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The emerging roles of microvesicles
in liver diseases

Sara Lemoinne, Dominique Thabut, Chantal Housset, Richard Moreau, Dominique Valla,
Chantal M. Boulanger and Pierre-Emmanuel Rautou

Abstract | Microvesicles (MVs) are extracellular vesicles released by virtually all cells, under both
physiological and pathological conditions. They contain lipids, proteins, RNAs and microRNAs and act

as vectors of information that regulate the function of target cells. This Review provides an overview of

the studies assessing circulating MV levels in patients with liver diseases, together with an insight into the
mechanisms that could account for these changes. We also present a detailed analysis of the implication
of MVs in key processes of liver diseases. MVs have a dual role in fibrosis as certain types of MVs promote
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fibrolysis by increasing expression of matrix metalloproteinases, whereas others promote fibrosis by
stimulating processes such as angiogenesis. MVs probably enhance portal hypertension by contributing
to intrahepatic vasoconstriction, splanchnic vasodilation and angiogenesis. As MVs can modulate
vascular permeability, vascular tone and angiogenesis, they might contribute to several complications

of cirrhosis including hepatic encephalopathy, hepatopulmonary syndrome and hepatorenal syndrome.
Several results also suggest that MVs have a role in hepatocellular carcinoma. Although MVs represent
promising biomarkers in patients with liver disease, methods of isolation and subsequent analysis must

be standardized.

Lemoinne, S. et al. Nat. Rev. Gastroenterol. Hepatol. advance online publication 4 February 2014; doi:10.1038/nrgastro.2014.7

Introduction

Microvesicles (MVs) are part of a group of extracellular
vesicles that also includes exosomes and apoptotic
bodies. Schematically, these three different types of
vesicles have been defined by their size, mechanisms
of production, and protein and lipid content. The main
features of these extracellular vesicles are shown in
Figure 1 and Box 1, although caution is required, as the
precise definition of each type of extracellular vesicle
is still a matter of debate.’? Moreover, owing to a lack
of standardization of the isolation procedures and of
the detection methods, a strict separation of these vesi-
cles (in particular MVs and exosomes) has not been
achieved in several studies. As limited specific data on
apoptotic bodies and exosomes in liver diseases exist,
this Review is focused on MVs, taking into account the
above mentioned limitations.

Although MVs were previously considered to be
cellular debris, they are now recognized as vectors for
intercellular information exchange. MVs—also referred
to as microparticles or ectosomes—usually refer to
vesicles 0.1-1 um in diameter produced by budding
from the plasma membrane. Another classic, but still
debated, feature of MV’ is the exposure of phosphati-
dylserine at their surface, which can be detected by
labelling of annexin V or lactadherin using flow cytom-
etry analysis.” Moreover, as MVs harbour most of the
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membrane-associated proteins of the cells they stem
from, their cellular origin can be determined using flow
cytometry using antibodies against specific cell-surface
markers (Box 1). MV also contain lipids, cytosolic pro-
teins, RNAs and/or microRNAs, and regulate the func-
tion of the target cell. MV can interact with their target
cells in a variety of ways: release of the soluble media-
tors they contain; ligand-receptor interactions; fusion of
MV membranes with those of the target cell and transfer
of MV contents (especially RNAs and microRNAs); or
phagocytosis/endocytosis by macrophages or endothe-
lial cells.** The lipid, protein and nucleic acid fractions
contained in MVs vary greatly depending upon the cell
of origin and the stimulus initiating MV release.® Their
diverse content translates into different downstream
effects; for example, MVs isolated from human athero-
sclerotic plaques stimulate endothelial cell proliferation,
whereas circulating MV's from the same patients do not.”
As a result, although the information obtained using
MV’ generated in vitro provides important information
regarding the mechanisms of these vectors, application
of these results in vivo must still be elucidated. Thus,
this Review pays particular attention to studies evaluat-
ing the effects of MVs isolated from patients or from
animal models.

MVs are now implicated in several major fields of
hepatology. This Review describes studies assessing
circulating MV levels in patients with liver diseases,
together with insights into the mechanisms that could
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Key points

Box 1 | Proposed markers of extracellular vesicles*

= Microvesicles (MVs) are 0.1-1.0 um vesicles containing lipids, proteins, RNAs
and microRNAs; they are formed by budding from the cellular plasma membrane

= Circulating levels of several subpopulations of MVs are increased in patients
with liver diseases, probably due to enhanced MV production and decreased
MV clearance, related to the individual liver disorder

= MVs are now implicated at many stages of liver disease progression, including
liver fibrogenesis, portal hypertension and activation of coagulation

= Several results suggest that MVs have a role in hepatocellular carcinoma
by conveying information between tumour cells and between tumour and
neighbouring cells

= High levels of circulating procoagulant MVs have been found in patients with
acute liver failure and might contribute to normal or hypercoagulable global
haemostasis in this setting

