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ARTICLE INFO ABSTRACT
Keywords: The prevention of pre-eclampsia is difficult due to the syndromic nature and multiple underlying mechanisms of
Extracellular matrix-related pre-eclampsia this severe complication of pregnancy. The current clinical distinction between early- and late-onset disease,

Liquid biopsy

Maternal anti-fetal rejection-type pre-
eclampsia

Metabolic pre-eclampsia
Personalized medicine

although clinically useful, does not reflect the true nature and complexity of the pathologic processes leading to
pre-eclampsia. The current gaps in knowledge on the heterogeneous molecular pathways of this syndrome and
the lack of adequate, specific diagnostic methods are major obstacles to early screening and tailored preventive
strategies. The development of novel diagnostic tools for detecting the activation of the identified disease

Placental pre-eclampsia pathways would enable early, accurate screening and personalized preventive therapies. We implemented a
Prenatal diagnosis holistic approach that includes the utilization of different proteomic profiling methods of maternal plasma
Proteomics samples collected from various ethnic populations and the application of systems biology analysis to plasma
Screening proteomic, maternal demographic, clinical characteristic, and placental histopathologic data. This approach

enabled the identification of four molecular subclasses of pre-eclampsia in which distinct and shared disease
mechanisms are activated. The current review summarizes the results and conclusions from these studies and the
research and clinical implications of our findings.

1. Introduction morbidity and mortality (Ness and Roberts, 1996; von Dadelszen et al.,
2003; Myatt and Roberts, 2015; Erez et al., 2022; Jung et al., 2022). The

Pre-eclampsia, a syndrome with a heterogeneous etiologic and gaps in knowledge on the heterogeneous background of this syndrome
pathologic background, is a leading cause of maternal and perinatal and the limited first-trimester screening methods are major obstacles to
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early pre-eclampsia screening and to effective, tailored prophylaxis
(Hahn et al., 2015; Malone, Haj Yahya and Kane, 2022). Currently,
pre-eclampsia is classified according to its severity and to gestational age
at diagnosis. “Early-onset” pre-eclampsia (~10% of cases), often
referred to as “placental pre-eclampsia” that develops before the 34th
week of gestation, is more likely to be associated with severe maternal
symptoms, a higher incidence of fetal growth restriction, indicated
preterm birth, and perinatal morbidity and mortality as well as a high
incidence of placental, developmental, functional, and histopathological
abnormalities. On the other hand, “late-onset” pre-eclampsia (~90% of
cases), referred to as “maternal pre-eclampsia”, develops after 34 weeks
of gestation due to the high incidence of maternal metabolic or chronic
diseases (e.g. obesity, diabetes mellitus, autoimmune diseases). Gener-
ally, it presents with a milder maternal or fetal disease and with scarce or
missing placental histopathological abnormalities characteristic of
early-onset pre-eclampsia, including lesions of maternal vascular mal-
perfusion. Yet, this clinical form of pre-eclampsia still poses a significant
risk for maternal and fetal short- and long-term morbidity (Roberts et al.,
1989; ACOG Committee on Practice Bulletins-Obstetrics, 2002; von
Dadelszen et al., 2003; Maynard et al., 2003; Matthiesen et al., 2005;
Venkatesha et al., 2006; Crispi et al., 2008; Soto et al., 2012; Verlohren
et al., 2014; Hansson et al., 2014; Redman et al., 2014; Myatt and
Roberts, 2015; Scioscia et al., 2015; Blois et al., 2015; Robillard et al.,
2019; Birukov et al., 2020; Lekva et al., 2020; Roberts et al., 2021; Staff
et al., 2022; Tamas et al., 2022; Robillard et al., 2022; Rana et al., 2022).

