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ABSTRACT: Inflammation is generally thought to be involved in the occurrence and e

development of preeclampsia (PE), but its specific effect on PE remains unclear. In the present W — Vet psna
study, the expression levels of 92 inflammation-related proteins were measured in the late Norr?altr@gn“ancy g
pregnancy maternal plasma from patients with PE (n = 15) and normal pregnant controls (n = jihh

15) using the Olink inflammation panel based on the highly sensitive and specific proximity e —

extension assay technology. A total of 28 inflammation-related markers differed between the pmm!a

PE and control groups. Among them, fibroblast growth factor 21 (FGF-21) and cysteine—
cysteine motif chemokine ligand 20 (CCL20) had the largest fold changes. We further
validated the levels of CCL20 in the late (43 with PE and 44 controls) and early (37 with PE
and 37 controls) pregnancy maternal plasma using enzyme-linked immunosorbent assay .ﬁ E !& pr—
(ELISA). To the best of our knowledge, for the first time, CCL20 was found to be upregulated —
in the late and early pregnancy plasma of patients with PE and had an area under the curve uspossuinigesiocrangss  Nowlpertaltionarer o peccianpsi
(AUC) of 0.753 and 0.668, respectively. In conclusion, patients with PE had increased levels of

most inflammatory markers, and CCL20 might be a novel potential predictive and diagnostic biomarker for PE.
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B INTRODUCTION complex disease. Therefore, it is necessary to identify novel
biomarkers of PE.

Protein biomarkers have been central to disease prediction,
diagnosis, and prevention. Advances in high-throughput
proteomics allow for the simultaneous quantification of a sea
of proteins; however, the huge amount of data obtained
increases analysis difficulties, and false positive results also bring
challenges for subsequent verification.” Recently, Olink
technology has become popular, as it provides multiple assay
panels targeted toward various disease processes. It requires
small sample volumes, which is especially important when
clinical samples are sparse. Additionally, it can capture a wide
range of proteins across the whole dynamic range (>10 logs). A
previous study has indicated that Olink proteomics displays
excellent reproducibility and stability in the detection of proteins
in plasma samples.'” In the present study, Olink proteomics is
used to identify differences in inflammation-related proteins
between patients with PE and normal pregnant women to
investigate the relationship between inflammation and PE and
identify potential markers for PE.

Preeclampsia (PE) is a serious complication that affects 2—4% of
the pregnant women worldwide. It is reportedly linked to
~46 000 maternal deaths and ~500000 fetal and newborn
deaths each year." However, no clear explanation of the
mechanism behind PE has been provided to date. At present,
uteroplacental malperfusion caused by trophoblast invasion
failure and the transformation of spiral arteries is considered an
important cause for PE. This disorder is also characterized by
chronic inflammation in early pregnancy, with high levels of
serum cytokine expression and leukocyte activation.”® Tumor
necrosis factor @ (TNF-a) stimulates the expression of
intercellular adhesion molecule-1 in the endothelium and
trophoblast cells, inducing vascular activation and dysfunction
in the TNE." Interleukin (IL) mediates the cluster of
differentiation 81 (CD81)-triggered imbalance of maternal
regulatory T-cells (Treg)/IL17-producing helper T-cells
(Th17) in the trophoblast, and the upregulation of CD81
inhibits maternal Tregs, promotes Th17 cell differentiation, and
disrupts the maternal immune tolerance environment involved
in PE development.” Therefore, immune dysfunction and
hyperactivation of inflammation may play essential roles in the
pathogenesis of PE. Additionally, there is evidence that various
circulating inflammatory molecules increase in patients with
PE,® and some inflammatory-related proteins, such as vascular
endothelial growth factor A (VEGFA)” and TNF,® may be
associated with PE, but there is no specific biomarker of this
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B MATERIALS AND METHODS

