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Abstract

:

Exosomes are 40–100 nm nanovesicles participating in intercellular communication and transferring various bioactive proteins, mRNAs, miRNAs, and lipids. During pregnancy, the placenta releases exosomes into the maternal circulation. Placental exosomes are detected in the maternal blood even in the first trimester of pregnancy and their numbers increase significantly by the end of pregnancy. Exosomes are necessary for the normal functioning of the placenta and fetal development. Effects of exosomes on target cells depend not only on their concentration but also on their intrinsic components. The biochemical composition of the placental exosomes may cause various complications of pregnancy. Some studies relate the changes in the composition of nanovesicles to placental dysfunction. Isolation of placental exosomes from the blood of pregnant women and the study of protein, lipid, and nucleic composition can lead to the development of methods for early diagnosis of pregnancy pathologies. This review describes the biogenesis of exosomes, methods of their isolation, analyzes their biochemical composition, and considers the prospects for using exosomes to diagnose pregnancy pathologies.
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1. Introduction


Exosomes are vesicles of 40–100 nm in size released from cells after fusion of multivesicular bodies (MVBs) with the plasma membrane. Exosomes have a cup shape when studied under an electron microscope, with a floating density ranging from 1.13 to 1.19 g/mL. Due to the endosomal origin, exosomes are enriched with endosomal membrane markers CD63, CD9, and CD81 [1]. These vesicles are often enriched in cholesterol, sphingomyelin, glycosphingolipids, and phosphatidylserine [2]. Complex polysaccharides carry the terminal residues of galactose, N-acetylglucosamine, mannose, α-D-mannosyl, and α-D-glucosyl groups located on the surface of exosomes [3,4]. Exosomes have been described in various biological fluids: blood, urine, milk, tears, saliva, ascetic, synovial, bronchoalveolar, amniotic, semen, and vaginal fluids [1,5,6,7,8,9]. These nanovesicles were found to regulate the immune response, antigen presentation, and regulation of vascular homeostasis [1].



It has been shown that during implantation, embryos secrete exosomes and other extracellular vesicles [10,11]. These exosomes can interact with the mother’s [10] and embryonic [11] cells.



At the sixth week of pregnancy, the placenta begins to form [12]. The placenta contains trophoblast cells, which are differentiated in villous and extravillous trophoblasts [12]. Trophoblasts exhibit protection, nutrition, and respiration of the fetus and the production of hormones. Throughout pregnancy, the trophoblast secretes exosomes into the maternal circulation [13,14]. Placental alkaline phosphatase (PLAP) is a specific marker of syncytiotrophoblast exosomes [15]. PLAP-containing exosomes are described in the first trimester of pregnancy, and their number increases significantly toward the end of pregnancy [14]. Placental exosomes transport various proteins, miRNAs, and lipids over a considerable distance from the place of origin. Thus, they can change the activity of neighboring cells or act remotely by transferring cargo through biological fluids. The study of human placenta exosomes, especially trophoblast-derived exosomes, has attracted considerable interest in recent years due to their presumed important role during pregnancy. Placental exosomes can play an essential role in preventing fetal rejection [16,17] and complicating pregnancy [18,19].



Recently, there has been a growing number of women of reproductive age with various pregnancy complications, such as preeclampsia (PE) and gestational diabetes [20]. The expected consequences of these pathologies are stillbirth, fetal growth restriction, and premature birth. At present, the structure, the composition, and the biological activity of placental exosomes, and the features of their circulation in health [17,21,22] and pathologies [23,24] are being studied. Analyzing placental exosomes circulating in a pregnant woman’s blood and identifying their contents will allow one to develop new tools for non-invasive diagnostics of the placenta’s functional and structural state. This review focuses on the biogenesis of placental exosomes, their isolation and characterization, the analysis of their biochemical composition, and prospects for their use in the diagnosis of pregnancy pathologies.




2. Biogenesis and Secretion of Exosomes


2.1. Biogenesis of Exosomes


Exosomes are formed by the endosome system involved in sorting and transporting cellular vesicles to their location (Figure 1). Early endosomes mature into late endosomes. During this process, the endosome contents are acidified due to the V-ATPase proton pump’s operation. They also lose Rab5 and acquire Rab7 and Rab9, which, together with the mannose-6-phosphate receptor, are markers of late endosomes [25]. Intraluminal vesicles (ILVs) are constitutively formed by inward budding of the endosome membrane and are accumulated in endosome cavities [26].



The exosome biogenesis in human syncytiotrophoblasts has been studied mainly at the ultrastructural level using MICA/B, ULBP 1–5, FasL, TRAIL, PD-L1, also the specific exosomal markers [27,28]. These molecules are absent on the plasma membrane of the syncytiotrophoblast. However, FasL, TRAIL, PD-L1, MICA/B, and ULBP 1–5 were expressed on the limiting membrane of multivesicular bodies (MVBs) and the membrane of intraluminal nanosized vesicles in MVBs [15,27,28]. These molecules may be sorted from the Golgi to MVBs [15]. MICA and MICB were expressed on the apical membrane of syncytiotrophoblast and exosomes inside MVBs [28].



There are two mechanisms of formation of ILVs: ESCRT-dependent and ESCRT-independent [1].



2.1.1. ESCRT-Dependent Mechanism of Exosomes Formation


The best-described mechanism for forming MVBs and ILVs occurs with the sorting complex of endosomes required for transport—the ESCRT complex. The ESCRT complex consists of four molecular complexes (ESCRT-0, -I, -II, and -III) [29,30]. The ESCRT complex members were shown localized to MVBs of the syncytiotrophoblast [15]. The assembly of the ESCRT complex begins with the binding of ESCRT-0 to phosphatidylinositol-3-phosphate. The ESCRT-0 complex recognizes and binds ubiquitinylated transmembrane proteins of the endosome and is also responsible for loading them into ILVs. Sorting of FasL, TRAIL MICB, ULBP4, and 5 may be controlled by their ubiquitinylation in MVBs of syncytiotrophoblast [15,27]. GPI-linked ULBP 1–3 molecules and the transmembrane MICA are preferably expressed in lipid rafts at the cell surface and may be recycled and sorted into syncytiotrophoblast MVBs [15]. The ESCRT-0 complex contains the protein hepatocyte growth factor (HRS), which recognizes monoubiquitinylated proteins and binds to STAM (signal transduction adaptor molecule, the second component of ESCRT-0), Eps15, and clathrin (two non-ESCRT complex proteins). HRS binds to the TSG101 protein of the ESCRT-I complex. Then, the ESCRT-I complex participates in the activation of the ESCRT-II complex, interacting via the adapter protein Alix. ESCRT-I and -II complexes induce vesicle formation by membrane invagination of endosomes. ESCRT-II, together with enzymes that remove ubiquitin, promotes the movement of labeled proteins into ILVs. ESCRT-III is responsible for the vesicle detachment from the membrane into MVBs [29]. The dissociation of the ESCRT complex requires interaction with the AAA-ATPase VPS4B.




2.1.2. ESCRT-Independent Mechanism of Exosomes Formation


Inhibition of neutral sphingomyelinase leading to reduced ceramide biogenesis reduces exosome secretion. Ceramides are assumed to induce plasma membrane invagination inside the MVBs with the formation of ILVs [31]. Phospholipase D2 is also required for exosome biogenesis [32]. It is suggested that the phosphatidic acid formed in the inner layer of the MVBs membrane induces the invagination of the endosome membrane and, thus, the formation of ILVs.



When ILVs are formed, their contents are loaded, with some proteins and RNAs entering exosomes by passive capture of the cytoplasm contents [26]. However, due to exosomes containing sets of specific proteins and RNAs differing from those of parent cells, these specific proteins and RNAs are believed to be transported selectively to exosomes [30].





2.2. Secretion and Interaction of Exosomes with Target Cells


MVBs can either be directed to lysosomes where their content is degraded or transported to the plasma membrane for exosome release. The Rab GTPases control various intracellular vesicular transport stages, such as vesicle formation, movement of vesicles and organelles along the cytoskeleton filaments, and fusion with the membrane [33]. Rab11 is necessary for the secretion of exosomes induced by Ca2+-ions [34]. Knockdown of the Rab5a, Rab9a, Rab2b, Rab27a, and Rab2b genes leads to a significant decrease in exosome secretion [35]. It has been shown that Rab7 is required for the secretion of exosomes containing syntenin and ALIX [36]. Placental exosomes contain all these proteins [15]. Syntenin and ALIX are assumed to be involved in the docking of MVBs and the cell plasma membrane, and are necessary for the final fusion of the two membranes, making secretion possible.



After docking of two different intracellular compartments, the SNARE complex proteins SNAP-23, VAMP-7, and VAMP-8 participate in Ca2+-regulated fusion of MVBs with the plasma membrane in various cells [37,38].



After being released into the extracellular space, exosomes circulate in body fluids until they interact with target cells. Trophoblast exosomes contain fibronectin, a ligand for the α5β1 integrin of macrophages, syncytin-1, and syncytin-2, which bind to the ASCT1, ASCT2, and MFSD2a receptors on trophoblast cells and thus participate in the uptake of exosomes by cells [39]. Placental exosomes express FasL and TRAIL on their surface and trigger apoptosis in Jurkat T cells by suppressing NF-κB, CD3ζ, and Janus kinase 3 expressions [16,21].



The mechanisms of exosome penetration into recipient cells have not been sufficiently studied. However, it has been shown that, depending on the recipient cell type, exosomes enter target cells by fusion with the plasma membrane, macropinocytosis, phagocytosis, and clathrin-dependent endocytosis [40].





3. Methods of Exosome Isolation


Many methods are used to isolate exosomes from the placenta and various biological fluids, and new isolation protocols appear in the literature every year. The International Society for Extracellular Vesicles advises detecting specific markers of exosomes, such as CD81, CD9, and CD63 tetraspanins by immunoelectron microscopy, flow cytometry, or Western blot to confirm the exosomal nature of the isolated vesicles [41,42,43]. However, due to detecting all particles in the solution with CD81, CD9, and CD63, Western blot and flow cytometry are not selective enough to analyze membrane and non-membrane structures. Immunoelectron microscopy allows detecting exosomal markers directly on the nanovesicle surface [44]. Transmission electron microscopy can be used to analyze exosome morphology and evaluate the preparation purity [5,44]. TEM (transmission electron microscopy) showing co-isolating impurities in exosome preparations (proteins, protein complexes, microvesicles) can lead to misinterpretation of biochemical contents of insufficiently purified preparations [44]. For example, according to transmission electron microscopy analysis, exosome preparations isolated from blood and various fluids by sequential centrifugations and ultracentrifugation contain “non-vesicles” that correspond in morphology to intermediate- and low-density lipoproteins (20–40 nm) and very-low-density lipoproteins (30–80 nm) [44]. High-density (8–11 nm) and low-density lipoproteins can also be combined with plasma exosomes [45,46]. Lipoproteins of different densities, as well as exosomes, can carry RNA and proteins [47]. Therefore, studying the composition and functions of exosomes contaminated with other structures can lead to false-positive results.



