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Abstract

Extracellular vesicles (EVs) are membranous vesicles originating from different cells in the liver. 

The pathophysiological role of EVs is increasingly recognized in liver diseases including alcoholic 

liver disease, NAFLD, viral hepatitis and hepatocellular carcinoma. EVs, via their cargo, can 

provide communication between different cell types in the liver and between organs. EVs are 

explored as biomarkers of disease and could also represent therapeutic targets and vehicles for 

therapeutic delivery. Here, we review advances in understanding the role of EVs in liver diseases 

and discuss their utility in biomarker discovery and therapeutics.

Blurb

Extracellular vesicles have emerged as having key roles in liver disease. In this Review, Szabo and 

Momen-Heravi discuss the functions of extracellular vesicles in liver disease pathogenesis and 

progression, and explore their potential use as biomarkers, therapeutic targets and tools for therapy 

delivery.

The terminology referring to extracellular vesicles (EVs) has been changed substantially as 

understanding of EV biology has increased and the definitions of ‘microvesicles’, 

‘exosomes’ and ‘microparticles’, that were used interchangeably in the past, have been 

redefined.1–5 Exosomes are homogeneous vesicles (50–150 nm) that originate from 

multivesicular bodies (MVB) and represent a discrete subpopulation of the greater family of 

(EVs)2, 6, 7(FIG. 1). On the basis of mode of biogenesis and surface protein expression, 

exosomes (50–150 nm) are differentiated from other types of extracellular vesicles such as 

microvesicles (100–1000 nm) and apoptotic bodies (500–2000 nm).8In contrast to 

exosomes, microvesicles are directly formed and released from plasma membrane. Several 

proteins, such as flotillin 1, heat shock 70 kDa proteins or major histocompatibility complex 

(MHC) class I and class II proteins, were historically used as exclusive exosomal sub-

fraction biomarkers. However, new reports have suggested the presence of some of those 

markers in other subpopulations of extracellular vesicles.9 With the rapid advances in ‘-

omics’ technology, specific molecular patterns will further our knowledge about different 

types of vesicles and improve classification. However, inconsistencies in the isolation 

Correspondence to G.S. gyongyi.szabo@umassmed.edu. 

Competing interests statement: the authors declare no competing interests

Further information
Extracellular RNA Communication Consortium: http://exrna.org
International Society for Extracellular Vesicles: https://isev.org

HHS Public Access
Author manuscript
Nat Rev Gastroenterol Hepatol. Author manuscript; available in PMC 2019 February 19.

Published in final edited form as:
Nat Rev Gastroenterol Hepatol. 2017 August ; 14(8): 455–466. doi:10.1038/nrgastro.2017.71.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://exrna.org
https://isev.org


methods and mixed methodology and terminology used in the past make the distinction of 

subtypes of those vesicles difficult. We will refer to both microvesicles and exosomes using 

the collective term ‘extracellular vesicles’.

The cargo of EVs contains proteins, lipids and nucleic acid, coated with a lipid bilayer. EVs 

are secreted into the extracellular space, and thereby the circulation, by various cell types of 

the liver.10–12(FIG. 2) The EV cargo demonstrates a snapshot of the parental cell at the time 

of release and can change depending on the stimulation status and/or differentiation stage of 

the cell.1314, 15 This observation suggests that EV release and content are dynamic, 

providing opportunities and challenges in the evaluation of extracellular vesicles as 

biomarkers. EVs contain different macromolecules, including nucleic acids, proteins, and 

lipids.16–19 The composition of EVs might not be identical to the content of the cytosol of 

the cell of origin, suggesting active sorting of biomolecules into EVs.4, 15 In this Review, we 

focus on EVs and their role in physiology and the pathophysiology of liver disease and we 

will discuss their utility in biomarker discovery and their therapeutic potentials. Although 

EVs were considered initially as cellular by-products with insignificant biological 

importance, studies published in the past few years have identified EVs as conveyors of 

intercellular communication.16, 20, 21 Liver and other tissues shed EVs into the biological 

fluid and their abundance makes them compelling entities for a ‘liquid biopsy’, or a 

‘fluidome’.

Liver as the source of EVs

Although the detection of EVs production in vivo at the tissue level awaits development of 

new technologies, the in vivo presence of circulating EVs indicates that they are produced in 

specific tissues and cells.22 Most cell types in the liver have been shown to produce EVs 

under in vitro conditions, including hepatocytes, cholangiocytes, hepatic stellate cells 

(HSCs), sinusoidal endothelial cells (SECs), Kupffer cells and other different immune cell 

populations (FIG. 3).23–29 Hepatocytes, including primary murine and human hepatocytes as 

well as hepatoma cell lines secrete exosomes and microvesicles, and their production can 

change quantitatively and qualitatively in response to cellular stimulation and under different 

disease conditions.16, 30 Proteomic analysis revealed the presence of ~251 proteins in EVs 

derived from primary rat hepatocytes.31 In addition to transmembrane proteins, such as 

tetraspanins described in EVs from other cell types (including CD63, CD81 and CD82) and 

the asialoglycoprotein receptor (ASGR), enrichment of hepatocyte-specific receptors was 

also found in hepatocyte-derived EVs.31 The hepatocyte-derived EV cargo included proteins 

involved in the endosomal pathway and detoxification, cytosolic proteins including 

cytochromes, as well as secreted proteins such as coagulation-related proteins and 

apolipoproteins.31 These findings suggest that the protein and nucleic acid composition of 

cell-derived EVs can change in response to cellular stress or other stimulations, raising the 

question of whether EVs released under cell or organ stress and disease conditions could 

have a different biological role compared with normal homeostasis or could serve as 

biomarkers.16, 31

Biliary microvesicles and exosomes were found to attach to rat cholangiocyte cilia, and 

resulted in a decrease in the ratio of phosphorylated extracellular signal-regulated kinases 
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(ERK)1/2 to total ERK ½, and increased miR-15A expression and reduced cholangiocyte 

proliferation.32 Biliary EVs in chicken enhanced CD4+ and CD8+ T cell proliferation and 

macrophage activation in the liver and and inhibited avian leukosis virus replication in DF-1 

cell line.33

Circulating levels of leuko-endothelial (CD31+CD41−), pan-leukocyte (CD11a+), 

lymphocyte (CD4+) and erythrocyte (CD235a+) EVs were found to be increased in patients 

with cirrhosis compared with healthy controls. In patients with cirrhosis hepatocyte-derived 

