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Abstract

Background: Preeclampsia (PE) is a leading cause of maternal and perinatal morbidity worldwide,
yet its mechanisms remain poorly understood. Dysregulated innate immunity, specifically aberrant
complement activation and excessive neutrophil extracellular traps (NETs) formation, contributes
to endothelial dysfunction and inflammation in preeclampsia. However, the interaction between
complement activation and NETs, as well as the differences between these immune pathways in
early-onset and late-onset preeclampsia, remain unclear. To address this gap, we assessed
complement components and NET markers across various preeclampsia phenotypes and examined
their relationships. Methods: Plasma samples were collected from 56 women with early-onset
preeclampsia (EO-PE) before 34 weeks, 32 with late-onset preeclampsia (LO-PE) after 34 weeks, and
32 healthy pregnant women in the control group. Complement components (Clq, C3, C3a, C4, and
the terminal complement complex, TCC) and NETs markers (MPO-DNA, citrullinated histone H3,
and cathepsin G) were measured using ELISA. Group differences were assessed with non-
parametric tests, and associations between markers and clinical variables were analyzed using
Spearman correlations. Results: We observed higher levels of Clq, C3, C3a, and TCC in pregnant
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women with severe preeclampsia compared with healthy pregnancies (p < 0.001), while C4 levels
remained unchanged. Among neutrophil trap biomarkers, MPO-DNA levels were elevated in EO-
PE (p = 0.019), while CitH3 and cathepsin G levels did not differ significantly between groups.
Strong correlations were observed between MPO-DNA and TCC (o = 0.30, p = 0.013), as well as
between cathepsin G and C3a (o = 0.40, p = 0.0007), indicating NETs—complement interactions.
Patterns of complement and NETs activation were similar in early and late preeclampsia, despite
differences in gestational age. Conclusions: The observed associations between MPO-DNA and
TCC, and between cathepsin G and C3a, indicate meaningful crosstalk between NETs and
complement activation. These findings support the role of innate immune dysregulation in
preeclampsia and highlight NETs—complement interactions as potential targets for diagnostic and
therapeutic approaches.

Keywords: preeclampsia; early-onset preeclampsia; late-onset preeclampsia; complement
activation; Clq; C3a; TCC; neutrophil extracellular traps (NETs); MPO-DNA; citrullinated histone
H3 (CitH3); cathepsin G; innate immunity

1. Introduction

Preeclampsia (PE) is a multisystem disorder characterized by new-onset hypertension and/or
proteinuria after 20 weeks of gestation [1,2] and remains a leading cause of maternal and perinatal
morbidity and mortality worldwide [3]. Early-onset (EO) and late-onset (LO) preeclampsia are
recognized as distinct subtypes [4], with early-onset (<34 weeks) disease more strongly associated
with placental dysfunction, and late-onset (=34 weeks) disease reflecting predominantly maternal
cardiovascular susceptibility. Although the clinical manifestations of PE are well defined, its
underlying biological mechanisms remain debated [4-6], and no single unifying hypothesis fully
explains its heterogeneous presentation [7,8]. Despite the multifactorial nature of PE development,
increasing evidence demonstrates that dysregulation of innate immune mechanisms, in particular
activation of the complement system [9-11] and formation of neutrophil extracellular traps (NETs)
[12-14], plays a key role in the pathogenesis of PE [15].

The complement system is involved in placental development, clearance of apoptotic cells, and
maintenance of immune homeostasis in the maternal-fetal system [16]. However, excessive or
uncontrolled activation of complement pathways is associated with endothelial dysfunction,
placental damage, and hypertensive disorders of pregnancy [17,18]. Several studies [10,17-19] have
reported elevated levels of complement activation products, including Clq, C3, C3a, C4, and,
especially, the terminal complement complex (TCC, C5b-9), in both maternal and fetal circulations in
preeclampsia, suggesting activation of both the classical and terminal pathways. However, findings
regarding specific pathways and the extent of activation in early- versus late-onset disease remain
inconsistent [20].