= MVs have promise as diagnostic and prognostic biomarkers in patients with
liver diseases
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Figure 1 | Definitions of microvesicles. Left: Exosomes. Cells release exosomes
via two mechanisms. In the classic pathway (1), intracellular vesicles appear from
inward membrane budding and form MVBs before fusing with the PM and being
released into the extracellular space. The direct pathway (2) involves the release
of vesicles, indistinguishable from exosomes, directly from the PM without
involvement of MVBs. Exosomes expose little or no PS at their surface, but harbour
relatively specific markers. Middle: Microvesicles. Under normal conditions, PS

is primarily located on the PM inner leaflet. After exposure to a stimulus, PS is
exposed at the cell surface and cytoskeleton reorganization occurs leading to
outward blebbing of the PM and release of MVs into extracellular space. However,
formation of MVs might happen without externalization of PS as some MVs might
be PS negative. Right: Apoptotic bodies. The early stages of apoptosis are
characterized by changes in mitochondrial membrane potential and PM asymmetry
leading to exposure of PS at the cell surface, but without increased cell
permeability. Later stages of apoptosis are characterized by DNA fragmentation
and increased PM permeability. Apoptotic cells shrink and can break up into
smaller apoptotic bodies. Like MVs, apoptotic bodies harbour PS and contain
various materials from mother cells (PM markers, proteins, RNA and microRNA).
Unlike MVs, they contain nuclear fragments. Abbreviations: MV, microvesicle; MVB,
multivesicular body; PM, plasma membrane; PS, phosphatidylserine.

Exosomes

Alix, CD9, CD63, CD81, heat shock proteins, TSG101

Microvesicles

Phosphatidylserine (detected using annexin V or

lactadherin)

Cell type marker

= Leukocyte: CD45, CD11a, CD11b

= Granulocyte: CD66b

= Monocyte: CD14

= Lymphocyte: CD4* and CD8* T cells, CD20 (B cell)

= Platelet: CD41a, CD42a, CD42b, CD31*/CD42*, CD61,
CD62b, CD62p

= Erythrocyte: CD235a

= Endothelial cell: CD31*/CD41-, CD62e, CD51, CD105,
CD144,CD146

Apoptotic bodies

Phosphatidylserine and/or DNA (detected using

annexin V or propidium iodide), histones, DNA

*These markers are largely used and the best identified so far,
although none of them can be considered as 100% specific.
Abbreviation: TSG, tumour susceptibility gene.

account for these changes. The potential roles of MV's
in key processes of liver diseases, such as fibrosis, portal
hypertension, complications of cirrhosis, thrombosis and
hepatocellular carcinoma, are also presented. If specific
studies in the context of liver diseases are lacking, we
postulate on the potential effects of MV's on the basis
of available data from other organs. Finally, we interpret
available results and propose clinical situations in which
MV could be useful as biomarkers.

Increased MV levels in liver diseases

MV have been detected in numerous human body
fluids, including saliva,® urine,’ bile,' synovial fluid,"
vitreous fluid'? and semen," as well as in muscles,"
atherosclerotic plaques’ and liver tissue'® (Figure 2a).
Nevertheless, most studies have focused on plasma MV,
because they are easily accessible. Circulating levels of
MV are increased in patients with cardiovascular disor-
ders, thrombosis and cancer.'**® Over the past ~10 years,
several groups have measured the levels of circulating
MVs in patients with liver diseases (Table 1).""*° The
increased levels of several subpopulations of circu-
lating MV reported in these studies are a result of
increased formation and/or decreased clearance of MVs
(Figure 2b; Box 2).

Enhanced MV formation

Several causes of liver disease trigger MV production,
in particular alcohol consumption,’® viral infection®
and features of the metabolic syndrome including dia-
betes,*® obesity,* dyslipidaemia® and physical inactiv-
ity.*® Liver disease itself might also induce MV release,
as the main processes of MV formation (namely, apop-
tosis and cell activation) are common in this context.’”38
Furthermore, many stimuli that promote MV release,
including oxidative stress,** shear stress,***! systemic
inflammation and bacterial translocation, are present in
liver diseases (Table 2).10:3%42-49
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Decrease in MV clearance

The mechanisms of MV clearance have been reviewed
elsewhere.” Under healthy conditions, spleen and liver
macrophages are the primary contributors to MV clear-
ance from the circulation.>**! Interestingly, several
lines of evidence show that cirrhosis is associated with
a defect in macrophage function. Indeed, the function
of the macrophage Fc gamma receptor is impaired in
patients with alcoholic cirrhosis and is correlated with
the degree of liver insufficiency.” Similarly, macrophage
dysfunction has been observed in animal models of cir-
rhosis®® and the clearance of certain molecules (radio-
labelled colloid or microaggregated human serum
albumin) has been shown to be decreased in patients
with cirrhosis.*** As such, we speculate that clear-
ance of MVs might also be decreased in these patients.
During pathological conditions that are associated with
elevated levels of circulating MV, such as endotoxaemia,
another pathway for MV clearance is ‘turned on’ in the
liver and lung endothelium.*® As cirrhosis is associated
with detectable endotoxaemia,* it would be interesting
to determine whether this pathway is activated or defec-
tive in cirrhosis. In healthy individuals, platelets are the
major source of MVs; the reason why platelet-derived
MV are not systematically increased in patients with
cirrhosis is unclear.?*

MVs and liver fibrosis

MVs and fibrolysis

MV have been suggested to promote the regression of
fibrosis in the liver.?? Indeed, circulating levels of T-cell
MVs are elevated in patients with active hepatitis C com-
pared with patients with mild hepatitis C and healthy
controls. MVs released in vitro from T cells fused with
hepatic stellate cell (HSC) membranes, leading to an
upregulation of matrix metalloproteinases MMP]I,
MMP3, MMP9 and MMP13 gene expression; down-
regulation of the gene encoding procollagen-al(I);
and blunting of profibrogenic activities of transform-
ing growth factor p1 (Figure 3). Although zymography
was not performed to confirm these results, the induced
fibrolytic activity seemed evident with MVs from acti-
vated CD4" T cells and even higher with MVs from
activated and apoptotic CD8* T cells. Basigin (also
known as CD147 and EMMPRIN) exposed on T-cell
MVs contributed to the induction of HSC fibrolytic
activity.” These results are in-line with previous reports
showing that MVs generated in vitro from T cells and
monocytes strongly induce synthesis of matrix metallo-
proteinases in fibroblasts.”” MVs also carry proteases
themselves, as reported for MVs generated in vitro
from endothelial cells and neutrophils under static con-
ditions.*®* It should be highlighted that all these results
have been obtained using MV's generated in vitro and
tested on cultured cells (Box 3).