Participants

The protocol for this study was approved by the ethics
committee of the First Affiliated Hospital of Jinan University,
Guangzhou, China (approval number: KY-2022-043). We
collected late pregnancy maternal plasma samples before
delivery from 87 pregnant women, of which 43 had PE and 44
were normal pregnant controls, and early pregnancy maternal
plasma samples from 74 pregnant women, including 37 with
subsequent PE and 37 normal pregnant controls, in 117°—13*
weeks of gestation from the First Affiliated Hospital of Jinan
University. For the late pregnancy maternal plasma, PE samples
were collected after the onset of the disease (generally near
delivery), while the controls were collected during obstetric
examination or hospitalization (usually further away from
delivery) to match the PE group. For the early pregnancy
maternal plasma, we prospectively collected these samples and
followed up until delivery. The diagnostic criteria of PE were
derived from the International Society for the Study of
Hypertension in Pregnancy and are as follows: the first onset
of hypertension after 20 weeks of gestation, with a systolic blood
pressure of >140 mmHg and/or diastolic blood pressure of >90
mmHg with proteinuria at 0.3 g/day, or no proteinuria with one
of the following symptoms: thrombocytopenia, liver function
impairment, renal function impairment, pulmonary edema or
neurological abnormalities, intrauterine growth restriction, or
uteroplacental insufficiency.'' The inclusion criteria for normal
pregnant controls were that there were no pregnancy
complications, such as gestational or chronic hypertension,
pregestational or gestational diabetes mellitus, or intrahepatic
cholestasis of pregnancy.

Plasma Sample Collection

Approximately 2 mL of peripheral venous blood was collected
from each patient into EDTA tubes; then, the plasma was
extracted by centrifugation at 3000 rpm for 15 min and frozen in
a —80 °C refrigerator for future use.

Inflammation-Related Biomarkers Analysis

Late pregnancy maternal plasma samples from PE (n = 15) and
normal (n = 15) pregnant women were analyzed using the Olink
Inflammation panels based on the highly sensitive and specific
proximity extension assay technology, which enables 92
inflammation-related biomarkers to be analyzed simultane-
ously.'” Briefly, each target protein was recognized by double
antibodies and coupled with its specific complementary DNA
barcode, which was subsequently quantified using a high-
throughput microfluidic real-time PCR instrument, Biomark
HD (Fluidigm, South San Francisco, CA). The final assay
readout was presented in normalized protein expression values,
which were log,-transformed.

Bioinformatics Analysis

For the Olink data, the differentially expressed proteins were
obtained using the limma package,® with a P-value cutoff of
0.05. The R package ggplot2'* was used to visualize heat maps
and volcano plots. Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) enrichment
analyses were also performed using ggplot2. In the enrichment
analyses, all significantly differentially expressed proteins were
mapped to each term or pathway of the GO or KEGG database,
and then, the GO term or KEGG pathway that was significantly
enriched in differentially expressed proteins compared to the
specific background was identified using a hypergeometric test.
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Table 1. Clinical Features of the Olink Cohort and the ELISA
Cohort”

PE group control group P
Olink Cohort
sample size N=15 N=15
PE types, n (%)
early-onset PE 7 (46.67)
late-onset PE 8 (53.33)
maternal age (years) 31.53 +£5.99 30.80 +2.98 0.680
gestational age at 35.57 (31.43, 39.29 (39.14, <0.001#%%*
delivery (weeks) 37.71) 39.57)
BMI (kg/m?) 27.96 + 3.50 2539 + 191 0.020%
primipara, n (%) 7 (46.67) 6 (40.00) 1.000
maximum SBP 170.00 (158.00, 110.00 (101.00, <0.001%*%*
(mmHg) 180.00) 114.00)
maximum DBP 104.93 + 14.54 73.07 + 6.20 <0.001%*%*
(mmHg)
neonatal birth weight ~ 2.10 + 0.80 3.24 +0.27 <0.001%##*
(kg)
sample collection time  34.74 + 3.34 3430+ 1.76 0.657
(weeks)
Late Pregnancy Cohort
sample size N=43 N=44
PE types, n (%)
early-onset PE 18 (41.86)
late-onset PE 25 (58.14)
maternal age (years) 31.02 + 6.34 29.84 +3.43 0.280
gestational age at 35.57 (32.57, 39.64 (39.14, <0.001*%#*
delivery (weeks) 38.00) 40.54)
BMI (kg/m?) 2722 + 4.96 2611 + 2.42 0.190
primipara, n (%) 19 (44.20) 21 (47.70) 0.830
maximum SBP 166.16 + 17.31 111.77 + 9.00 <0.001%*%*
(mmHg)
maximum DBP 106.21 + 11.79 7441 £ 7.77 <0.001%*%*
(mmHg)
neonatal birth weight ~ 2.23 + 0.77 3.30 + 0.40 <0.001%##%*
(kg)
sample collection time ~ 35.14 (32.14, 34.50 (32.71, 0.966
(weeks) 37.57) 36.57)
Early Pregnancy Cohort
sample size N=37 N=37
PE types, n (%)
early-onset PE 11 (29.73)
late-onset PE 26 (70.27)
maternal age (years) 31.32 + 4.80 33.14 + 4.44 0.100
gestational age at 37.43 (33.93, 39.43 (38.57, <0.001%**
delivery (weeks) 38.71) 40.42)
BMI (kg/m?) 27.10 (24.61, 25.90 (24.33, 0.100
29.05) 26.84)
primipara, n (%) 15 (40.54) 13 (35.14) 0.630
maximum SBP 159.16 + 11.16 116.57 + 9.29 <0.001%**
(mmHg)
maximum DBP 102.22 + 11.77 73.78 £7.73 <0.001%*%*
(mmHg)
neonatal birth weight 247 + 0.81 3.20 + 0.30 <0.001#%%*
(kg)
sample collection time ~ 12.50 + 0.67 12.44 + 0.65 0.725
(weeks)