EVs in the plasma contained elevated levels of cytokeratin-18 that was not present in healthy 

subjects. The severity of cirrhosis was found to be correlated with the levels of leuko-

endothelial and hepatocyte derived EVs. Those EVs had functional effects, as they impaired 

contraction of vessels in response to phenylephrine in a manner dependent on prostaglandin 

G/H synthase 1 (also known as cyclooxygenase 1) in rat aortic rings.34 EVs (enriched in the 

exosome fraction) derived from SECs were found to modulate HSC function. Internalization 

of SEC-derived EVs triggered sphingosine-1-phosphate-dependent migration of HSCs, 

demonstrating that EVs mediate communication between sinusoidal endothelial cells and 

stellate cells.35

The rich repertoire of immune cell populations in the liver provides another important source 

of EVs. Virtually all immune cell types including T and B lymphocytes, myeloid and 

plasmacytoid dendritic cells, macrophages, Kupffer cells and neutrophil leukocytes produce 

EVs.36–39 In vitro studies indicate that immune cell-derived EVs provide communication 

between the different cell types in the liver, both within the immune cell compartment and 

between immune and parenchymal cells. However, the full functional potential of liver and 

hepatocyte-derived EVs is yet to be fully understood. Hepatocyte-derived EVs (and not EVs 

from other liver cell types) were shown to mediate liver repair and regeneration by 

transferring ceramidase and sphingosine kinase 2 that increases synthesis of sphingosine-1-

phosphate production in target hepatocytes in ischaemia–reperfusion injury or after partial 

hepatectomy.40 In another study, EVs enriched with microRNA (miR)-122 derived from 

hepatocytes after alcohol exposure were taken up by macrophages, resulting in transfer of 

hepatocyte-derived miR-122 (FIG. 4).16 Although unstimulated macrophages have 

undetectable levels of miR-122, miR-122 transferred by EVs sensitized macrophages to 

increased TNF production in response to lipopolysaccharide (LPS) stimulation.16 

Macrophage-to-macrophage communication was also found via exosomal transfer of 

miR-27a after alcohol exposure, resulting in preferential induction of the M2, or 

alternatively activated, macrophage phenotype.14 Thus, these findings demonstrate that EVs 

released by one cell type are taken up by other cells and thereby mediate transfer of 

biomolecules, such as miRNAs, that alter functions of recipient cells. These observations 

open a new paradigm in intercellular communication in the liver, regulated by EVs.

Liver as the target of EVs

At this time the biogenesis and biodistribution of EVs is only partially understood (Box 1). 

That EVs can interact with different cells in the liver through specific receptors and cellular 

uptake is already known. For example, EVs derived from hepatocytes can modulate function 

and activation of liver macrophages or mediate liver regeneration.4 Specific EV ligands, 
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such as tetraspanins or and major histocompatibility complex (MHC)I and II, can interact 

with the target cells by different signalling pathways.41 EV uptake by most cell types is via 

endocytosis, including clathrin-dependent endocytosis and clathrin-independent pathways, 

such as caveolin-mediated uptake, phagocytosis, macropinocytosis and lipid-raft-mediated 

internalization.42 Lipid and protein interactions facilitate EV uptake, and tetraspannins, 

integrins, immunoglobulins, peptidoglycans and lectins all contribute to EV uptake by target 

cells.42

Several studies have demonstrated that the liver is an active site of EV uptake. Imai et al. 
showed that PKH26-labelled exosomes derived from the mouse melanoma cell line B16BL6 

were taken up by macrophages in the liver and spleen, but not in the lung, after intravenous 

administration.43 Bala et al. showed that after intravenous administration of miR-155-

enriched exosome-rich plasma into miR-155-deficient mice, most of the miR-155 was found 

in the liver with a lower level in the kidney.44, 45 This study suggests rapid biodistribution 

and uptake of EVs in vivo, with maximal serum levels at 5 minutes after injection and no 

detectable circulating levels after 30 min.44, 45 Cellular uptake of EV-transferred miR-155 

was found both in hepatocytes and in liver mononuclear cells, indicating rapid cellular 

uptake and clearance of circulating EVs by the liver.44, 45 The functional capacity of EVs-

derived miR-155 was indicated by increased pro-inflammatory cytokine induction in 

miR-155 knockout mice after exosomal transfer of miR-155.44, 45 Exosome-derived 

miR-146a and miR-155 were shown in another study to modulate inflammatory responses to 

endotoxin.20

Hepatocyte-derived EVs can also mediate liver repair and regeneration in ischaemia–

reperfusion injury and after partial hepatectomy.40 Interestingly, EVs derived from 

hepatocytes, and not other liver cell types, induced a dose-dependent proliferation of 

hepatocytes in vitro. Hepatocyte EVs taken up by target hepatocytes transferred neutral 

ceramidase and sphingosine kinase 2, causing increased synthesis of sphingosine-1-

phosphate in this model. Consistent with this mechanistic explanation, ablation of exosomal 

SK prevented the proliferative effect of exosomes.40

EVs in viral hepatitis

Studies from the past few years have shown that the exosome-enriched fraction of EVs can 

regulate HCV infection. HCV-infected human hepatocytes and Huh-7.5.1 cells produce EVs 

containing HCV RNA that complexes with miR-122, argonaute 2 and heat shock protein 

90.46 Furthermore, these EVs can transfer HCV infection to non-infected hepatoma cells or 

primary human hepatocytes and trigger viral replication in these newly infected cells.46 

Patients with chronic HCV infection have circulating serum EVs containing HCV RNA in 

single-strand or double-strand form, and are therefore able to mediate HCV infection to 

naive human hepatocytes.46, 47 Although new therapies for HCV eradication are increasingly 

efficacious, exosome-mediated HCV infection is considered an alternative route of HCV 

transmission that can have an effect on treatment with oral antiviral therapies.46

Extracellular vesicles from cell culture supernatant of cells infected with GBV-C or serum 

from individuals with GB virus C (GBV-C) infection, a human virus of the Flaviviridae 
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family related to HCV, were shown to inhibit T cell receptor signalling that was associated 

with the GBV-C envelope 2 protein found in EVs.48 The GBV found in the EVs was 

functional and transmitted viral RNA to peripheral blood mononuclear cell (PBMCs) in vitro 

resulting in productive infection.49 These observations highlight the importance of EVs in 

viral hepatitis infection and transmission.