However, these classifications do not reflect the underlying mecha-
nisms of disease that affect the maternal, fetal, and placental compart-
ments that, in combination, lead to a wide variety of individual patterns
of maternal and fetal disease progression (Than et al., 2018; Beernink
et al., 2022) (Fig. 1). Therefore, an important and challenging task is to
subclassify patients into homogenous groups based on their molecular
profiles that reflect the underlying mechanisms of disease. This would
facilitate the discovery and development of disease pathway-specific
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Fig. 1. The heterogeneity of pre-eclampsia. Pre-eclampsia is syndromic in na-
ture with a heterogeneous etiology and a spectrum of phenotypes. The clinical
practice has arbitrarily divided pre-eclampsia into early-onset versus late-onset
or preterm versus term clinical subgroups. However, a growing body of evi-
dence has shown that there is no clear separation between these arbitrary
subgroups based on maternal, fetal, or placental phenotypes and pathologies.
The sum of placental disease conditions determines fetal development and
disease progression while the combination of maternal underlying disease and
sensitivity with the placental release of “toxins” (anti-angiogenic, pro-
inflammatory, or other products) will induce the terminal pathway of pre-
eclampsia, leading to the characteristic maternal clinical symptoms. The
reuse of the figure from (Than et al., 2018) was permitted by the Creative
Commons Attribution License. EVT, extravillous trophoblast.
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biomarkers, improve early risk assessment and prediction, and, subse-
quently, the development of pathway-specific, individualized preven-
tive therapies (Romero et al., 2022; Than et al., 2023).

2. Molecular subclassification of pre-eclampsia
2.1. Placental transcriptomics

In recent years, there has been a growing emphasis on the molecular
subclassification of pre-eclampsia and the identification of patient sub-
groups that present with different molecular patterns. Leavey et al, the
first to categorize patients with pre-eclampsia based on their placental
whole-genome transcriptomic profile, conducted two aggregate micro-
array studies of 173 and 330 cases, respectively (Leavey et al., 2015,
2016). These large studies identified three molecular disease subclasses
associated with distinct clinical manifestations: 1) “canonical pre--
eclampsia” was consistent with abnormal uterine and umbilical artery
Doppler indices, low neonatal birthweight, and an anti-angiogenic state
in which the balance between angiogenic factors [e.g. placental growth
factor (PIGF)] and anti-angiogenic factors (e.g. soluble vascular endo-
thelial growth factor receptor-1 [sVEGFR-1, or sFLT-1] and/or soluble
endoglin [sENG]) is disturbed; 2) “immunologic pre-eclampsia” was
characterized by low placental and neonatal weights and the enrichment
of differentially expressed genes involved in immune pathways; while 3)
“maternal pre-eclampsia” was associated with maternal risk factors
(chronic hypertension, nulliparity) and term neonates with a normal
birthweight. In a subsequent study, these authors also identified
placental histopathological lesions characteristic of these subtypes
(Benton et al., 2018).

Abnormal placental histologic and molecular findings observed after
delivery represent the end-stage of pathophysiological processes in
pregnancy rather than in early disease mechanisms. Therefore, it is
important to use other analytic and diagnostic methods that can identify
those disease pathways and their biomarkers that drive the development
of pre-eclampsia in earlier stages of pregnancy. Such a progression
would allow the implementation of personalized prevention strategies
early in gestation and alleviate the burden of pre-eclampsia and its
associated maternal-fetal morbidities. We addressed this key issue by
utilizing liquid biopsy to investigate placental and maternal disease
pathways reflected by changes in the maternal plasma proteome
throughout pregnancy in two separate studies that revealed similar
results.

2.2. First-trimester maternal blood proteomics

First, we conducted a targeted proteomics analysis designed as a
nested case-control study derived from a cohort of 2545 predominantly
Caucasian pregnant women enrolled between 2010 and 2012 in
Hungary. We included 164 first-trimester (11-14 gestational weeks)
maternal plasma samples from 11 women with subsequent early-onset
pre-eclampsia and 71 samples from women with late-onset pre-
eclampsia who were matched by gestational age at blood draw with 82
healthy controls who delivered at term a healthy neonate. Nulliparity
was more frequent among women who subsequently developed pre-
eclampsia (73%) than among controls (45%). On the basis of the tar-
geted mass spectrometry-based proteomics method, we detected 59
proteins (Than et al., 2022), that had earlier been identified by us (Than
et al., 2018) or others as biomarker candidates and were selected for
their biological plausibility in known pathways of pre-eclampsia. Pro-
teomics data were analyzed by a vigorous feature-selection method,
followed by robust, unsupervised consensus clustering, by using 1000x
resampling that ensured cluster stability and optimal cluster numbers.

