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Abstract

Although preeclampsia is a common and serious complication of pregnancy, insight into its 

pathobiology and diagnosis is lacking. Circulating plasma exosomes, which contain RNA and 

other molecules and have recently become accessible for diagnostics, may be informative in this 

regard. We tested the hypothesis that preeclampsia may affect the miRNA cargo within circulating 

maternal blood exosomes. We collected plasma from 60 pregnant women at term, including 20 

women with pregnancy complicated by preeclampsia, and 20 women with fetal growth restriction 

(FGR) and 20 with healthy pregnancy, serving as controls. We isolated exosomes from the 

maternal plasma by continuous density gradient ultracentrifugation. Our main outcome variable 

was exosomal miRNA cargo, analyzed by qPCR-based TaqMan Advanced miRNA assay in a card 

format, and the expression of differentially expressed exosomal miRNA in whole plasma from the 

same participants. We found that 7 miRNA species were differentially expressed in exosomes from 

women with preeclampsia and those from controls. In contrast, there was no significant difference 

in exosomal miRNA expression between women with FGR and controls. The results were not 

affected by fetal sex. Only one of the preeclampsia-related, differentially expressed exosomal 

miRNAs was significantly different in whole plasma miRNA analysis. We concluded that unlike 

whole plasma miRNA, exosomes extracted from the plasma of women with preeclampsia exhibit a 

unique miRNA profile, suggesting that plasma exosomal miRNA could provide insight into the 

pathophysiology of preeclampsia, and may play a role in disease diagnostics.
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INTRODUCTION

Human placental dysfunction has been associated with common complications of pregnancy, 

primarily preeclampsia and fetal growth restriction (FGR). The overall incidence of 

preeclampsia is 3–5% of all pregnancies, with a higher incidence in certain populations 

across the globe.1, 2 FGR occurs in 5–8% of all pregnancies in developed countries, and its 

incidence is even higher in low-income countries.3 Both diseases entail significant fetal and 

maternal morbidity and mortality.4, 5 Newborns surviving these pregnancies are at a higher 

risk of short- and long-term diseases during infancy, childhood, and adulthood.4, 6

Attempts to achieve a better understanding of placental or endothelial cell dysfunction 

leading to preeclampsia have been hampered by insufficient in vivo models, inaccurate 

diagnostic tests, and limited therapeutic and preventive approaches.7–9 Diagnostic imaging 

by sonography or MRI has markedly improved in the last decade10, 11, yet their impact on 

elucidating disease pathobiology or on diagnostics in the context of these conditions has 

been limited.12, 13
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The search for blood tests that can be harnessed for understanding diseases of human 

pregnancy has been bolstered by the identification of circulating placental proteins that may 

aid in disease diagnosis even prior to full clinical manifestation. Several studies have 

confirmed that the ratio of blood sFlt-1/PlGF is elevated in the second and third trimesters of 

pregnancy in preeclampsia, and this assay is gradually entering clinical practice. PAPP-A14 

has been shown to be lower in first trimester maternal serum prior to the development of 

preeclampsia. Other maternal blood analytes are being validated for clinical practice.14, 15

In addition to circulating proteins, the blood is known to contain extracellular vesicles, 

(EVs) released from diverse cell types.16–18 Recent technological advances that enable the 

isolation of EVs, separation of their subtypes, and analysis of their cargo have markedly 

accelerated research in this area.19, 20 Many bodily cell types, including placental 

trophoblasts19, 20, have been shown to release EVs.16 Among the three main EV types, 

namely exosomes, microvesicles and apoptotic bodies, most information is available on 

exosomes, which measure 30–150 nm in diameter and are known to contain proteins, 

mRNAs, lncRNAs, miRNAs, and lipids.17, 21–24 Exosomes are formed as intraluminal 

vesicles within multivesicular bodies, which fuse with the cell membrane during exocytosis.
16–18

Unlike non-vesicular, circulating molecules, packaging within exosomes (or other vesicles) 

may protect the cargo from degradation, and allow more precise delivery to target cells.25 

Therefore, isolation of plasma exosomes and analysis of their cargo may provide a unique 

view into relevant diseases or define new diagnostic or prognostic potential for diverse 

disorders.21, 26, 27

In the present work, we pursued circulating exosomes, isolated from women with 

preeclampsia and compared to exosomes from women with uncomplicated term pregnancies 

or with pregnancies that were complicated by FGR. We hypothesized that the miRNA 

profile in exosomes isolated from the peripheral blood of healthy women or FGR is different 

from that of exosomes from women with preeclampsia. We also assessed whether 

differences in exosomal miRNA expression could be found by analysis of total plasma 

miRNA.