Although not yet investigated in the context of
liver diseases, indirect evidence indicates that MVs
could also promote fibrolysis via the microRNAs they
contain.®” MicroRNAs are short noncoding RNAs that
bind to messenger RNAs to regulate gene expression.®!
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Figure 2 | Microvesicles in liver diseases. a | Transmission
electron microscopy image of a liver biopsy performed in

a patient with chronic HCV infection. Within sinusoids,
erythrocytes can be seen. Insert: presence of vesicles
(white arrows) of MV size. b | In a healthy individual, the
formation and clearance of MVs are balanced whereas in a
patient with a liver disease, MV formation is likely enhanced
and MV clearance decreased. This imbalance leads to an
increase in the levels of several MV subpopulations in
patients with liver diseases. Abbreviation: MV, microvesicle.

Circulating microRNAs are transported by MV, as well
as by exosomes, lipoproteins and ribonucleoprotein
complexes (such as Argonaute 2), which protect them
from rapid degradation by plasma RNAses. A quantita-
tive analysis published in 2012 of circulating microRNAs
in patients with coronary artery disease showed that
the majority of plasma microRNAs are associated with
MVs.%% The profiles of microRNAs in MVs were found
to be markedly different from those in their maternal
cells, indicating an active mechanism of selective MV
‘packaging’®* Interestingly, MVs released from cultured
endothelial progenitor cells in vitro prevented tubulo-
interstitial fibrosis and preserved renal function 180 days
after injection into a rat model of ischaemia-reperfusion
injury.®® Several convincing experiments have revealed
that the protective effect of these M Vs is based on the
microRNAs (specifically miR-126 and miR-296) they
contain.®® Other microRNAs also contribute to the
regression of fibrosis in the liver, as reviewed elsewhere.*
It has not yet been determined if these microRNAs are
also harboured by MVs.

MVs and fibrogenesis

Although data show that MV's mitigate liver fibrosis, the
process seems to be complex (Figure 3). Angiogenesis is
proposed to promote fibrogenesis in the liver and hepatic
fibrosis usually decreases when angiogenesis is pharma-
cologically inhibited.®* Angiogenesis is increased by
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Table 1 | Circulating MVs in patients with liver diseases

Liver disease Method Analysed subpopulations of MVs  Potential interest of Reference

(number of patients) MVs as a biomarker

Hepatitis B (n=11) FCM Platelets Marker of liver fibrosis Fusegawa

Hepatitis C (n=25) in chronic hepatitis C et al. (2002)*°

Hepatitis C (n=16) FCM Annexin V-positive, endothelial, Marker of HCC and Brodsky et al.

HCC (n=8) hepatocyte post-transplantation (2008)%°
outcome

Hepatitis B and C related FCM Platelets ND Sayed et al.

cirrhosis (n=60) (2010)*

Hepatitis C (n=21) FCM Annexin V-positive, lymphocyte, Marker of liver Kornek et al.

macrophages, neutrophils, platelets inflammation and fibrosis  (2011)%?

Alcoholic liver disease (n=20) FCM Platelets

Hepatitis C related cirrhosis (n=9)

Hepatitis C (n=20) FCM
Alcoholic cirrhosis (n=71)

Annexin V-positive,
leukoendothelial, lymphocyte,

ND Ogasawara

et al. (2005)*
Marker of cirrhosis Rautou et al.
severity (2012)%

platelets, hepatocyte, erythrocyte

NAFLD (n=67) FCM
Hepatitis C (n=42)

Annexin V-positive, lymphocytes,

Marker of liver Kornek et al.

neutrophils, platelets

Liver transplantation (n=19) FCM Platelets

Acute liver failure (n=20) MV PS PS-positive
activity assay

Acute liver failure with (n=20) MV PS PS-positive

and without (n=20) kidney injury  activity assay

Acute liver failure (n=50)
MV tissue
factor activity

Acute liver failure (n=5) FCM
Acute-on-chronic liver failure (n=5)

FCM; ISADE™;  Annexin V-positive, endothelial,
hepatocyte, monocytes, platelet,
tissue-factor-positive

Hematopoietic stem cells

natural killer T cells or macrophage, inflammation (2012)*
Marker of ischaemia— Esch et al.
reperfusion injury (2010)%°
ND Agarwal et al.

(2012)%"
ND Agarwal et al.
(2013)%
Prognostic marker Stravitz et al.
(2013)*
Marker of acute Schmelze

liver insults et al. (2013)%*°

Abbreviations: FCM, flow cytometry; HCC, hepatocellular carcinoma; ISADE™, Invitrox sizing, antigen detection and enumeration (Invitrox, NC, USA); MV,

microvesicle; ND, not determined; PS, phosphatidylserine.