Pregnancy-associated exosomes have been isolated from the blood of pregnant women at different gestational ages [14,23,48,49], ex vivo cultures of placental explants of different gestational ages [18,27], placental perfusate [50] and placental homogenate obtained after term delivery [51,52,53], and trophoblast cells [16,54].



The standard protocol for exosome isolation from biological fluids includes sequential centrifugations at low speeds to remove cellular debris, large vesicles, and ultracentrifugation at 100,000× g [55,56]. This protocol was used to purify pregnancy-associated exosomes from different sources. Currently, several variants of this method are used for isolation exosomes from the blood of pregnant women or from the trophoblast cells, for example, ultracentrifugation at 110,000× g [16] or 200,000× g [13,14]. However, during ultracentrifugation, various types of extracellular vesicles are enriched with protein and protein aggregates. For additional purification of pregnancy-associated exosomes from other vesicles and co-isolating proteins, a density gradient ultracentrifugation [54,55] or a sucrose cushion [18] was used. Most of the exosomes used so far in various studies described above and below were obtained using exactly these methods yielding not pure but exosome-enriched preparations.



Commercial kits have become available in the last several years. For example, ExoQuick (System Biosciences, Palo Alto, CA, USA) is used for isolating exosomes from plasma of pregnant women [19,57,58]. However, in addition to possible non-exosomal structures, the exosome samples contain polymer molecules that are incompatible with mass spectrometry use. Using the ExoQuick kit (System Biosciences, Palo Alto, CA, USA) was shown to produce the most contaminated plasma exosome preparations [59]. Therefore, sucrose density gradient ultracentrifugation for separating placental exosomes was used after ExoQuick (System Biosciences, CA, USA) purification [57].



A method for isolating trophoblast exosomes using a microfluidic chip and ultrasonic waves has been proposed for placentas obtained after delivery [60]. The use of sound waves permits obtaining intact exosomes. However, this method is not specific to exosomes since other vesicles comparable in size to exosomes can be co-isolated.



A chromatographic/immunosorbent procedure was used to specifically isolate syncytiotrophoblast exosomes (PLAP+-exosomes) from the maternal peripheral circulation [21]. Total plasma exosomes from the blood of pregnant women were isolated by size-exclusion chromatography, then PLAP+-exosomes were separated using binding to specific antibodies coupled to microbeads.



For additional separation of placental exosomes from a large number of various impurities, size-exclusion exclusion chromatography was successfully used in combination with ultracentrifugation and ultrafiltration for a wide range of biological fluids [51]. The main advantage of this method is the high efficiency of removing impurities, such as non-specifically interacting proteins or protein aggregates. Low pressure and gravity-dependent flows allow intact vesicles to be obtained [61].



We have developed a protocol for isolating highly purified exosome preparations from the human placenta, including ultracentrifugation and ultrafiltration through a 0.1 µm filter, supplemented by size-exclusion chromatography on Sepharose 4B [51]. Exosomes obtained according to a standard protocol without gel filtration contain exosomes and many vesicles larger than 100 nm, “non-vesicles”, i.e., rounded particles without a limiting membrane (Supplementary Materials Figure S1). Size-exclusion chromatography using Sepharose 4B significantly reduces the number of co-isolating proteins and “non-vesicles” (Figure 2) [51]. After size-exclusion chromatography, the preparations of placental exosomes were shown by flow cytometry to contain ~78% of CD9+-exosomes and ~74% of CD81+-exosomes [51]. The exosome yield after size-exclusion chromatography was comparatively high (up to ~93%). Hence, this method does not lead to the loss of a large part of exosomes.



All major proteins corresponding to exosome peaks after size-exclusion chromatography were identified using MS and MS/MS data of MALDI-TOF mass spectrometric analysis of tryptic hydrolysates after standard SDS-PAGE and 2D-electrophoresis [51,52]. 2D-electrophoresis identified the proteins of the first peak obtained by size-exclusion chromatography of placental exosomes. Interestingly, 28 spots corresponded to only 12 different proteins and their isoforms [51].



Similar results were obtained for horse milk exosomes, purified using differential centrifugations and size-exclusion chromatography [62]. Such extra purified exosome preparations contained only nine major proteins. Still, many impurity proteins co-isolated with exosomes during ultracentrifugation were found in the second and third peaks after size-exclusion chromatography [62]. Thus, gel filtration is an advantageous approach for the additional effective purification of exosomes from impurities, but there is still room for improvement [63].



We used affinity chromatography on anti-CD81-Sepharose of exosome preparations after ultracentrifugation, ultrafiltration, and gel filtration (Figure S2) [52]. The main part of the exosomes was eluted with 0.15 M NaCl, with the resulting exosome preparations containing almost no impurities. Thus, a combination of ultracentrifugation, ultrafiltration, size-exclusion chromatography, and affinity chromatography makes it possible to obtain sufficiently homogeneous exosome preparations, which is very important for subsequently analyzing their biochemical composition and studying their biological activity.



According to most of the purification methods mentioned above, it should be emphasized that only exosome-enriched samples can be prepared unless single-vesicle isolation approaches to be developed are to be used. Different biological fluids contain various high molecular weight aggregates of multiple proteins co-isolated with exosomes under different centrifugations. Human placenta was shown to contain an extremely stable multiprotein complex (~1000 kDa), with sizes comparable to exosomes [64]. This complex possesses nine different catalytic activities: DNase, RNase, ATPase, phosphatase, protease, amylase, catalase, peroxidase (H2O2-dependent), and oxidoreductase (H2O2-independent).



Some proteins may interact specifically or non-specifically directly with exosome surface or with receptors embedded in exosome membranes. It is assumed that published works may have significantly overestimated the relative number of proteins and RNA directly inside exosomes [65]. Therefore, it is worth mentioning the critical review of Sverdlov E.D. [66], stating that, in regard to exosomes, an incorrect overestimated quantitative assessment of internal components has been formed.




4. Composition of Human Placental Exosomes


Preparations of exosomes isolated from the blood of pregnant women [14,19,23,48], ex vivo cultures of placental explants of the first trimester of normal pregnancy or with pregnant pathology [18,27,28], perfusate [50] or placental homogenate [51,52,53], trophoblast cell cultures [18,54] were used to study the composition and biological role of placental exosomes. In some studies, JEG-3 [18], HTR-8/Svneo [18], and SW71 [54] cell lines were used. JEG-3 is choriocarcinoma, HTR-8/Svneo (from 6–12 weeks of the first-trimester placenta) is SW71 (from 7 weeks of the first-trimester placenta) immortalized trophoblast cells by SV40. These cell lines are used as a model of invasive extravillous trophoblast. In most published studies, placental exosomes are isolated by centrifugations at different accelerations in a density gradient. Thus, their composition and functional activities may be analyzed on preparations containing other non-exosomal vesicles and co-isolated proteins. We will review the literature data on the composition of human placental exosomes and exosomes derived from the trophoblast.



4.1. Proteins of Placental Exosomes


Unfortunately, there are currently only a few proteomic studies on placental exosomes. Depending on the exosome sources and protein analysis methods, several hundred and even thousands of proteins were detected in exosome preparations from the blood of pregnant women, trophoblast cells, or placenta: 140 [18], 160 [67], 200 [68], 282 [54], 340 [13], 1476 [56], 1684 [69]. The most represented exosomal proteins, according to the literature data, are summarized in Table 1.



Regardless of cellular origin, exosomes are believed to contain proteins involved in the formation of MVBs (annexins, Rab proteins of GTPases family, proteins of the ESCRT complex, TSG101, Alix) [15], and also contain tetraspanins (CD9, CD81, CD63) on their surface. Placental exosomes contain placental alkaline phosphatase (PLAP), a specific marker of exosomes released by syncytiotrophoblast [15]. Unlike other exosomes, such as those of immune cells, exosome explants from early normal placentas (8–14 weeks) do not contain the MHC molecule. However, MHC-related molecules MICA⁄B and RAET1⁄ULBP1-5, ligands that activate the NK-cell receptor NKG2D, are expressed on their surface [27]. Exosomes derived from chorionic villi of early (8–14 weeks) and term placentas contain proapoptotic molecules FasL1–4 and TRAIL [13].



When analyzing the data described above and below, account should be taken of the impossibility of obtaining pure exosome preparations using various centrifugations, including gradient ultracentrifugation. As shown above, such preparations may contain a wide variety of impurities, including high-molecular-weight protein complexes.



Partially purified exosomes isolated from first-trimester extravillous trophoblast cells by differential centrifugations and a sucrose density gradient ultracentrifugation contain proteins that can participate in a wide range of cellular processes: heat shock proteins, secreted proteins, cytoskeleton-related proteins, adhesion and fusion proteins, enzymes involved in amino acid metabolism, lipid metabolism, redox reactions, and synthesis of proteins [54]. Furthermore, placenta-specific proteins, such as pregnancy zone protein and chorionic gonadotropin, have been identified [55].



Trophoblast-derived exosomes from first-trimester (8–12 weeks) placentas isolated using differential centrifugations and iodixanol density gradient centrifugation contain 1476 proteins [56]: histones and enzymes involved in DNA replication, mRNA splicing, transcription and translation, and placenta-specific proteins. Interestingly, 63 proteins out of 1684 proteins are exclusively expressed in trophoblastic exosomes from term placentas, such as CD276, syncytin-1, and syncytin-2 [69].



Comparison of the exosome proteome from JEG-3 and HTR-8/Svneo cell lines isolated by a combination of ultracentrifugation and a sucrose density gradient ultracentrifugation showed only 26 proteins out of the identified 84–85 proteins identified to be represented in the exosomes of both cell lines: α-2-macroglobulin, α-2-HS-glycoprotein, β-actin, serum albumin, apolipoproteins E and M, complement C3, coagulation factor V, β-fibrinogen, thrombospondin, filamin A, heat shock proteins HSP90 and HSP70, VEPH1, lactate dehydrogenase, enolase-1, eukaryotic elongation factor-2, phosphoglycerate kinase, moesin, pyruvate kinase, pregnancy zone protein, thrombospondin, β- and ε-activator of tyrosine-3-monooxygenase [18].



It should be noted that mitochondrial, nuclear, Golgi, and reticulum proteins are not transported into endosomes. Therefore, they cannot be part of exosomes [70]. In any case, since the exosomes originate from an independent cellular compartment, their protein composition is not accidental.



The protocol that we developed for obtaining highly purified preparations of human placenta exosomes allowed us to establish that highly purified preparations of placental exosomes contain no more than 13 different reliably detectable major proteins: α- and β-hemoglobin subunits, ferritin, CD-9, CD81, CD63, annexins A1, A2 and A5, cytoplasmic actin-1, serotransferrin, interleukin-1 receptor, α-actinin-4, and PLAP [51]. As noted above, the possibility of exosomes containing serum albumin and IgG antibodies remains a big question [52]. Moreover, many proteins are found in partially purified preparations using different centrifugations [18,54,56,69], which we detected in the second and third peaks of impurities separated from exosomes by size-exclusion chromatography (Figure S2a).



