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Abstract

Introduction—Primary human trophoblasts release a repertoire of extracellular vesicles (EVs). 

Among them are nano-sized exosomes, which we found to suppress the replication of a wide range 

of diverse viruses. These exosomes contain trophoblastic microRNAs (miRNAs) that are 

expressed from the chromosome 19 miRNA cluster and exhibit antiviral properties. Here, we 

report our investigation of the cargo of placental EVs, focusing on the composition and the 

antiviral properties of exosomes, microvesicles, and apoptotic blebs.

Methods—We isolated EVs using ultracentrifugation and defined their purity using 

immunoblotting, electron microscopy, and nanoparticle tracking. We used liquid chromatography-

electrospray ionization-mass spectrometry, protein mass spectrometry, and miRNA TaqMan card 

PCR to examine the phospholipids, proteins, and miRNA cargo of trophoblastic EVs and an in 
vitro viral infection assay to assess the antiviral properties of EVs.

Results—We found that all three EV types contain a comparable repertoire of miRNA. 

Interestingly, trophoblastic exosomes harbor a protein and phospholipid profile that is distinct 

from that of microvesicles or apoptotic blebs. Functionally, trophoblastic exosomes exhibit the 

highest antiviral activity among the EVs. Consistently, plasma exosomes derived from pregnant 
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women recapitulate the antiviral effect of trophoblastic exosomes derived from in vitro cultures of 

primary human trophoblasts.

Discussion—When compared to other trophoblastic EVs, exosomes exhibit a unique repertoire 

of proteins and phospholipids, but not miRNAs, and a potent viral activity. Our work suggests that 

human trophoblastic EVs may play a key role in maternal-placental-fetal communication.
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INTRODUCTION

The placenta plays a central role not only in maternal-fetal exchange functions and 

immunological defense, but also in communicating maternal-fetal signals that are essential 

for pregnancy health. Accordingly, the human villous trophoblast layer, which includes the 

syncytiotrophoblast that is directly bathed in maternal blood and the subjacent progenitor 

cytotrophoblast, regulates the release of these communication messages into the maternal 

circulation. In contrast, the transmission of trophoblastic biological signals into the fetal 

circulation may require trafficking through the villous basal membrane and fetal endothelial 

cells before entering the fetal circulation. In addition to hormones, growth factors, and other 

signaling proteins and akin to other epithelial cells, trophoblasts release a diverse repertoire 

of lipid-encapsulated extracellular vesicles (EVs) into the maternal blood, including 

apoptotic cell-derived EVs (ABs), microvesicles (MVs), and exosomes (EXs) [1–4]. The 

size of ABs ranges between 1~5 µm, and are produced by deportation of trophoblastic 

fragments during apoptosis [5]. MVs display a relatively smaller size (100 nm – 1 µm) and 

are released to the extracellular environment by budding off from the cell membrane [4]. In 

contrast, EXs (30–200 nm) are generated within multivesicular bodies, which fuse with 

plasma membrane to release the EXs’ cargo into the intercellular space or maternal blood 

[6,7]. Human placental EXs derived from trophoblasts and placental non-trophoblastic cells 

such as placental mesenchymal progenitor cells are involved in cellular adaptation during the 

course of normal pregnancy, including immuno-modulation and tolerance [8–13], 

endothelial cell migration [14–16], and proliferation and invasion of extravillous 

trophoblasts [17]. We have previsouly shown that EXs derived from primary human 

trophoblast (PHT) cells confer resistance to a broad panel of viruses to non-placental cells 

that are normally permissive to viral replication [7,18]

In light of their presence in the maternal circulation and their diverse functions at the feto-

maternal interface, placental EVs, particularly EXs, have been assessed as potential 

biomarkers for diagnosis and prognosis of pregnancy disorders such as preterm birth or 

preeclampsia [3,4]. Indeed, when compared to normal pregnancies, trophoblastic EVs are 

elevated in the circulation of women with preeclampsia [19–22]. Interestingly, several 

proteins, including sFlt-1, endoglin, tissue factor, and PAI, all presumed to play a role in the 

angiogenic and coagulation imbalance of preeclampsia, are present within trophoblastic EVs 

[23,24], raising the possibility that EVs may contribute to the pathogenesis of preeclampsia 

[21,25].
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Recent data indicate that microRNAs (miRNAs) may have important gene regulatory 

functions not only in cells that produce them, but also in neighboring or distant cells [26,27]. 

This unprecedented finding of cell-to-cell communication, mediated by extracellular 

miRNAs, suggests that extracellular miRNAs play a role in tissue physiology, homeostasis, 

and disease [7,28,29]. In general, extracellular miRNAs can be found within EVs or in non-

vesicular form, bound by proteins such as argounate2 (Ago2), high-density lipoproteins, and 

nucleophosmin 1 [30–33]. Among the circulating miRNAs associated with pregnancy [34–

36], one family of miRNAs, which are expressed from the chromosome 19 miRNA cluster 

(C19MC), is placenta-specific and highly expressed in the maternal blood throughout 

pregnancy and sharply diminishes after delivery [37–39]. Moreover, we discovered that 

C19MC miRNAs are packaged into trophoblastic EXs and, when delivered to non-placental 

cells, can suppress replication by a wide range of DNA and RNA viruses [7,18].