MVs generated in vitro from platelets,* lymphocytes,
or endothelial progenitor cells,*” and by those obtained
from mouse ischaemic hind-limb muscles.* The pro-
angiogenic effect of MV suggests that they promote
fibrogenesis, a hypothesis supported by data from
Feldstein and colleagues who observed that hepatocytes
exposed to saturated, but not monounsaturated, free fatty
acids released MVs in vitro that induced marked angio-
genesis both in vitro and in vivo, in a manner depend-
ent on the ectoenzyme pantetheinase (also known as
vanin-1).* Vanin-1 is found primarily in the liver, kidney
epithelia and intestine, and has been linked with pro-
motion of cell adherence and migration.* In a common
mouse model of dietary-induced steatohepatitis, this
group detected high levels of hepatocyte-derived MVs
associated with marked angiogenesis and early liver
fibrosis. Genetic inhibition of caspase-3 limited the
increase in circulating hepatocyte-derived MV's and pro-
tected mice from angiogenesis and fibrosis, independ-
ent of lipid accumulation and inflammation.* Although
these results are not direct, they suggest that hepatocyte-
derived M Vs contribute to angiogenesis and liver fibrosis
in steatohepatitis.

HSCs are the main precursor of liver myofibro-
blasts and have a key role in fibrosis.®® A pioneer study
by Diehl and colleagues showed that cultured HSCs

release MV that expose Hedgehog ligands on their
surface. These ligands induce the expression of induc-
ible nitric oxide synthase (iNOS) by primary sinus-
oidal endothelial cells in vitro;' MVs isolated from the
plasma or bile of bile-duct-ligated rats also have a similar
effect.’® INOS expression in the liver increases in cir-
rhosis,® and iNOS-deficient mice have less fibrosis after
chronic carbon tetrachloride administration than wild-
type mice,” supporting a profibrogenic role for iNOS.
Therefore, HSC MVs might enhance fibrogenesis by
inducing iNOS expression.'” Finally, as discussed in a
later section, MVs have procoagulant properties.”"”
Results from various studies suggest that coagulation acti-
vation promotes liver fibrosis’® and, as such, MV's might
also promote fibrogenesis.

In conclusion, the overall effect of MV's on liver fibro-
sis is still unclear and dedicated studies in animal models
are required to fully elucidate their role. However, such
studies are hampered by the short half-life of MV in
the circulation precluding assessment of their long-term
effects,” and by the lack of genetically modified mice that
are deficient in MV formation without other marked
defects. An acceptable option would be to use daily injec-
tions of diannexin, an annexin V homodimer that cloaks
phosphatidylserine residues on the surfaces of MVs and
acts as an inhibitor of MVs.”™
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Box 2 | Challenges in assessing microvesicles in the portal vein

Analysis of the levels and cell origin of microvesicles (MVs) present in the portal
and hepatic veins would provide some insight into the role of the liver in MV
clearance and production. However, obtaining such blood samples suitable for
MV analysis is complex in patients, as well as in animal models.

In patients, portal blood can be obtained during transhepatic intravenous
portosystemic shunt (TIPS) placement or revision, or during abdominal surgery.
TIPS placement is associated with liver injury that immediately activates blood
coagulation and thus induces a strong release of MVs. Extrapolating results
obtained from portal vein blood at the time of TIPS revision to what happens in
patients without TIPS would also be hazardous because of the systemic changes
associated with TIPS. Besides ethical considerations, data obtained using

blood drawn from the portal vein at the time of a surgery should be interpreted
cautiously, as the reason for such a surgery is usually a digestive tract disease,
which can also induce MV release.

Concerns have also been raised about the use of mouse models. In particular,
we observed that circulating levels of annexin V-containing MVs are much lower
in rats with carbon-tetrachloride-induced cirrhosis than in controls injected with
the vehicle only (Rautou, P-E. and Boulanger, C. M., unpublished data), which is
not what has been reported in patients with cirrhosis (Table 1). These low MV
levels probably result from the high phospholipase A2 activity induced by carbon
tetrachloride. Indeed, phospholipase A2 is able to hydrolyze phospholipids, such
as phosphatidylserine or phosphatidylcholine, exposed at the surface of MVs.
Bile duct ligation seems to be a good chronic liver disease model to study

MVs (Rautou, P-E. and Mackman, N., unpublished data). Yet, drawing blood from
the portal vein of bile-duct-ligated animals without activating coagulation, that is,
by using a sufficiently large needle, is tricky.

MVs and portal hypertension
MVs and intrahepatic vascular resistance

Portal hypertension is a frequent and severe complication
of cirrhosis, a leading cause of death and an indication for
liver transplantation. The pathogenesis of portal hyperten-
sion is mainly related to a combination of structural and
dynamic components that cause an increase in hepatic vas-
cular resistance to portal blood flow.” The structural com-
ponents include fibrosis, regenerative nodule formation
and vascular remodelling. The potential role of MVs in
liver fibrosis has already been discussed. MVs might also
contribute to vascular remodelling in cirrhosis through the
release of MV's expressing Hedgehog ligands from HSCs.
These MVs induce changes in sinusoidal endothelial cell
gene expression in vitro, presumably contributing to their

Table 2 | Stimuli of MV release relevant for liver diseases

REVIEWS

activation and to sinusoidal remodelling.!® Portal myo-
fibroblasts also release MV that stimulate angiogenesis
both in vitro and in mice, in a VEGF-dependent manner,
thus enhancing vascular remodelling.”