METHODS

Note that additional detailed methods are included in the supplement section. The authors 

declare that all supporting data are available within the article (and in the online-only Data 

Supplement).

Participants

The protocol for all studies included here was approved by the Institutional Review Board of 

the University of Pittsburgh (#PRO11060400, approved annually since July 1, 2011). A total 

of 60 pregnant women were recruited to this case-control study. We included 20 women with 

mild or severe preeclampsia, 20 women with FGR, and 20 healthy participants serving as 

controls. All participants were recruited as a part of our Perinatal Biology Lab biobank at 

Magee-Womens Research Institute. All participants delivered at Magee-Womens Hospital of 
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the University of Pittsburgh Medical Center between July 2013 and Dec. 2018. The clinical 

diagnosis of mild or severe preeclampsia was based on criteria established by the 

International Society for the Study of Hypertension in Pregnancy28 and as previously 

published by our own institution.29–31 FGR was defined as we have previously detailed.32 

Demographic information is shown in Table 1.

Plasma sample collection

We collected 10 ml of blood in Na-EDTA tubes during routine blood testing, performed 

when each participant was admitted for labor and delivery at our hospital. Each blood 

sample was centrifuged at 1500 g for 10 min at 4°C, and the supernatant was again 

centrifuged at the same conditions to remove any trace of blood cells. The plasma was 

frozen in −80°C. We have previously shown that the EVs remain stable in these conditions 

when not repeatedly thawed and frozen.20

Statistics

All analyses were done using the statistical computing software R or Prism 7.0. The clinical 

data were compared using one-way ANOVA with a post hoc Dunnett test, with p<0.05 

denoting significance.

For analysis of RT-qPCR TaqMan Array Card data, we explored three different 

normalization methods. First, we normalized the Ct values by the median expression value 

of miRNAs that were relatively abundant (mean Ct values <35) and reliably detected 

(present in at least 80% of the samples from each group). We removed C19MC miRNAs 

when calculating the medians, because of their high sample-to-sample variability that we 

discovered in plasma C19MC miRNA expression.33, 34 Second, we normalized the data 

using the housekeeping gene method, where we identified four candidate housekeeping 

miRNAs based on the method described by Vandesompele et al.35 and implemented in the 

Bioconductor package NormqPCR by Perkins et al.36 Third, we normalized our data using 

the stably expressed miR-21–5p. We compared the three normalization methods, we found 

that they are consistent and led to similar results (Fig S2).

The heatmap for C19MC miRNAs was based on normalized and log2-transformed miRNA 

expression in the plasma exosomes, maternal plasma, and placental smRNAseq libraries. 

The small RNA libraries were aligned against the human reference genome (GRCh38), 

using Bowtie.37 The aligned sequences were annotated using the human miRNA database 

maintained at miRBase v21.38 The miRNA counts were then normalized by library size and 

log2 transformed.

The comparison of miRNA expression among the three conditions was based on the 

normalized Ct values based on the median method, described above and commonly used for 

RNA arrays or RNAseq data. After normalization, for each miRNA, we performed both a 

two-sample t test, comparing either the control sample group and the FGR group or the 

control samples and the preeclampsia samples. We also performed and a Wilcoxon rank sum 

test between each 2 groups to further bolster our analysis. All p-values were adjusted using 

Benjamini and Hochberg’s method to control the false discovery rate.39
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RESULTS

Clinical Characteristics

We included data and specimens from 60 pregnant women and separated these into three 

groups: those with FGR; those with preeclampsia; and uncomplicated pregnancies, serving 

as control (n=20 in each group). Baseline demographic and clinical variables are provided in 

Table 1. As expected, mean gestational age at delivery was less than that of the FGR and 

preeclampsia groups, but neonatal and placental weight were not significantly different 

between the preeclampsia and control group.