To systematically investigate the properties and function of trophoblastic EVs, we purified 

the three major EVs (ABs, MVs, and EXs) from in vitro cultures of term PHT cells derived 

form healthy pregnancies and characterized their miRNA profiles and phospholipid and 

protein content. Moreover, we analyzed their antiviral properties using our previously 

established viral infection assay. Functionally, we found that trophoblastic EXs displayed the 

most robust antiviral activity among the three trophoblastic EVs tested and that this antiviral 

effect was recapitulated using total plasma EXs obtained from pregnant women at term.

METHODS

Isolation of trophoblastic EVs from PHT conditioned medium

The collection of placentas used for cell isolation and culture was reviewed and approved by 

the Institutional Review Board at the University of Pittsburgh. PHT cells were isolated from 

placentas of uncomplicated pregnancy, labor, and delivery according to our previously 

published protocol [40]. PHT cells were cultured in 7 × 15-cm plates at 37°C for up to 72 h 

in complete DMEM medium that contained 1% antibiotics and 10% of either fetal bovine 

serum (FBS) that had been depleted of bovine EXs by overnight ultracentrifugation at 

100,000 g or purchased bovine-EX-depleted FBS (Thermo Fisher Scientific, Waltham, MA). 

Conditioned medium samples used for vesicle isolation were collected on the third day of 

culture, when most PHT cells are syncytialized [40]. Approximately 400 ml of PHT 

conditioned medium (CM) was collected for EV purification using differential 

centrifugation and OptiPrep (D1556-250 ml, Sigma-Aldrich, St. Louis, MO) continuous 

gradient ultra-centrifugation. The remaining isolation procedures were performed at 4°C, 

unless indicated otherwise. We performed serial centrifugation procedures, first at 500 g for 

10 min to pellet cell debris, followed by 2,500 g for 20 min to pellet ABs, which were 

washed three times with 2 ml of PBS and suspended in 50~100 µl of PBS (P5493-1L, 

RNase-free, Sigma). MVs were pelleted using 12,000 g centrifugation for 30 min, then 

washed three times with 2 ml of PBS and suspended in 50~100 µl of PBS. To isolate EXs, 

we filtered AB- and MV-depleted medium through 0.22 µM filter unit (Millipore, Billerica, 

MA) to exclude any residual particles larger than 200 nm; then the filtrate was concentrated 

at RT, using a Vivacell 100 filtration unit (100 kDa Mw cut-off, Sartorius, New York, NY). 

For one Vivacell 100 filtration unit, PHT CM was concentrated to a volume of 5 ml, re-
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suspended in 9 ml PBS, and centrifuged at 100,000 g overnight. The supernatant was 

removed, and the pellets were re-suspended in 0.5 ml of PBS and mixed with 1.5 ml of 60% 

OptiPrep. The mixture (2 ml) was laid at the bottom of the tube and overlaid with 10 ml of 

6–40% OptiPrep gradient using a gradient formation chamber and peristaltic pump. After 22 

h of OptiPrep gradient ultra-centrifugation at 100,000 g, we withdrew individual fractions 

from top to bottom and identified the fractions that correspond to trophoblastic EXs by 

western blotting and NanoSight nanoparticle tracking analysis (NTA) (Malvern Instruments, 

Westborough, MA). EXs were filtered out of the OptiPrep solution by diluting EXs in PBS 

and concentrated in a Vivacell 20 filtration unit (100 kDa Mw cut-off, Sartorius). We 

quantified protein concentration of trophoblastic vesicles, using the Micro BCA method 

according to the manufacturer’s instructions (Thermo Fisher).

Isolation of EXs from human plasma

The collection of plasma samples, performed during blood testing as a part of routine 

clinical care, was reviewed and approved by the Institutional Review Board at the University 

of Pittsburgh. Blood samples (2 ml) were collected in EDTA-treated tubes and centrifuged at 

1,000 g for 10 min to remove any blood cells. This was followed by centrifugation at 2,500 g 

for 20 min to remove platelets. Either fresh or −80°C f rozen plasma was used, as indicated. 