The 82 preeclamptic patients clustered into four distinct molecular
groups (Fig. 2A). Three groups (“placental”, “immunological”, and
“maternal”) had molecular profiles similar to those in the placental
transcriptome reported earlier as “canonical”, “immunologic”, and
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Fig. 2. Molecular subclasses of pre-eclampsia. Consensus matrices represented on the heatmaps show the probability of patients to appear in the same molecular
subclasses. The consensus matrices were generated using different types of proteomic data from distinct ethnic populations. Left panel: A cross-sectional case-control
study of 82 Caucasian patients detected 59 proteins with the mass spectrometry-based method in first-trimester maternal blood samples (Than et al., 2022). Right
panel: A longitudinal case-control study of 109 mainly Afro-American patients detected 1125 proteins with the SOMAmer-based method in longitudinally collected
maternal blood samples (Than et al., 2023). In both studies, patients stably clustered into four molecular groups. The color spectrum depicted on the bar below the
panels indicates clustering similarity. The reuse of the figures from (Than et al., 2022) and (Than et al., 2023) was permitted by the Creative Commons Attribution
License and DeGruyter publishers, respectively. Pie charts show the distribution of the four pre-eclampsia subclasses in early-onset and late-onset pre-eclampsia
patients in both studies. In the cross-sectional proteomic study of 82 patients, more than 90% of early-onset cases belonged to “metabolic” and “placental”
pre-eclampsia while the four clusters were distributed more evenly in late-onset pre-eclampsia. In the longitudinal proteomic study of 109 patients, almost 75% of
early-onset cases belonged to “metabolic” and “placental” pre-eclampsia, while the four clusters were distributed more evenly in late-onset pre-eclampsia. “Maternal
anti-fetal rejection-type” and “ECM-related” pre-eclampsia in (Than et al., 2023) resembled “immunological” and “maternal” pre-eclampsia, respectively, in Than et al.

(2022). ECM, extracellular matrix.

“maternal” subtypes, respectively (Leavey et al., 2015, 2016; Benton
et al., 2018): 1) the “placental” subclass we identified was consistent
with oxidative stress, an anti-angiogenic state, most abnormal Doppler
indices, and most early-onset and small-for-gestational-age cases; 2) the
“immunological” subclass was characterized by a high prevalence of
recurrent pre-eclampsia in patients and a systemic pro-inflammatory
protein profile; and 3) the “maternal” subclass was associated with
maternal risk factors (nulliparity), a protein profile that differed least
from controls, and mostly term neonates with normal birthweight; and
4) the “metabolic” subclass identified in our study was novel and con-
tained a substantial proportion of early-onset cases and a high preva-
lence of maternal metabolic or chronic diseases [high body mass index
(BMI), chronic hypertension, diabetes mellitus) as well as
pro-inflammatory and vascular changes reflected by the proteomic
profile.

The profiles of the majority of women with early-onset pre-eclampsia
belonged in either the “placental” (64%) or the “metabolic” (27%)
subclass, corresponding altogether to 91% of the cases. Among women
with late-onset pre-eclampsia, the frequency of the four subclasses was
similar (Fig. 2B). Since all cases were included from the cohort, this
distribution reflected the frequency of pre-eclampsia subclasses among
the Hungarian patient population. Because the study included the

largest patient population among proteomics studies in pre-eclampsia, a
robust bioinformatics pipeline was used, and because the subclass-
specific traits corresponded well with the placental transcriptome-
defined patient clusters, our findings prompted validation.