Patients with chronic hepatitis C virus infection showed increased platelet activation and a 

percentage of platelet-derived EVs in the circulation compared to patients with chornic 

hepatitis B infection. The percentage of platelet-derived EVs in these individuals correlated 

with levels of liver fibrosis markers, such as serum hyaluronate and N-terminal propeptide of 

type III procollagen, indicating the possible role of platelet activation, increased number of 

EVs and liver fibrosis. This may indicate a possible role for platelet activation increasing EV 

number and mediating liver fibrosis, a concept that deserves further investigation.50

In a 2013 study, Li et al.51 reported that in vitro IFNα treatment induced the transfer of 

HBV resistance from non-permissive liver nonparenchymal cells to permissive hepatocytes 

via EVs containing antiviral proteins.51 HBV nucleic acids and proteins have also been 

found in EVs in the sera of patients with chronic HBV infection.52 These EVs interacted 

with natural killer cells and impaired their function, resulting in decreased IFNγ production 

and reduced expression of ATP-dependent RNA helicase DDX58 (also known as retinoic 

acid-inducible gene 1 protein; RIG-I), an intracellular viral sensor receptor. In HCV 

infection, HCV induced monocyte differentiation into M2 macrophages, which in turn 

promoted HSC activation; this stellate cell activation effect was reproduced by EVs derived 

from HCV-infected hepatocytes.53 Collectively, these results suggest that EVs have an 

important role in viral transmission of both HCV and HBV, as well as in undermining innate 

immune responses in chronic viral hepatitis.

EVs in steatohepatitis

In experimental steatohepatitis induced in mice by choline-deficient, L-amino acid-defined 

(CDAA) and high fat diets, the levels of circulating extracellular vesicles, both exosomes 

and microvesicles, were increased compared with controls.54 Proteomic analysis of the EVs 

revealed differences in the cargo between NAFLD and controls. The authors proposed that 

the liver was a source of the EVs on the basis of their miR-122 and miR-192 content because 

these are liver-predominant miRs abundantly expressed in hepatocytes..54 Lipotoxic 

activation of hepatocytes with free fatty acids was also shown to induce release of 

extracellular vesicles enriched in ceramide, and these vesicles induced macrophages 

chemotaxis, suggesting a mechanism for NASH-related inflammation.55Consistently, high-

fat diet in rats increased the number of circulating EVs that promoted inflammation.56. 

Increased quantities of hepatocyte-derived EVs were detected in the blood of mice with 

high-fat-diet-induced steatohepatitis, and the increase in circulating extracellular vesicles 

correlated with disease severity. Those vesicles were internalized into HUVEC cells in vitro 

by a mechanism dependent on pantetheinase (also known as Vanin-1), and promoted 

angiogenesis and induced liver damage in steatohepatitis. Hepatocyte-conditioned media in 

which the EVs were removed by ultracentrifugation lacked proangiogenic activity57. In 

another report, patients with NAFL showed increased numbers of EVs originating from 
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invariant natural killer T cells and CD14+ macrophages and monocytes, which have a 

pathogenic role in disease progression. The number of EVs correlated well with plasma 

levels of alanine transaminase (ALT) and the severity of disease as assessed by histology.58 

In the context of NASH, it has been shown that lipids induce release of EVs from primary 

human and mouse hepatocytes through a death receptor 5 (also known as tumor necrosis 

factor receptor superfamily member 10B) signalling pathway, which then activate an 

inflammatory phenotype in macrophages.59 Consistent with this, mixed lineage kinase 3 

(MLK3, also known as mitogen-activated protein kinase kinase kinase 11) induces the 

release of C-X-C motif chemokine 10 (CXCL10)-laden EVs from hepatocytes treated with 

lipotoxic lipids, which induce macrophage chemotaxis. MLK3-deficient mice fed a NASH-

inducing diet showed diminished number of total plasma EVs and EVs containing CXCL10 

compared with wild-type mice.60

In patients with alcoholic hepatitis, the number of circulating EVs, particularly exosomes, 

was found to be higher compared with healthy individuals.16, 61 Likewise, in a mouse model 

of alcohol-induced steatohepatitis, the number of circulating EVs was increased compared 

with the pair-fed controls, and these EVs were enriched in miR-122, miR-192 and miR-30.62 

The clinical relevance of these findings was confirmed in patients with alcoholic hepatitis, in 

which increased numbers of circulating EVs containing elevated levels of miR-122, 

miR-192 and miR-309 were found.62 Acute alcohol binge drinking also increased the 

number of circulating EVs in healthy volunteers, and these EVs were enriched in miR-122 

an miR-155.16 In vitro, alcohol treatment induced the release of EVs in hepatoma cells and 

in primary mouse and human hepatocytes.16 Alcohol treatment also induced EV release in 

macrophages, suggesting that EV production in alcoholic liver disease occurs in both 

parenchymal and immune cells.14 In alcoholic liver disease, hepatocyte-derived EVs 

enriched in miR-122 are taken up by macrophages, resulting in functional changes and 

sensitization of these cells to LPS-induced pro-inflammatory responses.16 These observation 

suggest an important and unexpected role for hepatocyte-derived EVs in modulation of 

inflammation in alcoholic diver disease (FIG. 4). A 2016 study by Verma et al., showed that 

hepatocytes release CD40-ligand -containing EVs in a caspase-dependent manner in 

response to alcohol exposure, and that these EVs promote macrophage activation and 

contribute to the inflammatory profile of alcoholic hepatitis.61 Together these observations 

suggest dynamic, EV-mediated communication between hepatocytes and macrophages in the 

liver.