For EX isolation, frozen plasma was again centrifuged at 2,500 g for 15 min to remove any 

aggregates. We diluted cleared plasma with PBS (1:1 volume ratio) and filtered the diluted 

plasma through a 0.2 µM syringe filter (PES membrane, Whatman, Maidstone, UK) to 

remove particles larger than 0.2 µM. 10 ml of total diluted plasma were loaded into the 

gravity column that contained 2 ml of gelatin-agarose (G5384, Sigma). We collected the 

flow-through and repeated loading twice to ensure that fibronectin was bound to the gelatin-

agarose [41,42]. We obtained crude EXs by adding PEG6000 (81253, molecular biology 

grade, Sigma) at the final concentration of 5% (w/v) and incubated the mixture at RT for 10 

min. We then centrifuged the mix at 10,000 g at RT for 20 min and suspended pellets in 0.5 

ml of PBS. We loaded the crude EX suspension on top of 14 ml of 6%-30% OptiPrep 

continuous gradient. After overnight 100,000 g OptiPrep gradient ultra-centrifugation, we 

withdrew individual fractions from top to bottom and identified the fractions that correspond 

to trophoblastic EXs as described above.

Western blotting

The EVs or cells were lysed in a cell lysis buffer containing 50 mM Tris-HCI, 150 mM 

NaCI, and 1% Triton X-100, supplemented with protease inhibitors (mini complete Ultra 

tablets, Roche, Indianapolis, IN) and phosphatase inhibitor cocktail tablets (PhosSTOP, 

Roche). Lysates were separated on SDS-PAGE and transferred to polyvinylidene fluoride 

membranes as we previously described [43]. Membranes were immunoblotted with various 

primary antibodies: rat anti-Ago2 (SAB4200085, final concentration 0.5 µg/ml, Sigma), 

mouse anti-CD63 (sc-5275, final concentration 0.2 µg/ml, Santa Cruz Biotechnology, 

Dallas, TX), mouse anti-Syntenin-1 (sc-100336, final concentration 0.1 µg/ml, Santa Cruz 

Biotechnology), rabbit anti-TSG101 (ab125011, final concentration 0.2 µg/ml, Abcam, 

Cambridge, MA), Rabbit anti-Calnexin (2433S, dilution 1:1000 of the stock, Cell Signaling, 

Boston, MA). Each was followed by appropriate horseradish peroxidase secondary antibody. 

Signals were visualized using SuperSignal West Dura (Thermo Fisher).
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NTA analysis of trophoblastic MVs and EXs

MVs or EXs were diluted to an appropriate level (1,000- to 5,000-fold dilution) with 0.1 µM 

filtered water (W4502, Sigma), which has been validated in our NTA LM-10 system to be 

particle-free. This dilution ensured that at least 20 particles would be observed in the 

objective view field per second. The diluted samples were continuously injected into the 

view field by a syringe pump. Particles were individually recorded and tracked by the high-

definition CCD camera for 1 min. Each measurement was repeated three times. Installed 

NTA particle analysis software was used to analyze all frames containing particles captured 

by the camera.

Transmission electron microscopy

Isolated trophoblastic EVs were fixed in 2% paraformaldehyde at RT for 10 min and then 

layered on carbon/Formvar film-coated grids for 20 min. The grids were washed with water 

and then negatively stained with 1% uranyl acetate for 10 min. EVs were viewed using a 

JEOL transmission electron microscope JEM 1011 (JEOL, Peabody, MA).

Profiling of EVs’ miRNA

Human miRNA TaqMan A and B cards (Thermo Fisher) were used for analysis of miRNA 

expression. Total RNA was extracted from purified trophoblastic EVs using a miRNAeasy 

kit (Qiagen, Valencia, CA). EV RNA concentration was quantified by fluorescence-based 

measurement with a PicoGreen RNA probe (Thermo Fisher). RNA from trophoblastic 

vesicles was processed for qPCR-based TaqMan cards, following the manufacturer’s 

instructions, and analyzed using an Applied Biosystems ViiA 7 sequence detection system. 

The Ct values of individual miRNAs in the TaqMan A and B cards were retrieved using the 

preinstalled system software, and differences in miRNA levels between trophoblastic 

vesicles and the corresponding parental PHT cells were determined using the R package 

high-throughput quantitative PCR [44]. The Ct values of miRNAs were normalized by the 

mean of control probes for each card. A moderated t test was used to compare miRNA 

expression levels (represented as delta Ct value) between trophoblastic vesicles and the 

corresponding PHT cells [45]. The p values of the moderated t tests were adjusted by the 

method described by Benjamini and Hochberg to control for false discovery rate [46].

Protein mass spectrometry of trophoblastic EVs

A minimum of 5 µg of purified trophoblastic EVs, derived from the medium of trophoblasts 

obtained from 2–3 placentas, were solubilized in 0.01% n-dodecyl β-D-maltoside at 4°C 

overnight. The samples were then processed by the Biomedical Mass Spectrometry Center at 

the University of Pittsburgh. In-solution tryptic digestion was performed at 37°C overnight 

with trypsin gold (mass spectrometry grade, Promega, Madison, WI). Digested peptides 

were analyzed by nano reverse-phase high-performance liquid chromatography (HPLC) 

interfaced with a linear trap quadrupole-orbitrap Velos mass spectrometer (Thermo Fisher). 