“##%P < 0.001. The late pregnancy cohort refers to the pregnant
women who provided late pregnancy plasma samples, and the early
pregnancy cohort refers to the pregnant women who provided early
pregnancy plasma samples for ELISA validation. Abbreviations: PE,
preeclampsia; BMI, body mass index; SBP, systolic blood pressure;
and DBP, diastolic blood pressure.

The results of enrichment analysis based on the background of
all proteins and 92 proteins in the Olink inflammation panel
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Figure 1. All differentially expressed inflammation-related biomarkers between the preeclampsia (PE) and normal groups. (A) Volcanic visualization
of 92 inflammation-related biomarkers. (B) Heatmap of 28 differentially expressed proteins. (C) Box plot of the 28 inflammation-related biomarker
expression. The solid dots outside the box represent observations that are 1.5 times the interquartile range on the upper and lower sides (*P < 0.0S, **P

< 0.01, ***P < 0.001).

were compared. Additionally, the correlation analysis of two
proteins’ expression was performed using Spearman’s correla-
tion. The protein—protein interaction (PPI) network of the
differentially expressed proteins was constructed and visualized
with Cytoscape (version 3.9.1). Additionally, receiver operating
characteristic (ROC) curves were created using the ROCR
package."

ELISA Validation

Late pregnancy maternal plasma samples from 87 pregnant
women, of which 43 had PE and 44 were normal pregnant
controls, and early pregnancy maternal plasma samples from 74
pregnant women, including 37 women with subsequent PE and
37 normal pregnant controls, were used to perform ELISA
analysis using the cysteine—cysteine motif chemokine ligand 20
(CCL20) ELISA kit (MB-0074A, Jiangsu Meibiao Biological
Technology, China). Assays and analyses were conducted
according to the manufacturer’s protocol.

Statistical Analysis

Data are presented as the mean + standard deviation or median
(first and third quartiles) as appropriate. Statistical analyses were

3000

implemented using IBM SPSS Statistics 25 and R software
(version 4.1.3). P < 0.05 was considered statistically significant.

B RESULTS

Characteristics of the Participants

Table 1 shows the clinical characteristics of the participants in
the Olink, late pregnancy, and early pregnancy cohorts. There
were no significant differences in the maternal age, primipara
proportion, and sample collection time between the two groups
in the three cohorts (P > 0.05). The PE group had shorter
gestations, higher maximum systolic blood pressure, and
maximum diastolic blood pressure, and babies born from the
PE group had lower fetal birth weights in the two cohorts (P <
0.05). Additionally, the PE group had a higher body mass index
(BMI) than that of the control group in the Olink cohort (P =
0.020), but there was no significant difference in the BMI
between the two groups in the late and early pregnancy cohorts
(P > 0.05).

https://doi.org/10.1021/acs jproteome.2c00544
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Figure 2. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis of the differentially expressed
inflammation-related proteins. (A) GO enrichment analysis based on the background of all annotated proteins. (B) GO enrichment analysis based on
the background of 92 inflammation-related proteins. (C) KEGG enrichment analysis based on the background of all annotated proteins. (D) KEGG
enrichment analysis based on the background of 92 inflammation-related proteins.

