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Abstract

Preeclampsia (PE) is a heterogeneous disease for which the current clinical classification system is 

based on the presence or absence of specific clinical features. PE-associated placentas also show 

heterogeneous findings on pathologic examination, suggesting that further subclassification is 

possible. We combined clinical, pathologic, immunohistochemical, and transcriptomic profiling of 

placentas to develop integrated signatures for multiple subclasses of PE. In total, 303 PE and 1388 

nonhypertensive control placentas were included. We found that maternal vascular malperfusion 

(MVM) in the placenta was associated with preterm PE with severe features and with small-for-

gestational-age neonates. Interestingly, PE placentas with either MVM or no histologic pattern 

of injury showed a linear decrease in proliferative (p63+) cytotrophoblast per villous area with 

increasing gestational age, similar to placentas obtained from the nonhypertensive patient cohort; 

however, PE placentas with fetal vascular malperfusion or villitis of unknown etiology lost 

this phenotype. This is mainly because of cases of fetal vascular malperfusion in placentas 
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of patients with preterm PE and villitis of unknown etiology in placentas of patients with 

term PE, which are associated with a decrease or increase, respectively, in the cytotrophoblast 

per villous area. Finally, a transcriptomic analysis identified pathways associated with hypoxia, 

inflammation, and reduced cell proliferation in PE-MVM placentas and further subclassified this 

group into extravillous trophoblast-high and extravillous trophoblast-low PE, confirmed using 

an immunohistochemical analysis of trophoblast lineage-specific markers. Our findings suggest 

that within specific histopathologic patterns of placental injury, PE can be subclassified based 

on specific cellular and molecular defects, allowing the identification of pathways that may be 

targeted for diagnostic and therapeutic purposes.

Keywords

preeclampsia; maternal vascular malperfusion; fetal vascular malperfusion; cytotrophoblast; 
syncytiotrophoblast; extravillous trophoblast

Introduction

Preeclampsia (PE) is a multifactorial, multisystem, and progressive pregnancy disorder, 

which is characterized by new-onset hypertension with end-organ dysfunction, appearing 

after 20 weeks of gestation.1 This disease is associated with not only increased risks of 

perinatal morbidity and mortality but also development of metabolic and cardiovascular 

diseases later in life in both mothers and babies.2,3

The underlying pathophysiology of PE involves both maternal and placental/fetal factors; 

the placental contribution is supported by the observations that pregnancies complicated by 

complete hydatidiform moles (in which there is placental but not fetal tissue) are frequently 

affected by PE4 and that PE resolves after delivery of the placenta.1,5,6 The “2-stage 

theory” of PE pathogenesis states that the disease is a result of initial ischemia-reperfusion 

injury caused by poor placentation (for which maternal endothelial dysfunction is a risk 

factor), followed by secretion of factors by the affected placenta that stimulate vascular 

inflammation, leading to maternal systemic disease.5 Poor placentation in the first stage 

involves abnormal development of epithelial cells of the placenta, called trophoblast, which 

comprise 3 main subpopulations: cytotrophoblast (CTB), syncytiotrophoblast (STB), and 

extravillous trophoblast (EVT).5,7 The CTB comprises bipotential trophoblast progenitor 

cells that can give rise to either multinucleated and hormone-secreting STB, which is 

involved in gas and nutrient exchange at the maternal-fetal interface, or invasive EVT, 

which anchors the placenta to the uterine wall and remodels spiral arterioles in the 

maternal decidua to establish maternal blood supply to the fetoplacental unit.7,8 Abnormal 

development and/or function of the latter cell type, EVT, leads to shallow implantation 

within the uterus and is most strongly associated with early-onset PE, which is often 

accompanied by fetal growth restriction.9

Clinically, PE is categorized based on the presence or absence of specific clinical features 

(ie, with or without severe features, respectively) and as primary versus superimposed 

(without or with preexisting chronic hypertension, respectively).1,5,6,10 The gestational age 

(GA) at disease onset (early-onset [EO] or late-onset [LO] PE, often defined based on a 
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cutoff of 34 weeks of GA) is also considered in decisions about the clinical management of 

PE. The assessment of predisposing risk factors (including race, nulliparity, family history, 

use of assisted reproductive technologies, and preexisting medical conditions) suggests 

that PE is substantially more heterogeneous than the small number of criteria used for 

clinical management would imply, pointing toward molecular, immunologic, genetic, and 

environmental contributions to this syndrome.5,6,11–15 Because of this heterogeneity, the 

few currently available diagnostic biomarkers for this disease, such as the ratio of soluble 

fms-like tyrosine kinase 1 (sFlt-1) to placental growth factor (PlGF), have low positive 

predictive values within the general pregnant population16 and are, therefore, useful for 

exclusion but not for prediction of the disease.17,18

Recently, Redline et al19 grouped placental pathologic findings, as defined by the 

Amsterdam Placental Workshop Group Consensus Statement (APWGCS),20 into 4 main 

categories of placental injury—maternal vascular malperfusion (MVM), fetal vascular 

malperfusion (FVM), acute chorioamnionitis (ACA), and villitis of unknown etiology 

(VUE)—in order to standardize placental pathologic diagnosis and incorporate this into 

the classification of obstetric diseases.19,20 MVM is a pattern of injury that is thought to 

arise from abnormal remodeling of maternal spiral arterioles by EVT, leading to abnormal 

maternal blood flow and ischemic damage to the chorionic villi.19,21 MVM placentas are 

usually small (with a placental disc weight of <10th percentile for GA) and can show 

accelerated villous maturation (AVM) and/or villous infarction. These lesions develop 

secondary to or in association with hypertensive changes in maternal vessels, called decidual 

arteriopathy, a lesion that ranges from persistence of vascular smooth muscle to chronic 

perivascular inflammation, fibrinoid necrosis of the vascular wall, acute atherosis, and 

thrombosis.22 FVM is characterized by obstruction and/or thrombosis of large fetal blood 

vessels, which can lead to avascular and hyalinized chorionic villi.19,23 ACA is characterized 

by a maternal acute inflammatory response triggered by ascending infection within the fetal 

membranes and amniotic fluid.19,24 VUE is characterized by maternal T-cell infiltration 

and/or increased numbers of fetal Hofbauer cells (macrophages) in response to fetal antigens 

in the villous stroma, which lead to breach of the vasculosyncytial membrane, damaging the 

gas-nutrient exchange interface.19,25 Of these 4 categories, MVM is most often associated 

with maternal hypertensive disorders of pregnancy, including PE.19,26–28 However, not all 

patients with PE have placentas with evidence of MVM, and not all MVM placentas are 

from patients with PE.19,26 In addition, the prevalence of MVM is known to be higher 

in cases of EO-PE with severe features, further highlighting the underlying differences in 

biological processes leading to EO- versus LO-PE.10,26,29,30 Studies connecting PE to other 

relevant patterns of placental injury, particularly FVM and VUE, are still emerging.

