analyzing AF pro-
teomic biomarkers may offer a dependable approach for 
assessing the risk of PTB. This research has, identified a 
set of AF proteomic biomarkers strongly associated with 
PTB, including IL1RL1, APOE, and NECTIN4. These 
findings pave the way for a novel strategy in the early 
detection of PTB, potentially contributing to improved 
outcomes through timely intervention and management.
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