Large proteins (>10–12 kDa) of exosomes are usually analyzed by MALDI mass spectrometry of tryptic protein hydrolysates after separating them by 2D-electrophoresis. Small proteins (<10–12 kDa) and peptides cannot usually be detected after SDS-PAGE or 2D-electrophoresis since they either leave the gels during the separation or are washed during Coomassie gel staining. However, various peptides possess many different essential functions. They can be antioxidants, regulators of growth, neuro-mediators, antibiotics, protectors, regulators of blood pressure, levels of calcium, glucose, etc. Exosomes can transfer information to other cells using relatively small proteins and peptides. Recently, we have shown that placental exosomes isolated by a combination of ultracentrifugation, size-exclusion chromatography, and affinity chromatography contain about 27 different small proteins and peptides of 2–12 kDa in addition to the large proteins (>10–12 kDa) [52].



A meta-analysis of six databases containing information on more than 700 proteins found in placental exosomes showed that only three common proteins were found in all databases: albumin, fibronectin-1, and plasminogen activator inhibitor [71]. Different sources can explain conflicting data on protein composition used to isolate placental exosomes, different pregnancy stages, and other exosome purification methods. Therefore, it is necessary to standardize protocols for isolating placental exosomes, including additional steps for their effective purification. The purity of exosome preparations after their purification can be analyzed by transmission electron microscopy. Unfortunately, the question as to which proteins found by the authors of various publications are directly part of the placental exosomes and which of them are co-impurities remains to be answered.




4.2. Nucleic Acids of Placental Exosomes


Placental miRNAs are selectively packed into exosomes and microvesicles, secreted into the maternal circulation [72,73]. Thus, placental exosomes transfer genetic information to target cells and regulate their metabolism.



When considering the following data on the analysis of various RNAs, one should also take into account that practically in all various studies, not pure but only exosome-enriched preparations obtained by several types of centrifugations and ultracentrifugation were used. Sverdlov E. D. analyzed all the literature data on the analysis of many thousands of different RNAs found in exosomes and concluded that their number was overestimated. He figuratively stated that these data “would certainly make Amedeo Avogadro cry” [66]. Given below are the data without considering possible errors associated with the contamination of exosome preparations with microvesicles and protein complexes.



Exosomes isolated from trophoblast cells from normal term placentas conditioned the environment to have a miRNA profile similar to the parental cells [72,74]. Trophoblast-derived exosomes from normal term placentas have a high level of expression of placental-specific miRNAs [72]. Many placenta-specific miRNAs are encoded by the chromosome 19 miRNA gene cluster (C19MC). Placenta-specific miRNAs of the C19MC cluster include the following families: miR-512, miR-1323, miR-498, miR-520, miR-515, miR-519, miR-1283, miR-526, miR-525, miR-523, miR-524, miR-518, miR-517, miR-516 [72,75].



Analysis of miRNAs of exosomes isolated from the conditioned medium of chorionic villi of term placentas showed the presence of 456 different miRNAs [74], with the main part of miRNAs being placenta-specific and belonging to the C19MC and C14MC gene clusters and miR-23, miR-127, miR-134, miR-371, miR-372, and miR-373 families also represented. miRNAs of the let-7 family, miR-18a, miR-93, miR-101, miR-141, miR-148, and others expressed not only in the placenta but also in other organs were shown to be also present in exosomes villous trophoblast [74].



Exosomes isolated from plasma and serum of pregnant women using differential centrifugations and ultrafiltration were found to contain DNA of maternal and fetal origin [76]. However, DNA in exosomes is still a controversial issue since DNA can be located inside vesicles of non-exosomal origin, co-isolated with exosomes. DNA can be associated with the surface of exosomes. For example, preparations of exosomes from tear fluid contain DNA. However, treatment of exosomes with DNase I resulted in DNA destruction, so DNA is likely to be localized on the exosome surface [5].



Exosome preparations contaminated with other vesicles and co-isolating proteins were analyzed in many papers. Therefore, some miRNAs can be co-isolated with such proteins and protein complexes. Further, miRNA studies of placental exosomes can significantly expand the prospects for their practical use.




4.3. Lipids of Placental Exosomes


A phospholipid bilayer characteristically envelops exosomes. In placental exosomes, 179 individual phospholipids were detected in eleven major classes: phosphatidylcholine, phosphatidylethanolamine, phosphatidylserine, sphingomyelin, phosphatidylglycerol, phosphatidylinositol, phosphatidic acid, lysophosphatidic acid, cardiolipin, lysophosphatidylcholine, and lysophosphatidylethanolamine [69]. Exosomes contain 2–3 times more cholesterol, sphingomyelin, glycosphingolipids, and phosphatidylserine than their parent cells [77]. Compared to the parent cell, exosomes contain less phosphatidylcholine.



Placental exosomes contain stearic, linoleic, and arachidonic acids, prostaglandins E2, and 15d-PGJ2, which are ten times more abundant in exosomes than in the parent cells [76,78]. Prostaglandin E2 is immunosuppressive; prostaglandin 15d-PGJ2 is a ligand for the PPAPγ nuclear receptor, which plays an essential role in childbirth [79].



Lysophosphatidic acid is present in the membrane of ILVs of MVBs [80] and can also be found in exosomes in small amounts [81]. However, it is assumed that lysophosphatidic acid is not transported to exosomes but is included in the ILVs of MVBs, which subsequently fuse with the lysosome.



Given that some exosome impurities, such as lipoproteins, contain many lipids [82], the data on the lipid composition of nanovesicles can also be considered somewhat speculative.





5. Role of Placenta Exosomes in Human Pregnancy


The role of placental exosomes in pregnancy is not fully understood. Many studies may use exosome preparations contaminated with proteins, nucleic acids, and other biological fluid components. Some activities of placental exosomes may be due to impurities. Various possible biological functions of placental exosomes have been described in the literature. When analyzing these data, one should take into account that some exosome functions that were discovered may not be related directly to exosomes but to different protein impurities, DNAs, RNAs, and lipids in exosome preparations.



Oxygen content and glucose concentration play an essential role in regulating biogenesis and secretion of placental exosomes [67,83,84]. The release of exosomes from trophoblast cells is increased under low oxygen tension and high glucose concentration. Exosomes from the first-trimester primary culture of cytotrophoblast cells incubated under hypoxic conditions (pO2 ~6.75 mmHg) most actively stimulate invasion and proliferation of extravillous trophoblast cells [67].



The concentration of exosomes in blood plasma was more than 50-fold greater in pregnant than in non-pregnant women [21]. The concentration of PLAP+-derived exosomes in maternal plasma increased with gestational age: first trimester 99.8 ± 5.3 pg/mL; second trimester 397 ± 23; and third trimester 731 ± 35 pg/mL [14]. The concentration of PLAP+-exosomes in maternal plasma during the first trimester increased from 6 weeks 70.6 ± 5.7 pg/mL to 12 weeks 117.5 ± 13.4 pg/mL [13].



The total number of exosomes in maternal circulation correlated with the BMI of pregnant women, with 12–25% of circulating exosomes in maternal blood being of placental origin across gestation, and placental exosome contribution to the total exosomes decreases with higher maternal BMI during pregnancy [21]. Exosomes from maternal blood increase TNF-α, IL-6, and IL-8 release from endothelial cells. The effect was higher when exosomes were isolated from obese pregnant women compared to lean and overweight ones.



Trophoblast exosomes may play an essential role in intercellular communications that promote placentation [39,85]. Trophoblast-derived exosomes from term placentas and serum pregnant women contain syncytin-1 and syncytin-2, which bind to the ASCT1, ASCT2, and MFSD2a receptors on trophoblast cells. Therefore, exosomes can be uptaken by these cells, leading to trophoblast cells to fuse and form syncytiotrophoblast [39,85].



Exosomes from the blood of pregnant women with term labor and those with preterm labor have been characterized [21,48]. Incubation of T cells with PLAP+-exosomes from the blood of pregnant women resulted in the suppression of CD3-ζ and Janus kinase 3 expressions and activation of caspase 3, which led to weakened of T-cell-mediated responses, confirming the hypotheses of the Th2 cell immune response rejection of the of during pregnancy [21]. Correlation of the CD3-ζ-chain suppression with FasL and programmed death ligand PD-L1 expressions on exosomes may explain the apoptosis induction in target cells [21]. Exosomes from the blood of pregnant women with urgent physiological delivery were found to inhibit IL-2 production by activated T cells compared to exosomes from pregnant women’s blood with term delivery [48]. Furthermore, it was found that exosomes from placental explant cultures of the first trimester (8–16 weeks) transfer NKG2D receptor ligands (MICA⁄B and ULBP1-5) and can suppress the NKG2D receptor on NK, CD8+, and γδT cells [27]. Cell internalization of NKG2D receptor induced by exosomes leads to a decrease in receptor-mediated cytotoxicity.



Thus, placental exosomes may be critical for preventing an increased immune response during pregnancy by reducing T cells signaling and cytotoxicity due to suppressing the NKG2D receptor that activates natural killer (NK) cells and providing apoptotic activity via pathways mediated by FasL, TRAIL, and PD-L1 ligands.



Trophoblast exosomes carry immunomodulatory molecules B7-H1 (CD274), B7-H7 (CD276), and HLA-G5, the content of which depends on the gestation ages [86]. Identification of these immunoregulatory proteins in exosomes confirms that these nanovesicles prevent trophoblast destruction by inducing maternal T cell apoptosis. These processes are likely to be responsible for pregnancy pathologies, such as preeclampsia (PE), fetal rejection, and fetal growth restriction [86].



Placental exosomes can participate in the control of gene expression by the miRNA MIR517 family. miR-517a-3p is transported by placental exosomes to the NK cells of pregnant women and reduces the expression of cGMP-dependent protein kinase PRKG1 [17]. It is assumed that miR-517a-3p is involved in regulating the activation and proliferation of maternal immune cells by inhibiting the NO/cGMP/PRKG1 pathway, probably contributing to maternal immune tolerance to the fetus. After the delivery, the concentration of miR-517a-3p significantly decreases in the NK cells of women, and in the cells of non-pregnant women is not detected. It is also suggested that miR-517a-3p of the placental exosomes is a potent activator NF-κB, likely having a significant influence on the immune response [17].



Trophoblast-derived exosomes increase monocyte migration in a dose-dependent manner and significantly enhance the production of IL-1beta, IL-6, serpin-E1, granulocyte colony-stimulating factor, granulocyte/monocyte colony-stimulating factor, and TNF-α [87]. These exosomes can attract monocytes and help them differentiate into tissue macrophages that support the trophoblast and secrete cytokines and chemokines necessary for the growth and survival of the trophoblast [87].



Extravillous trophoblast-derived exosomes and exosomes from pregnant women’s blood may contribute to endothelial cell migration [14,18,58]. In in vitro experiments, exosomes from maternal circulation at various gestational ages increased the migration of endothelial cells: exosomes from first trimesters by 2.7-fold, exosomes from the second trimester by 2.3-fold, and exosomes from the third trimester by 1.87-fold compared to cell migration without exosomes [14]. Researchers suggest a possible role of trophoblast-derived exosomes in the remodeling of the endometrium’s spiral arteries during pregnancy to ensure an adequate exchange of gases and nutrients, contributing to the successful development of the fetus [17,88]. In another study, maternal third-trimester exosomes were shown to significantly increase proliferation, migration, and tube formation of endothelial cells [58].



miRNA of C19MC cluster genes are packaged within trophoblast exosomes from trophoblast cells and attenuate viral replication in recipient cells: unlike non-placental cells, trophoblast cells are resistant to viral infections caused by coxsackievirus B3, poliovirus, vaccinia virus, cytomegalovirus, and vesicular stomatitis virus [71,89,90]. When non-placental cells of the lines U2OS, HFF, Huh7.5, and HeLa are cultured in a culture medium in which trophoblast cells have developed, the ability to resist infections is transferred from the trophoblast cells to the non-placental ones. miR-517-3p, miR-516b-5p, and miR-512-3p were shown to be transported by trophoblast exosomes to recipient cells and cause viral resistance and cell autophagy [89].