The dynamic components of portal hypertension
include increased hepatic vascular tone, related to ele-
vated activity of several endogenous vasoconstrictors,
and reduced bioavailability of intrahepatic vasodilators.
Of note, cirrhotic livers exhibit reduced nitric oxide
(NO) availability, owing to decreased endothelial nitric
oxide synthase (eNOS) activity and increased NO scav-
enging during elevated oxidative stress.”” By contrast,
liver iNOS expression is greater in the liver of cirrhotic
rats than in sham controls.® This contrast is reminiscent
of the local inhibition of eNOS by iNOS, possibly via NO
autoinhibition, described in the kidneys.”” As bile-duct-
ligated rats produce M Vs that increase iNOS expression
in sinusoidal endothelial cells (Figure 4),'° MVs might
promote intrahepatic vasoconstriction via an increase
in hepatic iNOS expression leading to eNOS inhibition.

MVs and splanchnic arterial vasodilatation

Progressive splanchnic arterial vasodilatation also
enhances portal blood flow, aggravating and perpetu-
ating portal hypertension. Vasodilation is associated
with an increased release of vasodilators and a vascular
hyporesponsiveness to vasoconstrictors. MV's seem to
contribute to this so-called vascular hypocontractility in
patients with advanced cirrhosis; indeed, we have shown
that patients with Child-Pugh B or C cirrhosis have
increased circulating levels of MVs of leukoendothelial,
pan-leucocyte, lymphocyte, erythrocyte and hepatocyte
origin.** These MV's impair the response of aortic rings
to vasoconstrictive agents ex vivo, and decrease arterial
blood pressure in mice via the transfer of phospholipids
from MVs to endothelial cells. Phospholipid metabo-
lism leads to the formation of prostacyclin, which dif-
fuses abluminally and causes vascular smooth muscle
relaxation (Figure 4). Although the origin of the MVs
causing this effect was not identified, it is interesting to
note that this hyporeactive effect is specific to circulat-
ing MVs in patients with advanced cirrhosis and was not

Stimulus Source of MVs Content of MVs  Effect of MVs Study

Oxidative stress Rat primary hepatocye ND ND Miyoshi et al. (1996)°

High shear stress Platelets ND Procoagulant Nomura et al. (2000)*

PDGF BB Rat HSC cell line Hedgehog Activation of sinusoidal Witek et al. (2009)*°
Mouse cholangiocyte cell line  ligands endothelial cells

Lipopolysaccharide ~ HCC cell line H22 miRNA let7b Decrease in inflammation Li et al. (2012)*®

IL-1-a Endothelial cells Caspase-3 ND Abid Hussein et al. (2005)*

TNF Endothelial cells Tissue factor Procoagulant Szotowski et al. (2007)*6

Fas ligand Smooth muscle cells ND Endothelial dysfunction Essayagh et al. (2005)*

Cholesterol Monocytes Tissue factor Procoagulant Liu et al. (2007)*"

Fatty acid Primary rat hepatocyte Vanin-1 Proangiogenic Povero et al. (2013)*°

Human HCC cell line

Abbreviations: HCC, hepatocellular carcinoma; HSC, hepatic stellate cell; MV, microvesicle; ND, not determined; PDGF BB, platelet-derived growth factor BB.
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Figure 3 | Microvesicles in liver fibrosis. Some MVs (pink) promote fibrogenesis
such as those produced by hepatocytes containing vanin-1 (which induce
angiogenesis) or those that expose phosphatidylserine and/or tissue factor on their
surface (activating coagulation). Cholangiocytes and HSCs release MVs containing
Hh, which might also promote fibrogenesis by increasing iINOS expression. Other
subpopulations of MVs decrease fibrosis (green). CD147-containing MVs released
by T cells can be taken up into HSCs and upregulate MMP secretion. MVs containing
MMP as well as miR-containing MVs released by endothelial progenitor cells might
also promote fibrolysis. Abbreviations: Hh, Hedgehog ligand; HSC, hepatic
stellate cell; iNOS, inducible nitric oxide synthase; miR, microRNA; MMP, matrix
metalloproteinase; MV, microvesicle.

Box 3 | Liver sinusoidal endothelial cells and MV traffic

A key feature of sinusoidal endothelial cells should

be kept in mind when interpreting the effects of
microvesicles (MVs) present in the sinusoids on hepatic
stellate cells or on hepatocytes: fenestrae (open pores
that act as a dynamic filter). As the diameter of fenestrae
ranges from 0.05-0.3 um in humans, only some MVs

can cross them in the healthy physiological state. Given
the reported differential effect of MVs according to their
size, this feature might confound the interpretation

of consequences of MVs in the liver. The changes in
fenestrae size in liver diseases further complicate this
matter. For instance, fenestrae diameter increases

after exposure to endotoxin. Finally, although MV size

is defined as ranging from 0.1-1.0 um whatever the
species, fenestrae size varies between mice and humans,
so observations made in one might not apply to the other.

observed with MVs from patients with Child-Pugh A
cirrhosis or in patients with end-stage renal disease.?* By
contrast, circulating MVs in patients with septic shock
increase thromboxane A2 production, which enhanced
the sensitivity of mouse aorta to vasoconstrictors.