2.3. Longitudinal maternal blood proteomics

To expand our maternal blood proteomics class-discovery analysis,
we combined and reanalyzed two published (Erez et al., 2017; Tarca
et al., 2019) longitudinal proteomics datasets from 109 patients with
pre-eclampsia and 90 matched controls. Samples of these 199 women
were selected retrospectively from a cohort enrolled at Wayne State
University between 2004 and 2013 and comprised mostly
African-American women. Since there were no differences in storage
time between samples within this cohort, the same proteomics tech-
nology was used, and samples were profiled in the same batch; these
parameters did not affect analysis (Than et al., 2023). Despite the large
number of cases (33 early-onset disease; 76 late-onset disease), and due
to the combination of data from two case-control studies, the composi-
tion of patients did not completely reflect the entire cohort. We re-used
proteomics data generated from 629 samples collected at five
gestational-age intervals between 8 and 32 weeks of pregnancy. The
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SOMAmer-based proteomics method allowed a deeper investigation of
the proteome, and the trajectory of 1125 plasma protein intensities
permitted the determination of cluster-specific perturbed pathways,
using the most advanced pathway analysis platform (Draghici et al.,
2007; Tarca et al., 2009). Detailed results of placental histopathologic
examinations, according to international standardized protocols (Lang-
ston et al., 1997; Redline et al., 2005; Khong et al., 2016), were also
available for all patients, enabling the correlation of clinical, proteomic,
and placental histopathologic data. Similar to our previous study (Than
et al., 2022), proteomics data underwent feature-selection followed by
robust, unsupervised consensus clustering for each gestational-age in-
terval using 1000x resampling. Then, we calculated a longitudinal
consensus matrix from all gestational-age intervals to reveal stable pa-
tient clusters, which we named on the basis of disease mechanisms
inferred from clinical, demographic, proteomic, and placental
characteristics.

Like the mass spectrometry-based proteomics study, herein we also
revealed four pre-eclampsia subclasses (Fig. 2C) that had distinct char-
acteristics: 1) the “placental” subclass included a high rate of early-onset
cases and placental lesions of maternal vascular malperfusion and an
anti-angiogenic state; 2) the “maternal anti-fetal rejection-type” subclass
was characterized by the highest occurrence of recurrent pre-eclampsia,
predominantly late-onset disease, and an anti-fetal rejection mecha-
nism, supported by evidence from placental histopathology and
maternal blood proteomics; 3) the “extracellular matrix-related” subclass
had the highest rate of late-onset and mild pre-eclampsia cases, featured
mostly by the dysregulation of extracellular matrix (ECM) proteins; and
4) the “metabolic” subclass was typified by a high frequency of early-
onset cases and low birthweight-percentile neonates as well as meta-
bolic perturbations and a maternal prothrombotic state. The names of all
proteins with changes specific to each of the four subclasses were listed
in Supplementary Table 1 of (Than et al., 2023).

Of importance, the analysis of the SOMAmer-based proteomics data,
like the targeted mass spectrometry data, revealed that the “placental”
(33%) and “metabolic” (39%) subclasses predominated among cases of
early-onset pre-eclampsia and corresponded altogether to 72% of the
cases, while all four subclasses had similar frequency among cases of
late-onset pre-eclampsia (Fig. 2D). The resemblance of the findings in
the two proteomics studies and their correspondence with results of
other omics studies (Leavey et al., 2015, 2016; McElrath et al., 2020)
suggest the generalizability of these findings and point to important
future research and clinical implications.