Finally, Leavey et al31,32 previously applied unsupervised analytical methods to microarray-

based RNA profiling data from placental tissues to divide PE into 3 distinct molecular 

subgroups. These include “canonical” PE, characterized by changes in the expression 

of genes associated with angiogenesis and placental ischemia; “immunologic” PE, 

characterized by changes in the expression of genes associated with immune response 

and allograft rejection; and “maternal” PE, wherein placental tissue shows no significant 

enrichment of any gene ontologies. A retrospective evaluation of placental pathology in each 

of these 3 categories revealed specific patterns of placental injury.33,34 Canonical PE was 
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characterized by AVM and infarction, immunologic PE was characterized by villitis and 

increased perivillous fibrin deposition, and maternal PE showed no specific histopathologic 

changes.33,34 These studies have clearly demonstrated the utility of molecular profiling 

in the identification of subclasses of PE, which may have a basis in the underlying 

pathophysiologic heterogeneity of this disease. Nevertheless, these studies have been limited 

by their use of microarray-based RNA profiling data, aggregated from multiple centers, and 

having only retrospectively been connected to placental pathologic findings.

In this study, we set out to apply a supervised classification method, focused on identifying 

subclasses of primary (non-superimposed) PE with severe features based on histopathologic, 

cellular, and, finally, molecular phenotyping. We began with a cohort of patients, with 

and without a diagnosis of primary PE with severe features from a single center, with 

prospectively collected clinical and placental pathologic assessments, following established 

criteria uniformly applied to all cases. We continued with histopathologic subclassification 

of these cases based on the APWGCS patterns of placental injury, followed by an 

immunohistochemical assessment of cellular phenotypes and a subsequent molecular level 

analysis using RNA sequencing (RNA-seq)-based transcriptomic profiling. Our findings 

address discrepancies in the literature, particularly with regard to morphologic and cellular 

phenotypes of PE-associated placentas, while also providing novel insights into PE 

heterogeneity at both cellular and molecular levels. The latter have the potential to contribute 

to improvements in the identification of diagnostic biomarkers and therapeutic targets, which 

are based on underlying disease pathophysiology.

Materials and Methods

Case Selection

All patients included in the study delivered at hospitals affiliated with University of 

California San Diego (UCSD) between January 2010 and November 2020 and gave 

informed consent for collection of clinical data (including placental pathology) and 

placental tissue at delivery. A total of 3054 patients consented during this period, of 

whom 2654 had complete demographic, clinical (including adjudicated diagnosis regarding 

hypertensive disorder of pregnancy), and placental pathology data available in an associated 

RedCap-based obstetric registry (Fig. 1). The clinical diagnosis of hypertensive disease 

was adjudicated by 2 practicing obstetricians, at least 1 of whom is a board-certified 

maternal-fetal medicine specialist (R.A., K.Z.R., L.L.S., L.C.L.). Out of the 2654 patients, 

an additional 543 were excluded because of the onset of hypertension or proteinuria 

before 20 weeks of gestation. Of the remaining patients, 303 met the criteria for primary 

PE with severe features based on the definition by American College of Obstetricians 

and Gynecologists,1 with 420 excluded because of absence of criteria for severe disease. 

The remaining 1388 served as the nonhypertensive reference (control) group. Placental 

examinations, including gross and histologic examinations, were performed through either 

the hospital (for placentas with a clinical indication for an examination) or the research core 

(for placentas without such indications). Regardless of gross examination and processing, all 

the placentas underwent a histologic examination performed by a single perinatal pathologist 

(M.M.P.).
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Obstetric Data

The specific demographic data collected included maternal age at delivery, race and 

ethnicity, gravidity, GA at delivery, fetal sex, birth weight, and mode of delivery. PE with 

severe features was characterized by new onset of hypertension (≥140/90 mm Hg) with 

at least 1 of the following features: hypertension ≥ 160/110 mm Hg, proteinuria ≥ 5 g, 

impaired liver function (twice the transaminase upper limit), low platelet count (≤1.0 × 105 

cells/μL), or renal insufficiency (Cr ≥ 1.2 mg/dL), diagnosed after 20 weeks of gestation. 

The reference groups were defined based on the absence of hypertension and any other 

features of PE with severe features. The birth weight percentile was calculated based on the 

Hadlock formulation adjusted for GA.35,36 Small for gestational age (SGA) was categorized 

as a birth weight of <10th percentile for GA.

Histopathologic Examination

The placental examination and sampling were performed based on the Amsterdam 

Consensus Statement.20 The trimmed weight of the unfixed placental disc (without an 

attached cord and membranes) was measured and categorized as small (≤10th percentile 

for GA), normal (11th-89th percentile for GA), or large (≥90th percentile for GA).37 Only 

minimal obstetric information was available at the time of histologic evaluation, including 

GA, mode of delivery, and indication for placental examination (ie, diabetes, PE, and fetal 

growth restriction).

Pathologic Criteria

“All-MVM” was defined as any small placenta with at least 1 of the following 4 findings: 

AVM, infarction, decidual arteriopathy, and retroplacental/marginal hematoma. “Pure” 

MVM was defined as MVM without concurrent evidence of FVM or VUE. MVM + FVM 

was defined as MVM with concurrent evidence of FVM but without evidence of VUE. 

MVM + VUE was defined as MVM with concurrent evidence of VUE but without evidence 

of FVM. FVM was defined as any case with fetal vascular thrombosis or avascular or 

near-avascular villi (AV) of any grade but without evidence of VUE and not meeting the 

criteria for MVM (ie, “pure” FVM). VUE was defined as any case with chronic villitis of 

any grade that did not meet the criteria for MVM. Normal pathology was defined as any case 

that did not meet the criteria for MVM, FVM, or VUE (Supplementary Table S1).