Given the COVID-19 pandemic, it is of interest to study trophoblast-derived exosomes’ antiviral activity against SARS-CoV-2 coronavirus since these exosomes are known to have antiviral activity [71,89,90]. Currently, it is known that the virus enters the human placenta: not only RNA of the virus is detected in the placenta [91], but also virions [92], while most newborns are healthy [93].



It should be noted that placental exosomes may have therapeutic potential. Exosomes obtained from the placental mesenchymal stromal cells induce the fusion of muscle cells, their differentiation, and an increase of expression of fibrogenic genes in myoblasts of patients with Duchenne muscular dystrophy is observed [94]. Exosomes of trophoblast and exosomes of placental mesenchymal stem cells have angiogenic activity [18,95]. Thus, exosomes can treat ischemic diseases, for example, in preeclampsia (PE).



The variety of proteins and miRNAs found in exosomes raises questions about whether proteins co-isolated with vesicles and exosomes’ proteins play an essential role in placental exosomes’ biological functions. However, it cannot be excluded that some of the physiological processes attributed to exosomes are functions of proteins that are co-isolated with them.




6. Placental Exosomes as Biomarkers of Pregnancy Pathologies


Exosomes have a tissue-specific composition, with changes in the concentration and composition of exosomes possibly associated with the pathological state of the placenta. Therefore, placental exosomes can become promising biomarkers of various early-stage pregnancy pathologies, such as PE and gestational diabetes mellitus.



6.1. Preeclampsia


Preeclampsia is a common and the most dangerous complication of pregnancy. PE and its associated hypertensive conditions account for 40% of preterm births [96]. The possibility of preventing and correcting PE is limited because its pathogenesis is still unclear. During normal placentation, the extravillous trophoblast invades the decidua and the spiral arteries of the endometrium [97]. As a result, trophoblast cells replace endothelial cells, leading to the expansion of arteries, and this remodeling of the spiral arteries ensures the adequate perfusion of the placenta. Extravillous trophoblast invasion in PE decreases, leading to placental hypoxia [97]. Placental exosomes from the blood of pregnant women with PE are currently being actively investigated because of their concentration and composition change during this pathology. The data on changes in the biochemical composition of placenta exosomes in PE are shown in Table 2.



The concentration of PLAP+-exosomes is increased in early-onset PE (<33 weeks) compared to normal pregnancy (<33 weeks). However, the content of PLAP+-exosomes in blood plasma decreases in late-onset PE (>34 weeks) compared to normal pregnancy (>34 weeks) [23,103].



The expression of exosomal miR-210 significantly increases in the blood of women with early-onset PE (31 weeks) compared to normal pregnant women [98]. It has been shown that this miRNA may reduce the invasion of trophoblast [104]. The content of miR-486-1-5p and miR-486-2-5p was significantly upregulated in the blood of women with PE compared to normal pregnant women, independent of gestational ages [99]. Expression of miR-155 was increased in placenta-associated serum exosomes from patients with PE (>34 weeks) compared with those from normal pregnant women [100]. Exosomes from the blood of pregnant women may inhibit eNOS expression in endothelial cells during PE development. This may be partly due to increased miR-155 expression in placenta-associated serum exosomes [100]. In this complication of pregnancy, the content of miR-141 is also enriched in the trophoblast exosomes [105]. This miRNA is involved in the proliferation and invasion of trophoblast cells. The miRNA-141 is transported by exosomes to T cells and reduces their proliferation, so it is assumed that placenta exosomes are involved in regulating normal and pathological pregnancy.



In peripheral blood of pregnant women in early-onset (<20 weeks) and late-onset (≥20 weeks) PE, exosomal miR-495, miR-494, and miR-136 content was 2.1-, 3.9-, and 6.4-times higher, respectively, compared to healthy women during early normal and late pregnancy [101]. These miRNAs can participate in the pathogenesis of PE by inhibiting cell proliferation and cell apoptosis. The authors suggest that miRNA-136, miRNA-494, and miRNA-495 of peripheral blood-derived exosomes could be used as potential non-invasive biomarkers in the early prediction of PE. These miRNAs can participate in PE pathogenesis by inhibiting cell proliferation and cell apoptosis [101].



Comparing the lipid composition of syncytiotrophoblast exosomes in normal and pathological pregnancy revealed significant lipid content changes in patients with PE [102]. The phosphatidylserine level was significantly upregulated, while phosphatidylinositol, phosphatidic acid, and ganglioside mannoside 3 were downregulated considerably in PE patients compared to normal pregnancy women [102]. The content of sphingomyelin SM-18:0 was increased in exosomes from the maternal circulation in early-onset PE [57]. Then the truncated endoglin was released into the maternal circulation via sphingomyelin SM-18:0-enriched exosomes together with TGF-beta receptors 1 and 2. Such an exosomal TGF-beta receptor complex could be functionally active and block the vascular effects of TGF-beta in PE women [57].



Over 400 proteins were identified in placenta syncytiotrophoblast exosomes with 25 proteins being differentially expressed in PE compared with healthy pregnant controls, including integrins, annexins, and histones [106]. The composition of proteins and lipids is likely to be of great importance in implementing immune responses, regulating vascular tone and blood clotting, and developing oxidative stress and apoptosis.



Exosomes from maternal circulation express soluble Fms-like tyrosine kinase-1 (sFlt-1) and soluble endoglin (sEng), thus increasing vasoconstriction [19]. In PE, the content of these proteins is upregulated. In vitro, these exosomes may attenuate the proliferation, migration, and tube formation of human umbilical vein endothelial cells [19]. In a mouse model, an injection of PE exosomes from the plasma of women resulted in decreased body weight and elevated blood pressure of pregnant mice, with the fetus size and weight also reduced compared with the control group (an injection of exosomes from normal pregnancy) [19].




6.2. Gestational Diabetes Mellitus


Gestational diabetes mellitus (GDM) is known to affect approximately 6% of pregnant women, and prevalence is increasing in parallel with the obesity epidemic [107]. Hyperglycemia can significantly affect the concentration of exosomes as well as their biochemical composition [83,84]. The data on changes in the biochemical composition of human placenta exosomes in gestational diabetes mellitus (GDM) are shown in Table 3.



The concentration of placental exosomes in the blood of pregnant women is higher with GDM compared to normal pregnant women [109]: in the first trimester, the concentration of PLAP+-exosomes was 1.6-fold higher (81 ± 7 vs. 128 ± 14 pg/mL for normal and GDM, respectively), in the second trimester it was 1.5-fold higher (188 ± 14 vs. 282 ± 24 pg/mL for normal and GDM, respectively), and the third trimester it was 1.3-fold higher (304 ± 29 vs. 418 ± 57 pg/mL for normal and GDM, respectively).



In GDM, the contents of 9 miRNAs in trophoblast exosomes were significantly increased, and the ranges of 14 miRNAs were decreased [74]. Exosomes isolated from GDM pregnancies significantly increased the release of proinflammatory cytokines (GM-CSF, IL-4, IL-6, IL-8, IFN-γ, and TNF-α) by endothelial cells. The dysregulation of exosome effects and/or function on endothelial cells may be implicated in the proinflammatory state of GDM.



The level of active dipeptidyl peptidase-4 increases 8-fold in placental exosomes in pregnant women with GDM in the late pregnancy stage [108]. Dipeptidyl peptidase-4 cleaves the glucagon-like polypeptide-1, which increases insulin secretion so that placental exosomes may be involved in the pathogenesis of gestational diabetes mellitus.



Placental exosomes from pregnant patients with GDM have differential expression of 78 proteins, including spectrin alpha erythrocytic 1, CAMK2β, PAPP-A, perilipin 4, fatty acid-binding protein 4, and hexokinase-3 compared to normal pregnant women [24]. The following differences have been observed in the protein abundance of PAPP-A and CAMK2β within exosomes isolated from compared with GDM by ELISA: PAPP-A was downregulated and CAMK2β was upregulated in exosomes from pregnant women with GDM.



Thus, it is possible that over time the assessment of changes in the content and composition of exosomes may form the basis for determining potential diagnostic markers of the pathogenesis of specific pregnancy pathologies.





7. Conclusions


Exosomes contain various proteins, RNA, and lipids, which can play a crucial role in implementing the biological functions of these nanovesicles [110,111]. Human placenta exosomes obtained from the blood of pregnant women may be used as biomarkers of early pregnancy pathological course in patients without symptoms [19,24,98,99,100,101,108]. To use placental exosomes for diagnostic purposes, it is necessary to carefully study their structure, functions, and physiological characteristics [44,51,52,62]. Most studies currently use a mixture of all extracellular vesicles contaminated with co-isolating proteins, protein complexes, and lipoproteins. Despite significant progress in searching for ways to purify exosomes from various impurities, no single correct protocol can be used to quickly, efficiently, and economically obtain homogeneous samples of these nanovesicles. Many studies have shown that all the approaches listed above make it possible to obtain preparations only enriched with exosomes but not homogeneous exosome preparations [44,51,62]. The question of exosome intrinsic components and their possible biological functions remains open.








Supplementary Materials


Supplementary materials can be found at https://www.mdpi.com/1422-0067/22/4/2158/s1.





Author Contributions


Conceptualization, G.A.N., and E.E.B.; writing—original draft preparation, E.E.B., S.E.S., and G.A.N.; writing—review and editing, E.E.B., S.E.S., and G.A.N.; supervision, G.A.N. All authors have read and agreed to the published version of the manuscript.




Funding


This investigation was sustained by the project of RSF, number 18-74-10055 (to Sergey Sedykh), and the Russian state-funded budget project of ICBFM SB RAS # 0245-2021-0009 (to Georgy Nevinsky).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data that supports the findings of this study are available within the article and its supplementary material.




Acknowledgments


The authors thank Elena I. Ryabchikova for inspirational ideas and discussions.




Conflicts of Interest


The authors have declared no conflict of interest.