3. Research implications of the molecular subclasses
3.1. Disease mechanisms

1) The inferred pathomechanism in the “placental” subclass of the
second proteomics study corresponds with the classical two-stage
model of pre-eclampsia development. This includes defective extra-
cellular trophoblast invasion that leads to the failure of physiologic
transformation of the spiral arteries, maternal vascular malperfusion,
consequent placental ischemic stress, an anti-angiogenic state with
low levels of angiogenic proteins (e.g. PIGF, VEGF), and exaggerated
maternal systemic inflammation, severely affecting maternal health
as well as placental and fetal growth (Roberts et al., 1989; Maynard
et al., 2003; Venkatesha et al., 2006; Cindrova-Davies, 2009; Burton
et al., 2009; Hahn et al., 2012; Redman e al., 2014; Hansson et al.,
2014; Than et al., 2018; Han et al., 2019; Pierik et al., 2019; Erez
et al., 2022; Staff et al., 2022; Rana et al., 2022; Erez et al., 2022;
Romao-Veiga et al., 2022; Wang et al., 2022; Stepan et al., 2023).
Further studies are required to address the question of how preex-
isting maternal chronic disease conditions (e.g. high BMI, chronic
hypertension) (Robillard et al., 2019), placental implantation,
placentation, and trophoblast development problems (Than et al.,
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2018; Huppertz, 2018; Szilagyi et al., 2020) or their interplay may
contribute to this severe pathogenesis.

2) In the “metabolic” subclass, our findings were consistent with a
hyper-coagulable state, also reflected by an increased abundance of
prothrombin, leading to thrombotic vascular lesions in the placenta,
the highest rates of maternal (55%) and fetal (24%) vascular mal-
perfusion and placental abruption (9%) among all subclasses,
consequent placental ischemia, and fetal growth restriction (Sham-
shirsaz et al., 2012), frequently necessitating indicated preterm de-
livery. Maternal vascular malperfusion was mostly manifested in
recent villous infarctions, increased syncytial knots, and increased
intervillous fibrin deposition; fetal vascular malperfusion also
included hyalinized avascular villi, and placental abruption was
present only in this subclass. These findings were in accord with the
excessive activation of thrombin and the coagulation pathway earlier
implicated in the development of pre-eclampsia (Chaiworapongsa
et al., 2002; Said and Dekker, 2003; Erez et al., 2008, 2018, 2023). A
key question remains to be answered: how may the observed
perturbation of certain metabolic pathways (e.g. glucagon, insulin,
and apelin signaling) (Rademacher et al., 2007; Scioscia et al., 2015;
Wang et al., 2017; Villalobos-Labra et al., 2017; Ho et al., 2017; Para
et al., 2022; Moldenhauer et al., 2022) lead to a hyper-coagulable
state and severe placental pathogenesis besides thrombophilia (e.g.
Leiden mutation) (Dekker et al., 1995; Roberts et al., 2013)?

3) The “maternal anti-fetal rejection-type” subclass resembled the
“immunological” subclass in our Hungarian proteomics study (Than
et al., 2022). It was characterized by CXCL10 overexpression, which
induces maternal cytotoxic T-cell infiltration into the placenta and
fetal membranes, resulting in anti-fetal rejection (Kim et al., 2015),
consistent with the high rate of major chronic inflammatory lesions
(i.e. villitis of unknown etiology and chronic chorioamnionitis) seen
in this subclass. Maternal anti-fetal rejection often occurs after 34
weeks of gestation and can explain the high rate of late-onset pre--
eclampsia observed in this subclass of patients. There are three key
questions: Is genetic incompatibility (e.g. natural killer cell receptors
vs. human leukocyte antigen haplotypes) (Moffett and Colucci, 2015;
Lakatos et al., 2022) reflected by the highest prevalence of cases of
recurrent pre-eclampsia in this group? May genetic factors alone or
in combination with the observed high BMI-associated systemic
inflammation (Fink et al., 2019) result in the perturbed atheroscle-
rosis pathway (Priest and Tontonoz, 2019) and in acute atherosis of
the decidual arterioles (Staff et al., 2022)? Which treatment modal-
ities can be utilized to inhibit this pathway activation and to prevent
the development of pre-eclampsia in these patients?