Immunohistochemistry

All immunohistochemical stains were performed at UCSD Advanced Tissue Technology 

Center. p63 staining was performed on 91 PE placentas and 99 nonhypertensive control 

placentas; the latter were selected to match the GA range of the PE placentas and because 

of lack of any placental disc lesions (which could otherwise affect the CTB number per 

villous area). CD68 staining was performed on 5 placentas with VUE. Validation of the 

RNA-seq data was performed on a total of 15 PE placentas (6 EVThi/STBlo placentas and 

9 EVTlo/STBhi placentas) and 8 normal, term placentas. One block with representative 

noninfarcted placental disc tissue from each case was selected. Formalin-fixed, paraffin-

embedded placental tissue sections of 5 μm were stained with mouse anti-p40 (ΔNp63-

specific antibody, clone BC28; 1:300; ACI3066C, Biocare Medical), mouse anti-CD68 
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(clone KP1; 1:1800; M0814, Agilent Dako), mouse anti-HLA-G (clone 4H84; 1:6000; 

ab52455, Abcam), or rabbit antiplacental lactogen (1:6000; ab15554, Abcam) antibodies 

using a Ventana Discovery Ultra automated immunostainer (Roche Diagnostics) with 

standard antigen retrieval and reagents per the manufacturer’s protocol.

For quantification of proliferative CTB per villous area, the immunostained slides were 

scanned using a Zeiss slide scanner. Tissue studio (Definiens) was used to calculate 

the number of p63+ nuclei per villous trophoblast area (μm2) following the software 

instructions. In brief, 1 randomly selected slide was used for training the software, with 

annotation of specific regions of interest (ie, maternal blood space, trophoblast layer, villous 

stroma, as well as chorionic and basal plates). Then, a cell-based analysis was performed 

using automated counting of p63+ and p63− nuclei as well as measurement of the area of 

trophoblast layer based on morphology. The CTB number was calculated as the number of 

p63+ nuclei per trophoblast area (μm2).

For quantification of CTB per villous area, in regions with and without AV, a total of 6 cases 

of PE with FVM were selected (placentas delivered between 26 and 38 weeks, 4 with MVM 

+ FVM and 2 with pure FVM). The AV-affected area was marked based on morphology by 

a perinatal pathologist (M.M.P.). The number of p63+ nuclei per villous area was calculated, 

and the paired t test was used to compare the count in AV- and non-AV—affected areas 

within the same placenta. For the quantification of CTB per villous area, in regions with and 

without chronic inflammation (CI), a total of 5 cases of PE with VUE were used (placentas 

delivered between 36 and 40 weeks, all with pure VUE). The CI-affected area was marked 

based on morphology by a perinatal pathologist (M.M.P.) and confirmed based on increased 

levels of CD68 (a marker for macrophages) staining. The number of p63+ nuclei per villous 

area was calculated, and the paired t test was used to compare the count in CI− and non-CI

—affected areas within the same placenta.

RNA Isolation From Placental Tissue and RNA-Seq

Total RNA was isolated from placental villous tissue (avoiding the chorionic and 

basal plates) using the mirVana RNA Isolation Kit (ThermoFisher). The RNA 

concentration was measured using the Qubit RNA BR assay kit (ThermoFisher). 

The RNA integrity was checked using the RNA 6000 Nano chip read by a 2100 

bioanalyzer (Agilent). All samples had an RNA integrity number of >7.0. RNA-seq 

libraries were prepared using the TruSeq Stranded Total RNA Sample preparation kit 

with Ribo-Zero Gold (Illumina) at IGM Genomics Center, UCSD. The libraries were 

pooled and sequenced on NovaSeq 6000 (Illumina) with PE100 to an average depth 

of 25,000,000 uniquely mapped reads. Quality control was performed using FastQC 

(version 0.11.3). The reads were mapped to GRCh38.89 (Ensembl) using STAR (version 

2.5.3a)38 on Extreme Science and Engineering Discovery Environment.39 The STAR 

parameters used were as follows: –runThreadN 24 –sjdbOverhang 99 –genomeDir 

ref_ensembl_GRCh38_89/star_index –sjdbGTFtagExonParentGene gene_id –sjdbGTFfile 

ref_ensembl_GRCh38_89/Homo_sapiens.GRCh38.89.gtf –outSAMtype BAM Unsorted 

SortedByCoordinate –outReadsUnmapped Fastx –quantMode Gene-Counts. Ensembl genes 

with at least 10 counts in 25% of the samples were filtered for the analysis. Normalization 
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and the differential expression analysis (DEA) were performed using the R (version 4.0.3) 

package DESeq2 (version 1.30.1).40 BiomaRt (version 2.42.1) was used to convert Ensembl 

gene identification numbers to Human Genome Organization gene names41; the gene set 

enrichment analysis was performed using the R (version 4.0.3) package Fast Gene Set 

Enrichment Analysis (version 1.16.0), and a gene ontology analysis was performed using 

Enrichr.42

Single-Cell RNA-seq for Deconvolution of Bulk RNA-seq

Previously reported, aligned, filtered, and quantified single-cell RNA-seq data obtained from 

4 normal-term placentas (tissue from a total of 6 placental parenchymal biopsies, with 2 

samples collected from 2 areas of placental disc) and 4 EO-PE placentas were downloaded 

from the European Genome-Phenome Archive (accession no. EGAS00001002449).43 These 

data were used to create a cell type deconvolution signature matrix for CIBERSORT 

(cell-type identification by estimating relative subsets of RNA transcripts) to estimate the 

abundance of member cell types in our bulk RNA-seq data.44 After combining the single-

cell data sets, the data were further filtered to contain only genes detected in at least 10 

cells and cells that express at least 250 different genes. The data were then normalized 

by library size, batch corrected using regression on counts, and filtered for highly variable 

genes, resulting in a total of 34,786 cells and 2232 genes. The principal component analysis 

was used to determine the number of principal components to use in the nearest neighbor 

analysis. The data were then clustered using the Louvain algorithm and visualized using 

t-distributed stochastic neighbor embedding, resulting in 18 clusters. To determine cluster 

cell identity, the marker genes for each cluster were ranked by comparing each cluster 

with all other clusters using the t test with variance overestimation. The average gene 

expression for each gene in each cluster was then used as the input file (signature matrix) 

for CIBERSORT.44 All single-cell analyses were performed using Scanpy (version 1.4.3).45 