The tandem mass spectra (MS/MS) were analyzed by the MASCOT search engine (Matrix 

Science), and identified peptides and proteins were further statistically validated with the 

Scaffold software. The free Scaffold viewer was downloaded to display a list of identified 

proteins. High confidence identifications were proteins with (a) protein identification 
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probability of 99% or above, (b) peptide identification probability of 95% or above, and (c) 

the presence of at least two peptides.

Mass spectrometry for phospholipid analysis

Lipids were extracted from EVs (derived from the medium of trophoblasts obtained from 2–

3 placentas) under nitrogen atmosphere, using the Folch procedure [47]. For analysis of 

phospholipid molecular species, liquid chromatography-electrospray ionization-mass 

spectrometry (LC-ESI-MS) analysis was performed on a Dionex HPLC system (Thermo 

Fisher Scientific, using the Chromeleon software), consisting of a Dionex UltiMate 3000 

mobile phase pump equipped with an UltiMate 3000 degassing unit and UltiMate 3000 

autosampler (sampler chamber set at 4 °C). The Dionex HPLC system was coupled to a 

hybrid quadrupole-orbitrap mass spectrometer, Q-Exactive (Thermo Fisher), with the 

Xcalibur operating system. The instrument was operated in the negative ion mode (at a 

voltage 5.0 kV, source temperature was maintained at 150°C). MS spectra were acquired in 

n egative ion mode using a full-range zoom (400–1800 mass-to-charge ratio [m/z]). The 

molecular species of phosphatidylcholine and sphingomyelin were detected as a formic acid 

adducts. Normal phase column separation of phospholipids was performed on a Luna Silica 

(2) 100 A° column (150 × 1 mm, Phenomenex, Torrance, CA). The analysis was performed 

using gradient solvent A (hexane:propanol:water, 47: 57:1, v/v) and solvent B 

(hexane:propanol:water, 47: 57:10, v/v), each containing 5 mM ammonium acetate and 

0.01% formic acid. The column was eluted at a flow rate of 0.05 ml/min as follows: 0–3 

min, linear gradient, 10–37% solvent B; 3–12.5 min, isocratic at 37% solvent B; 12.5–20 

min, linear gradient, 37–100% solvent B; 20–45min, isocratic at 100% solvent B; 45–60 

min, isocratic at 10% solvent B. All organic solvents and other biochemical reagents were 

purchased from Sigma-Aldrich. Analysis of LC-MS data was performed using software 

package SIEVE ™ for differential analysis (ThemoFisher Scientific).

In vitro viral infection assay

The procedures were performed as we recently described [18]. Briefly, U2OS cells were 

seeded in 24-well plates before incubation with EVs overnight (16–18 h) at 37°C in DMEM 

complete medium. The cells were then infected with vesicular stomatitis virus (VSV), at the 

multiplicity of infection (MOI) equivalent to 0.5–1, for 5 hours, then washed with PBS. 

RNA was extracted using QIAzol (Qiagen), and VSV infection was quantified by RT-qPCR 

using VSV primers, as previously described [18].

Statistics

Analysis of qPCR-based TaqMan cards is discussed above. Data were presented as mean 

values with standard deviations. Statistically significant differences between samples were 

evaluated by one-way ANOVA (Prism6.0, GraphPad Inc., La Jolla, CA) or using a linear 

mixed effect model. p < 0.05 was considered statistically significant.
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RESULTS

Isolation of EVs from primary human trophoblasts

We isolated PHT cells from placentas after uncomplicated term pregnancy and delivery. 

Conditioned medium (CM) from PHT cells was collected for subsequent fractionation of 

ABs, MVs, and EXs. Notably, we loaded crude EX samples at the bottom of the continuous 

6%-40% OptiPrep gradient rather than overlaying them at the top. This ensured better 

separation of non-EV proteins (such as Ago2), which were sedimented in 40% OptiPrep 

after ultracentrifugation, from the EXs migrating at buoyant density ~1.08–1.10 g/ml within 

the 6%-40% OptiPrep gradient (Fig. 1 and 2A). We confirmed the size distribution of 

trophoblastic EVs, using nanoparticle tracking analysis (NTA) (Fig. 2B). As expected, EXs 

exhibited a fairly tight distribution around the median diameter of 80–90 nm, with a 

somewhat broader distribution of MVs surrounding a peak of 200 nm in diameter. Notably, 

NTA is designed for measurement of particle size less than 1000 nm, and thus was not used 

for estimation of AB size. Electron microscopy images confirmed that ABs contained a 

population of vesicles of approximately 5000 nm, much larger than MVs and EXs, whereas 

the size of MVs and EXs was consistent with NTA measurement (Fig. 2C). As expected, the 

purified EXs were immuno-reactive for CD63, syntenin-1, and TSG-101 (Fig. 2A, D), [48–

51] and clearly separated from Ago2 proteins (see fractions 4–5 vs fractions 9–11 in Fig. 