Analysis of plasma exosomes and level of plasma exosomal miRNA

We isolated plasma exosomes using iodixanol (OptiPrep)-based continuous density gradient 

ultracentrifugation, currently a gold-standard approach for isolation of exosomes. Exosomes 

from all groups expressed the characteristic tetraspanin proteins CD63 and TSG101 and the 

expected NTA profile (Fig. 1A–B). As shown in Fig. 1C–D, we found that concentration of 

plasma exosomes from women with FGR and preeclampsia was 1.47-fold and 1.45-fold 

higher, respectively, compared to healthy controls (p <0.05). Interestingly, the mean 

diameter of exosomes derived from participants with preeclampsia (107.5 nm) was larger 

than that of controls (84.9 nm, Fig. 1D, p< 0.05).

We elected to use TaqMan qPCR technology to interrogate miRNA levels in exosomes after 

assessing the sensitivity of next generation small RNA sequencing when applied to plasma 

miRNA. We assessed the sensitivity on the basis of the exosomal expression of C19MC 

miRNAs, which are known (by sensitive qPCR) to be expressed in maternal plasma 

exosomes but absent in plasma exosomes from non-pregnant women.34, 40 Even after several 

miRNAseq experiments we could not consistently detect C19MC miRNAs in maternal 

plasma exosomes. For example, we found that, out of four maternal plasma exosome 

miRNAseq libraries, C19MC miRNAs were reliably detected in only one library (Fig. S1A). 

In contrast, we detected numerous C19MC miRNAs when qPCR-based TaqMan cards were 

used (Fig. S1B).

Using qPCR-based TaqMan cards, we identified 133 miRNAs that were detected in at least 

80% of the samples from each group with a mean Ct value lower than 35 (based on our 

criteria and normalization as defined in Methods). All three normalization methods yielded 

similar results (Fig. S2). When we analyzed all 60 samples for discrete miRNA expression 

clustering, no notable expression pattern across the three paradigms was identified (Fig. 2A). 

Similarly, the placenta-specific C19MC miRNAs did not yield any discrete pattern among 

the three paradigms.

To further validate our analysis we assessed the Spearman’s correlation between exosomal 

C19MC miRNA expression, measured by Taqman cards, and C19MC miRNA expression in 

placenta measured by small RNA seq, as we previously analyzed and reported.20, 33, 34 We 

found that the differences in the correlation coefficients were significant (p <0.05, Fig. 3). 

These data provide further support the reliability of our TaqMan-based analysis of exosomal 

miRNAs.
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To better visualize differences among the three clinical paradigms in our dataset, we used 

classic multidimensional scaling (cMDS). As shown in Fig. S3, and consistent with the 

heatmap (Fig. 2), no clear separation was observed among the three clinical groups. Because 

two participants with preeclampsia (#P9 and #P15) seemed to have a deviant MDS pattern, 

we (TP, a placental pathologist) evaluated the histopathology of all preeclamptic placentas 

included in our study. Indeed, the placenta of participant #P9 was the only one to exhibit 

histopathological evidence of placental abruption, with retroplacental hemorrhage and 

decidual necrosis. Participant #P15 exhibited the most severe case of extensive distal villous 

hypoplasia and severe hypoxic damage. Nonetheless, to avoid post-analysis bias, we 

included these samples in all subsequent assays.

Identification of differentially-expressed exosomal miRNAs

To identify discrete miRNA species that were differentially expressed among the three 

clinical groups, we first validated that normalization using the median approach provided 

similar results in pairwise comparisons across the three clinical groups. As shown in Fig. S4, 

we found no significant differences between each two clinical groups. Using the same 

approach, we compared all miRNAs that were expressed in plasma exosomes among the 

three clinical groups. As shown in Fig. 4A, seven miRNAs were differentially expressed in 

plasma exosomes between healthy and preeclamptic participants, and none of the miRNAs 

were different between participants with FGR and the other two groups. Notably, the 

expression of miR-486–3p in the preeclampsia samples formed two distinct clusters. The 

differences within the miR-486–3p group were not explained by the available clinical 

information and did not meet our criteria for differentially expressed miRNA. The odds 

ratios for preeclampsia for a change in one Ct value (2-fold) for each of the seven miRNAs 

are provided in Fig. 4B.