Abbreviations




	BMI
	Body mass index



	ESCRT
	The endosomal sorting complex required for transport



	GDM
	Gestational diabetes mellitus



	FasL
	Fas ligand



	IgG
	Immunoglobulin G



	IL
	Interleukin



	ILVs
	Intraluminal vesicles



	miRNA
	MicroRNA



	MVBs
	Multivesicular bodies



	NK
	Natural killer



	PE
	Preeclampsia



	SNARE
	Soluble NSF-attachment protein receptor



	TGF
	Transforming growth factor







References


	



Colombo, M.; Raposo, G.; Théry, C. Biogenesis, secretion, and intercellular interactions of exosomes and other extracellular vesicles. Annu. Rev. Cell Dev. Biol. 2014, 30, 255–289. [Google Scholar] [CrossRef]

	



Skotland, T.; Hessvik, N.P.; Sandvig, K.; Llorente, A. Exosomal lipid composition and the role of ether lipids and phosphoinositides in exosome biology. J. Lipid Res. 2019, 60, 9–18. [Google Scholar] [CrossRef]

	



Sukreet, S.E.; Silva, B.V.R.; Adamec, J.; Cui, J.; Zempleni, J. Galactose and Sialo-galactose Modifications in Glycoproteins on the Surface of Bovine Milk Exosome Are Essential for Exosome Uptake in Non-bovine Species (OR34-07-19). Curr. Dev. Nutr. 2019, 3, 506–509. [Google Scholar] [CrossRef]

	



Escrevente, C.; Keller, S.; Altevogt, P.; Costa, J. Interaction and uptake of exosomes by ovarian cancer cells. BMC Cancer 2011, 11, 108. [Google Scholar] [CrossRef]

	



Grigor’Eva, A.; Tamkovich, S.; Eremina, A.; Tupikin, A.; Kabilov, M.; Chernykh, V.; Vlassov, V.; Laktionov, P.; Ryabchikova, E. Characteristics of exosomes andmicroparticles discovered in human tears. Biomeditsinskaya Khimiya 2016, 62, 99–106. [Google Scholar] [CrossRef]

	



Dixon, C.L.; Sheller-Miller, S.; Saade, G.R.; Fortunato, S.J.; Lai, A.; Palma, C.; Guanzon, D.; Salomon, C.; Menon, R. Amniotic Fluid Exosome Proteomic Profile Exhibits Unique Pathways of Term and Preterm Labor. Endocrinology 2018, 159, 2229–2240. [Google Scholar] [CrossRef]

	



Oostdam, A.S.H.-V.; Toro-Ortíz, J.C.; López, J.A.; Noyola, D.E.; García-López, D.A.; Durán-Figueroa, N.V.; Martínez-Martínez, E.; Portales-Pérez, D.P.; Salgado-Bustamante, M.; López-Hernández, Y. Placental exosomes isolated from urine of patients with gestational diabetes exhibit a differential profile expression of microRNAs across gestation. Int. J. Mol. Med. 2020, 46, 546–560. [Google Scholar] [CrossRef] [PubMed]

	



Kaddour, H.; Lyu, Y.; Welch, J.L.; Paromov, V.; Mandape, S.N.; Sakhare, S.S.; Pandhare, J.; Stapleton, J.T.; Pratap, S.; Dash, C.; et al. Proteomics Profiling of Autologous Blood and Semen Exosomes from HIV-infected and Uninfected Individuals Reveals Compositional and Functional Variabilities. Mol. Cell. Proteom. 2020, 19, 78–100. [Google Scholar] [CrossRef] [PubMed]

	



Smith, J.A.; Daniel, R. Human vaginal fluid contains exosomes that have an inhibitory effect on an early step of the HIV-1 life cycle. AIDS 2016, 30, 2611–2616. [Google Scholar] [CrossRef]

	



Giacomini, E.; Vago, R.; Sanchez, A.M.; Podini, P.; Zarovni, N.; Murdica, V.; Rizzo, R.; Bortolotti, D.; Candiani, M.; Viganò, P. Secretome of in vitro cultured human embryos contains extracellular vesicles that are uptaken by the maternal side. Sci. Rep. 2017, 7, 1–13. [Google Scholar] [CrossRef] [PubMed]

	



Saadeldin, I.M.; Kim, S.J.; Bin Choi, Y.; Lee, B.C. Improvement of Cloned Embryos Development by Co-Culturing with Parthenotes: A Possible Role of Exosomes/Microvesicles for Embryos Paracrine Communication. Cell. Reprogramming 2014, 16, 223–234. [Google Scholar] [CrossRef]

	



Ernst, L.M.; Carreon, C.K. Placenta. In Color Atlas of Human Fetal and Neonatal Histology; Springer International Publishing: Berlin/Heidelberg, Germany, 2019; pp. 399–424. [Google Scholar]

	



Sarker, S.; Scholz-Romero, K.; Perez, A.E.; Illanes, S.; Mitchell, M.D.; Rice, G.E.; Salomon, C. Placenta-derived exosomes continuously increase in maternal circulation over the first trimester of pregnancy. J. Transl. Med. 2014, 12, 1–19. [Google Scholar] [CrossRef]

	



Salomon, C.; Torres, M.J.; Kobayashi, M.; Scholz-Romero, K.; Sobrevia, L.; Dobierzewska, A.; Illanes, S.E.; Mitchell, M.D.; Rice, G.E. A Gestational Profile of Placental Exosomes in Maternal Plasma and Their Effects on Endothelial Cell Migration. PLoS ONE 2014, 9, e98667. [Google Scholar] [CrossRef] [PubMed]

	



Mincheva-Nilsson, L.; Baranov, V. The Role of Placental Exosomes in Reproduction. Am. J. Reprod. Immunol. 2010, 63, 520–533. [Google Scholar] [CrossRef]

	



Stenqvist, A.-C.; Nagaeva, O.; Baranov, V.; Mincheva-Nilsson, L. Exosomes Secreted by Human Placenta Carry Functional Fas Ligand and TRAIL Molecules and Convey Apoptosis in Activated Immune Cells, Suggesting Exosome-Mediated Immune Privilege of the Fetus. J. Immunol. 2013, 191, 5515–5523. [Google Scholar] [CrossRef]

	



Kambe, S.; Yoshitake, H.; Yuge, K.; Ishida, Y.; Ali, M.; Takizawa, T.; Kuwata, T.; Ohkuchi, A.; Matsubara, S.; Suzuki, M.; et al. Human Exosomal Placenta-Associated miR-517a-3p Modulates the Expression of PRKG1 mRNA in Jurkat Cells1. Biol. Reprod. 2014, 91, 129. [Google Scholar] [CrossRef]

	



Salomon, C.; Yee, S.; Scholz-Romero, K.; Kobayashi, M.; Vaswani, K.; Kvaskoff, D.; Illanes, S.E.; Mitchell, M.D.; Rice, G.E. Extravillous trophoblast cells-derived exosomes promote vascular smooth muscle cell migration. Front. Pharmacol. 2014, 5, 175. [Google Scholar] [CrossRef] [PubMed]

	



Chang, X.; Yao, J.; He, Q.; Liu, M.; Duan, T.; Wang, K. Exosomes from Women with Preeclampsia Induced Vascular Dysfunction by Delivering sFlt (Soluble Fms-Like Tyrosine Kinase)-1 and sEng (Soluble Endoglin) to Endothelial Cells. Hypertension 2018, 72, 1381–1390. [Google Scholar] [CrossRef] [PubMed]

	



Weissgerber, T.L.; Mudd, L.M. Preeclampsia and Diabetes. Curr. Diabetes Rep. 2015, 15, 1–10. [Google Scholar] [CrossRef]

	



Sabapatha, A.; Gercel-Taylor, C.; Taylor, D.D. Specific Isolation of Placenta-Derived Exosomes from the Circulation of Pregnant Women and Their Immunoregulatory Consequences. Am. J. Reprod. Immunol. 2006, 56, 345–355. [Google Scholar] [CrossRef] [PubMed]

	



Elfeky, O.; Longo, S.; Lai, A.; Rice, G.E.; Salomon, C. Influence of maternal BMI on the exosomal profile during gestation and their role on maternal systemic inflammation. Placenta 2017, 50, 60–69. [Google Scholar] [CrossRef] [PubMed]

	



Pillay, P.; Vatish, M.; Duarte, R.; Moodley, J.; Mackraj, I. Exosomal microRNA profiling in early and late onset preeclamptic pregnant women reflects pathophysiology. Int. J. Nanomed. 2019, 14, 5637–5657. [Google Scholar] [CrossRef]

	



Jayabalan, N.; Lai, A.; Nair, S.; Guanzon, D.; Scholz-Romero, K.; Palma, C.; McIntyre, H.D.; Lappas, M.; Salomon, C. Quantitative Proteomics by SWATH-MS Suggest an Association Between Circulating Exosomes and Maternal Metabolic Changes in Gestational Diabetes Mellitus. Proteomics 2018, 19, e1800164. [Google Scholar] [CrossRef] [PubMed]

	



Kowal, J.; Tkach, M.; Théry, C. Biogenesis and secretion of exosomes. Curr. Opin. Cell Biol. 2014, 29, 116–125. [Google Scholar] [CrossRef] [PubMed]

	



Huotari, J.; Helenius, A. Endosome maturation. EMBO J. 2011, 30, 3481–3500. [Google Scholar] [CrossRef]

	



Hedlund, M.; Stenqvist, A.-C.; Nagaeva, O.; Kjellberg, L.; Wulff, M.; Baranov, V.; Mincheva-Nilsson, L. Human Placenta Expresses and Secretes NKG2D Ligands via Exosomes that Down-Modulate the Cognate Receptor Expression: Evidence for Immunosuppressive Function. J. Immunol. 2009, 183, 340–351. [Google Scholar] [CrossRef]

	



Mincheva-Nilsson, L.; Nagaeva, O.; Chen, T.; Stendahl, U.; Antsiferova, J.; Mogren, I.; Hernestål, J.; Baranov, V. Placenta-Derived Soluble MHC Class I Chain-Related Molecules Down-Regulate NKG2D Receptor on Peripheral Blood Mononuclear Cells during Human Pregnancy: A Possible Novel Immune Escape Mechanism for Fetal Survival. J. Immunol. 2006, 176, 3585–3592. [Google Scholar] [CrossRef]

	



Hanson, P.I.; Cashikar, A. Multivesicular Body Morphogenesis. Annu. Rev. Cell Dev. Biol. 2012, 28, 337–362. [Google Scholar] [CrossRef]

	



Hessvik, N.P.; Llorente, A. Current knowledge on exosome biogenesis and release. Cell. Mol. Life Sci. 2018, 75, 193–208. [Google Scholar] [CrossRef] [PubMed]

	



Janas, T.; Janas, M.M.; Sapoń, K.; Janas, T. Mechanisms of RNA loading into exosomes. FEBS Lett. 2015, 589, 1391–1398. [Google Scholar] [CrossRef]

	



Ghossoub, R.; Lembo, F.; Rubio, A.; Gaillard, C.B.; Bouchet, J.; Vitale, N.; Slavík, J.; Machala, M.; Zimmermann, P. Syntenin-ALIX exosome biogenesis and budding into multivesicular bodies are controlled by ARF6 and PLD2. Nat. Commun. 2014, 5, 3477. [Google Scholar] [CrossRef]

	



Stenmark, H. Rab GTPases as coordinators of vesicle traffic. Nat. Rev. Mol. Cell Biol. 2009, 10, 513–525. [Google Scholar] [CrossRef]

	



Savina, A.; Fader, C.M.; Damiani, M.T.; Colombo, M.I. Rab11 Promotes Docking and Fusion of Multivesicular Bodies in a Calcium-Dependent Manner. Traffic 2004, 6, 131–143. [Google Scholar] [CrossRef]