According to the authors of this study, these findings
support a role for MVs in protecting against vascular
hyporeactivity and hypotension in patients with septic
shock.”® Specific studies to determine the vascular con-
sequences of MV in patients with cirrhosis and septic
shock are needed. As the outcome in these patients is
poorer than in those with septic shock without cirrho-
sis, it is tempting to speculate that the effect of MVs
related to cirrhosis predominate, enhancing vascular
hyporeactivity and contributing to the severity of septic
shock in cirrhosis.

Outside the liver, angiogenesis has been shown to con-
tribute to the formation of portosystemic collaterals and
increase in splanchnic blood flow.” Further studies are
needed to address the role of MV in this setting.

MVs and the complications of cirrhosis

To date, no direct evidence has shown that MVs have a
role in the complications of cirrhosis, with the exception
of portal hypertension, as stated earlier. However, several
properties of MVs demonstrated in various non-digestive
diseases suggest that MVs contribute to the develop-
ment of ascites, hepatic encephalopathy, hepatopulmo-
nary syndrome, portopulmonary hypertension and
hepatorenal syndrome.

Ascites

Enhanced endothelial permeability in the mesenteric
vascular bed contributes to the formation of ascites in
cirrhosis,” and endothelial MV's might directly increase
endothelial permeability.®” This effect was initially
reported in the pulmonary capillaries of C57BL/6 mice
injected with endothelial MVs.** By contrast, another
study found no increase in permeability with MV's gen-
erated following exposure of endothelial cells to exog-
enous activated protein C.*' However, this stimulus is not
relevant to cirrhosis as protein C is synthesized by the
liver, and the plasma levels of this protein are decreased
in cirrhosis.® MVs have been detected in the ascites of
patients with ovarian®*#
not been measured in the ascites of patients with cir-
rhosis. In the past, the presence of ascites was consid-
ered to have little or no influence on the homeostasis of
the peritoneal vasculature. However, this view has been
challenged by several studies demonstrating that this
liquid might possess vasodilatory, proinflammatory and
proangiogenic properties.®** Further studies are needed
to show if MV contribute to these properties.

and colorectal cancer,®® but have

Hepatic encephalopathy

Hepatic encephalopathy is a result of astrocyte swell-
ing and is aggravated by systemic inflammation related
to increased levels of proinflammatory cytokines and
lipopolysaccharide (LPS).* These systemic factors
could interact with the brain parenchyma via the
endothelial cells of the blood-brain barrier (BBB), in
barrier-deficient areas, or by stimulation of peripheral
nerves.” Some data suggest that MVs contribute to
hepatic encephalopathy. First, patients with cirrhosis
and encephalopathy have 3.5-fold more leukoendothelial
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Figure 4 | Microvesicles in portal hypertension. Upper insert: In the cirrhotic liver,
cholangiocytes and HSCs produce MVs containing Hh. These Hh-containing MVs
induce endothelial expression of iINOS, probably contributing paradoxically to the
intrahepatic vasoconstriction associated with cirrhosis. Vascular resistance is
also increased by collagen deposition and contraction of HSCs, wrapped around
endothelial cells. Lower insert: In cirrhosis, the splanchnic vascular bed is dilated.
Levels of leukoendothelial, lymphocyte, erythrocyte and hepatocyte MVs are
increased in the systemic circulation. These MVs expose PS at their surface that
can be transferred (with other membrane phospholipids) to endothelial cells.
Phospholipids are then used as substrates for the arachidonic acid pathway,
including Cox-1 (which is an enzyme involved in the formation of vasodilator agents,
such as prostacyclin), leading to smooth muscle cell relaxation. Abbreviations:
Cox-1, cyclo-oxygenase-1; Hh, Hedgehog ligand; HSC, hepatic stellate cell; iNOS,
inducible nitric oxide synthase; MV, microvesicle; PS, phosphatidylserine.

MVs than those without encephalopathy.?* Second,
endothelial MVs might increase BBB endothelial cell
permeability as they were shown to increase pulmonary
capillary permeability in mice.® Third, brain endothelial
cells might release MV's that induce astrocyte swelling.
Indeed, the conditioned medium of endothelial cells
pretreated with ammonia, LPS or proinflammatory
cytokines causes astrocyte swelling.”’ As LPS and pro-
inflammatory cytokines are known triggers for MV
release by endothelial cells (Table 2), astrocyte swelling
might be mediated by MVs; this hypothesis needs to be
confirmed in additional studies.

Pulmonary complications

Hepatopulmonary syndrome is defined by the clinical
triad of chronic liver disease, arterial hypoxaemia and
intrapulmonary vascular dilatations.”® It is character-
ized by dilatation of precapillary and capillary pulmo-
nary vessels and an absolute increase in the number of
dilated vessels, suggesting angiogenesis. Although the
role of MVs in hepatopulmonary syndrome has not
yet been assessed, it should be considered, because,
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theoretically, MVs modulate the main mechanisms—
pulmonary vasodilation and angiogenesis—involved
in the development of this syndrome. MVs affecting
lung vessels could be released by the injured liver and
reach the pulmonary vasculature via the hepatic veins.
Alternatively, MV from the gut could reach the lungs
through portosystemic collaterals. This latter hypothesis
suggests that liver detoxification is essential to prevent
pulmonary vascular dilatation, which is supported by the
development of hepatopulmonary syndrome in patients
with type 1 Abernethy malformation (defined as a direct
connection between the portal vein and the inferior
vena cava and the absence of a portal vein in the liver).”
Increasing evidence also suggests that M Vs have a role
in the pathophysiology of pulmonary hypertension,
which might be relevant to the pathophysiology of
portopulmonary hypertension, as reviewed elsewhere.”®