We also examined the relationship between fetal sex and miRNA expression based on two 

methods: (a) median miRNA expression in all 60 participants (irrespective of group), based 

on t test or Wilcoxon’s rank sum test, after adjusting for FDR control, there were no sex-

dependent differences (p=0.34 and p=0.66, respectively). (b) for each miRNA, we compared 

two nested models, where a base model has the patient group as the only independent 

variable, and the complex model has both the patient group and sex as independent 

variables. Using F test comparing the base model against the complex model with or without 

interaction, after adjusting for FDR control, the p values were 0.94 (complex model without 

group interaction) and 0.99 (complex model with group interaction). We concluded that 

there was no difference in exosomal miRNA expression between female or male fetuses. 

Similarly, we found no correlation between difference in exosomal miRNA expression and 

participants body mass index (BMI, Table 1) based on pre-pregnancy BMI or BMI at 

delivery (false discovery rate controlled at 0.05).

Comparison of differentially expressed miRNA in plasma exosomes and whole plasma

In the plasma, miRNAs are found not only in exosomes but also in other vesicles or bound 

by plasma non-vesicular proteins.41–43 To assess whether the expression differences in 

exosomal miRNAs could have been detected using whole plasma samples, we compared the 

expression levels of the seven differentially expressed exosomal miRNAs in whole plasma 
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from the same patients. We found that the whole plasma expression of miR-153–3p, 

miR-653–5p, and miR-325 was very low (Ct value = 38), and that only miR-222–3p 

exhibited a significant difference between preeclampsia and control (Fig. 5).

DISCUSSION

Although there were no distinct clustering patterns in exosomal miRNA expression among 

participants with preeclampsia, those with FGR, or controls, we found that several individual 

exosomal miRNA species were differentially expressed between preeclampsia and control 

exosomes. These miRNAs may illuminate disease-relevant pathways or contribute to the 

diagnosis of preeclampsia. For example, two of the seven differentially expressed exosomal 

miRNAs, miR-153–3p and miR-325–3p, exhibited a 2-fold up-regulation in exosomes from 

preeclampsia. Zeng et al. suggested that overexpression of miR-153–3p inhibited cell 

proliferation and invasion and promotes apoptosis.44 Liang et al. showed that miR-153 binds 

the 3′UTR of HIF1a mRNA and suppressed its expression in association with diminished 

tube formation in primary human umbilical vein endothelial cells (HUVECs), reduced 

VEGF-A expression, and angiogenesis.45, 46 Others suggested that miR-325–3p inhibits cell 

invasion and proliferation in non-small-cell lung cancer, with a similar effect in bladder 

cancer.47, 48 Among other differentially expressed miRNA, placental miR-342–3p was found 

to be upregulated in preeclamptic women49, and has been implicated in endothelial cell 

dysfunction in obese children.50 We also found that, except for one miRNA (miR-222–3p), 

none of the other miRNAs that were differentially expressed in exosomes exhibited a similar 

pattern in whole plasma analysis, highlighting the potential benefit of analyzing exosomal 

miRNA cargo for understanding relevant gestational disease or for diagnostics. Interestingly, 

we found that two of the samples from pregnancies complicated by preeclampsia (P15 and 

P9) were outliers by MDS analysis. Further pathological examination confirmed that they 

exhibited deviant placental histology, which might explain their difference from other 

samples. When we removed these two outliers and re-tested for differentially expressed 

miRNAs, we obtained similar results (not shown). Notably, maternal BMI, mode of delivery 

or fetal sex did not explain our results, and most preeclamptic participants provided the 

blood sample before treated with magnesium. Lastly, the differences in exosomal miRNA 

expression are unlikely to be explained by the differences in gestational age, as these 

expression differences also existed between the preeclampsia and FGR groups, which had 

the same mean gestational age at delivery.

Initial work in the area of circulating exosomal miRNA in pregnancy focused primarily on 

vesicle size and preeclampsia51 and on discrete functions of exosomal miRNA52, 53, We 

found that the concentration of plasma exosomes from preeclampsia and FGR was 1.5-fold 

higher compared to control samples, as previously reported.54 We also found the mean 

exosome diameter in preeclampsia (107.5 nm) to be larger than in controls (84.9 nm). The 

biological significance of these observation remains uncertain. Our data suggest that these 

small differences and relatively large patient-to-patient variability would make it impractical 

to use exosome concentration or size for diagnostic purposes.