Neutrophils are highly active in PE and can release extracellular chromatin structures (NETs),
composed of extracellular chromatin fibers coated with serine proteases such as MPO-DNA
complexes, neutrophil elastase, cathepsin G, and decondensed citrullinated histone H3 (CitH3),
represent another innate immune mechanism increasingly implicated in the pathogenesis of PE
[22,23].

NETs promote thrombosis, endothelial injury, injure trophoblasts, obstruct intervillous blood
flow, amplify inflammation, and may serve as a platform for complement activation [24].
Importantly, NETs and complement activation appear to reinforce one another in a self-amplifying
inflammatory loop [15,24]. Yet, the nature and magnitude of this interplay in different PE phenotypes
remain poorly understood and, in some cases, controversial [20,25]. Despite growing interest [26,27],
only a few studies combine immunological markers with detailed clinical phenotyping [17,28,29].
Many studies focus on either complement [18-21] or NETs [30-33], but rarely both together with
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profound clinical implications. Understanding how complement system and NETs activation
patterns align with PE phenotypes may shed light on the disorder's immunopathological diversity
and support biomarker-based risk stratification.

We hypothesized that EO-PE demonstrates stronger complement-NET activation than LO-PE
and that these immune signatures correlate with clinical severity and maternal characteristics.

To address this, we quantified complement components (C1q, C3, C3a, C4, and C5b-9) and NETs
markers (MPO-DNA complexes, CitH3, cathepsin G), compared patterns across PE phenotypes, and
explored correlations between immunological and clinical parameters.

2. Results

2.1. Participants’ characteristics

The study included 120 pregnant women stratified into four groups: EO-PE (n = 56), LO-PE (n =
32), a healthy control group <34 weeks (n = 17), and a healthy control group =34 weeks (n = 15).
Women with EO-PE and LO-PE were comparable in age and body mass index (BMI). No significant
differences were observed between the two PE subgroups in maternal age (median 32.5 [28.8-36.0]
vs. 34.0 [31.0-36.0] years; p = 0.522) or BMI (29.7 [27.8-34.5] vs. 30.0 [28.0-33.8] kg/m?; p = 0.608). As
expected, EO-PE was characterized by a markedly earlier gestational age at both hospital admission
and delivery compared with LO-PE. The median gestational age at admission was 32.0 [29.0-33.0]
weeks in EO-PE and 35.5 [34.9-36.5] weeks in LO-PE (p < 0.001). Similarly, gestational age at birth
was significantly lower in women with LO-PE (31.15 [29.43-32.52] vs. 36.60 [35.98-37.05] weeks; p <
0.0001). Daily proteinuria did not differ significantly between the groups (1.30 [0.31-2.54] g/day in
EO-PE vs. 1.70 [0.77-2.25] g/day in LO-PE; p = 0.670), suggesting a similar degree of renal
involvement. Overall, the EO-PE and LO-PE groups demonstrated comparable maternal
characteristics, with the primary difference being gestational age at presentation and delivery —
consistent with established clinical distinctions between early- and late-onset disease. Baseline
characteristics did not differ between the two control subgroups except for gestational age.