4) The “extracellular matrix-related” subclass of patients had the highest
rate of late-onset pre-eclampsia, the lowest mean arterial pressure,
modest placental histopathologic changes, and neonates with the
highest mean birthweight percentiles. This subclass mainly resem-
bled the “maternal” subclass in our Hungarian proteomics study
(Than et al., 2022) and the same subclass in the placental tran-
scriptomics studies (Leavey et al., 2015, 2016). In this subclass, the
proteomic changes started only in mid-gestation, and differentially
abundant proteins included those involved in ECM-cell interactions
[e.g. collagen receptor and interstitial collagenase (matrix
metalloproteinase-1)], while perturbed pathways included ‘focal
adhesion’ and ‘ECM and ECM-receptor interaction.” These findings
pointed to the perturbation of cell-cell and cell-ECM interactions as
the mechanism of disease that would affect primarily the endothe-
lium, leading to a late-onset and mild phenotype. Two big questions
could be addressed in future investigations: What activates cell-ECM
interaction perturbations, and how does this mechanism develop?
Which medications can be used to prevent the disease?

3.2. Shared, distinct, and converging disease pathways

The differences in disease mechanisms among the molecular
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subclasses in the second proteomics study were clearly observed by the
dysregulation of biological pathways, which was more distinct (44
pathways) than shared (19 pathways) among the subclasses. ‘Platelet
activation’ was shared by all subclasses, suggesting that the activation of
platelets (Jakobsen et al., 2019; Forstner et al., 2021) and the conse-
quent release of pro-inflammatory and procoagulant mediators (Gha-
semzadeh and Hosseini, 2013) may be a central, terminal
pathomechanism of pre-eclampsia. This may also explain the beneficial
effect of aspirin (an anti-platelet drug) in the prevention of
pre-eclampsia.

The two most severe subclasses of pre-eclampsia—*“metabolic” and
“placental”—involved the most perturbed pathways, i.e., 53 pathways
in “placental” and 21 in “metabolic” pre-eclampsia. Of importance, 14
pathways were shared by these two subclasses, the most by any of the
four subclasses. Of interest, at the 24-28 gestational week period, we
observed the common clustering of patients with “metabolic” and
“placental” pre-eclampsia (Fig. 3A). Although the shared pathways, the
common clustering of patients at a later gestational period, and their
placental histopathologic findings suggest that the initial pathologies of
these two subclasses differ, the subsequent pathological processes
converge in the second half of pregnancy (Fig. 3B). Our data suggest that
the pathologies initially include maternal vascular malperfusion due to
distinct reasons (prothrombotic processes in “metabolic” subclass vs
abnormal trophoblast invasion in “placental” subclass), which lead to
subsequent placental hypoxia/ischemia and secondary placental pa-
thologies (e.g. villous infarcts). The placental transcriptomic profile of
these two subclasses may also converge and cannot be differentiated at

A
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the end of pregnancy, which is substantiated by the class-discovery
placental transcriptomic studies (Leavey et al., 2015, 2016). Our study
also revealed that while trophoblast invasion problems affect only the
maternal compartment in the “placental” subclass, coagulation prob-
lems in the “metabolic” subclass lead to maternal and fetal thrombotic
vascular lesions as well as placental abruption. Herein, we are left with
the questions of how are all of them activated and how does it happen.

3.3. The timing of differential protein abundance and disease onset

We reported that differentially abundant proteins change dynami-
cally during gestation, reflecting the activation or inhibition of disease
pathways in various subclasses. There were remarkable proteomic
changes between 16 and 19.9 weeks of gestation in two subclasses with
the highest rate of early-onset pre-eclampsia (“placental” and “meta-
bolic™), in line with reports that early-onset disease progression cannot
be prevented beyond 16 weeks of gestation (Poon et al., 2019; Chaem-
saithong et al., 2022; Rolnik et al., 2022; Stefanovic, 2023). Another
peak of changes in these two subclasses occurred after 28 weeks of
gestation, reflecting the late activation of disease pathways in late-onset
cases in these subclasses.