EVs in drug-induced liver injury

Circulating extracellular vesicles are now in focus as potential biomarkers in DILI.63 In a 

mouse model of paracetamol-induced liver injury, increased serum miR-122 levels were 

found both in the exosomal rich and protein-rich serum fractions.64 In a rat model of 

paracetamol -induced DILI, increased numbers of circulating EVs were found and these EVs 

showed elevated levels of miR-122 and albumin mRNA.63 Increased serum miR-122 levels 

were also found early in patients with paracetamol-related liver injury and the microRNA 

profile in paracetamol-induced DILI showed some specificity compared with ischaemic 

hepatitis.65 In another study, proteomic analysis of EVs isolated from the sera of rats after 

D-galactosamine (GalN) or LPS administration showed a characteristic protein composition 
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that correlated with liver toxicity, indicating the potential of EV protein cargo as a biomarker 

in DILI.24

EVs in liver fibrosis

The hallmark of liver fibrosis is activation of HSCs. A study by Chen et al. showed that 

quiescent HSCs produce EVs containing high levels of Twist related protein 1, which drives 

miR-214 expression and results in decrease in mRNA levels for connective tissue growth 

factor (CCN2).26 Exosomal Twist1 was shown to shuttle between activated and quiescent 

HSCs, and hepatocyte-derived EVs also regulated miR-214 expression in HSCs, 

demonstrating a complex intercellular interaction involving EVs and miRNAs in liver 

fibrosis.26 In another study, EVs derived from endothelial cells were internalized by HSCs, 

resulting in sphingosine-1-phosphate-dependent HSC activation and promotion of liver 

fibrosis.35

EVs in liver cancer

Cancer cells, including hepatocellular cancer (HCC) cell lines, secrete increased numbers of 

EVs compared with non-cancer cells, and these EVs have pro-metastatic effects.66, 67 EV 

release from HCC cell lines was also increased after anticancer drug exposure and those EVs 

could activate natural killer cells to elicit antitumour immunity.68 This study also found that 

EVs containing heat-shock proteins (hsp60, hsp70, hsp90) stimulate cytotoxicity and 

granzyme B production in natural killer cells.68 Furthermore, stem cell-derived EVs 

(enriched for the microvesicle fraction) inhibited HCC growth and survival in a mouse 

model of the disease.28 Growth of HepG2 hepatoma cells was inhibited both in vitro and in 
vivo by addition of EVs microvesicles derived from human bone marrow mesenchymal stem 

cells (MSCs); however, the mechanism by which MSC-derived extracellular vesicles exert 

this effect is yet to be understood.69

EV-associated RNA from colorectal cancer cells is delivered to hepatoma cells and lung cell 

lines in vitro, and this observation has raised the possibility of cancer metastasis via 

exosome-mediated nucleic acid delivery.70 EVs derived from pancreatic cancer promote 

liver metastasis by initiating pre-metastatic niche formation that involves uptake of 

exosome-derived factors, such as Macrophage migration inhibitory factor (MIF), causing 

Kupffer cell and hepatic stellate cell activation. This process generated a fibrotic 

microenvironment with immune cell infiltration that promoted metastasis.71 In a 2015 article 

by Wang et al., EVs derived from a highly liver metastatic colorectal cancer cell line 

(HT-29) increased the metastatic tumour burden and extension in the mouse liver of Caco-2 

colorectal cancer cells, which usually demonstrate poor liver metastatic potential. It has been 

suggested by Wang et al that HT-29 cancer cells promote colorectal cancer metastasis by 

recruiting C-X-C chemokine receptor type 4 (CXCR4)-expressing stromal cells, which are 

permissive to metastatic niche formation.72
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EVs as novel biomarkers

Biomarker discovery represents an approach for the early detection, monitoring and 

evaluation of treatment response in various liver diseases. Different definitions of 

biomarkers have been reviewed in Box 2. Although the gold standard approach is still liver 

biopsy, there is great demand for non-invasive markers of liver diseases, such as biomarkers 

and ‘liquid biopsy’ that could mitigate the need for the invasive liver biopsy.62, 73, 74. 

Currently, the blood-based assessment of liver injury extent is based on levels of hepatic 

enzymes including ALT, aspartate aminotransferase (AST), alkaline phosphatase and γ-

glutamyltranspeptidase (GGT). However, serum hepatic enzymes activities are not specific 

within a spectrum of different liver diseases and these traditional markers do not always 

correlate with the stage of liver disease or extent of hepatocellular injury and/or 

inflammation.75

Several studies documented the potential utility of EV-based biomarkers in liver diseases, 

especially in HCC.12, 76–78 Using EVs as biomarkers potentially provides new dimensions in 

nucleic-acid based and protein-based diagnostics. First, due to membrane coating, EVs 

protect their protein and nucleic acid cargo from degradation,79 an attractive property for use 

in diagnosis. Second, EVs are enriched with highly selected markers during exosomal 

sorting, which otherwise constitute only a very small proportion (<0.01%) of the total 

proteome of body fluids.80 This enrichment of diagnostic molecules in EVs facilitates 

identification of low abundance nucleic acid or protein biomarkers that normally would go 

undetected. In circulating EVs in healthy individuals, ~66 proteins were identified, most of 

which were involved in vesicular trafficking pathways.19, 81 Third, confining biomarker 

discovery to EVs, as opposed to total plasma or serum, will decrease the complexity of the 

assay.24 Fourth, the number of EVs reflects the metabolism of cells in tissues and analysis of 

their cargo might provide direct information on disease progression, recovery and drug 

response. As such, the discovery of novel candidate nucleic acids and protein biomarkers in 

EVs could open new avenues of investigation in assessing progression/recovery/therapy 

response. Specific protein contents or nucleic acid contents of EVs have been suggested as 

biomarkers for detection of different liver disease (Table 1), yet none of the suggested 

biomarkers has been validated in independent studies, and none of the studies of these 

biomarkers in liver disease has adequately established sensitivity and specificity.