The CIBERSORT output is provided in Supplementary Table S2. “All trophoblast” (“all 

troph” for short) was calculated based on the sum of CTB, STB, and EVT, with the 

proportion of EVT or STB calculated based on EVT/all troph or STB/all troph. A scatter 

plot was made using GA and the calculated values (EVT/all troph or STB/all troph) of 

the PE placental samples. The 2 groups, EVThi/STBlo and EVTlo/STBhi, were selected 

based on a hierarchical clustering analysis of the calculated values using both EVT/all troph 

and STB/all troph, first determining EVThi/STBlo cases and then identifying GA-matched 

cases for a second hierarchical clustering analysis to validate the EVTlo/STBhi cases. DEA 

was performed on these 2 groups (Supplementary Table S3), and major histocompatibility 

complex, class I, G (HLA-G) and chorionic omatomammotropin hormone 1 (CSH1, human 

placental lactogen) were selected for validation of the EVThi/STBlo and EVTlo/STBhi 

groups, respectively.

Statistical Analysis

Statistical analyses were performed using the SPSS software (version 27.0; IBM). Testing 

of normality was performed using the Shapiro-Wilk test. The Mann-Whitney U or Kruskal-

Wallis test was applied to all nonparametric data and student t test to all parametric 

data with continuous variables. The Pearson χ2 test was used for categorical variables, 

and when >20% of the expected counts were <5, the Fisher exact test was used. All 
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statistical tests were 2 sided, with P values <.05 considered statistically significant. Linear 

regression models were used, after ensuring that the data were normally distributed, to 

analyze the relationship between the value of positive CTB number per villous area and GA; 

furthermore, the R2, unstandardized β coefficient, and P value were estimated. The box plots 

showed the median with the center line; mean as the cross mark, with the box indicating the 

upper and lower quartiles; the whiskers indicating the maximum and minimum values; and 

the outlier or single data point marked as circles. DEA was performed using DESeq2, and an 

adjusted P value of <.05 was considered differentially expressed.

Results

Patient Cohort

The overall cohort included 3054 pregnant women who consented to chart review and 

biospecimen collection for our ongoing Perinatal Biorepository between January 2010 and 

November 2020 and for whom adjudicated hypertensive diagnoses and placental pathologic 

data were available (Fig. 1). After removal of cases with incomplete pregnancy information 

or multiple gestations, there remained 2654 patients with singleton pregnancies, of whom 

an additional 543 were excluded because of the onset of hypertension or proteinuria before 

20 weeks of gestation. Of the remaining patients, 303 met the criteria for primary PE with 

severe features, defined based on the definition by American College of Obstetricians and 

Gynecologists,1 with another 420 patients excluded because of the absence of proteinuria 

or other evidence of PE-associated end-organ damage (elevated creatinine levels, low 

platelet counts, or elevated liver function enzyme levels). The remaining 1388 cases served 

as the nonhypertensive reference (control) group (Fig. 1). The maternal and neonatal 

characteristics are summarized in Supplementary Table S4. The maternal age and fetal 

sex did not differ between the groups, whereas the GA, gravidity, parity, and birth weight 

were lower and the rates of SGA neonates and preterm delivery were higher in the PE 

group. Somewhat surprisingly, the mode of delivery did not differ between the groups, 

suggesting a potential selection bias at enrollment. Our cohort included 38.2% Hispanic or 

Latino women, with the non-Hispanic population comprising White women as the largest 

subgroup (39.1%), followed by Asian (10.4%) and Black (4.5%) women. The prevalence 

of PE was higher in the Black (1.7-fold) and Native Hawaiian or Pacific Islander (3.3-fold) 

groups compared with that in the reference group. Overall, our study population confirmed 

the known characteristics of patients with PE, including a higher prevalence in primigravid 

women, and higher rates of SGA neonates and preterm birth.

Maternal Vascular Malperfusion is Associated With Primary Preeclampsia

We set out to assess the relationship between the clinical diagnosis of primary PE and 

pathologic patterns of placental injury, focusing on patterns previously associated with PE. 

To do this, we first defined the criteria for MVM, FVM, and VUE, including “pure” and 

“combined” patterns, based on the APWGCS definitions and as further specified by Redline 

et al19 and others20,26,29,46,47 (Supplementary Table S1). Then, we evaluated the presence 

of these patterns of injury in placentas from the PE and nonhypertensive cohorts. Similar to 

other studies,19,26–28 we found a significantly higher prevalence of MVM in the placentas of 

patients with PE compared with the nonhypertensive reference group (odds ratio, 4.4; 95% 
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CI, 3.3–5.9) (Table 1). Interestingly, the other 2 patterns of injury, FVM and VUE, were 

present at similar rates in the PE and the reference groups (Table 1); however, as expected, 

the percentage of PE placentas with normal pathology was significantly lower than that of 

PE placentas in the reference group (odds ratio, 0.5; 95% CI, 0.4–0.6) (Table 1).

Because MVM is known to be associated with SGA neonates,19,26,28 we also investigated 

the proportion of cases with this pattern of injury in PE and nonhypertensive patients 

with and without SGA neonates. We found that in both the PE cases and controls, the 

prevalence of delivering SGA neonates was higher in the subcohort with MVM. The other 

2 patterns of FVM and VUE, however, were not enriched in the group with SGA neonates 

(Supplementary Table S5). As anticipated, the subcohort of PE with SGA neonates also 

showed the lowest proportion of histologically normal placentas, lacking any of these 

patterns of placental injury (Supplementary Table S5). Finally, we investigated whether 

differences in certain types of placental injury could affect the timing of delivery. We 

found that patients with MVM delivered significantly earlier than those with FVM, VUE, 

or normal placental pathology in both the PE (P < .01, an average of 33 vs 36–37 weeks 

of GA) and nonhypertensive cohorts (P < .01, an average of 36 vs 38–39 weeks of GA), 

with patients with MVM in the PE cohort faring the worst (Fig. 2). In order to exclude 

the possibility of SGA as a confounding factor associated with early delivery, we compared 

patients with and without SGA neonates within each pattern of placental injury. There 

was no difference in the timing of delivery between patients with and those without SGA 

neonates, regardless of the diagnosis of hypertension (Supplementary Fig. S1), indicating 

that SGA was not a confounding factor driving early delivery.