Recent work by several groups has focused on the prevalence, expression, and potential 

clinical use of miRNA-containing exosomes during human pregnancy.54–60 Specifically in 
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preeclampsia, PCR-based targeted screening for selected miRNAs showed that levels of 

miR-210, −136, −494, and −495 were elevated in peripheral blood exosomes in women were 

diagnosed with this disease.61 In addition, in a small group of four participants, miR-134, 

−196b, −302c, −346, −376c, −486–3p, −590–5p, and −618 were differentially expressed in 

women with preeclampsia. The difference from our results may be explained by the small 

number of participants used in this study. In a targeted PCR-based screen for the expression 

of selected chromosome 19 miRNA cluster (C19MC) members, miR-517–5p, miR-520a-5p, 

and miR-525–5p were found to be downregulated in preeclampsia.60 Finally, Salomon et al.
54 used pooled DNA libraries to assess the differential expression of exosomal miRNAs that 

were isolated from the maternal blood and found 12 miRNAs that were differentially 

regulated between women with preeclampsia and healthy controls, including miR-423–5p, 

−451a, −107, −486–1-5p, −486–2-5p, −15a, −92–2-3p, −103a-1–3p, −103a-2–3p, −92a, and 

−126–3p. We did not pool libraries, and thus this procedure and potentially other differences 

in methodology or analysis may explain the diverse results.

Our study was not designed to interrogate the potential cellular and molecular targets of 

circulating exosomes during pregnancy. We also did not try to specifically isolate and study 

placenta-derived exosomes, which have been estimated to constitute 12–25% of all 

circulating exosomes in term pregnancy.62 Preeclampsia is a systemic disease, in which 

exosomes from numerous tissue sources may contribute to its pathophysiology, particularly 

to maternal endothelial cell dysfunction. Future research may require isolation and analysis 

of exosomes from the placenta, endothelial cells, or other tissues and tracking of their 

potential targets. Notably, trophoblastic exosomes carrying a potentially aberrant miRNA 

repertoire might have been overly diluted among exosomes from other sources, thus 

masking any potential differences in miRNA expression.

The strengths of our approach included (a) the relatively large sample size used in a 

sensitive, high-throughput screen of plasma exosomal miRNAs when compared to published 

studies in complicated pregnancies; (b) the inclusion of two relevant control groups, FGR 

and healthy pregnancies; (c) a comparison of miRNA profiles among isolated exosomes 

rather than comparison to total plasma miRNA; (d) the rigorous process used for exosome 

purification, based on “gold standard” technologies and avoiding products of questionable 

purity and reliability63, 64; (e) the use of several measures for quality control, including NTA 

analysis for sample purity, analysis of exosomal proteins, and a comparison of the 

expression ranking of exosomal C19MC miRNAs to their rank in the placenta; (f) data 

normalization using several approaches and rigorous multi-assay informatic analysis.

In our investigation we included participants with late onset preeclamptic, which likely 

represents an interaction of placental disease with maternal cardiovascular and metabolic 

conditions. This corresponds to our focus on circulating maternal plasma exosomes, not only 

those released from the placenta. Early onset preeclampsia would have required control and 

FGR participants from earlier gestational ages, which were not targeted by our studies. Our 

study was limited by the use of TaqMan arrays for our high-throughput screen. While we 

had to use this approach in order to maintain an acceptable level of sensitivity, it is possible 

that certain miRNA species were not represented in our arrays. While our study was not 

designed to identify or test disease biomarkers, it is also possible that including additional 
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samples might have uncovered potential disease-related biomarkers. For example, using 

normalization by miR-21–5p, the median Ct value standard deviation of the 132 most 

abundant and reliably detected miRNAs was 0.973. If 5% of all miRNAs were candidate 

biomarkers with a difference of 2-fold between preeclampsia samples and controls, at a 

power of 0.8 while controlling for a false discovery rate at 0.05, 32 control and 32 

preeclampsia samples would be needed. This number may become relevant if our approach 

is used for evaluation of exosomal miRNA biomarkers in preeclampsia. Future research may 

also focus on other types of EVs, such as the recently discovered “exomeres”65, which may 

harbor cargo that is relevant to preeclampsia.