	



Ostrowski, M.; Carmo, N.B.; Krumeich, S.; Fanget, I.; Raposo, G.; Savina, A.; Moita, C.F.; Schauer, K.; Hume, A.N.; Freitas, R.P.; et al. Rab27a and Rab27b control different steps of the exosome secretion pathway. Nat. Cell Biol. 2009, 12, 19–30. [Google Scholar] [CrossRef] [PubMed]

	



Abrami, L.; Brandi, L.; Moayeri, M.; Brown, M.J.; Krantz, B.A.; Leppla, S.H.; Van Der Goot, F.G. Hijacking Multivesicular Bodies Enables Long-Term and Exosome-Mediated Long-Distance Action of Anthrax Toxin. Cell Rep. 2013, 5, 986–996. [Google Scholar] [CrossRef] [PubMed]

	



Rao, S.K.; Huynh, C.; Proux-Gillardeaux, V.; Galli, T.; Andrews, N.W. Identification of SNAREs Involved in Synaptotagmin VII-regulated Lysosomal Exocytosis. J. Biol. Chem. 2004, 279, 20471–20479. [Google Scholar] [CrossRef] [PubMed]

	



Tiwari, N.; Wang, C.-C.; Brochetta, C.; Ke, G.; Vita, F.; Qi, Z.; Rivera, J.; Soranzo, M.R.; Zabucchi, G.; Hong, W.; et al. VAMP-8 segregates mast cell–preformed mediator exocytosis from cytokine trafficking pathways. Blood 2008, 111, 3665–3674. [Google Scholar] [CrossRef] [PubMed]

	



Vargas, A.; Zhou, S.; Éthier-Chiasson, M.; Flipo, D.; Lafond, J.; Gilbert, C.; Barbeau, B. Syncytin proteins incorporated in placenta exosomes are important for cell uptake and show variation in abundance in serum exosomes from patients with preeclampsia. FASEB J. 2014, 28, 3703–3719. [Google Scholar] [CrossRef]

	



Yáñez-Mó, M.; Siljander, P.R.M.; Andreu, Z.; Zavec, A.B.; Borràs, F.E.; Buzas, E.I.; Buzas, K.; Casal, E.; Cappello, F.; Carvalho, J.; et al. Biological Properties of Extracellular Vesicles and their Physiological Functions. J. Extracell. Vesicles 2015, 4, 27066. [Google Scholar] [CrossRef]

	



Lötvall, J.; Hill, A.F.; Hochberg, F.; Buzás, E.I.; Di Vizio, D.; Gardiner, C.; Gho, Y.S.; Kurochkin, I.V.; Mathivanan, S.; Quesenberry, P.; et al. Minimal Experimental Requirements for Definition of Extracellular Vesicles and their Functions: A Position Statement from the International Society for Extracellular Vesicles. J. Extracell. Vesicles 2014, 3, 26913. [Google Scholar] [CrossRef]

	



Witwer, K.W.; Soekmadji, C.; Hill, A.F.; Wauben, M.H.; Buzás, E.I.; Di Vizio, D.; Falcon-Perez, J.M.; Gardiner, C.; Hochberg, F.; Kurochkin, I.V.; et al. Updating the MISEV minimal requirements for extracellular vesicle studies: Building bridges to reproducibility. J. Extracell. Vesicles 2017, 6, 1396823. [Google Scholar] [CrossRef]

	



Théry, C.; Witwer, K.W.; Aikawa, E.; Alcaraz, M.J.; Anderson, J.D.; Andriantsitohaina, R.; Antoniou, A.; Arab, T.; Archer, F.; Atkin-Smith, G.K.; et al. Minimal information for studies of extracellular vesicles 2018 (MISEV2018): A position statement of the International Society for Extracellular Vesicles and update of the MISEV2014 guidelines. J. Extracell. Vesicles 2018, 7, 1535750. [Google Scholar] [CrossRef] [PubMed]

	



Grigor’Eva, A.; Dyrkheeva, N.; Bryzgunova, O.; Tamkovich, S.; Chelobanov, B.; Ryabchikova, E. Contamination of exosome preparations, isolated from biological fluids. Biomeditsinskaya Khimiya 2017, 63, 91–96. [Google Scholar] [CrossRef]

	



Yuana, Y.; Levels, J.; Grootemaat, A.; Sturk, A.; Nieuwland, R. Co-isolation of extracellular vesicles and high-density lipoproteins using density gradient ultracentrifugation. J. Extracell. Vesicles 2014, 3, 23262. [Google Scholar] [CrossRef]

	



Sódar, B.W.; Kittel, Á.; Pálóczi, K.; Vukman, K.V.; Osteikoetxea, X.; Szabó-Taylor, K.; Németh, A.; Sperlágh, B.; Baranyai, T.; Giricz, Z.; et al. Low-density lipoprotein mimics blood plasma-derived exosomes and microvesicles during isolation and detection. Sci. Rep. 2016, 6, 24316. [Google Scholar] [CrossRef]

	



Michell, D.L.; Allen, R.M.; Landstreet, S.R.; Zhao, S.; Toth, C.L.; Sheng, Q.; Vickers, K.C. Isolation of High-density Lipoproteins for Non-coding Small RNA Quantification. J. Vis. Exp. 2016, 117, 396–405. [Google Scholar] [CrossRef] [PubMed]

	



Taylor, D.D.; Akyol, S.; Gercel-Taylor, C. Pregnancy-Associated Exosomes and Their Modulation of T Cell Signaling. J. Immunol. 2006, 176, 1534–1542. [Google Scholar] [CrossRef] [PubMed]

	



Miranda, J.; Paules, C.; Nair, S.; Lai, A.; Palma, C.; Scholz-Romero, K.; Rice, G.E.; Gratacos, E.; Crispi, F.; Salomon, C. Placental exosomes profile in maternal and fetal circulation in intrauterine growth restriction—Liquid biopsies to monitoring fetal growth. Placenta 2018, 64, 34–43. [Google Scholar] [CrossRef]

	



Dragovic, R.; Collett, G.; Hole, P.; Ferguson, D.; Redman, C.; Sargent, I.; Tannetta, D. Isolation of syncytiotrophoblast microvesicles and exosomes and their characterisation by multicolour flow cytometry and fluorescence Nanoparticle Tracking Analysis. Methods 2015, 87, 64–74. [Google Scholar] [CrossRef] [PubMed]

	



Burkova, E.E.; Grigor’Eva, A.E.; Bulgakov, D.V.; Dmitrenok, P.S.; Vlassov, V.V.; Ryabchikova, E.I.; Sedykh, S.E.; Nevinsky, G.A. Extra Purified Exosomes from Human Placenta Contain an Unpredictable Small Number of Different Major Proteins. Int. J. Mol. Sci. 2019, 20, 2434. [Google Scholar] [CrossRef] [PubMed]

	



Burkova, E.E.; Dmitrenok, P.S.; Bulgakov, D.V.; Vlassov, V.V.; Ryabchikova, E.I.; Nevinsky, G.A. Exosomes from human placenta purified by affinity chromatography on sepharose bearing immobilized antibodies against CD81 tetraspanin contain many peptides and small proteins. IUBMB Life 2018, 70, 1144–1155. [Google Scholar] [CrossRef]

	



Burton, G.; Sebire, N.; Myatt, L.; Tannetta, D.; Wang, Y.-L.; Sadovsky, Y.; Staff, A.; Redman, C. Optimising sample collection for placental research. Placenta 2014, 35, 9–22. [Google Scholar] [CrossRef] [PubMed]

	



Atay, S.; Gercel-Taylor, C.; Kesimer, M.; Taylor, D.D. Morphologic and proteomic characterization of exosomes released by cultured extravillous trophoblast cells. Exp. Cell Res. 2011, 317, 1192–1202. [Google Scholar] [CrossRef]

	



Théry, C.; Amigorena, S.; Raposo, G.; Clayton, A. Isolation and Characterization of Exosomes from Cell Culture Supernatants and Biological Fluids. Curr. Protoc. Cell Biol. 2006, 30, 3–22. [Google Scholar] [CrossRef]

	



Tong, M.; Kleffmann, T.; Pradhan, S.; Johansson, C.L.; DeSousa, J.; Stone, P.R.; James, J.L.; Chen, Q.; Chamley, L.W. Proteomic characterization of macro-, micro- and nano-extracellular vesicles derived from the same first trimester placenta: Relevance for feto-maternal communication. Hum. Reprod. 2016, 31, 687–699. [Google Scholar] [CrossRef] [PubMed]

	



Ermini, L.; Ausman, J.; Melland-Smith, M.; Yeganeh, B.; Rolfo, A.; Litvack, M.L.; Todros, T.; Letarte, M.; Post, M.; Caniggia, I. A Single Sphingomyelin Species Promotes Exosomal Release of Endoglin into the Maternal Circulation in Preeclampsia. Sci. Rep. 2017, 7, 1–16. [Google Scholar] [CrossRef]

	



Jia, L.; Zhou, X.; Huang, X.; Xu, X.; Jia, Y.; Wu, Y.; Yao, J.; Wu, Y.; Wang, K. Maternal and umbilical cord serum-derived exosomes enhance endothelial cell proliferation and migration. FASEB J. 2018, 32, 4534–4543. [Google Scholar] [CrossRef] [PubMed]

	



Macías, M.; Rebmann, V.; Mateos, B.; Varo, N.; Perez-Gracia, J.L.; Alegre, E.; González, Á. Comparison of six commercial serum exosome isolation methods suitable for clinical laboratories. Effect in cytokine analysis. Clin. Chem. Lab. Med. 2019, 57, 1539–1545. [Google Scholar] [CrossRef]

	



Wu, M.; Ouyang, Y.; Wang, Z.; Zhang, R.; Huang, P.-H.; Chen, C.; Li, H.; Li, P.; Quinn, D.; Dao, M.; et al. Isolation of exosomes from whole blood by integrating acoustics and microfluidics. Proc. Natl. Acad. Sci. USA 2017, 114, 10584–10589. [Google Scholar] [CrossRef]

	



Sidhom, K.; Obi, P.O.; Saleem, A. A Review of Exosomal Isolation Methods: Is Size Exclusion Chromatography the Best Option? Int. J. Mol. Sci. 2020, 21, 6466. [Google Scholar] [CrossRef]

	



Sedykh, S.E.; Purvinsh, L.; Monogarov, A.S.; Burkova, E.E.; Grigor’Eva, A.E.; Bulgakov, D.V.; Dmitrenok, P.S.; Vlassov, V.V.; Ryabchikova, E.I.; Nevinsky, G.A. Purified horse milk exosomes contain an unpredictable small number of major proteins. Biochim. Open 2017, 4, 61–72. [Google Scholar] [CrossRef]

	



Kaddour, H.; Lyu, Y.; Shouman, N.; Mohan, M.; Okeoma, C.M. Development of Novel High-Resolution Size-Guided Turbidimetry-Enabled Particle Purification Liquid Chromatography (PPLC): Extracellular Vesicles and Membraneless Condensates in Focus. Int. J. Mol. Sci. 2020, 21, 5361. [Google Scholar] [CrossRef] [PubMed]