Olink Inflammation-Related Biomarker Analysis

Using Olink analysis, we evaluated and compared the expression
levels of 92 inflammation-related proteins between the PE and
control groups; information about these proteins is shown in
Table SI. A total of 28 differentially expressed inflammation-
related proteins were identified between PE and control groups,
of which 27 were upregulated and only one protein was
downregulated in the PE group (Figure 1A). A heatmap of these
differentially expressed inflammation-related proteins is shown
in Figure 1B, and the comparison of the expressions of these
proteins between the PE and normal groups is shown in Figure
1C. Most of the inflammatory proteins among these proteins
increased in the PE group, although some differences were not
significant, which strongly echoed the results of previous studies.
Among them, fibroblast growth factor 21 (FGF-21) and CCL20
had the largest fold changes, 8.13 and 2.48, respectively.

Analysis of Differentially Expressed Inflammation-Related
Biomarkers

To further investigate the potential functions of the differentially
expressed proteins, we conducted GO and KEGG enrichment
analysis based on various backgrounds. Under the background
of all annotated proteins, the results indicated that these proteins
were enriched in several GO terms, such as signal transduction,
immune response, and inflammatory response (Figure 2A), with
several pathways, such as the cytokine—cytokine receptor
interaction, IL-17 signaling pathway, and TNF signaling
pathway (Figure 2C). When the 92 inflammation-related
proteins in the Olink panel served as the background, the
significant GO terms and KEGG pathways became fewer, and

3001

the results showed that these proteins were enriched in several
GO terms, such as obsolete activation of MAPK activity, cell
surface, and negative regulation of inflammatory response
(Figure 2B), and several pathways, such as the toll-like receptor
signaling pathway, bladder cancer, and RIG-I-like receptor
signaling pathway (Figure 2D). Additionally, we performed a
correlation analysis and characterized a PPI network to explore
the interactions among the above-mentioned proteins. As shown
in Figure 3, we found that C—X—C motif chemokine ligand 9
(CXCL9) and CXCL10 had the most significant positive
correlation, while CCL20 and artemin (ARTN) had the most
negative correlation. Furthermore, TNF and VEGFA had the
highest degree scores in the PPI network, indicating they may
have important roles in PE (Figure 4). We noticed that previous
studies have found that they may be potential biomarkers for
PE.1617

Correlation between Differentially Expressed
Inflammation-Related Proteins and Clinical Features

We evaluated the correlations between the 28 differentially
expressed inflammation-related proteins and the clinical features
of patients with PE. The results showed that higher levels of
matrix metalloproteinase 10, VEGFA, CCL20, and FGF-21 were
associated with the maximum systolic and diastolic blood
pressure of patients with PE, while ARTN was inversely
proportional to diastolic pressure. The CX3CL1 level seemed to
be related to maternal proteinuria. Moreover, neurotrophin-3
(NT-3) may be proportional to the maternal age (Figure 5).

https://doi.org/10.1021/acs jproteome.2c00544
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Figure 3. Correlations between the differentially expressed inflammation-related biomarkers in preeclampsia (PE) patients. The two scatterplots are
visualizations of the two pairs of inflammation-related biomarkers with the highest correlation. C—X—C motif chemokine ligand 9 (CXCL9) and
CXCL10 had the most significant positive correlation, and cysteine—cysteine motif chemokine ligand 20 (CCL20) and artemin (ARTN) had the most

negative correlation.
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Figure 4. Protein—protein interaction (PPI) network analysis of the
inflammation-related differentially expressed proteins.