2A) [30]. Trophoblastic EXs were negative for calnexin, suggesting that endoplasmic 

reticulum membranes are excluded by our protocol (Fig. 2D). Collectively, our data support 

our ability to purify the three distinct types of trophoblastic EVs from PHT CM.

The distribution of phospholipids in the three trophoblastic EVs

EVs are characteristically enveloped by a phospholipid bilayer. To identify molecular 

speciation of phospholipids in the three trophoblastic EVs, we performed global 

phospholipidomic analysis. Overall, we detected 179 individual species of phospholipids in 

eleven major classes – phosphatidylcholine (PC), phosphatidylethanolamine (PE), 

phosphatidylserine (PS), sphingomyelin (SPH), phosphatidylglycerol (PG), 

phosphatidylinositol (PI), phosphatidic acid (PA), bis-monoacylglycerophosphate (BMP), 

cardiolipin (CL), lysophosphatidylcholine (LPC) and lysophosphatidylethanolamine (LPE). 

While we found multiple minor variations in the content and molecular speciation between 

the three types of EVs, the major differences were in the highest content of PC in EXs 

(56.94%), compared to ABs and MVs (19% and 11.7%, respectively, Fig 3). Of note, PC is 

the most common constitutive phospholipid of stable membrane lipid bilayers. In contrast, 

phosphatidylethanolamine – known to form non-bilayer hexagonal lipid arrangements – was 

highest in MVs, had a lower content in ABs and the lowest level in EXs (54%, 33%, 12%, 

respectively, Fig. 3). The differences between the characteristic EXs phospholipids and those 

in the other two groups - ABs and MVs - became even more evident when we re-plotted 

their distribution (Fig. 3, lower panel) between four functionally non-equivalent groups with 

the propensities to: i) form stable bilayer membrane arrangements (non-charged zwitterionic 

phospholipids such as PC, PE, Sph, LPC and LPE), ii) contribute to negative charge of the 

vesicle surface (mono- and di-anionic phospholipids PI, PS, PG, PA, BMP and CL), iii) act 

as membrane fusogenic agents (PE, PA, BMP, LPC, and LPE), and iv) facilitate the 

formation of non-bilayer (hexagonal) organizations (PE, PA, and CL). This analysis 
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demonstrated that EXs are composed of phospholipids providing a high level of membrane 

stability with significantly lower representation by the species known to cause more 

precarious arrangements. Interestingly, analysis of fatty acid speciation did not reveal higher 

stability of EXs phospholipids in terms of their poly-unsaturation. The molecular species of 

PC showed the prominence of stearic, and readily oxidizable linoleic and arachidonic fatty 

acids (18:0/18:2 and 18:0/20:4 species) in EXs (Supplemental Fig. 1).

The miRNA landscape of trophoblastic EVs

We recently found that C19MC miRNAs, which are largely placenta-specific, are packaged 

within trophoblastic EXs [39]. To assess the miRNA content of all three main trophoblastic 

EVs, we used TaqMan card–based RT-qPCR to profile miRNA in trophoblastic EVs. We 

categorized the 735 mature miRNAs into two subgroups, a C19MC subgroup and a non-

C19MC subgroup, and compared their expression in the three EV types to miRNA in the 

PHT cells from which the EVs were derived and the OptiPrep fraction containing 

extracellular Ago2 protein. There was a high correlation in the expression of C19MC and 

non-C19MC miRNA among the three EVs in PHT cells (Fig. 4A–B, right and left panels). 

In contrast, extracellular, non-vesicular, Ago2-containing miRNAs displayed a significantly 

different profile, with a lower level of correlation between PHT cells and protein-bound 

miRNAs (Fig. 4A–B). In addition, compared to the parental PHT cells, the majority of 

miRNAs in the Ago2 fraction showed significantly decreased expression levels. Together, 

our data indicate that the three trophoblastic EVs and PHT cells have comparable miRNA 

contents, distinct from that of the Ago2-positive fraction (Fig. 4C).

Characterization of EVs’ Proteomics

To examine the repertoire of proteins that characterize the different types of trophoblastic 

EVs, we extracted proteins from purified trophoblastic EVs and performed mass 

spectrometry–based proteomics. In total, we identified 1684 proteins in trophoblastic EVs. 

The list of trophoblastic EV proteins has been deposited in the Data and Specimen Hub 

(DASH) of the Eunice Kennedy Shriver National Institute of Child Health and Human 

Development. We found that the majority of proteins were similar between ABs and MVs. 