PERSPECTIVES

Although the general miRNA landscape within circulating maternal plasma exosomes 

during pregnancy complicated by preeclampsia was similar to that of healthy controls or to 

pregnancies complicated by fetal growth restriction, the expression of seven miRNA species 

was significantly different in preeclampsia. This difference was not apparent when the whole 

plasma miRNA repertoire was analyzed, suggesting that plasma exosomal miRNA could 

provide insight into the pathophysiology of preeclampsia, and assist in disease diagnostics.
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NOVELTY AND SIGNIFICANCE

What is new?

The expression of seven miRNA species in circulating maternal plasma exosomes in 

preeclampsia is different from healthy controls or from pregnancies complicated by fetal 

growth restriction. This difference was not apparent when the whole plasma miRNA 

repertoire was analyzed.

What is relevant?

Plasma exosomal miRNA could provide insight into the pathophysiology of 

preeclampsia, a common hypertensive disorder of pregnancy, and assist in disease 

diagnostics.

Summary

Unlike whole blood miRNA, the miRNA cargo within circulating exosomes in pregnant 

women with preeclampsia is unique, and should be further pursued for mechanistic 

insights and diagnostic applications.
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Fig. 1: Isolation and characterization of plasma exosomes.
(A) A representative western blot showing the expression of exosomal tetraspanins CD63 

and TSG101. As exosomes do not express standard proteins used for loading control, 

samples are normalized by loading 20 ug of protein. Non-specific (ns) bands are marked. (B) 

The profile of plasma exosome concentration across a range of particle sizes, determined 

using NTA as described in Methods. (C) The concentration of exosomes in plasma samples 

from the three conditions (expressed as mean exosome number x 108/ml plasma: FGR: 

3282, Healthy: 2232, Preeclampsia: 3242). (D) The distribution of exosome diameter in 

plasma samples from the three conditions. A and B are representative experiments (n=3). C 

and D include samples from all participants (n=20 in each condition, and * denotes p <0.05.
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Fig. 2: Heatmap of the log2 -normalized expression of all miRNAs in the 60 participants.
(A) All detectable miRNAs. (B) Detectable C19MC miRNAs. The columns are clustered by 

using unsupervised hierarchical agglomerative clustering. The lack of a distinctive miRNA 

expression pattern among the three groups is noted.
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Fig. 3: The correlation between detectable C19MC miRNA in plasma exosomes and in the 
placenta.
The expression of exosomal miRNAs (measured by TaqMan Cards) was normalized by the 

median, while expression of the placental miRNA (measured by smRNAseq) was 

normalized by library size then log2 – transformed data (see Methods), and expressed as log2 

rpm (reads per million). In the upper panels each dot column represents a unique miRNA, 

where each dot’s x-coordinate equals the mean miRNA expression in the placenta, and the 

y-coordinate equals miRNA-specific expression in each exosome sample. In the lower 

panels each dot represents a unique miRNA, where each x-coordinate equals the mean 

miRNA expression in the placenta, and the y-coordinate equals the mean miRNA expression 

in all exosome samples from the corresponding group. The Spearman’s correlation 

coefficients and significance are shown.
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Fig. 4: A comparison of differentially expressed miRNA across the three conditions.
(A) The y-axis is the expression of miRNAs in Ct value, normalized to the median as 

detailed in Methods. The p-values and adjusted p-values for both the t-test and Wilcoxon 

rank sum test are shown. Note that higher Ct value represents lower expression. (B) The 

odds ratios and 95% confidence intervals for preeclampsia (vs healthy controls) for an 

increase of 1 Ct value (reduced miRNA expression by 2-fold).
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Fig. 5: A comparison of differentially expressed miRNA between plasma exosomes and total 
plasma.
We focused on differentially expressed miRNA (Fig. 4) between preeclampsia and control 

samples. The y-axis is the expression of miRNAs in Ct value, normalized to the median (see 

Methods). The p values for both the t-test and Wilcoxon rank sum test are shown. Note that 

higher Ct value represents lower expression.
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