ELISA Validation of CCL20 in the Late and Early Pregnancy
Maternal Plasma

Based on the largest fold changes between the PE and controls
groups, FGF-21 and CCL20 were identified as hub proteins. A
previous study had indicated that serum FGF-21 was
significantly increased in patients with PE and it may be a
potential circulating biomarker for this disease.'® However, to
the best of our knowledge, CCL20 was only reported to be
increased in preeclamptic decidua,'” but its circulating levels in
PE have not been reported, resulting in its unknown predictive
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or diagnostic value for PE. Therefore, CCL20 was selected as a
novel potential predictive or diagnostic biomarker for further
validation. According to the ELISA results, the CCL20
expression was significantly higher in the late pregnancy plasma
of patients with PE compared with that of the controls (P <
0.001), which was consistent with the trend observed in the
Olink data (Figure 6A), and was also higher in the early
pregnancy plasma of patients with PE (P = 0.015) (Figure 6B).
The AUC of CCL20 was 0.753 (95%CIL: 0.649—0.839, P <
0.001), according to the ROC curve analysis based on the
CCL20 concentration in the late pregnancy maternal plasma.
The optimal cutoft value based on the Youden index was
>435.96, with a sensitivity and specificity of 51.16 and 95.45%,
respectively (Figure 6C). Additionally, the AUC of CCL20 in
the early pregnancy maternal plasma was 0.668 (95% CI:
0.548—0.773, P = 0.008), and the optimal cutoff value based on
the Youden index was >327.30, with a sensitivity and specificity
of 56.76 and 75.68%, respectively (Figure 6D). Furthermore, the
CCL20 expression was significantly higher in the late pregnancy
maternal plasma compared with that of the early pregnancy
maternal plasma in the two groups (P < 0.001) (Figure 6E,F).

B DISCUSSION

Preeclampsia is a serious pregnancy syndrome that endangers
the safety of mothers, fetuses, and newborns. Although its
pathological mechanism is very complex, it is widely recognized
that inflammation is closely related to its occurrence and
development. In the present study, we identify potential
inflammation-related protein biomarkers for PE using Olink
proteomics.
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Figure 5. Correlation heatmap between the differentially expressed inflammation-related biomarkers and clinical features. Red, positively related; blue,

negatively related; and white, nonrelated.

Although the precise pathogenesis of PE remains unknown,
the placenta is considered to be central in its occurrence and
development. In the two-stage model, poor placental perfusion
leads to the release of antiangiogenic and inflammatory factors
into the maternal bloodstream, which can lead to vascular
endothelial injury."" Additionally, the placentas of patients with
PE exhibit heightened inflammatory states characterized by
elevated proinflammatory cytokines and chemokines, such as IL-
6 and TNE.*® A previous study indicated that inflammation-
induced deficiency in vascular adaptation may be associated with
PE.>' Therefore, an aberrant maternal inflammatory response
may be closely associated with PE, and inflammatory-related
proteins may be biomarkers for this disease.

In the present study, we compared the expressions of
inflammatory-related proteins between plasma samples from
patients with PE and normal pregnant women using Olink
proteomics and identified 28 differentially expressed proteins
that were enriched in several inflammatory-related pathways,
including the IL-17 signaling pathway and TNF signaling
pathway. Lu et al.”” indicated that the abnormal increase of
serum and placental IL-17 may be associated with the formation
and development of PE. Cao et al.”” also found that serum IL-17
was significantly increased in patients with PE. However, a meta-
analysis indicated that there was no evidence of a difference in
the circulating levels of IL-17 between patients with PE and
controls.”* Additionally, several studies have demonstrated that
TNF may be associated with PE and TNF-a may be a potential
biomarker for PE.***° More studies are required to explore the
roles of the IL-17 and TNF signaling pathways in the
development of PE. Additionally, other pathways, including
MAPK and toll-like receptor signaling pathways, were significant
after changing the background to 92 inflammation-related
proteins. These bioinformatic results indicated that inflamma-
tion may be involved in the pathogenesis of PE through a
multifaceted mechanism.

We further identified two hub proteins and found that CCL20
may be a novel circulating biomarker for PE, so this was selected
for validation using additional plasma samples by ELISA.
According to the ELISA results, the expressions of CCL20 in the
late and early pregnancy maternal plasma were significantly
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higher in the PE groups than in the controls, which was
consistent with the proteomics result. Notably, the CCL20
expression was higher in the late pregnancy maternal plasma
compared with that of the early pregnancy maternal plasma,
both in the PE group and the controls. A previous study found
that soluble E-selectin concentrations were higher in early
pregnancy in women who subsequently developed PE and were
again higher in late pregnancy in women who went on to develop
PE compared with those of the controls. Soluble E-selectin is an
early mediator of leukocyte—endothelial adhesion that increases
under various inflammatory conditions.”” It may be due to the
higher inflammation levels in the late pregnancy maternal
plasma of women who developed PE. However, an increase in
CCL20 in the late pregnancy maternal plasma was also found in
normal pregnant controls. These changes may reflect the
underlying pathophysiological processes of PE, but more
exploration is required.