	



Burkova, E.; Dmitrenok, P.S.; Bulgakov, D.V.; Ermakov, E.A.; Buneva, V.N.; Soboleva, S.E.; Nevinsky, G.A. Identification of Major Proteins of a Very Stable High Molecular Mass Multi-Protein Complex of Human Placental Tissue Possessing Nine Different Catalytic Activities. Biochem. Anal. Biochem. 2018, 7, 1–9. [Google Scholar] [CrossRef]

	



Sedykh, S.E.; Burkova, E.E.; Purvinsh, L.; Klemeshova, D.A.; Ryabchikova, E.I.; Nevinsky, G.A. Milk Exosomes: Isolation, Biochemistry, Morphology, and Perspectives of Use. In Extracellular Vesicles and Their Importance in Human Health; IntechOpen: London, UK, 2020. [Google Scholar]

	



Sverdlov, E.D. Amedeo Avogadro’s cry: What is 1 µg of exosomes? BioEssays 2012, 34, 873–875. [Google Scholar] [CrossRef] [PubMed]

	



Salomon, C.; Kobayashi, M.; Ashman, K.; Sobrevia, L.; Mitchell, M.D.; Rice, G.E. Hypoxia-Induced Changes in the Bioactivity of Cytotrophoblast-Derived Exosomes. PLoS ONE 2013, 8, e79636. [Google Scholar] [CrossRef]

	



Salomon, C.; Ryan, J.; Sobrevia, L.; Kobayashi, M.; Ashman, K.; Mitchell, M.; Rice, G.E. Exosomal Signaling during Hypoxia Mediates Microvascular Endothelial Cell Migration and Vasculogenesis. PLoS ONE 2013, 8, e68451. [Google Scholar] [CrossRef]

	



Ouyang, Y.; Bayer, A.; Chu, T.; Tyurin, V.A.; Kagan, V.E.; Morelli, A.E.; Coyne, C.B.; Sadovsky, Y. Isolation of human trophoblastic extracellular vesicles and characterization of their cargo and antiviral activity. Placenta 2016, 47, 86–95. [Google Scholar] [CrossRef]

	



Théry, C.; Boussac, M.; Véron, P.; Ricciardi-Castagnoli, P.; Raposo, G.; Garin, J.; Amigorena, S. Proteomic Analysis of Dendritic Cell-Derived Exosomes: A Secreted Subcellular Compartment Distinct from Apoptotic Vesicles. J. Immunol. 2001, 166, 7309–7318. [Google Scholar] [CrossRef]

	



Familari, M.; Cronqvist, T.; Masoumi, Z.; Hansson, S.R. Placenta-derived extracellular vesicles: Their cargo and possible functions. Reprod. Fertil. Dev. 2017, 29, 433–447. [Google Scholar] [CrossRef]

	



Donker, R.B.; Mouillet, J.F.; Chu, T.; Hubel, C.A.; Stolz, D.B.; Morelli, A.E.; Sadovsky, Y. The expression profile of C19MC microRNAs in primary human trophoblast cells and exosomes. Mol. Hum. Reprod. 2012, 18, 417–424. [Google Scholar] [CrossRef]

	



Luo, S.-S.; Ishibashi, O.; Ishikawa, G.; Ishikawa, T.; Katayama, A.; Mishima, T.; Takizawa, T.; Shigihara, T.; Goto, T.; Izumi, A.; et al. Human Villous Trophoblasts Express and Secrete Placenta-Specific MicroRNAs into Maternal Circulation via Exosomes1. Biol. Reprod. 2009, 81, 717–729. [Google Scholar] [CrossRef]

	



Nair, S.; Jayabalan, N.; Guanzon, D.; Palma, C.; Scholz-Romero, K.; Elfeky, O.; Zuñiga, F.; Ormazabal, V.; Diaz, E.; Rice, G.E.; et al. Human placental exosomes in gestational diabetes mellitus carry a specific set of miRNAs associated with skeletal muscle insulin sensitivity. Clin. Sci. 2018, 132, 2451–2467. [Google Scholar] [CrossRef]

	



Cai, M.; Kolluru, G.K.; Ahmed, A. Small Molecule, Big Prospects: MicroRNA in Pregnancy and Its Complications. J. Pregnancy 2017, 2017, 1–15. [Google Scholar] [CrossRef]

	



Repiská, G.; Konečná, B.; Shelke, G.V.; Lässer, C.; Vlková, B.I.; Minárik, G. Is the DNA of placental origin packaged in exosomes isolated from plasma and serum of pregnant women? Clin. Chem. Lab. Med. 2018, 56, e150–e153. [Google Scholar] [CrossRef] [PubMed]

	



Skotland, T.; Sandvig, K.; Llorente, A. Lipids in exosomes: Current knowledge and the way forward. Prog. Lipid Res. 2017, 66, 30–41. [Google Scholar] [CrossRef]

	



Subra, C.; Grand, D.; Laulagnier, K.; Stella, A.; Lambeau, G.; Paillasse, M.; De Medina, P.; Monsarrat, B.; Perret, B.; Silvente-Poirot, S.; et al. Exosomes account for vesicle-mediated transcellular transport of activatable phospholipases and prostaglandins. J. Lipid Res. 2010, 51, 2105–2120. [Google Scholar] [CrossRef]

	



Murthi, P.; Kalionis, B.; Cocquebert, M.; Rajaraman, G.; Chui, A.; Keogh, R.; Evain-Brion, D.; Fournier, T. Homeobox genes and down-stream transcription factor PPARγ in normal and pathological human placental development. Placenta 2013, 34, 299–309. [Google Scholar] [CrossRef] [PubMed]

	



Van Meer, G.; Voelker, D.R.; Feigenson, G.W. Membrane lipids: Where they are and how they behave. Nat. Rev. Mol. Cell Biol. 2008, 9, 112–124. [Google Scholar] [CrossRef]

	



Laulagnier, K.; Motta, C.; Hamdi, S.; Roy, S.; Fauvelle, F.; Pageaux, J.-F.; Kobayashi, T.; Salles, J.-P.; Perret, B.; Bonnerot, C.; et al. Mast cell- and dendritic cell-derived exosomes display a specific lipid composition and an unusual membrane organization. Biochem. J. 2004, 380, 161–171. [Google Scholar] [CrossRef] [PubMed]

	



Kontush, A.; Chapman, M.J. Lipidomics as a Tool for the Study of Lipoprotein Metabolism. Curr. Atheroscler. Rep. 2010, 12, 194–201. [Google Scholar] [CrossRef] [PubMed]

	



Rice, G.E.; Scholz-Romero, K.; Sweeney, E.; Peiris, H.; Kobayashi, M.; Duncombe, G.; Mitchell, M.D.; Salomon, C. The Effect of Glucose on the Release and Bioactivity of Exosomes from First Trimester Trophoblast Cells. J. Clin. Endocrinol. Metab. 2015, 100, E1280–E1288. [Google Scholar] [CrossRef]

	



Salomon, C.; Scholz-Romero, K.; Kobayashi, M.; Smith, M.; Duncombe, G.; Llanes, S.; Mitchell, M.D.; Rice, G.E. Oxygen tension regulates glucose-induced biogenesis and release of different subpopulations of exosome vesicles from trophoblast cells: A gestational age profile of placental exosomes in maternal plasma with gestational diabetes mellitus. Placenta 2015, 36, 488. [Google Scholar] [CrossRef]

	



Record, M. Intercellular communication by exosomes in placenta: A possible role in cell fusion? Placenta 2014, 35, 297–302. [Google Scholar] [CrossRef]

	



Kshirsagar, S.; Alam, S.; Jasti, S.; Hodes, H.; Nauser, T.; Gilliam, M.; Billstrand, C.; Hunt, J.; Petroff, M. Immunomodulatory molecules are released from the first trimester and term placenta via exosomes. Placenta 2012, 33, 982–990. [Google Scholar] [CrossRef]

	



Atay, S.; Gercel-Taylor, C.; Suttles, J.; Mor, G.; Taylor, D.D. Trophoblast-Derived Exosomes Mediate Monocyte Recruitment and Differentiation. Am. J. Reprod. Immunol. 2010, 65, 65–77. [Google Scholar] [CrossRef]

	



Salomón, C.; Yee, S.W.; Mitchell, M.D.; Rice, G.E. The Possible Role of Extravillous Trophoblast-Derived Exosomes on the Uterine Spiral Arterial Remodeling under Both Normal and Pathological Conditions. BioMed Res. Int. 2014, 2014, 1–10. [Google Scholar] [CrossRef]

	



Delorme-Axford, E.; Donker, R.B.; Mouillet, J.-F.; Chu, T.; Bayer, A.; Ouyang, Y.; Wang, T.; Stolz, D.B.; Sarkar, S.N.; Morelli, A.E.; et al. Human placental trophoblasts confer viral resistance to recipient cells. Proc. Natl. Acad. Sci. USA 2013, 110, 12048–12053. [Google Scholar] [CrossRef]

	



Mouillet, J.-F.; Ouyang, Y.; Bayer, A.; Coyne, C.B.; Sadovsky, Y. The role of trophoblastic microRNAs in placental viral infection. Int. J. Dev. Biol. 2014, 58, 281–289. [Google Scholar] [CrossRef] [PubMed]

	



Algarroba, G.N.; Rekawek, P.; Vahanian, S.A.; Khullar, P.; Palaia, T.; Peltier, M.R.; Chavez, M.R.; Vintzileos, A.M. Visualization of severe acute respiratory syndrome coronavirus 2 invading the human placenta using electron microscopy. Am. J. Obstet. Gynecol. 2020, 223, 275–278. [Google Scholar] [CrossRef] [PubMed]

	



Hosier, H.; Farhadian, S.F.; Morotti, R.A.; Deshmukh, U.; Lu-Culligan, A.; Campbell, K.H.; Yasumoto, Y.; Vogels, C.B.; Casanovas-Massana, A.; Vijayakumar, P.; et al. SARS–CoV-2 infection of the placenta. J. Clin. Investig. 2020, 130, 4947–4953. [Google Scholar] [CrossRef]

	



Kreis, N.-N.; Ritter, A.; Louwen, F.; Yuan, J. A Message from the Human Placenta: Structural and Immunomodulatory Defense against SARS-CoV-2. Cells 2020, 9, 1777. [Google Scholar] [CrossRef]

	



Bier, A.; Berenstein, P.; Kronfeld, N.; Morgoulis, D.; Ziv-Av, A.; Goldstein, H.; Kazimirsky, G.; Cazacu, S.; Meir, R.; Popovtzer, R.; et al. Placenta-derived mesenchymal stromal cells and their exosomes exert therapeutic effects in Duchenne muscular dystrophy. Biomaterials 2018, 174, 67–78. [Google Scholar] [CrossRef]

	



Komaki, M.; Numata, Y.; Morioka, C.; Honda, I.; Tooi, M.; Yokoyama, N.; Ayame, H.; Iwasaki, K.; Taki, A.; Oshima, N.; et al. Exosomes of human placenta-derived mesenchymal stem cells stimulate angiogenesis. Stem Cell Res. Ther. 2017, 8, 1–12. [Google Scholar] [CrossRef] [PubMed]