Distinctively, trophoblastic EXs were enriched for surface proteins, such as integrins α6β4 

(Table 1) and tetraspanin family members CD9, CD63, and CD81, which characterize non-

trophoblastic EXs. Consistent with their early endosome origin and processing within 

multivesicular bodies, components of the endosomal complexes, known as Endosomal 

Sorting Complex Required for Transport (ESCRT) [52], including Alix, TSG101, CHMP2A, 

and CHMP3, were also expressed in trophoblastic EXs. Interestingly, syndecan-1 and its 

binding partner, syntenin-1, two recently identified EX proteins in breast cancer cell line 

MCF-7 [48,49], are expressed in trophoblastic EXs. Collectively, these results suggest that 

trophoblastic EXs share a repertoire of proteins representative of common EX proteins from 

other cell types. In contrast, and consistent with previous reports [8,12,53,54], we found that 

four trophoblast-specific proteins, CD276, ERVFRD-1, ERVW-1, and placental alkaline 

phosphatase (PLAP), were also expressed in trophoblastic EXs. In total, we identified 63 

proteins that were exclusively expressed in trophoblastic EXs, but not in the other 

trophoblastic EVs. Among the 63 EX-exclusive proteins, 38 were identified as harboring 
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membrane-spanning domains on the basis of Ingenuity pathway analysis and the LOCATE 

database [55], which categorizes protein localization patterns.

Comparison of antiviral activity of three trophoblastic EVs

We previously showed that trophoblastic EXs could confer viral resistance to non-

trophoblastic cells [7,18] and that this effect could be recapitulated, at least in part, by 

C19MC miRNAs that are packaged within trophoblastic EXs. Because the miRNA cargo of 

the three trophoblastic EVs was similar, we sought to compare the antiviral properties of the 

three EVs, using an assay similar to that we previously used, based on assessment of the 

antiviral effect of PHT EXs on viral infection in non-placental U2OS cells [18,56]. We 

found that trophoblastic EXs markedly inhibited the production of VSV viral RNA, a 

measure of viral replication, by approximately 75% (Fig. 5). MVs also attenuated VSV 

infection in U2OS cells, but to a lesser, statistically insignificant degree. The effect of ABs 

on viral infection was insignificant. Taken together, these data indicate that, among 

trophoblastic EVs, EXs exhibit the most potent antiviral activity.

Comparison of antiviral activity of EXs derived from non-pregnant women and pregnant 
women

Given the ability of trophoblastic EXs to restrict viral replication in vitro, we posited that 

EXs purified from the plasma of pregnant women might exhibit an antiviral activity when 

compared to EXs purified from non-pregnant women. To enhance the purity of EXs derived 

from plasma, which unlike PHT CM, also contains abundant proteins, such as fibronectin 

[41,42], we added to our purification methods an additional step in which we used a gelatin-

agarose gravity column to specifically remove fibronectin. As shown in Fig. 6A, this 

additional step led to a marked reduction in plasma fibronectin while retaining the 

expression of CD63, a prototypical exosomal protein. Notably, for these experiments we 

used plasma samples that were frozen (−80°C) prior to assay. We therefore verified that EX 

size distribution and the expression of representative exosomal miRNAs were not influenced 

by freezing of the plasma samples (Fig. 6B–C), as also shown by others [15]. Assessing the 

effect of plasma EXs (n=7 for each group) on viral infection, we found that, when compared 

to EXs from non-pregnant women’s plasma, EXs from pregnant women’s plasma decreased 

VSV infection of U2OS cells by 20–70% (Fig. 6D).

DISCUSSION

Proper characterization of EV biology requires a well-validated and reproducible vesicle 

isolation system [57,58]. Inadequate EVs separation that solely relied on differential 

centrifugation and/or polymer-mediated precipitation might obscure the exact function of 

individual EVs, likely because of an inconsistent mixture of EVs or co-precipitation of non-

vesicular proteins [13,59,60]. These issues are particularly relevant for EX isolation, which 

has been improved by the use of sucrose or OptiPrep gradient [12,61–63]. We chose to 

utilize OptiPrep rather than sucrose gradient during ultracentrifugation because of its 

enhanced resolution [61,64,65]. Furthermore, by loading our crude EX samples at the 

bottom of the OptiPrep gradient, rather than overlaying them at the top, we improved the 

separation of non-vesicular proteins, which remained at the bottom, higher density OptiPrep 
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layer. We showed that non-vesicular proteins, such as Ago2 [30], were clearly separated 

from the EX fractions. We also confirmed the morphology and size distribution of three 

trophoblastic EVs and thus demonstrated that we were able to isolate the three major 

trophoblastic EVs.

The diversity membrane lipid composition is known to affect its biophysical properties, and 

provides a platform for receptor-mediated cellular signaling. Our mass spectrometry screen 

of phospholipids in trophoblastic EVs revealed that, while the relative proportion of several 

classes of phospholipid was similar among the three vesicle subtypes, EXs express a higher 

relative fraction of phosphatidylcholine (PC) and a lower relative fraction of 

phosphatidylethanolamine (PE) compared to ABs and MVs. While PC represents the major 

component of stable membrane bilayers, PE typically forms non-bilayer membrane 

arrangements. PE is also known as a critical factor for fusion [66,67]. Our classification of 

phospholipids based on their propensity to contribute to the organization of the membrane s 

bilayer revealed the lowest fraction of fusogenic phospholipids (PE, PA, BMP, LPC, LPE) 

and the highest fraction of non-charged zwitterionic phospholipids in EXs. Interestingly, PS, 

which is phospholipid is externalized to the surface of apoptotic cells and during cell fusion, 

was relatively lower in EXs. Taken together, these data predict that EXs would exhibit 

greater stability and fewer fusogenic properties than MVs and ABs.