Overall, these data show a high prevalence of MVM pathology in PE placenta, although 

this lesion can also be present in the absence of maternal hypertensive disease. In addition, 

patients with MVM pathology in their placenta tend to deliver earlier, and those with this 

lesion are in fact more likely to deliver preterm in the setting of primary PE with severe 

features. Finally, MVM appears to be enriched in both patients with PE and nonhypertensive 

patients delivering an SGA baby.

Maternal Vascular Malperfusion Can Be Further Classified Into Pathologic Subgroups

MVM can be accompanied by other pathologic findings; however, few studies have 

addressed how these additional findings may alter or be associated with different clinical 

outcomes.19,28 Therefore, we next evaluated MVM with and without the other 2 patterns 

of placental injury, FVM and VUE (Supplementary Table S1). We first investigated the 

proportion of each of the 3 subcategories, pure MVM, MVM + FVM, and MVM + VUE, 

between the PE cohort with MVM and the nonhypertensive cohort with MVM. We found 

no difference in the proportion of pure MVM and MVM + VUE (Table 2) but noted 

a higher proportion of MVM + FVM in the PE group than that in the nonhypertensive 

group (Table 2) (odds ratio, 2.7; 95% CI, 1.4–5.1). Next, we evaluated the proportion 

of these MVM subcategories in patients with PE and nonhypertensive patients with and 

without SGA neonates. We noted that the combined MVM + FVM pattern was particularly 

enriched in the group of PE patients with SGA neonates (Supplementary Table S6). Finally, 

we also found that these 3 subcategories can be distinguished by GA at delivery, with 
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pure MVM and MVM + FVM in PE placentas showing significantly earlier delivery 

than those with corresponding pathologic categories within the nonhypertensive controls 

(Fig. 3). Interestingly, patients with MVM + VUE tended to deliver near term, with no 

significant difference between the patients with PE and nonhypertensive patients (Fig. 3). 

Taken together, these findings show that MVM + FVM is most common in the setting of PE 

with SGA neonates and is associated with the lowest GA at delivery.

Pathologic Subcategories of Preeclampsia Can Be Further Defined Based on 
Cytotrophoblast Cell Number

Next, we decided to go beyond morphologic assessment and evaluate the PE placentas at the 

cellular level. We focused on CTB, the trophoblast progenitor cell in the placenta, because 

previous studies have shown conflicting data regarding CTB number, ranging from reports 

of no changes48 to those of increased number of CTB or CTB proliferation in the setting 

of PE.49,50 We stained 91 placentas from the patients with PE, who delivered between 

24 weeks of gestation and term, and 99 placentas from the nonhypertensive patients, who 

delivered within the same GA window and lacked any placental disc lesions (Supplementary 

Table S7 for demographics of this patient subcohort), with antibodies against p63, a marker 

of villous CTB51 to evaluate the number of CTB per villous area (μm2 ) (CTB/area) using an 

unbiased, automated counting method (see the Immunohistochemistry section). As expected, 

the placentas from the nonhypertensive patients without disc lesions showed a decrease in 

CTB/area with increasing GA (Fig. 4A, blue line; R2 = 0.73; P < .01; unstandardized β 
coefficient, −4.28 × 10−5 ). Overall, compared with the placentas of the nonhypertensive 

patients, those of the patients with PE did not differ in CTB/area (P = .207); however, 

similar to the placentas from the nonhypertensive patients, the trend line for the placentas 

from the patients with PE showed a decrease in CTB/area with advancing GA, with lower 

CTB/area for patients who delivered earlier in gestation and higher CTB/area for patients 

who delivered later in gestation (Fig. 4A, orange line; R2 = 0.52; P < .01; unstandardized b 

coefficient, −2.66 × 10−5 ).

Given this observation, we further evaluated the CTB/area in the PE-associated placentas, 

separating the subgroups of MVM, FVM, VUE, or no pattern of placental injury (normal), 

as defined in Supplementary Table S1. We found that in this group, the linear decrease in 

CTB/area with increasing GA was statistically significant only in placentas with MVM or 

no pattern of placental injury but not in those with FVM or VUE (Supplementary Table S8). 

We speculated that this could be due to the effect of these lesions on CTB/area; however, 

these lesions are, for the most part, focal. Thus, we further evaluated a subset of these 

samples in more detail by measuring the CTB/area in adjacent areas with or without AV in 

FVM samples and with or without CI in VUE samples. In the FVM samples (n = 6), the AV-

affected area showed significantly reduced CTB/area compared with the non-AV—affected 

area (Fig. 4B; P = .04), whereas in the VUE samples (n = 5), there was a significantly 

higher CTB/area in the CI-affected area than that in the non-CI—affected area (Fig. 4C; P = 

.01). These data suggest that different patterns of placental injury can affect CTB number in 

different ways, leading to heterogeneous conclusions when the disease is only defined based 

on clinical parameters. In summary, we conclude that the cellular phenotype in the placenta 

should be assessed based on a combination of clinical and pathologic definitions.

Horii et al. Page 10

Mod Pathol. Author manuscript; available in PMC 2023 April 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Preeclampsia Subclassification Based on Placental Transcriptomic Profiles

Finally, we went beyond cellular analysis, assessing the PE placentas at the transcriptome 

level using RNA-seq. Because the PE placentas were mostly enriched with MVM as the 

primary mode of placental injury, we first compared the placental transcriptomes of patients 

with PE and MVM (n = 26) with those of nonhypertensive patients with MVM (n = 

18). DEA for this subcohort (Supplementary Table S9) was performed, controlling for 

GA, fetal sex, and the presence of SGA, resulting in 210 differentially expressed genes 

(Supplementary Table S10). Among these differentially expressed genes, the PE placentas 

with MVM showed significantly higher expression levels of genes known to be highly 

expressed in PE placentas, such as LEP, FLT1, PAPPA2, and ENG (6.2-, 3.1-, 2.1-, and 

1.9-fold changes, respectively, compared with those in the control placentas). Using the 

DEA data, we next performed the gene set enrichment analysis, focusing on differences 

between the PE placentas with MVM and the control samples with MVM, using MSigDB 

hallmark gene sets.52 A total of 12 gene sets were significantly enriched (adjusted P < .05), 

with 8 gene sets enriched in the control samples with MVM and 4 gene sets enriched in the 