EV proteins as potential biomarkers of liver disease

Several potential protein-based EV biomarkers have been introduced for liver diseases 

(Table 1). Full length soluble receptor-type tyrosine-protein phosphatase γ (sPTPRG) 

isoforms associated with EVs have been identified as a biomarker for liver injury in human 

and mouse plasma.82 A positive correlation between high plasma levels of sPTPRG and liver 

damage was observed in human plasma samples with low (ALT<40 U/ml) or increase 

(ALT>450 u/ml) levels.82 EVs were also identified as conveyors of CTGF as they 

transferred CTGF between HSCs and subsequently amplified fibrogenic signalling. This 

finding suggests that EVs containing CTGF could have utility as a noninvasive biomarker to 

assess hepatic fibrosis.83 In another study, soluble CD81 was increased in serum EV fraction 

in patients with chronic hepatitis C compared with healthy subjects and patients who had 
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recovered, and EV-associated soluble CD81 levels were associated with plasma ALT levels 

and severe forms of liver fibrosis.84

In a proteomic study on EVs derived from cultured hepatocytes and EVs from the sera of 

liver-injured mice, increased levels of some liver-specific proteins such as the enzymes 

carbamoyl phosphate synthase 1 (CPS1), S-adenosylmethionine synthase 1 (MAT), and 

catechol O-methyltransferase (COMT) were observed.24 In agreement with these results, 

upregulation of MAT enzyme levels have been previously shown to be required for the 

proper liver regeneration in hepatectomized mice.24, 85 Circulating EVs enriched in liver-

origin proteins were isolated from the plasma of patients with HCC using affinity isolation 

specific to the monoclonal antibody hepatocyte paraffin 1 (Hep Par 1).86 The levels of these 

liver-specific circulating EVs were increased in patients with HCC and correlate well with 

the size of the liver tumours.86 In another study on urine samples in an acute liver injury 

animal model, a set of differentially expressed proteins including CD26, CD81, SLC3A1 

and CD10 were identified and proposed as biomarkers of liver disease. Notably, D-

galactosamine-treatment that incudes acute liver injury, results in a severe reduction in some 

proteins that normally are clearly detected in urinary vesicles in rats suggesting that protein 

composition of urinary EVs can reflect liver damage.87

Nucleic acid cargo of EVs as biomarkers in liver diseases

The cargo of EVs includes both proteins and nucleic acid, however, most studies to date 

focused on characterizing nucleic acid composition. EV-associated nucleic acids, especially 

microRNAs, have generated interest as biomarkers for various diseases (Table 1). Several 

microRNAs have been introduced as potential biomarkers of HCC. miR-718 showed 

decreased expression in serum EVs of patients with HCC with recurrence after liver 

transplant compared with those without recurrence. Decreased levels of miR-718 were 

associated with HCC tumour aggressiveness in a different cohort of patients.66 In another 

study, miRNA-21 was shown to be elevated in the serum EV fraction of patients with HCC 

compared with the EV-depleted serum fraction, and the level of serum exosomal miR-21 

was higher in patients with HCC than in healthy controls and patients with chronic hepatitis 

B. High levels of emiR-21 expression were correlated with cirrhosis and advanced tumour 

stage. EV-associated miR-21 was reported to have higher diagnostic sensitivity and accuracy 

than miR-21 in whole serum.88

In a 2012 study, our group showed that increased serum and plasma levels of miR-122 

correlated with ALT increases in different liver damage models induced by alcohol, 

paracetamol or TLR9 ligands (CpG dinucleotides and LPS).64 Both miR-155 and miR-146a, 

referred to as “inflammamiRs”89, were increased in the serum and plasma of mice with 

inflammation-related liver diseases such as alcohol-induced liver injury or after CpG and 

LPS administration.64 Both in alcoholic and TLR9- plus TLR4-mediated inflammatory liver 

injury models, serum and plasma miR-122 and miR-155 were predominantly associated 

with the EV-rich fraction in mice, in contrast to DILI in which these miRs were enriched in 

the protein-rich fraction.64 The number of circulating EVs was also increased in patients 

with acute alcoholic hepatitis compared with healthy controls.16
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Increased numbers of EVs and elevated levels of miR-122 were also found in EVs isolated 

from the sera of patients with alcoholic hepatitis or healthy individuals after binge drinking 

alcohol, compared with healthy controls and individuals own established baseline levels, 

respectively.16, 62 In addition to miR-122, levels of miR-192 and miR-30a were increased in 

EVs isolated from the sera of mice chronically fed ethanol or patients with alcoholic 

hepatitis.62 miR-192 showed the highest diagnostic accuracy of alcoholic hepatitis, 

identified by an area under the curve (AUC) of 0.96 (P <0.001). miRNA-122 and 

miRNA-30a demonstrated an AUC of 0.92 (P <0.001) and 0.85 (P <0.05), respectively.62

Discovery of EV biomarkers

Despite EVs holding promise for new biomarker discovery, large studies on the diagnostic, 

prognostic and predictive value of EV biomarkers in different liver diseases are lacking (Box 

1). Although EVs have been shown to associate with known markers of pathogenesis, 

association of EVs with patient-oriented outcomes such as prognosis and response to the 

treatment are yet to be evaluated. Moreover, independent comprehensive studies in well-

characterized patient populations are needed to assess the sensitivity and specificity of EV 

biomarkers in relation to clinical outcomes. These studies will aid discoveries of EV 

biomarkers in liver diseases that should not be limited to miRNAs, and will probably involve 

other nucleic acids (for example long non-coding RNAs (lncRNAs)), proteins and lipid 

markers. Additional limitations include the requirement to standardize EV, exosome and 

microvesicle isolation procedures from various biofluids. Although there has been 

substantial progress in this area in the past 5 years through the NIH extracellular RNA 

Communication Consortium and the International Society for Extracellular Vesicles, 

challenges regarding isolation, pre-analytical and post-analytical aspects of EV biomarker 

use still remain. Although different isolation techniques are available and optimization of 

these techniques was the subject of rigorous research, each technique has its own advantages 

and limitations and the proper isolation method or combination of methods must be chosen 

on the basis of the research question, quantity and quality and level of purity needed. Table 2 

overviews some of the available isolations technique as well as their applications and 

limitations. One important pre-analytical issue in EV biomarker discovery is the lack of a 

generally accepted standardization in isolation methods and guidelines related to sample 

collection and handling for EV studies. Conditions of sample storage, EV isolation methods 

and subsequent RNA isolation methods can affect downstream RNA and protein profile. For 

example, Zhou et al. reported that freezing at −20°C lead to a major loss in urinary EVs 

compared with storing at −80°C90. Increasing time between venipuncture and centrifugation 

has also been reported to induce degradation and rupture of EVs91. Another example of a 

pre-analytical parameter that should be taken into account is the effect of circadian rhythm 

on EV cargos. For instance, expression of solute carrier family 12 member 3 (also known as 

Na-Cl cotransporter, NCC) and prostasin in urinary EVs has been reported to be affected by 

circadian rhythm92.