Hepatorenal syndrome

Hepatorenal syndrome is characterized by functional
renal failure in patients with cirrhosis and ascites. MV's
from patients with advanced cirrhosis could also have
a role in hepatorenal syndrome by contributing to sys-
temic and splanchnic vasodilation (a major factor in the
pathogenesis of this syndrome), as already discussed.?*
Moreover, MVs have been shown to induce renal vaso-
constriction in sickle cell disease, a mechanism that
could also be involved in hepatorenal syndrome.*

MVs and coagulation disorders
MV are intrinsically procoagulant because they expose
phosphatidylserine at their surface. Phosphatidylserine,
an anionic phospholipid, interacts with positively
charged domains in the clotting proteins such as factors
VIL IX and X, and prothrombin,””* thereby promoting
the assembly of the clotting cascade. Capture assays use
this property to quantify levels of MVs. MVs can also
expose tissue factor (a transmembrane glycoprotein
that is the primary initiator of the coagulation cascade)
at their surface. Tissue-factor-bearing MVs are highly
procoagulant and mostly originate from monocytes.”
Cirrhosis is associated with a procoagulant imbalance
as shown by the results of thrombin-generation tests
performed in the presence and absence of thrombo-
modulin.” In addition, clinical evidence now indicates
that patients with cirrhosis are not protected from, and
might even be at increased risk of, extrasplanchnic deep
vein thrombosis.”® This procoagulant state is thought to
be a result of two alterations that are typically found in
patients with cirrhosis: markedly increased factor VIII
plasma levels (one of the most potent drivers of throm-
bin generation) and a concomitant decrease in protein C
levels (one of the most potent anticoagulant drivers
that quenches thrombin generation).” Even though the
thrombin generation assay has been very useful to evalu-
ate the coagulation alterations associated with cirrhosis,
it has several limitations. In particular, it does not take
into account the procoagulant activity of MVs as it is
performed after adding exogenous phospholipids and
tissue factor to plasma to trigger coagulation. Although
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atlow concentrations, these agents could overwhelm the
endogenous procoagulant activity of MVs.

The role of phosphatidylserine in the procoagu-
lant imbalance associated with cirrhosis might not
be significant, as no difference was seen in the levels
of phosphatidylserine-positive MVs between patients
with cirrhosis and healthy controls in one study.
However, another group found increased levels of
phosphatidylserine-positive MV in patients with cirrhosis
in a smaller patient population.?*** Tissue-factor-positive
MVs might have a more important role in the increased
coagulability associated with cirrhosis than those exposing
only phosphatidylserine at their surface. Indeed, levels of
these highly procoagulant MV’ are elevated in patients
with cirrhosis potentially as a result of endotoxaemia, a
common feature of cirrhosis®® known to induce tissue
factor expression in monocytic and endothelial cells and
the release of tissue-factor-positive MVs.”>%

Although haemostatic abnormalities are an invari-
able feature of acute liver failure, patients rarely develop
bleeding complications despite substantially elevated
international normalized ratio of prothrombin times.'®
Indeed, patients with acute liver failure seem to be
more prone to thrombosis than to bleeding complica-
tions, and intrahepatic thrombosis might exacerbate
initial liver injury.!”* Studies in patients and in animal
models suggest that MVs contribute to this surpris-
ingly normal or hypercoagulable global haemostasis
in acute liver failure.?”?>!? The procoagulant activity
of MVs due to tissue factor and phosphatidylserine in
patients with acute liver injury is 38-fold and fourfold
higher respectively than that in healthy controls.?”*
Increased levels of procoagulant platelet-derived MV's
have also been observed in a mouse model of sepsis,
which is associated with multiorgan failure, includ-
ing the liver.!”> When these MVs are reinjected into
nonseptic mice, they promote thrombi formation in
the liver. Interestingly, transgenic mice expressing low
levels of calpain (a protein involved in MV formation)
not only have decreased levels of procoagulant MVs
when they are exposed to sepsis as compared with mice
with normal calpain levels, but also less disseminated
intravascular coagulation and improved organ function
and survival.'”

MVs and hepatocellular carcinoma

Studies published over the past 5 years assessing levels
of circulating MVs in large groups of patients with
cancer did not include patients with hepatocellular car-
cinoma (HCC)."* One pilot study investigating MV
levels in a small group of patients with HCC reported
associations between tumour size and plasma levels of
hepatic and endothelial MVs.?* Moreover, MV levels
progressively decreased once HCC was removed by
liver transplantation.?

Several groups have investigated the role of MVs in the
development of cancer'* and some of these findings can
be tentatively extended to HCC (Figure 4). First, angio-
genesis (a key feature of HCC) was demonstrated to be
promoted by the transfer of oncogenic proteins by MVs.!%

In vitro experiments revealed that several human cancer
cells lines produce MV's containing the oncogenic epider-
mal growth factor receptor (EGFR) that could be taken
up by endothelial cells and enhance angiogenesis.'*
Moreover, in mice with human tumour Xenografts,
diannexin reduced the growth rate and microvascular
density of tumours.'”” Second, MV's containing active
oncogenes (oncosomes) might also serve as vehicles
for rapid intercellular transfer of transforming activity
between cells populating tumours. For instance, glioma
cells expressing a truncated and ongenic form of EGFR,
called EGFRVIII, release MV's containing this receptor.
Such MVs can merge with plasma membranes of cancer
cells lacking EGFRVIII, and so transfer the oncogenic
activity.'® Third, MVs might also favour multidrug
resistance, a major cause of unsuccessful cancer treat-
ment. Multidrug resistance is caused by overexpression of
efflux transporters (such as P-glycoprotein), and MVs can
transfer P-glycoprotein intercellularly from multidrug-
resistant donor cells to drug-sensitive recipient cells.'”
Moreover, the expression of genes associated with vesicle
shedding correlates with chemosensitivity profiles.'