The novel hub protein CCL20 is also known as activation-
regulated chemokine, macrophage inflammatory protein-3a,
and Exodus-1. It is a chemokine that interacts with CC
chemokine receptor 6 (CCR6). The ligand—receptor pair of
CCL20 and CCR6 plays an important role in immune
interactions and inflammation.”® Through the binding and
activation of CCR6, CCL20 can induce a powerful chemotactic
response and mobilization of intracellular calcium ions.
Additionally, various cytokines, such as IL-1f, IL-17, and
TNEF-a, can induce the expression of CCL20. Several studies
have thus shown that CCL20 may be closely associated with
various tumors and could be a potential diagnostic and
prognostic biomarker for these tumors,”~*' and CCR6-
CCL20 plays an essential role in various autoimmune diseases.””
Moreover, CCL20 was also involved in some inflammatory
bowel diseases, such as ulcerative colitis.>*** However, to the
best of our knowledge, there are no published reports about the
relationship between CCL20 and PE. As mentioned above, PE is
suspected of being closely associated with immune dysfunction
and an excessive inflammatory response. Inflammation may be
involved in deficient trophoblast invasion and spiral artery
remodeling, also with renal structural alterations.” Additionally,
the imbalance of Tregs and Th17 has been reportedly involved
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Figure 6. Expression and performance of the novel hub protein cysteine—cysteine motif chemokine ligand 20 (CCL20). (A) Validation of late
pregnancy maternal plasma CCL20 levels. (B) Validation of early pregnancy maternal plasma CCL20 levels. (C) Receiver operating characteristic
(ROC) curve of CCL20 in the late pregnancy maternal plasma. (D) ROC curve of CCL20 in the early pregnancy maternal plasma. (E) Comparison of
the maternal plasma CCL20 expression in the early and late pregnancy of the control group. (F) Comparison of the maternal plasma CCL20
expression in the early and late pregnancy of the PE group. *P < 0.0S, **P < 0.01, and ***P < 0.001.

in the pathogenesis of PE.”” Regarding the inflammation,
CCL20 was found to be involved in the recruitment of
proinflammatory Th17 and Treg to the inflammation sites, so
a change in the expression of CCL20 may alter the balance
between proinflammatory and regulatory 1‘esponses.32’36’37
Therefore, we naturally predict that the increase of plasma
CCL20 may induce an imbalance of Tregs/Th17 in PE, but
more experiments, such as trophoblast and animal experiments,
are required to determine the specific pathways and mechanisms
behind this. The main significance of the present study lies in the
discovery that CCL20 may be a novel predictive and diagnostic
marker for PE. However, there are some limitations in the
present study, such as the limited sample size. Additionally, there
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were more late-onset PEs than early-onset PEs in the cohorts,
but we could not separate the two PE types for prediction or
diagnosis due to the limited number of samples. Therefore, the
expression level of CCL20 might be confirmed by incorporating
data from a larger sample set.

B CONCLUSIONS

In the present study, we measured 92 inflammation-related
proteins in the maternal plasma of patients with PE and normal
pregnant women using the Olink technology and identified 28
differentially expressed inflammation-related proteins between
the two groups. The immune response, inflammatory response,
cytokine—cytokine receptor interaction, IL-17 signaling path-
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way, and TNF signaling pathway were some of the most
enriched GO terms and KEGG pathways in relation to these
differentially expressed inflammation-related proteins. FGF-21
and CCL20 had the largest fold changes between the PE and
control groups. To the best of our knowledge, this was the first
time that CCL20 was found to be upregulated in the early and
late pregnancy maternal plasma from patients with PE;
therefore, CCL20 may be a potential predictive and diagnostic
biomarker for PE, although its expression and role in PE need
further exploration.
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