EVs as therapeutic tools in liver diseases

The use of EVs, especially the exosome subpopulation, as vehicles for RNA interference 

(RNAi) and drug delivery has generated considerable attention in the scientific community. 
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EVs are bioavailable, biocompatible and resistant to RNases and proteases.93, 94 These 

characteristics make EVs ideal vehicles for the delivery of drugs, proteins, microRNAs, 

silencing RNA (siRNA) and other molecules that would otherwise be rapidly degraded (Box 

1). EVs provide opportunities to deliver tissue-targeted siRNA and miRNAs to regulate gene 

expression within target cells. Studies suggest that the liver is a primary site of EV uptake 

after intravenous delivery45, and experimental evidence has shown the potential use of EVs 

(especially the exosome subfraction) in delivering targeted RNA-based therapies in the 

context of liver diseases.45, 95 Our group found that EVs can efficiently deliver a miR-155 

mimic or inhibitor to macrophages and hepatocytes both in vitro and in vivo.45, 95 

miRNA-155 was previously shown to be an important mediator of liver inflammation in 

alcoholic hepatitis.96 Thus, EVs derived from B cells, which harbour very low levels of 

endogenous miRNA-155, were used to introduce an exogenous miRNA-155 synthetic mimic 

and a miRNA-155 inhibitor to RAW macrophages. The transferred miRNA inhibitor and 

mimic were both active and delivery of the miR-155 inhibitor to RAW macrophages induced 

functional knock-down of TNF protein production by more than 50%.95 In vivo, EVs 

successfully delivered an exogenous miR-155 mimic to the liver and isolated hepatocytes in 

miR-155 knockout mice.45, 95 Exosome-mediated delivery of RNAi is shown in FIG. 5.

EV-based delivery methods for targeting different pathways involved in liver diseases are 

faced with several remaining challenges. First, before EVs can be used as therapy in 

humans, standardization and quality control of EVs will have to adhere to industry and/or 

regulator standards. This is a challenge together with the cost of large-scale production of 

EVs.2 Second, because EV contents vary based on the type and state of parental cells17, the 

type of EV selection for delivery will be critical and should be selected based on the type of 

recipient cells and the target molecule. Third, although clinical trials have demonstrated that 

autologous EVs are well-tolerated after repetitive administration97, the clinical therapeutic 

benefit of EV-based or exosome-based therapy in specific liver diseases awaits randomized 

controlled clinical trials.

The relevance of EV-mediated signalling in the initiation and progression of liver disease 

renders EVs a unique class of therapeutics targets. Different possibilities in the clinical 

setting, although still largely theoretical, include interruption of EV-mediated cross-talk 

between cells in the diseased liver. Our group showed that EVs have pivotal roles in an 

alternative route of HCV cellular transmission and possibly resistance cases of HCV.46 EV 

removal from the circulation or inhibition of EV uptake by target recipient cells could be 

attractive therapeutic options in mitigating HCV transmission via EVs. EVs can be depleted 

from the circulation using approaches similar to the removal of circulating antibodies by 

extracorporeal dialysis utilized in autoimmune diseases.98 In principal, this approach could 

be tailored for other liver diseases in which exosomes mediate deleterious paracrine effects. 

Inhibition of EV uptake is another approach that can be achieved by administration of PPIs.
99 Administration of a PPI effectively interfered with exosome uptake and prevented 

transmission of EV-mediated HCV infection in vitro in Huh 7.5 cells.46 However, the high 

concentration of proton pump inhibitors needed in vivo to inhibit EV uptake is a major 

limitation.
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Studies published in the past few years indicate the involvement of EVs in repairing tissue 

and organ damage, which can partially explain the paracrine effects reported in the stem cell 

therapies.100, 101 The content of EVs can elicit cell recruitment, differentiation and 

proliferation.101 Mesenchymal-stem-cell-derived EVs promote hepatic regeneration in DILI 

animal models by inducing the IL-6–STAT3 pathway and cell cycle progression.100 In a 

mouse model of liver fibrosis induced by carbon tetrachloride, EVs derived from human 

umbilical cord mesenchymal stem cells attenuated liver fibrosis, as indicated by reduced 

surface fibrous capsules, reduced production of collagen type I and type III, reduced serum 

levels of transforming growth factor β and improved serum AST level.102 The use of stem-

cell-derived EVs instead of stem cells engraftment might open new perspectives for hepatic 

regenerative therapies. This approach would be beneficial from different perspectives. First, 

using EVs derived from stem cells instead of the cells themselves would remove concerns 

about aberrant stem cell differentiation, high immune reaction risks and risk of 

carcinogenesis.103, 104 Second, immunosuppressive effects associated with certain types of 

EVs could support liver tissue regeneration.105 Third, EVs and exosomes could be isolated 

from the blood and could be stored while maintaining their biological properties for 

years104, facilitating their use for liver regeneration at later time-points. It is tempting to 

speculate that exosomes isolated from patients with an early phse of liver disease could be 

explored for personalized medicine approaches if the patient reaches advanced liver disease. 

Although EVs offer hope for circumventing the complications associated with the use of 

viable cells in regenerative medicine, further meticulous investigations are warranted to 

study the procarcinogenic and anticarcinogenic properties reported for mesenchymal-stem-

cell-derived EVs.28

Conclusion

EVs contain various biological macromolecules, including proteins, genetic material and 

lipids, and have pivotal roles in conveying information between different cell types in the 

liver. EVs can alter function and activate different pathways in recipient cells, which then 

contribute to the initiation, progression and pathogenesis of different liver diseases. 