2.2. Complement System Activation

Median concentrations of C1q, C3, C3a, C4, and terminal complement complex (TCC) for all four
groups are summarized in Table 1. According to the Kruskal-Wallis test, significant overall group
differences were observed for Clq, C3, C3a, and TCC (all p <0.001), whereas C4 showed no significant
variation (p = 0.240). Both early-onset and late-onset preeclampsia demonstrated marked activation
of the classical and alternative complement pathways. Plasma Clq levels were substantially higher
in EO-PE and LO-PE than in gestational-age-matched controls. A similar pattern was seen for C3 and
its activation fragment C3a, with both PE groups showing distinctly elevated concentrations
compared with healthy pregnancies. C3a concentrations were significantly higher in both EO-PE and
LO-PE compared with gestational-age-matched controls, with non-overlapping interquartile ranges
between control and preeclamptic pregnancies, indicating robust activation of the C3—C3a axis in
preeclampsia. C4 levels, in contrast, did not differ significantly across groups, suggesting limited
discriminatory value of this classical pathway component in the present cohort. Activation of the
terminal complement pathway was particularly pronounced. TCC concentrations were significantly
increased in both EO-PE and LO-PE relative to controls, indicating enhanced formation of the
membrane attack complex (MAC) in preeclamptic pregnancies.

Table 1. Complement System Activation in Study Groups. (Values are presented as median [IQR]. p-values refer
to Kruskal-Wallis test).

Control <34 Control 234 EO-PE LO-PE
Mark KW
ARt (n=17) (n=15) (n=56) (n=32) p (KW)
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C1q 110.10 46.65 272.80 267.75
(gimpy 2P~ [4478- (208950 [25475-  14x10%

115.70] 48.52] 339.45]  283.98]

3 969.0 941.50 1626.0 1651.0
(ng/emL) [884.25-  [902.8-  [1150.8-  [1354.0-  6.0x10-

1071.8] 974.3] 1953.3]  2095.0]

Caa 546.8 529.0 616.6 624.4
(gimpy 1956~ 194 [598-  [6076- 586107

569.2] 566.6] 627.0] 636.8]

ca 532.0 459.3 645.6 4184
(ng/mL) [461.8-  [390.1-  [417.7-  [3784- 0.240

808.1] 484.2] 1069.5] 794.0]

2473 2982.5

TCC 1742 [1447- 1382 [1151-

— — -5
(mAU/mL)  2123] 1613] [1915.5 [2261.5 4.2x10

2965.5] 3826.8]

Taken together, these data demonstrate a consistent up-regulation of complement activation—

spanning classical, alternative, and terminal pathway components—in both early- and late-onset
preeclampsia. The absence of differences between EO-PE and LO-PE supports a shared complement
activation signature across clinical phenotypes of the disorder.

2.3. Neutrophil Extracellular Trap (NETs) Biomarkers in Preeclampsia

Table 2 summarizes circulating NETs-associated markers —MPO-DNA complexes, citrullinated
histone H3 (CitH3), and cathepsin G—in healthy controls <34 weeks, controls >34 weeks, early-onset
preeclampsia (EO-PE), and late-onset preeclampsia (LO-PE).

Across all three biomarkers, median concentrations were higher in preeclamptic pregnancies
compared with both gestational-age-matched control groups, although none of the markers reached
statistical significance in the Kruskal-Wallis test (MPO-DNA: p = 0.051; CitH3: p = 0.150; cathepsin
G: p =0.060). The greatest elevation was observed for MPO-DNA and cathepsin G, which showed a
consistent upward shift in both EO-PE and LO-PE relative to controls.

Table 2. NETs Biomarkers in Study Groups. (Values are median [IQR]. p-values refer to Kruskal-Wallis test).

Control <34 Control >34 EO-PE LO-PE

Marker 17, (n=15) (n=56) m=32y PEW
l\éi](i 762610~ 885[173- 13.25[7.99- 944[6.88- | .
11.93] 15.97] 27.50] 25.11] '
(ng/mL)
GitH3 024[019- 031[021- 017 (014~ 024[013-
(ng/mL)  0.27] 0.42 0.27] 0.54] '
, 22.54 37.89
Cathepsin 11.80 [8.99— 9.41 [9.06— (12.79- (11.20- 0.060*

G (ng/mL)  96.20] 11.80] 54.78] 60.89]

*p<0.05 - statistically significant differences.