	



Fox, R.; Kitt, J.; Leeson, P.; Aye, C.Y.; Lewandowski, A.J. Preeclampsia: Risk Factors, Diagnosis, Management, and the Cardiovascular Impact on the Offspring. J. Clin. Med. 2019, 8, 1625. [Google Scholar] [CrossRef] [PubMed]

	



Rana, S.; Lemoine, E.; Granger, J.P.; Karumanchi, S.A. Preeclampsia. Circ. Res. 2019, 124, 1094–1112. [Google Scholar] [CrossRef] [PubMed]

	



Biró, O.; Fóthi, Á.; Alasztics, B.; Nagy, B.; Orbán, T.I.; Rigó, J. Circulating exosomal and Argonaute-bound microRNAs in preeclampsia. Gene 2019, 692, 138–144. [Google Scholar] [CrossRef] [PubMed]

	



Salomon, C.; Guanzon, D.; Scholz-Romero, K.; Longo, S.; Correa, P.; Illanes, S.E.; Rice, G.E. Placental Exosomes as Early Biomarker of Preeclampsia: Potential Role of Exosomal MicroRNAs Across Gestation. J. Clin. Endocrinol. Metab. 2017, 102, 3182–3194. [Google Scholar] [CrossRef]

	



Shen, L.; Li, Y.; Li, R.; Diao, Z.; Yany, M.; Wu, M.; Sun, H.; Yan, G.; Hu, Y. Placenta-associated serum exosomal miR-155 derived from patients with preeclampsia inhibits eNOS expression in human umbilical vein endothelial cells. Int. J. Mol. Med. 2018, 41, 1731–1739. [Google Scholar] [CrossRef]

	



Motawi, T.M.; Sabry, D.; Maurice, N.W.; Rizk, S.M. Role of mesenchymal stem cells exosomes derived microRNAs; miR-136, miR-494 and miR-495 in pre-eclampsia diagnosis and evaluation. Arch. Biochem. Biophys. 2018, 659, 13–21. [Google Scholar] [CrossRef]

	



Baig, S.; Lim, J.; Fernandis, A.; Wenk, M.; Kale, A.; Su, L.; Biswas, A.; Vasoo, S.; Shui, G.; Choolani, M. Lipidomic analysis of human placental Syncytiotrophoblast microvesicles in adverse pregnancy outcomes. Placenta 2013, 34, 436–442. [Google Scholar] [CrossRef]

	



Pillay, P.; Maharaj, N.; Moodley, J.; Mackraj, I. Placental exosomes and pre-eclampsia: Maternal circulating levels in normal pregnancies and, early and late onset pre-eclamptic pregnancies. Placenta 2016, 46, 18–25. [Google Scholar] [CrossRef]

	



Luo, R.; Wang, Y.; Xu, P.; Cao, G.; Zhao, Y.; Shao, X.; Li, Y.-X.; Chang, C.; Peng, C.; Wang, Y.-L. Hypoxia-inducible miR-210 contributes to preeclampsia via targeting thrombospondin type I domain containing 7A. Sci. Rep. 2016, 6, 19588. [Google Scholar] [CrossRef]

	



Ospina-Prieto, S.; Chaiwangyen, W.; Herrmann, J.; Groten, T.; Schleussner, E.; Markert, U.R.; Morales-Prieto, D.M. MicroRNA-141 is upregulated in preeclamptic placentae and regulates trophoblast invasion and intercellular communication. Transl. Res. 2016, 172, 61–72. [Google Scholar] [CrossRef]

	



Baig, S.; Kothandaraman, N.; Manikandan, J.; Rong, L.; Ee, K.H.; Hill, J.; Lai, C.W.; Tan, W.Y.; Yeoh, F.; Kale, A.; et al. Proteomic analysis of human placental syncytiotrophoblast microvesicles in preeclampsia. Clin. Proteom. 2014, 11, 40. [Google Scholar] [CrossRef]

	



Mack, L.R.; Tomich, P. Gestational Diabetes: Diagnosis, Classification, and Clinical Care. Obstet. Gynecol. Clin. N. Am. 2017, 44, 207–217. [Google Scholar] [CrossRef] [PubMed]

	



Kandzija, N.; Zhang, W.; Motta-Mejia, C.; Mhlomi, V.; McGowan-Downey, J.; James, T.; Cerdeira, A.S.; Tannetta, D.; Sargent, I.; Redman, C.W.; et al. Placental extracellular vesicles express active dipeptidyl peptidase IV; levels are increased in gestational diabetes mellitus. J. Extracell. Vesicles 2019, 8, 1617000. [Google Scholar] [CrossRef] [PubMed]

	



Salomon, C.; Scholz-Romero, K.; Sarker, S.; Sweeney, E.; Kobayashi, M.; Correa, P.; Longo, S.; Duncombe, G.; Mitchell, M.D.; Rice, G.E.; et al. Gestational Diabetes Mellitus Is Associated With Changes in the Concentration and Bioactivity of Placenta-Derived Exosomes in Maternal Circulation Across Gestation. Diabetes 2016, 65, 598–609. [Google Scholar] [CrossRef] [PubMed]

	



Czernek, L.; Düchler, M. Exosomes as Messengers between Mother and Fetus in Pregnancy. Int. J. Mol. Sci. 2020, 21, 4264. [Google Scholar] [CrossRef]

	



Jankovičová, J.; Sečová, P.; Michalková, K.; Antalíková, J. Tetraspanins, More than Markers of Extracellular Vesicles in Reproduction. Int. J. Mol. Sci. 2020, 21, 7568. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 22 02158 g001 550] 





Figure 1. Schematic representation of exosome biogenesis and secretion. The process leading to exosome secretion can be divided into three steps: (1) exosome biogenesis, (2) transport of MVBs (multivesicular bodies) to the plasma membrane, and (3) fusion of MVBs with the plasma membrane. 
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Figure 2. (a) Size-exclusion chromatography of crude exosome preparations on Sepharose 4B. Crude exosome preparations from human placenta were obtained by several differential centrifugation and ultrafiltration through a 0.1 μm filter (—), absorbance at 280 nm (A280). (b–d) Structural components of exosome preparations after size-exclusion chromatography: vesicles with different size (b); CD63+-exosomes (c); “non-vesicles” (d). Transmission electron microscopy, negative staining. The length of the scale bar corresponds to 100 nm. 
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Table 1. The most represented proteins of trophoblast-derived exosomes.
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	Most Represented Proteins
	Number of Proteins Described
	Exosome Source/Ref
	Isolation Method
	Exosome Markers





	PLAP, serotransferrin, annexin A5, α- and β-subunits of hemoglobin, serum albumin, β-actin, CD81
	11–13 1
	Placentas after term delivery [51]
	Combination of differential centrifugations, gel filtration, ultrafiltration (0,1 μm), and affinity chromatography
	CD63, CD81, PLAP



	β-actin, albumin, α-2- macroglobulin, apolipoproteins A and M, fibronectin 1, enolase, lactate dehydrogenase B
	140 2
	Cell lines JEG-3 (choriocarcinoma) and HTR-8/SVneo (from 6–12 weeks the first-trimester placenta) [18]
	Differential centrifugations + sucrose cushion ultracentrifugation
	CD63



	Actin, α-actinin-1, cofilin, filamin-A-B-C, ICAM-1, tubulins, gelsolin, profilin-1, spectrin, simplekin, mucin-4, talin, vinculin, myosins, α3-, β1- and αv- integrins
	282 2
	Cell line Sw71 (from 7 weeks first-trimester placenta) [54]
	Differential centrifugations + sucrose density gradient ultracentrifugation
	CD81, ALIX



	PLAP, proteins involved hematopoiesis, primary immunodeficiency signaling and B cell development
	340 2
	Blood of pregnant women (6–12 weeks) [13]
	Differential centrifugations + sucrose density gradient ultracentrifugation
	CD63, PLAP



	Proteins involved in vesicular transport and inflammation
	1476 2
	First trimester (8–12 weeks) placental explant [56]
	Differential centrifugations + iodixanol density gradient ultracentrifugation
	CD63



	PLAP, ADAM10, Integrin β4, integrin α6, annexins A2 and A6, syntenin-1, catenin α1, calpain-6, choline transporter-like protein 2, TNF α-induced protein 3
	1684 2
	Trophoblast cells from placentas after term pregnancy and delivery [69]
	Differential centrifugations + iodixanol density gradient ultracentrifugation
	CD63







1 MALDI-TOF-MS/MS of tryptic hydrolysates after 2D-electrophoresis. 2 LC-MS/MS of tryptic hydrolysates.
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Table 2. Changes in levels of proteins, miRNAs, and lipids in placental exosomes in preeclampsia.
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	Exosomes Source/Ref
	Isolation Method
	Targets
	Detection Method





	Plasma [98]
	Commercial kit ExoRNEasy
	miR-210 ↑
	RT-PCR



	Plasma

[99]
	Differential centrifugations + sucrose density gradient ultracentrifugation
	miR-486-1-5p ↑

miR-486-2-5p ↑
	RT-PCR



	Serum [100]
	Differential centrifugations + sucrose density gradient ultracentrifugation
	miR-155 ↑
	RT-PCR



	Plasma [101]
	Differential centrifugations
	miR-136 ↑

miR-494 ↑

miR-495 ↑
	RT-PCR



	Placental villi

[102]
	Differential centrifugations
	Phosphatidylserine ↑ Phosphatidylglycerol ↓ Ganglioside mannoside 3 ↓
	HPLC/MS



	Plasma

[57]
	Commercial kit ExoQuick + sucrose density gradient ultracentrifugation
	Sphingomyelin SM 18:0 ↑
	MALDI-MSI



	Plasma [19]
	Commercial kit ExoQuick
	sFlt-1 ↑, sEng ↑
	ELISA







↑—upregulated; ↓—downregulated.
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Table 3. Changes in levels of proteins and miRNAs in placental exosomes in gestational diabetes mellitus.
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	Exosomes Source/Ref
	Isolation Method
	Targets
	Detection Method





	Explants of chorionic villi [74]
	Differential centrifugations + iodixanol density gradient ultracentrifugation
	miR-125a-3p ↑, miR-224-5p ↑, miR-584-5p ↑, miR-186-5p ↑, miR-22-3p ↑, miR-99b-5p ↑, miR-433-3p ↑, miR-197-3p ↑, miR-423-3p ↑

miR-208a-3p ↓, miR-335-5p ↓, miR-451a ↓, miR-145-3p ↓, miR-369-3p ↓, miR-483-3p ↓, miR-203a-3b ↓, miR-574-3p ↓, miR-144-3p ↓ miR-6795-5p ↓, miR-550a-3-3p ↓, miR-411-5p ↓, miR-550a-3-3p ↓, miR-140-3p ↓
	RT-PCR



	Placental perfusate,

Plasma [108]
	Differential centrifugations
	Dipeptidyl peptidase IV ↑
	Flow cytometry



	Plasma

[24]
	Differential centrifugations + size-exclusion chromatography
	CAMK2β ↑, PAAP-A ↓

and other 76 proteins dysregulated
	SWATH-MS, ELISA







↑—upregulated; ↓—downregulated.
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