Circulating EVs are emerging as potential biomarkers of liver disease and in monitoring 

responses to treatment. EVs could be used for liver disease modification or liver 

regeneration, and exploiting the inherent ability of EVs to deliver nucleic acids and other 

drug cargoes to cells in the liver might see EVs emerge as a novel therapeutic approach. Box 

1 demonstrates potential projections of the field and future directions by the authors.
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Box 1

Future research directions

Common definitions of EVs types, specific isolation techniques and characterization of 

EVs, exosomes and microvesicles have led to greatly expanding research into EVs in the 

past few years. Application of ‘-omics’ technologies such as proteomics, lipidomics and 

transcriptomics have advanced EV studies to promise new understanding of liver and 

biliary diseases.

Research areas for the role of EVs in liver disease

• exploring the biogenesis and biodistribution of EVs

• understanding the role and potential of EVs in intercellular and inter-organ 

communication

• the use of EVs as biomarkers and non-invasive diagnostic tools

• exploiting EVs as therapeutic tools and delivery systems.

The comprehensive understanding of EVs and their subtypes and cargoes in liver diseases 

should lead to the development of EV-based biomarkers (liquid biopsy) to aid disease 

diagnosis. EVs should be exploited in assessment of disease prognosis, stratification of 

patients and monitoring of disease progression and/or treatment response in the context 

of personalized medicine. Future studies for EV-based biomarker discovery should use 

multi-analytical approaches in independent large cohorts, with comparison against 

current diagnostic methods and biomarkers to identify molecular signatures associated 

with different liver diseases. Such discoveries should pinpoint potential targets of 

pharmacological intervention in liver disease. Given the complexity of cells that play 

roles in the initiation and progression of liver disease, a comprehensive reference profile 

for cell-specific and tissue-specific EVs and their molecular signatures should be 

produced. On the basis of studies indicating that exosomes released from one cell type in 

the liver can modulate the function and/or reprogram other cell types within the liver, 

additional exploration of EVs in intercellular communication and disease progression is 

warranted. Finally, the stability and easy cellular uptake of exosomes makes them 

attractive for their potential as delivery vehicles in therapeutic interventions. Many 

challenges remain, including the inability to track EV production and distribution in vivo, 

the need for better markers to assess specificity in, the cell-of-origin for EVs and the 

requirement for standardization in diagnostic and therapeutic applications of EVs.
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Box 2 |

Definitions of biomarkers _box is OK

Institute source Definition Refs

NIH Biomarkers 
defined as “a 
characteristic 
that is 
objectively 
measured and 
evaluated as 
an indicator of 
normal 
biologic 
processes, 
pathogenic 
processes, or 
pharmacologic 
responses to a 
therapeutic 
intervention”

106

National Cancer Institute A biological 
molecule 
found in 
blood, other 
body fluids, or 
tissues that is 
a sign of a 
normal or 
abnormal 
process, or of 
a condition or 
disease. A 
biomarker 
may be used 
to see how 
well the body 
responds to a 
treatment for a 
disease or 
condition. 
Also called 
molecular 
marker and 
signature 
molecule.

http://www.cancer.sov/publications/dictionaries/cancer-terms?cdrid=45618

Current Opinion HIV The term 
‘biomarker’, a 
portmanteau 
of ‘biological 
marker’, refers 
to a broad 
subcategory of 
medical signs 
- that is, 
objective 
indication of 
medical state 
observed from 
outside the 
patient - 
which can be 
measured 
accurately and 
reproducibly.

107

WHO Biomarker: a 
chemical, its 
metabolite or 
the product of 
an interaction 
between 

http://www.who.int/ceh/capacity/biomarkers.pdf
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Institute source Definition Refs

chemical and 
some target 
molecule or 
cell that is 
measured in 
the human 
body.
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Key Points:

• Extracellular vesicles (EVs) are secreted by various liver cell types to the 

extracellular space and circulation

• Coated with a lipid bilayer, EV cargo contains proteins, lipids and nucleic 

acids

• The EV cargo represents a snapshot of the parental cell at the time of release; 

cargo can change depending on the stimulation status and/or differentiation 

stage of the cell

• EVs are explored as biomarkers of disease and might also represent 

therapeutic targets and vehicles for therapeutic delivery

• EVs can interact with different cells in the liver through specific receptors and 

cellular uptake

• Increased levels of circulating EVs have been found in alcoholic liver disease, 

NASH, viral hepatitis, drug-induced liver injury and hepatocellular carcinoma
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Figure 1 |. Extracellular vesicles biogenesis and release.
Early endosomes are formed as a result of endocytosis at the plasma membrane (1). Rab5 

and Rab3 mediate formation of early endosomes. Early endosomes maturate to 

multivesicular bodies (MVB) (2), which lead to formation of exosomes. The components of 

the endosomal sorting complex required for transport (ESCRT) complexes are involved in 

MVB and exosome biogenesis. Rab27 proteins facilitate MVB trafficking and docking on 

the plasma membrane, leading to MVB exocytosis and exosomes release (3). Microvesicles 

forms as a result of blebbing of plasma membrane. Extensive plasma membrane blebbing 

occurs at the plasma membrane of apoptotic cells and leads to the formation of apoptotic 

bodies. ER, endoplasmic reticulum; ESCRT, endosomal sorting complexes required for 

transport; MVB, Multivesicular bodies.
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Figure 2 |. Exosome composition.
Schematic representation of exosomes and example of their molecular cargos. Ago2, 

Argonaute 2; ALIX, ALG-2-interacting protein × (also known as programmed cell death 6-

interacting protein); GAPDH, glyceraldehyde-3-phosphate dehydrogenase; HSP90, heat 

shock protein 90; lncRNA, long non-coding RNA; MHC1, major histocompatibility 

complex class 1; MHC2, major histocompatibility complex class 2; RABs, Ras-related 

proteins; TSG101, tumor susceptibility gene 101.
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Figure 3 |. Extracellular vesicle (EV) biogenesis and functional role of EVs in liver physiology 
and pathology.
Biliary EVs can exert functional effects in various signaling pathways including protein 

kinase activation and decreased cholangiocyte proliferation. Exosomes secreted by 

hepatocytes induce proliferative function in liver regeneration and play a role in spread of 

infections in viral hepatitis. In alcoholic hepatitis, hepatocyte derived exosomes contain 

different miRNAs which induces hyperinflammatory phenotype. In hepatocellular 

carcinoma exosomes showed pro-tumorigenic activity associated with tumor progression 