PE placental samples with MVM (Fig. 5A). Among these, we noted pathways associated 

with cell proliferation or cell division (E2F targets, G2M checkpoint, MYC targets, and 

mitotic spindle) enriched in the control samples with MVM, with pathways associated with 

inflammation (interferon-α and ɣ signaling) and hypoxia to be conversely significantly 

enriched in the PE placentas with MVM. A leading-edge gene analysis (Supplementary 

Table S11) revealed nucleotide binding oligomerization domain containing 1 (NOD1), a 

gene in the interferon ɣ signaling pathway, to be enriched 1.3-fold in the PE placentas 

with MVM compared with that in the control placentas with MVM. Interestingly, NOD1 
was recently reported as a contributor to inflammation at the maternal-fetal interface, with 

increased expression levels in PE placentas.53 In addition, 3 leading-edge genes within 

the hypoxia gene set deserve further mention here, including transmembrane protein 45A 

(TMEM45A), syndecan 3 (SDC3), and prolyl 4-hydroxylase subunit alpha 1 (P4HA1), 

which were enriched 2.4-,1.7-, and 1.5-fold, respectively, in the PE samples with MVM 

compared with those in the control placental samples with MVM (Supplementary Table 

S10). TMEM45A is known as a key modulator of hypoxia-induced chemoresistance,54 

found to be downstream of STOX1 in a cell culture model of PE, and has been identified 

as a PE-associated gene.55–57 Of the other 2 leading-edge genes, SDC3 is known to be 

upregulated in the hypoxic tumor microenvironment,58 and P4HA1 is known as an upstream 

regulator of hypoxia-inducible factor, a transcription factor complex involved in mediating 

the effects of low oxygen levels.59–61

Given the differences in cell populations noted in the PE placentas based on p63 

immunostaining, we reasoned that at least some of the changes in global gene expression 

were likely to have been due to changes in the proportion of various cell types within the 

sampled placental discs. Therefore, we sought to further evaluate cellular heterogeneity, 

focusing on assessing the proportion of different trophoblast cell types within the PE 

placentas with MVM (n = 26) (Supplementary Table S9). We performed a deconvolution 

analysis on our bulk placental RNA-seq data using publicly available placental single-cell 

RNA-seq data obtained by Tsang et al43 using CIBERSORT.44 While assessing the ratio of 

EVT to all troph signal, we found 2 distinct populations appearing in the PE samples with 
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MVM. Therefore, we applied the hierarchical clustering analysis and identified 2 groups, 

one with a high and one with a low proportion of EVT (Fig. 5B and Supplementary Table 

S2). The EVTlo cases (n = 10) showed a high proportion and the EVThi cases (n = 6) 

showed a low proportion of STB signal in a similar comparison using the ratio of STB 

to all troph signal (Supplementary Table S2). The DEA of these 2 subpopulations showed 

that the EVThi/STBlo cases were consistent with increased expression of EVT markers, 

HLAG, and PLAC8, whereas the EVTlo/STBhi cases showed increased expression of the 

STB marker CSH1 (Supplementary Table S3), verifying that deconvolution reflects the cell 

type enrichments correctly. The gene ontology analysis revealed that the EVThi/STBlo cases 

were significantly enriched with immune and inflammatory response pathways, whereas 

the EVTlo/STBhi cases were significantly enriched with growth hormone and nutrient 

signaling (Supplementary Fig. S2). We further evaluated the clinical characteristics of these 

2 subgroups of PE placentas with MVM (Supplementary Table S12) and found that although 

all 16 cases in both the categories were associated with an SGA neonate, the EVThi/STBlo 

cases showed a significantly lower birth weight percentile, suggesting these to be clinically 

more severe subtypes of PE with MVM, than the EVTlo/STBhi subtype. To validate the 

deconvolution data, we performed immunohistochemistry using an EVT marker (HLA-G) 

and an STB marker (CSH1) on all cases with available blocks (15 of the 16 cases) and 

noted distinct morphologies and staining patterns between the groups (Fig. 5C): the EVThi/

STBlo PE group showed patchy areas of HLA-G staining within the placental disc near 

foci of perivillous fibrin deposition, whereas the EVTlo/STBhi PE group showed HLA-G 

only in a few distinct intraplacental trophoblast islands within the villous tissue (Fig. 5C 

and Supplementary Fig. S3). Conversely, CSH1 staining revealed differences in the STB 

layer within these 2 groups of PE placentas, highlighting prominent syncytial knots in the 

EVThi/STBlo cases, and a thick STB layer throughout the villous tissue in the EVTlo/STBhi 

PE cases (Fig. 5D and Supplementary Fig. S3).

In summary, these data indicate that PE placentas with MVM pathology show 

significant enrichment of inflammatory and hypoxia-associated pathways, with reduced 

cell proliferation, compared with nonhypertensive control placentas with MVM. In patients 

with PE and MVM who delivered preterm, there was an altered balance of terminally 

differentiated trophoblast, with distinct morphologies and staining patterns, which also 

represent different degrees of severity with respect to birth weight. These data point 

toward the heterogeneity of PE and the utility of morphologic, immunohistochemical, and 

transcriptomic assessments for dissecting such heterogeneity to identify the subgroups of the 

current clinically recognized categories of PE (Fig. 6).

Discussion

Thus far, there have been a limited number of studies that have integrated clinical history 

with placental pathology and transcriptomic profiling to identify the subgroups of PE. 