We found that trophoblastic EVs share similar miRNA content, which is comparable to the 

level in the EV-producing PHT cells. In contrast, the miRNA levels in the non-vesicular, 

Ago2-associated fraction were different. These findings are intriguing, as the mechanisms of 

miRNA packaging in EVs remain largely unknown and likely respond to cell-intrinsic 

and/or -extrinsic signals. For example, stimulation of macrophages with IL-4 causes 

relocation of a subset of miRNAs between cytoplasmic P-bodies and multivesicular bodies, 

which will impact EX miRNA content [68]. The similarity among miRNA levels in PHT 

cells and the EVs does not support the possibility of selective miRNA loading into EVs, yet 

general conditions that affect cellular homeostasis, such as hypoxia, might impact the EV 

miRNA landscape [40,69–72]. It is also possible that miRNAs are modified within EVs. For 

example, a subset of miRNAs that undergo a post-transcriptional uridylation at the 3’ end 

are highly represented in human urine and B cell– derived EXs, but not in the cognate 

producer cells [73]. In addition, the RNA-binding protein hnRNPA2B1 in primary T-cells 

directly recognizes certain miRNAs, such as miR-125a-3p, miR-198, and miR-601, 

harboring a consensus 4-nucleotide sequence and recruits them to EXs [74]. Collectively, 

these data suggest that different cell types are capable of sorting discrete cellular miRNAs 

into EVs. Interestingly, our data point to the presence of hnRNP family members such as 

hnRNPA2B1 and hnRNPD within trophoblastic EVs and thus suggest that they play a role in 

miRNA packaging in PHT cells [74]. Lastly, the similar repertoire of miRNA in PHT cells 

and EVs suggests that trophoblastic EVs, which shield miRNA against degradation [75,76], 

are better than total plasma or protein-bound plasma miRNA for monitoring trophoblastic 

miRNA in health and disease [34–36,77,78].

Our observation that different EVs contain a distinct repertoire of proteins suggests that 

these proteins may influence EV function [79]. Thus far, we have uncovered one relevant 

function of trophoblastic EVs, an antiviral activity, which was most potent in EXs isolated 
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from PHT conditioned medium. This antiviral effect of EXs was recapitulated using EXs 

derived from the plasma of pregnant women, but not with those from non-pregnant controls. 

Because plasma EXs represent a mixture of EXs derived from multiple tissues, not only 

trophoblasts, it is not surprising that the antiviral effect was markedly weaker than that of 

isolated EXs. Given that C19MC miRNA are trophoblast-specific and are rarely expressed in 

other maternal organs, we estimated the percentage of trophoblastic EXs present in whole 

plasma from the level of C19MC miRNA in PHT-derived EXs relative to that in plasma-

derived EXs and found this to be approximately 5%, thus accounting for the weaker antiviral 

effect of EXs in vivo. As the most potent antiviral effect was observed with EXs, our data 

suggest that the delivery and/or processing of distinct EV populations may directly 

contribute to their antiviral properties.

While the function of distinct exosomal proteins remains to be established, it is possible that 

some of the proteins, and specifically those localized at the vesicle surface, may play a role 

in vesicle targeting to local or distant cells. Consistent with this possibility, distinctive 

combinations of integrin subunits, such as α6β4 and αVβ5, were recently shown to target 

tumor EX metastasis to the lung and liver, respectively [80]. It is also possible the EV cargo 

is influenced by disease state, as recently suggested in the context of preeclampsia [81–83], 

as well as the stage of pregnancy and the methodology used for analysis. [84]. Lastly, we 

note that EV subtypes might not be homogeneous [85]. This underscores the need for further 

characterization of EV diversity, including a detailed comparison of EVs derived from 

cytotrophoblasts and syncytiotrophoblasts. Akin to data derived from single cell analysis 

[86–89], belter definition of EV sub-populations may illuminate EV function in the context 

of the normal physiology of pregnancy as well as in various disease states and lead to the use 

of EVs as disease biomarkers.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

• Gradient ultracentrifugation is a useful tool to separate extracellular 

vesicle subtypes from medium or blood.

• When compared to other vesicles, trophoblastic exosomes have a 

similar repertoire of miRNAs but exhibit a distinct composition of 

phospholipids and proteins.

• Among the three trophoblastic extracellular vesicles, exosomes have 

the most potent antiviral activity.