The overall distributional pattern shows a trend toward NETs enrichment in preeclampsia,
indicating increased neutrophil activation and extracellular trap formation, even in the absence of
statistically significant changes.
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No differences were detected between EO-PE and LO-PE, supporting a shared NETs activation
profile across the two clinical phenotypes.

2.4. Relationship Between Complement Activation and NETs Formation

Table 3 summarizes the Spearman correlation coefficients between circulating NETs biomarkers
(MPO-DNA, CitH3, and cathepsin G) and components of the complement system (Clq, C3a, and
terminal complement complex, TCC). The analysis demonstrates several significant positive
correlations, indicating coordinated activation of neutrophil extracellular traps and complement
pathways in preeclamptic pregnancies.

Table 3. Spearman correlations between NETs biomarkers and complement components.

Variable pair Spearman Q p-value
MPO-DNA vs TCC 0.30 0.013
MPO-DNA vs C3a 0.27 0.027
Catepsin G vs C3a 0.40 0.0007
Catepsin G vs Clq 0.31 0.011
CitH3 vs Age -0.24 0.048
CitH3 vs Clq -0.22 0.060
CitH3 vs TCC -0.21 0.064

The strongest associations were observed between MPO-DNA and both TCC and C3a, as well
as between cathepsin G and Clq/C3a, suggesting that increased complement activation is
accompanied by enhanced NETosis (Figure 1).

, 1.00
Spearman Correlation Heatmap
0.75
MPO-DNA
0.50
C3a
0.25
TCC =
000 E
g
CatG | 2
-0.25
Clg
-0.50
CitH3 |
=0.75
@@0
-1.00

Figure 1. Spearman correlation heatmap of complement components and NETs biomarkers (based on Table 3).
The matrix illustrates positive and negative correlations between complement markers (Clq, C3a, TCC) and
NETs-associated indicators (MPO-DNA, CitH3, cathepsin G). Correlation coefficients (o) are displayed within
each cell.

These correlations support the presence of a functional Complement-NETs amplification loop,
in which complement activation products promote NETs formation, and NETs, in turn, propagate
further complement activation. Weak negative correlations of CitH3 with C1q and TCC did not reach
statistical significance, reflecting biomarker-specific variability in NETs components. Taken together,
this correlation pattern indicates that complement activation and the formation of NET are not

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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isolated events but represent interrelated links in the impaired regulation of innate immunity in both
early and late preeclampsia.

2.5. Differences Between Early- and Late-Onset Preeclampsia

Table 4 provides the head-to-head comparison between EO-PE and LO-PE across all measured
immune markers, including classical, alternative, and terminal complement pathway components, as
well as circulating NETs-associated biomarkers. This table allows assessment of whether early- and
late-onset disease differ in the magnitude or pattern of complement activation and NETosis.

Table 4. Early- vs late-onset preeclampsia (EO-PE vs LO-PE). Values are median [IQR]; p-values are Mann—
Whitney U-test.

Marker EO-PE (n=56) LO-PE (n=32) p-value

Clq (ng/mL) 272.8 [208.95-339.45] 267.75 [254.75-283.98] 0.860

C3 (ng/mL) 1626.0 [1150.8-1953.3] 1651.0 [1354.0-2095.0] 0.480

C3a (ng/mL) 616.6 [596.8-627.0] 624.4 [607.6-636.8] 0.440

C4 (ng/mL) 645.6 [417.7-1069.5] 418.4 [378.4-794.0] 0.410
TCC (mAU/mL) 2473 [1915.5-2965.5] 2982.5 [2261.5-3826.8] 0.180
MPO-DNA (ng/mL) 13.25[7.99-27.50] 9.44 [6.88-25.11] 0.330
CitH3 (ng/mL) 0.17 [0.14-0.27] 0.24 [0.13-0.54] 0.260
Cathepsin G (ng/mL) 22.54 [12.79-54.78] 37.89 [11.20-60.89] 0.520