By contrast, in the “maternal anti-fetal rejection-type” and “extracel-
lular matrix-related” subclasses, which consisted of predominantly late-
onset cases, the peak of proteomic changes occurred between 20 and
23.9 weeks of gestation, in line with the later and milder pathogenesis in
these subclasses. It would be important to investigate at the level of
individual patients in longitudinal studies how and when pathway
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Fig. 3. The convergence/divergence of pathologies in molecular subclasses. A) The graph illustrates the assignment of samples to subclasses (clusters) between the
24-28 week period in comparison to their distribution in the longitudinal analysis (Than et al., 2023). The dendrogram was based on the consensus matrix of patients
in the 24-28 week interval and reveals the formation of three distinct clusters, with the mixture of patients in the “placental” subclass and “metabolic” subclass. The
color bars indicate the cluster membership in the longitudinal clustering, and the gray/black bars indicate early-onset or late-onset pre-eclampsia samples. The
arrows show the connection between cluster membership of the same patients in the longitudinal and in the 24-28 weeks’ gestational interval analyses. B) The
schematic diagram illustrates the observed convergence of “metabolic” and “placental” subclass pathologies in the second half of pregnancy. ECM, extracel-

lular matrix.
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activation occurs and in which timeframe the escalation of the patho-
mechanisms leads to clinical symptoms in the four subclasses.

4. Clinical implications of the molecular subclasses

The large number of cases in our two studies combined with robust
proteomics and bioinformatics methods enabled confident subclass
discovery. The deep coverage of the proteome contributed to the iden-
tification of pathway perturbation in the longitudinal study. The anal-
ysis of available maternal demographic, clinical, and placental
histopathologic features also enabled the complex characterization of
maternal and placental disease mechanisms. The detection of four
similar patient subclasses in two different populations supports the
generalization of our findings. The identification of these distinct mo-
lecular subclasses is an important advancement in our understanding of
the disease mechanisms of pre-eclampsia that may enable a more spe-
cific taxonomy as well as subclass-specific diagnostic and personalized
preventive options.

4.1. Diagnostic implications

Based on these findings, we propose that preeclamptic patients can
reliably be subclassified by liquid biopsy utilizing maternal blood pro-
teomics, and superior biomarkers can be developed to reduce the het-
erogeneity among patients. Such biomarkers may be informative for a
specific molecular subclass but still not be predictive for all cases, which
is in line with previous pre-eclampsia studies showing the lack of a
single, specific, and sensitive biomarker for this syndrome (Than et al.,
2008).

Our data on the larger and earlier proteomic changes in two sub-
classes with most early-onset cases (“placental” and “metabolic”) are in
agreement with the observations that early-onset pre-eclampsia can be
better predicted than late-onset pre-eclampsia using first trimester bio-
markers (Erez et al., 2017; Poon et al., 2019; Tarca et al., 2019;
Chaemsaithong et al., 2022). The large proportion of patients in these
two subclasses among early-onset cases in both proteomics studies (72%
and 91%, respectively) are in line with data showing the good sensi-
tivities of existing biomarkers that are associated with pathologies of
these two subclasses (“placental”: PIGF; “metabolic”: thrombin genera-
tion assay) in the screening of early-onset pre-eclampsia. The much
lesser proportion of women in these two subclasses among late-onset
pre-eclampsia cases underscores why PIGF or thrombin generation
assay has less screening accuracy for late-onset pre-eclampsia in the first
trimester (Crispi et al., 2008; Verlohren et al., 2014; Erez et al., 2017;
Tarca et al., 2019; Chaemsaithong et al., 2022; Erez et al., 2023). Our
data also imply that a small set of biomarkers for subclasses with the
most late-onset disease may still enable good prediction in the first
trimester. Alternatively, a two-step screening approach that would
target mainly early-onset pre-eclampsia in the first trimester and
late-onset disease in the second trimester may also be successful.