CEACAM1, Carcinoembryonic antigen-related cell adhesion molecule 1; CEACAM6, 

Carcinoembryonic antigen-related cell adhesion molecule 6; EPK, Eukaryotic protein 

kinase; ESCRT, Endosomal sorting complexes required for transport; miR, microRNA; S1P, 

Sphingosine-1-phosphate. SEC, sinusoidal endothelial cells; SK2, sphingosine kinase 2
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Figure 4 |. Role of exosomes in the pathogenesis of alcoholic hepatitis.
Ethanol induces increased hepatocyte secretion of extracellular vesicles (EVs) harboring 

elevated levels of microRNA (miR)-122, miR-192 and miR-30a. Alcohol can activate cell 

regulatory networks controlling inflammation and cell death including caspases which can 

lead to activation of apoptosis pathways and increase in exosome production. miR-122 

sensitizes macrophages to lipopolysaccharide (LPS) stimulation and induces an augmented 

pro-inflammatory profile. Alcohol increases secretion of EVs, which are taken up by naive 

monocytes and induce an M2 macrophage phenotype, as indicated by M2 surface markers 

(CD68, CD163 and CD206) and increased levels of IL-10 and transforming growth factor β 
(TGFβ). EVs derived from hepatocytes contain CD40L, and after being taken up by 

monocytes these EVs promote macrophage activation, contributing to inflammation in 

alcoholic hepatitis. ER, endoplasmic reticulum; MVB, multivesicular body; TLR4, Toll-like 

receptor 4.
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Figure 5 |. Exosomes for delivery of RNA interference (RNAi) therapeutics.
a | Synthetic RNAi can be introduced to the exosomes by electroporation. The protocol for 

loading of exosomes should be optimized for the special target, cargo and model. After 

loading, exosomes should be re-isolated and the loading efficacy of RNAi should be 

established and be optimized if necessary b |Exosomes are injected and can be taken up by 

different liver cells by clathrin-mediated endocytosis. Introduction of targeting moieties 

(such as introduction of the APOE to the exosomal lipid bilayer for more rapid and targeted 

delivery to the hepatocytes) can facilitate the uptake of exosomes by specific liver cells. 

EVs/Exosomes can deliver their cargo after cellular uptake. c | EVs/Exosomes deliver 

synthetic RNAi cargo to the cells. Transferred RNAi can use the host cell RISC complex or 

exosome- delivered RISC complex. RISC complex to induce degradation of cleavage of 

target mRNA. AP2, adaptor protein complex 2; RISC, RNA-induced silencing complex

Szabo and Momen-Heravi Page 27

Nat Rev Gastroenterol Hepatol. Author manuscript; available in PMC 2019 February 19.

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

Szabo and Momen-Heravi Page 28

Table 1.

EV cargo as suggested biomarkers of different liver diseases

HCC, hepatocellular carcinoma; Hep par 1, hepatocyte paraffin 1; miRNA, microRNA;

Type of liver disease Species Type of biological 
fluid

Content of EVs Control group Refs

Nucleic acid-based biomarkers

Alcoholic hepatitis Mice Serum, Plasma ↑miR-122
↑miRNA-155

Pair-fed mice 64

Alcoholic hepatitis Human Serum ↑miR-122 Healthy individuals, patients 
own baseline before binge

16

HCC Human Serum ↓miR-718 Healthy individuals 66

HCC Human Serum ↑miR-21 Healthy individuals, patients 
with HB V

88

Liver fibrosis Mice Serum Twistl, miR-214, CCN2 
increased

Control mice 26

Alcoholic hepatitis Mice Serum miR-122, miRNA-192, 
miRNA-30a, increased

Control mice 62

Hepatitis C Human Serum miR-122, miRNA-134, 
miRNA-424–3p, miRNA 
629–5p, increased

Healthy individuals 46

Protein-based biomarkers

Liver injury Human Serum, Plasma ↑sPTPRG Subjects without liver injury 82

Hepatitis C Human Serum ↑soluble CD81 Healthy individuals 84

HCC and hepatitis C 
cirrhosis

Human Plasma ↑Hep par 1 Hepatitis C cirrhosis without 
HCC

86

Acute liver injury (D-
galactosamine)

Rats Urine CD26, CD81, Slc3A1 and 
CD10

Control rats 87

sPTPRG, soluble receptor-type tyrosine-protein phosphatase γ.
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Table 2:

Methods for isolation of exosomes or extracellular vesicles Yes, OK

Isolation method (basic principal) Method principal Advantages Limitations

Ultracentrifugation Different sedimentation based 
on particle density and size, can 
be followed by sucrose gradient 
and immunoaffinity methods 
for better purity and isolation of 
EV subtypes

Most frequently used and 
standardized method

Low yield
Time consuming protocol
Expensive
Co-participation of protein
aggregate or viral lipoprotein46,108

Size exclusion techniques Serial filtration and 
chromatography

Inexpensive and not 
technique sensitive

Lack of efficient concentration of 
EVs unless being used with 
ultrafiltration concentrator
Risk of deflection and breakup of 
large EVs due to the filtration 
force109

Immune affinity isolation Antibody targeted toward 
specific exosomes/EVs surface 
marker

Robust sensitivity and 
specificity for isolation of 
special subset of EVs110

Expensive
Cross reactivity of antibody
Low yield111

Microfluidic techniques Isolating EVs in micro channels Low amount of initial EV-
containing fluid required
Possibility of combining 
with immune affinity 
methods112

Not validated
Low yield
Unproven efficiency and clinical 
utility in comparative studies

Polymeric Precipitation reagents Precipitation of exosomes or 
EVs by means of dissolving 
polymers

Fast and efficient isolation
High yield of 
exosomes/EVs and EV-
associated RNA
Efficient in clinical setting
Can be combined by 
immune affinity isolation 
methods to increase purity 
46, 96

Risk of co-precipitation of proteins 
and viruses, except when used in 
combination with immune affinity 
methods46

Porous structures113 Trap small EVs through porous 
microstructures

Fast Only suitable for isolation of small 
EVs
No validation comparative study 
available112

EV, extracellular vesicle.
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