Although overall NETs biomarkers did not differ significantly between early- and late-onset
preeclampsia, MPO-DNA complexes tended to be higher in the EO-PE group. This pattern is
biologically plausible, as early-onset preeclampsia represents a more severe, placenta-driven
phenotype characterized by profound placental hypoxia, increased release of trophoblast-derived
danger signals, and stronger activation of the innate immune response. These stimuli promote
enhanced neutrophil activation and NETosis, resulting in greater accumulation of MPO-DNA
complexes. Thus, the relative increase in MPO-DNA in EO-PE may reflect the intensity and duration
of placental injury rather than a fundamentally different NETSs profile between the two PE subtypes.

3. Discussion

To our knowledge, no previous study has simultaneously assessed complement activation,
NETs formation, and the detailed clinical phenotypes of early and late preeclampsia. Therefore, this
study presents a comprehensive immunological and clinical characterization of preeclampsia that
has not been previously reported.

Having demonstrated that both EOP and LOP were characterized by comparable activation of
complement pathways and NET markers, it is important to consider whether gestational age itself
may influence baseline values. From a physiological perspective, certain complement components,
such as C3 and C4, show a moderate increase by the third trimester, reflecting normal immune
adaptation during pregnancy. In contrast, upstream and terminal activation markers (Clq, C3a,
TCC), as well as NETs-associated biomarkers, show little to no gestational variation in healthy
pregnancies.

Although gestational age has a moderate effect on physiological levels of specific complement
proteins (such as C3 and C4), in healthy pregnant women, its impact is significantly less than the
magnitude of changes observed in preeclampsia. It is important to note that the control group in this
study was stratified by gestational age (<34 or 234 weeks), which minimizes potential error related to
physiological gestational changes.

Given that the magnitude of complement and NETs activation observed in both early-onset and
late-onset preeclampsia greatly exceeded the expected physiological variation across gestation, the
similarities between EO-PE and LO-PE cannot be attributed to differences in gestational age. Rather,
these findings support the concept that dysregulated complement activation and NET-driven
inflammation represent core mechanisms shared by both clinical subtypes of preeclampsia.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 2. Complement system-NETs loop. It shows how NETs and the complement system interact
bidirectionally, creating a self-amplifying immunological loop that promotes endothelial dysfunction and the
onset of preeclampsia. NETs components (MPO-DNA complexes, citrullinated histone H3, and Cathepsin G)
and complement activation markers (Clq, C3, C3a, and the terminal complement complex TCC) measured in
this study are shown in the upper panel. Arrows depict the reciprocal relationship between these pathways,
indicating that NETs promote complement activation, while complement fragments further stimulate NETs
formation. The lower panel highlights that both EO-PE and LO-PE exhibit similar activation patterns throughout

these pathways supporting a shared underlying immunopathological mechanism.

The idea of a Complement-NETs amplification loop (Figure 2), in which complement activation
and NET synthesis function as mutually reinforcing processes, provides a mechanistic framework for
understanding these results. NETs provide a highly pro-inflammatory scaffold composed of DNA,
histones, and neutrophil granule enzymes that can directly bind and activate complement
components, including Clq and C3, thereby amplifying classical and alternative pathway activity.
Proteases released during NETosis, such as cathepsin G, further cleave complement proteins into
active fragments, enhancing downstream signaling and promoting terminal pathway activation.

Conversely, complement activation products—particularly C3a, C5a, and sublytic C5b-9 —serve
as potent stimuli for neutrophil activation and NET release. These anaphylatoxins prime neutrophils,
increase their responsiveness to placental danger signals, and promote NETosis in both maternal
circulation and the uteroplacental interface. Through this bidirectional interaction, complement
activation and NET formation perpetuate a cycle of endothelial injury, oxidative stress, and
microvascular dysfunction—hallmarks of the maternal syndrome of preeclampsia. The presence of
consistent correlations between complement activation products (C3a, Clq, TCC) and NETs-related
biomarkers (MPO-DNA, cathepsin G) in our study supports the biological relevance of this loop in
both EO-PE and LO-PE.