Our study aimed to approach this question comprehensively, integrating detailed clinical 

characterization with morphologic, immunohistochemical, and RNA profiling of placentas 

within a single-center cohort. Our analysis also applied the latest in-placental pathology 

subclassification system19 and a state-of-the-art computational method (computational 
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deconvolution using cell type-specific signatures derived from single-cell RNA-seq data) 

for the analysis of bulk transcriptomic data.44

Our analysis of this complex disease began with subcategorization based on clinical 

features. Although patients with preexisting hypertension or proteinuria are at a higher 

risk of developing PE, it is still unclear as to what degree the pathophysiology of such 

“superimposed” PE overlaps with “primary” PE; hence, we decided to exclude patients 

with “superimposed” PE and focus on those with primary PE in the current study. As 

previously documented,19,26–28 the pattern of placental injury most highly associated with 

PE was MVM, defined as a small placental disc with other features of underlying maternal 

vascular compromise, leading to accelerated maturation of the villous tree and infarcted 

tissue. However, MVM can of course coexist with other patterns of placental injury. In this 

study, we focused on the lesions of FVM and VUE because these have been described in 

association with PE.62–65 Thus, we also evaluated cases of pure MVM, MVM + FVM, and 

MVM + VUE and noted that compared with the latter category, the cases of pure MVM and 

MVM + FVM are distinguished by earlier GA at delivery. In addition to earlier delivery, 

MVM, but not FVM, was associated with a high prevalence of SGA neonates; however, 

MVM + FVM, a pattern of injury more prevalent in our PE cohort, was also associated with 

SGA as a neonatal outcome. These findings are consistent with some66 but differ from other 

studies28,46,67 that have documented a clear association between FVM and the delivery of 

SGA neonates. The discrepancies among studies may have been due to slight differences in 

study design and definitions of FVM (ie, inclusion of low-grade and high-grade lesions).19 

It should be pointed out that although FVM in the current study included both low- and 

high-grade lesions, this category was composed of cases of pure FVM, excluding those 

with coexisting VUE or MVM. Recently, Freedman et al28 performed a detailed analysis 

of all 4 patterns of placental injury (MVM, FVM, VUE, and ACA), including grading of 

these lesions, and evaluated the associations of various combinations of these patterns with 

preterm delivery and delivery of SGA neonates. Although the authors noted the highest risk 

of SGA to be associated with the presence of multiple high-grade lesions in the placenta 

(including MVM + FVM), they still found a slightly increased risk of SGA even with 

low-grade FVM (odds ratio, 1.9–3.7).28 Regardless of these differences, however, both their 

study and ours point toward the utility of this pathologic framework in defining clinically 

significant patterns of placental injury, thus affirming the need to incorporate such placental 

pathologic data into pregnancy cohorts.

Following morphologic analysis, we used trophoblast lineage-specific markers to further 

evaluate the PE subtypes based on the patterns of placental injury. Specifically, there have 

been conflicting reports about the number of CTB, the proliferative progenitor cell type, 

in PE placentas, with some studies showing an increased CTB number49,50 and others 

noting no differences compared with that of nonhypertensive control placentas.48 Our results 

showed that overall, although there is no difference in the CTB number per villous area 

between the PE and nonhypertensive control samples when whole sections of placental 

disc are interrogated, regional differences in histopathologic patterns of placental injury can 

impact this finding; that is, the number of CTB per villous area may differ between affected 

and unaffected regions of the same placenta. Specifically, we found that placentas with FVM 

show loss of CTB in regions of AV, whereas those with VUE show an increase in CTB in 
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regions with CI. Although this finding needs to be further validated with larger numbers of 

such cases, our data strongly suggest that the histopathologic patterns of placental injury, 

over and above clinical disease, should be taken into account when evaluating cellular 

phenotypes in the placenta.

We next performed an RNA-seq analysis to explore the underlying molecular etiology of 

primary PE with MVM. Other studies have used RNA-seq for evaluating PE placentas; 

however, none has distinguished between primary and superimposed PE or selected cases 

and controls based on different pathologic patterns of placental injury.68–70 Although 

this methodology resulted in a smaller number of samples evaluated (n = 18 for the 

nonhypertensive group and n = 26 for the PE group), this was still a larger sample 

size than 2 of the 3 previously published studies and, importantly, controlled for the 

histopathologic pattern of injury (MVM).68,69 Interestingly, although both the cases and 

controls showed an MVM pattern of placental injury, the PE group (characterized by the 

presence of clinical signs and symptoms) still showed alterations in pathways associated 

with hypoxia and inflammation. This is consistent with a previous study that showed 

similarities in gene expression between PE placentas and placental explants exposed to 

low oxygen conditions.71 Our results are also consistent with the proposed hypothesis that 

compared with small placentas from patients with normotensive fetal growth restriction, 

small placentas from patients with PE, particularly EO (preterm) PE, show evidence of 

oxidative stress, superimposed on endoplasmic reticulum stress, resulting in the release of 

proinflammatory cytokines and antiangiogenic factors.72 That the nonhypertensive control 

group was enriched in pathways related to cell division and proliferation can be further 

connected to the low CTB number in the PE placentas from patients who delivered preterm 

and the enrichment of this cohort with the combined MVM + FVM pattern of placental 

injury.

Finally, recognizing the cellular heterogeneity contained in our placental samples, we used 

the single-cell placental transcriptomic data to further evaluate the phenotype of PE with 

MVM. Our data showed variability in the ratio of terminally differentiated trophoblast 

subtypes, with 2 distinct patterns (EVTlo/STBhi and EVThi/STBlo) in the preterm PE group 

in contrast to a single pattern in the term PE group. We were able to validate these 2 

different cellular phenotypes using immunostaining. Specifically, the EVThi/STBlo cases 

showed patches of HLA-G+ cells near foci of perivillous fibrin deposition, a finding that 

has been noted in placentas in the setting of hypertensive disorders during pregnancy,73 

with a possible connection to the immunologic subtype of PE.74 Of note, however, none 

of these cases met the criteria for massive perivillous fibrin deposition or maternal floor 

infarction (data not shown).22 The cases with the converse (EVTlo/STBhi) pattern showed 

a thick STB layer throughout the chorionic villi, as noted using CSH1 staining. This is 

similar to previously reported thickening of the vasculosyncytial membrane in the setting 

of PE,75 although it should be noted that the EVThi/STBlo cases also showed abnormalities 

of the STB in the form of prominent syncytial knots, which may explain why these cases 

showed a more severe fetal growth restriction phenotype. Although abnormalities in the 

differentiation and maturation of the trophoblast have been associated with PE,76,77 this is 

the first description of a disrupted balance of EVT and STB in the setting of a pregnancy-

associated disorder. Considered together with the reduction in CTB number in preterm PE, it 
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could be hypothesized that a decreased or absent regenerative signal leads to premature loss 

of the trophoblast progenitor compartment, resulting in alterations in the balance of STB and 

EVT and, thus, placental dysfunction.