4.2. Therapeutic implications

Since our data revealed pathway perturbation specific to each sub-
class, it suggests that the addition of molecular subclassification to the
conventional classification may also inform subclass-specific preventive
treatment options (Mastrolia et al., 2016; Romero et al., 2017; Rolnik
et al., 2022; Cruz-Lemini et al., 2022; Tong et al., 2022). The “placental”
subclass can be screened with high sensitivity by using already estab-
lished biomarkers (e.g. PIGF) and predictive models (Wright, Wright and
Nicolaides, 2020; Tarca et al., 2022), among which the one developed by
the Fetal Medicine Foundation (FMF) was recommended as best practice
by the International Federation of Gynecology and Obstetrics (FIGO)
(Poon et al., 2019). In this subclass, prophylactic aspirin therapy is
especially effective if administered before the 16th week of gestation, a
treatment recommended by FIGO, the International Academy of
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Perinatal Medicine, and the International Society for the Study of Hy-
pertension in Pregnancy guidelines (Poon et al., 2019; Chaemsaithong
et al., 2022; Rolnik et al., 2022; Magee et al., 2022; Stefanovic, 2023).
Our data on the proportion of women in the “placental” subclass among
early-onset and late-onset pre-eclampsia may explain the different
effectiveness of aspirin therapy in these clinical subgroups (Poon et al.,
2019; Chaemsaithong et al., 2022). We have to note that pre-eclampsia
screening and aspirin prophylaxis were still not introduced into the
general practice at the time of sample collections in either of the cohorts
we analyzed; therefore, in certain populations, the “placental” subtype
may have lower frequency nowadays due to effective screening and
aspirin prevention in place.

Women with "metabolic" pre-eclampsia who have prothrombotic
parameters may be good candidates for prophylaxis by low molecular-
weight heparin (LMWH) if identified as being at risk during the first
trimester (Mastrolia et al., 2016; Cruz-Lemini et al., 2022). Our findings
on the heterogeneity of the study populations and the proportion of
women in the “metabolic” subclass may explain the varying results of
clinical trials on LMWH prophylaxis in pre-eclampsia (Mastrolia et al.,
2016; Cruz-Lemini et al., 2022). In addition, Roberge et al. has found in
their meta-analysis that the combination of LMWH and low-dose aspirin
was more effective than low-dose aspirin alone for the prevention of
early-onset pre-eclampsia in women with a history of pre-eclampsia,
underlying our findings on the predominant prevalence of “placental”
and “metabolic” subclasses among early-onset patients (Roberge et al.,
2016). A recent study demonstrated that perturbation in the kinetics of
thrombin generation can identify a subset of patients that may benefit
from LMWH administration for the prevention of pre-eclampsia (Erez
et al., 2023). Thus, an effective screening protocol for women in this
subclass would require biomarkers specific to this cluster, including
thrombin generation assays.

Since women in three subclasses (“metabolic”, “maternal anti-fetal
rejection-type,” “extracellular matrix-related”) were overweight, they
could benefit from changes in lifestyle: specifically, by achieving an
optimal gestational weight gain, pre-eclampsia frequency could be
halved (Robillard et al., 2023). Alternatively, the tailored therapies in
for women in different subclasses could be achieved by other potential
preventive treatments that are under testing (e.g. metformin, pravasta-
tin) (Romero et al., 2017; Robertson et al., 2019; de Alwis et al., 2020;
Saito et al., 2021; Tong et al., 2022).

5. Summary and conclusions

The analysis of the plasma proteome of pregnant women in the first
trimester and longitudinally in pregnancy revealed four distinct sub-
classes of pre-eclampsia. The parallel analysis of the plasma proteome
with maternal demographic, clinical, and placental histopathological
data also enabled the inference of cluster-specific perturbed pathways in
the maternal and placental compartments. The similarity between the
results of these different studies, in spite of the differences in proteomics
platforms and populations, strengthens the confidence in these findings.
The development of novel diagnostic tools for detecting the activation of
the identified disease pathways would enable early and accurate
screening and personalized preventive therapies.
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