• Exosomes in blood from pregnant women exhibit a higher antiviral 

activity compared to exosomes from non-pregnant women.
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Fig. 1. A schematic depiction of our trophoblastic EV isolation workflow
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Fig. 2. Characterization of trophoblastic EVs derived from PHT CM
(A) A western blotting analysis of key exosomal proteins. Trophoblastic EXs were mainly 

recovered in the three fractions (see Methods for details), which were immuno-reactive to 

CD63 and syntenin-1. In contrast, Ago2 protein was only present at the bottom fractions, but 

absent in the fractions corresponding to trophoblastic EXs. (B) Analysis of trophoblastic 

EVs using NTA. Note that the X-axis indicates the particle size distribution, and the Y-axis 

denotes particle concentration. (C) Electron microscopy (EM) images of trophoblastic EVs. 

EM scale bar: 100 nm. (D) A western blotting analysis of exosomal proteins TSG101 and 
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syntenin-1, compared to PHT cells. Calnexin is a marker of endoplasmic reticulum 

membranes. An equal amount of total proteins in PHT cells and PHT-derived exosomes 

were loaded. All the isolation and characterization experiments were performed at least three 

times.
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Fig 3. Lipidomic analysis of phospholipids in trophoblastic EVs
The relative fraction of major phospholipids in trophoblastic ABs, MVs, and EXs, including 

phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylserine (PS), 

phosphatidylinositol (PI), phosphatidylglycerol (PG), cardiolipin (CL), phosphatidic acid 

(PA), bis-monoacyl-glycerophosphate (BMP), lysophosphatidylcholine (LPC), 

lysophosphatidylethanolamine (LPE) and sphingomyelin (Sph) species. The lower part of 

the panel shows the fraction of the depicted phospholipids, defined by their general 

properties.
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Fig. 4. The miRNA landscape of trophoblastic EVs and extracellular Ago2
(A–B) Scatter plots of C19MC (A) and non-C19MC (B) miRNA profiles, comparing 

miRNA in each of the EVs and the Ago-2 bound fraction to the miRNA landscape of PHT 

cells. The heatmap depicts the correlation matrix of miRNA profiles, including three 

trophoblastic EVs, extracellular Ago2 population, and parental PHT cells. The regression 

lines for AP, Exo, and MV were generated by ordinary least square linear regression and by 

locally weighed scatterplot smoothing (LOWESS) for Ago2. (C) Heatmap of the top 20 

miRNAs, ascending by the mean Ct values of PHT cells, ABs, MVs, EXs, and extracellular 

Ago2 population. Trophoblastic EVs and Ago2 population were isolated from three 

independent PHT cells. Statistical significance was analyzed as described in Methods.
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Fig. 5. The effect of trophoblastic EVs on VSV replication in U2OS cells
Determination of viral replication, assessed by the production of viral RNA using RT-qPCR, 

as described in Methods. The viral infection assays were repeated using trophoblastic EVs 

derived from PHT cell prepared from three different placentas. Analysis was performed 

using one-way ANOVA (Prism 6.0 software). The asterisks indicate statistical significance. 

* denotes p<0.05 compared to each of the other paradigms.
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Fig 6. The effect of EXs derived from plasma of pregnant women on VSV replication in U2OS 
cells
(A) A western blotting analysis depicting the removal of fibronectin, performed as a part of 

gelatin-agarose chromatography for purification of plasma EXs. The human plasma EXs 

express CD63, a canonical exosome marker. (B) NTA of purified human plasma exosomes, 

showing the representative distribution of exosomes in the nanometer size range (30~200 

nm). (C) The expression of several representative miRNAs in fresh versus frozen plasma 

(n=3). None of the differences were significant. (D) The effect of plasma EXs on viral 

replication in U2OS cells, comparing EXs from plasma of pregnant women to EXs from 
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plasma of non-pregnant women. Viral infection was assessed by qPCR measurement of 

VSV RNA levels (n=7 for each group). Linear mixed effect model was employed to evaluate 

the statistical difference of plasma EXs of pregnant versus non-pregnant women. *denotes 

p<0.05.

Ouyang et al. Page 24

Placenta. Author manuscript; available in PMC 2017 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Ouyang et al. Page 25

Table 1

Top 10 proteins enriched in ABs, MVs, and EXs, derived from PHT cells

AB MV EX

Myosin-9/10 Myosin-9/10 Integrin beta-4

Dynein 1 heavy chain 1 Filamin A/B Integrin alpha-6

Plectin isoform 4 Plectin isoform 4 Annexin A2/6

Filamin A/B Dynein 1 heavy chain 1 Syntenin-1

Talin-1 Ras GTPase-activating-like
protein IQGAP1

Tumor necrosis factor
alpha-induced protein 3

Desmoplakin Talin-1 Catenin alpha-1

Ras GTPase-activating-like
protein IQGAP1

Alpha-actinin Calpain-6

Fatty acid synthase Desmoplakin Choline transporter-like
protein 2

Alpha-actinin Annexin A2 Placental Alkaline
phosphatase

Spectrin alpha chain Fatty acid synthase ADAM10
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