Although we made use of clinical, pathologic, cellular, and molecular data from our 

Perinatal Biorepository to understand PE, there were some limitations that deserve mention 

here. Our sample collection was selective, not only because of the fact that recruitment 

was limited to patients delivering at our university-affiliated hospitals, which are part of a 

regional tertiary care center and enriched for patients with high-risk pregnancies, but also 

because our study staff focused on consenting patients at a higher risk of adverse pregnancy 

outcomes. This likely resulted in some selection bias, as noted based on a cesarean section 

rate of ~50% in both our PE and nonhypertensive cohorts, which is significantly higher 

than the cesarean section rate of ~25% for our hospital system.78 Another limitation of this 

study was that the diagnoses of hypertensive disease were made using retrospective chart 

reviews and, thus, may not be representative of actionable clinical information at the time 

of patient presentation/delivery. Our molecular (RNA-seq) analysis was also limited by the 

small sample number in each group; thus, future studies are needed with increased sample 

numbers, with the addition of RNA-seq analysis of groups with distinct pathologic patterns 

of placental injury, including pure versus mixed forms of MVM, FVM, and VUE.

The last decades have introduced large paradigm shifts, both in our clinical understanding of 

PE using the 2-stage theory of PE pathogenesis proposed in 199179 and, subsequently, based 

on the discovery, using molecular placental profiling, of a role of circulating antiangiogenic 

proteins in disease presentation.80 We view the recent effort by the perinatal pathology 

community to standardize diagnoses of the patterns of placental injury as another potential 

paradigm shift in this field, filling the gap between clinical and molecular phenotyping 

of this complex disease in order to incorporate useful pathologic disease patterns into 

PE subclassification. We believe that this is an important step for not just comprehensive 

clinical phenotyping of this disease but also identification of cellular aberrations, which can 

hopefully be targeted for disease prevention or therapy in the near future.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Patient selection. Flow diagram demonstrating case selection from consent to data analysis. 

BP, blood pressure; Cr, creatinine; GA, gestational age; LFT, liver function test; LFT ≥ 2×, 

aminotransferase over twice the upper limit; PE, preeclampsia; Plt, platelet; SGA, small for 

gestational age; w/o, without.
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Figure 2. 
Gestational age at delivery based on the presence of preeclampsia (PE) and specific pattern 

of placental injury. A box plot displaying gestational age (weeks) at delivery for the 

indicated pattern of placental injury. The Kruskal-Wallis pairwise test was used for statistical 

analysis, and Bonferroni correction was made to account for multiple comparisons. **P < 

.01. FVM, fetal vascular malperfusion; MVM, maternal vascular malperfusion; VUE, villitis 

of unknown etiology.
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Figure 3. 
Gestational age at delivery based on the presence of preeclampsia (PE) and subgroups of 

maternal vascular malperfusion (MVM) pattern of placental injury. A box plot displaying 

gestational age (weeks) at delivery and subgroups of MVM pattern of placental injury. 

Only cases that met the criteria for each subgroup of MVM were used in this analysis 

(Supplementary Tables S1 and S6). The Mann-Whitney U test was used for statistical 

analysis. **P < .01, ***P < .001. FVM, fetal vascular malperfusion; PE, preeclampsia; 

VUE, villitis of unknown etiology.
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Figure 4. 
Cytotrophoblast (CTB) number based on the presence of preeclampsia (PE) and specific 

patterns of placental injury. (A) A linear line is drawn based on the p63+ CTB number 

per villous area (μm2) for each week of gestation (between 24 and 41 weeks) for the 

nonhypertensive control (blue, n = 99) and PE (orange, n = 91) groups. A linear regression 

model was used for the analysis. The plot displays only the median value at each gestational 

week. (B) A box plot displaying the number of p63+ CTB per villous area in 6 placentas 

from PE cases with avascular villi (AV) (as a hallmark of fetal vascular malperfusion 

[FVM]) (see the Case Selection section). Areas with and without AV were compared within 

each placenta; the paired t test was used to calculate the P value (P = .04). (C) A box plot 

displaying the number of p63+ CTB per villous area in 5 placentas from PE cases with 

villitis of unknown etiology (VUE). Areas with and without chronic inflammation (CI) were 

compared within each placenta; the paired t test was used to calculate the P values (P = .01).
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Figure 5. 
The RNA sequencing-based analysis of preeclampsia (PE) and control placentas with 

maternal vascular malperfusion (MVM). (A) Gene set enrichment analysis of MVM 

placentas, comparing the PE and nonhypertensive control groups. Blue bars display the 

significant MSigDB hallmark gene sets enriched in the nonhypertensive control placentas 

with MVM, and orange bars show those enriched in PE placentas with MVM, with 

normalized enrichment score on the x axis. (B) CIBERSORT (cell-type identification 

by estimating relative subsets of RNA transcripts) output values of PE placentas with 

MVM were used to calculate the ratio of extravillous trophoblast (EVT) signal over 
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“all trophoblast” signal (the latter including sum of signals from the cytotrophoblast, 

syncytiotrophoblast [STB], and EVT) and plotted against gestational age. Two groups 

were identified within the preterm PE group: EVThi/STBlo (red dots) and EVTlo/STBhi 

(green dots). Blue dots indicate the PE cases with MVM that did not fall into these 2 

subgroups. A differential expression analysis was performed between these 2 groups, with 

major histocompatibility complex, class I, G (HLA-G) and chorionic omatomammotropin 

hormone 1 (CSH1) identified as key markers for each group. (C) Representative images 

from these 2 subgroups of preterm PE, along with the term nonhypertensive control group, 

stained with antibodies against the EVT marker, HLA-G (upper panels), with hematoxylin 

and eosin-stained image of the same region (lower panels). The bar represents 500 μm. 

(D) Representative images from these 2 subgroups of preterm PE, along with the term 

nonhypertensive control group, stained with antibodies against the STB marker, CSH1, or 

human placental lacorgen (upper panels), with hematoxylin and eosin-stained image of the 

same region (lower panels). The bar represents 500 μm. IHC, immunohistochemical.
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Figure 6. 
Summary of progressive subtyping of primary preeclampsia with severe features based on 

sequential pathologic, immunohistochemical, and molecular analyses. CTB, cytotrophoblast; 

EVT, extravillous trophoblast; FVM, fetal vascular malperfusion; GA, gestational age; IHC, 

immunohistochemical; MVM, maternal vascular malperfusion; STB, syncytiotrophoblast; 

VUE, villitis of unknown etiology.
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