In summary, our results indicate that PE is characterized by coordinated activation of
complement pathways together with the excessive NETs formation, representing interconnected
immunological processes that contribute to endothelial damage and the clinical manifestations of
severe PE (Complement system-NETs loop). Despite differences in timing of PE (before and after 34
weeks), the observation that both early and late PE exhibit similar patterns of complement
dysregulation and NETs formation suggests a common immunopathological mechanism.

These findings highlight the potential clinical value of combined complement and NET profiling
for improved disease phenotyping and risk stratification. Further research is needed to determine
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whether these biomarkers may serve as therapeutic targets or prognostic indicators of adverse
maternal and perinatal outcomes.

There are several limitations to this study. First, the results may not be as applicable to larger
populations with more varied clinical and demographic features due to its single-center design.
Secondly, while the sample size was sufficient for identifying group differences, subgroup analyses—
especially within EO-PE and LO-PE— could benefit from using larger cohorts in future studies.
Third, biomarker measurements were performed at a single time point, which precludes assessment
of temporal dynamics in complement or NETs activation across pregnancy. Fourth, although healthy
controls were stratified by gestational age, some degree of natural inter-individual immunological
heterogeneity cannot be entirely excluded. Lastly, because this was an observational study, some
connections between placental failure, complement system activation, and the creation of NETs were
not shown, underscoring the need for longer-term research. The final limitation of the conducted
work was that the observational nature of the study did not allow for establishing certain links
between placental dysfunction, complement system activation, and NET formation, underscoring the
need for longitudinal studies.

4. Materials and Methods

A cross-sectional, single-center comparative study was conducted at the Perinatal Center of City
Clinical Hospital No. 67 named after L. A. Vorokhobov (Moscow, Russia) between September 2023
and June 2025. The study included pregnant women diagnosed with severe preeclampsia and healthy
pregnant women with uncomplicated physiological pregnancies. All participants provided written
informed consent prior to enrollment.

The study protocol was approved by the Local Ethics Committee (Protocol No. 29-24 dated
December 5, 2024) and complies with the Declaration of Helsinki.

Inclusion Criteria

Pregnancy > 20 weeks of gestation.

For the preeclampsia group: clinical and laboratory signs of severe preeclampsia, including
systolic blood pressure > 160 mmHg and/or diastolic > 110 mmHg; proteinuria > 2 g/day or > 2+ on
urine dipsticks; signs of maternal organ dysfunction.

For the control group: normal pregnancy course, absence of hypertension, proteinuria, or
obstetric complications.

Written informed consent to participate

Exclusion Criteria

Chronic arterial hypertension.

Pre-gestational diabetes mellitus.

Autoimmune or infectious diseases.

Multiple pregnancy.

Severe somatic pathology (kidney, liver, connective tissue disease).

Declined participation.

Study Groups

A total of 120 pregnant women were enrolled and stratified into four groups matched for age
and gestational age:

Early-onset PE (EO-PE) before 34 weeks of gestation (n = 56).

Late-onset PE (LO-PE) at or after 34 weeks (n = 32).

Healthy controls <34 weeks: physiological pregnancy, gestational age <34 weeks (n=17).

Healthy controls 234 weeks: physiological pregnancy, gestational age 234 weeks (n =15).

Sample Collection

All study participants had venous blood samples collected into EDTA tubes during
hospitalization. Samples were centrifuged for 10 minutes at 1500 g at 4°C. Plasma was aliquoted and
stored at -80°C until analysis. Repeated freeze-thaw cycles were avoided.

Complement System Measurement
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Concentrations of complement components Clq, C3a, and C4, as well as the terminal
complement complex TCC (C5b-9), were measured using ELISA-based assays according to
manufacturers’ instructions [34,35].

Clq levels were measured using a quantitative sandwich ELISA (Human Clq ELISA Kit,
Elabscience®, Cat. No. E-EL-H2255), with an analytical range of 31.25-2000 ng/mL and a sensitivity
of 18.75 ng/mL. In the present study, the median C1q concentration in the healthy control group was
78.38 ng/mL.

C3 levels were measured using a quantitative sandwich ELISA (Human C3 ELISA Kit,
Elabscience®, Cat. No. E-EL-H0834), with an analytical range of 31.25-2000 ng/mL and a sensitivity
of 18.75 ng/mL. In the present study, the median C3 concentration in the healthy control group was
959.0 ng/mL.

C3a levels were measured using a quantitative ELISA (Human C3a ELISA Kit, Hycult Biotech®,
Cat. No. HK354), with an analytical range of 31.3-2000 pg/mL and a sensitivity of 31.3 pg/mL. In the
present study, the median C3a concentration in the healthy control group was 541.40 pg/mL.

C4 levels were measured using a quantitative sandwich ELISA (Human C4 ELISA Kit,
Elabscience®, Cat. No. E-EL-H0259), with an analytical range of 3.13-200 ng/mL and a sensitivity of
1.88 ng/mL. In the present study, the median C4 concentration in the healthy control group was 532.0
ng/mL.

TCC (C5b-9) levels were measured using a quantitative ELISA (Human TCC ELISA Kit, Hycult
Biotech®, Cat. No. HK328), with a detection range of 0-3000 mAU/mL and a sensitivity of 40
mAU/mL. In the present study, the median TCC (C5b-9) concentration in the healthy control group
was 1623 mAU/mL.

All samples were assayed in duplicate. Calibration standards and quality controls were included
in each run.

Measurement of NETs Biomarkers

Three NET-associated markers were quantified:

1. MPO-DNA complexes were quantified using a capture ELISA specific for myeloperoxidase-
bound DNA (MPO-DNA ELISA Kit, Cayman Chemical, Ann Arbor, MI, USA; Cat. No. 601010) with
an analytical range of 0.3-10 ng/mL and a sensitivity of ~0.3 ng/mL. The assay detects NETs-
associated chromatin fragments through MPO capture and anti-DNA detection. In the present study,
the median MPO-DNA concentration in the healthy control group was 7.62 ng/mL.

2. Citrullinated Histone H3 (CitH3), a specific marker of PAD4-dependent chromatin
decondensation during NET formation, was measured using the CitH3 (Clone 11D3) ELISA Kit
(Cayman Chemical, Ann Arbor, MI, USA; Cat. No. 501620) with a reference range of 0-5 ng/mL and
a sensitivity of approximately 0.1 ng/mL. In the present study, the median CitH3 concentration in the
healthy control group was 0.24 ng/mL.

3. Plasma Cathepsin G was measured using a quantitative sandwich ELISA (AssayMax™
Human Cathepsin G ELISA Kit, Assaypro LLC, St. Charles, MO, USA; Cat. No. ECATG) with an
analytical range is 3.125-100 ng/mL, with a sensitivity of approximately 1.0 ng/mL. In the present
study, the median Cathepsin G concentration in the healthy control group was 22.84 ng/mL.

All complement system and NETs markers were measured according to the manufacturers’
protocols.

5. Conclusions

In conclusion, this study demonstrates that preeclampsia is characterized by pronounced
activation of complement pathways and enhanced NETs formation, representing interconnected
immune mechanisms underlying both early- and late-onset disease. The comparable immune profiles
observed across EO-PE and LO-PE indicate shared pathogenic pathways despite differences in
gestational timing. These findings emphasize the potential clinical value of complement and NETs
biomarkers for refining disease classification and guiding future preventive and therapeutic
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strategies. Further research is warranted to explore whether modulation of these pathways may
mitigate disease severity or improve maternal and fetal outcomes.
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