In patients with HCC, stromal and vascular invasions
contribute to tumour progression. MVs containing
CD147 can be released by T cells as well as by tumour
cells, thus stimulating expression of matrix metallo-
proteinases in fibroblasts and facilitating tumour inva-
sion and metastasis.”>'® Findings from a study published
in 2013 indicate that MV's are involved in the acquisition
of a metastatic phenotype by HCC. M Vs released in vitro
by mouse innate immune cells were taken up by a cul-
tured mouse HCC cell line leading to tumour cell migra-
tion, invasion and attachment to the endothelium in vitro
and to metastasis when injected into mice.? This effect
was mediated by integrin a-M-integrin -2 (also known
as CD11b-CD18), an integrin involved in migration
and cell adhesion, which was transferred from immune
cells to tumour cells via MV's (Figure 5).!° These results
indicate that MV's derived from activated innate immune
cells can act as a ferry to transfer innate molecules to
tumour cells, leading to tumour metastasis.

MV could also have anti-tumoral properties as MV's
generated in vitro from human adult liver stem cells were
shown to inhibit proliferation and induce apoptosis of
HCC cells (HepG2 cell line and primary hepatocellu-
lar cells) both in vitro and in mice by delivering micro-
RNAs. ! This biological effect was specific as it was not
observed with MVs derived from human fibroblasts
even after they were modified to facilitate their incor-
poration into HCC cells. However, one limitation of this
study was that the procedure used to isolate the MV's also
isolated exosomes.

Altogether, these data suggest that MVs stimulate,
more than inhibit, the development of HCC. This view
is supported by the inhibition of tumour progression
induced by diannexin.'®

MVs as biomarkers for liver diseases
Portal vein thrombosis is uncommon in patients with
compensated cirrhosis, but the incidence seems to rise
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Figure 5 | Microvesicles in hepatocellular carcinoma. HCC cells might release MVs
that interact with neighbouring cells to promote carcinogenesis. Tumoral stroma

contains fibroblasts, which can favour tumoral progression. Tumour MVs containing

CD147 induce upregulation of MMPs in fibroblasts, leading to extracellular matrix
degradation and tumoral invasion. Tumour MVs can also transfer oncogenic forms
of growth factor receptor or multidrug-resistant proteins to other tumour cells, thus
propagating an increased proliferative, survival, and/or mitogenic capacity. In
addition, EGFR, which is upregulated in HCC, could be transferred via tumour MVs
to endothelial cells to promote angiogenesis to vascularize the growing tumour.
Non-tumour cells can promote HCC metastasis via release of MVs: innate immune
cells produce MVs harbouring CD11b-CD18, which can be taken up by HCC cells
and promote their capacity of migration, invasion, attachment to the

endothelium and metastasis. Non-tumour cells can also produce MVs with
antitumoral properties. For instance, stem cells release MVs containing miR that
inhibit proliferation of hepatic tumour cells. Abbreviations: HCC, hepatocellular
carcinoma; MDR, multidrug resistant; MMP, matrix metalloproteinase; miR,
microRNA; MV, microvesicle.

with the severity of liver disease.” The use of anticoagu-
lants, however, decreases the risk of portal vein thrombo-
sis.""? Biomarkers of the risk of thrombosis could help to
select patients who can benefit most from anticoagulant
therapy and avoid exposing patients who have a low risk
of thrombosis to the complications of this treatment.
Data from patients without liver disease and the lack of
increase in annexin V-positive MV’ in patients with cir-
rhosis, suggest that phosphatidylserine-positive MVs or
platelet MV's will probably not be useful as biomarkers.**
On the other hand, MV containing tissue factor might
be more helpful.'”*

Levels of MVs originating from CD4* and CD8*
T cells are increased in patients with chronic hepatitis C,
whereas levels of MVs from CD14" and invariant natural
killer T cells are augmented in patients with NAFLD.?
This observation might be helpful in identifying the
cause of liver blood test abnormalities in patients with
HCV infection and the metabolic syndrome after liver
transplantation. In this context, MVs could also help to
exclude acute rejection as after liver transplantation, the
dynamic course of circulating MVs seems to be modi-
fied by acute rejection.” Indeed, levels of MVs in the
plasma in one patient who developed rejection remained
elevated whereas levels progressively decreased after
surgery in patients without rejection.?® Other investiga-
tors have shown that miR-146a was upregulated sixfold
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in circulating MV isolated from rats with acute rejection
of a liver transplant.'’?

Circulating MV are potential noninvasive markers
of disease severity and activity in chronic hepatitis C,
NAFLD and cirrhosis,?? but these promising results
must be validated in independent cohorts. The potential
added value of measuring plasma MV levels should be
compared with that of other available noninvasive tools,
such as transient elastography, NAFLD-fibrosis score and
MELD score, respectively.

MVs might also be valuable biomarkers for acute liver
diseases. Plasma MV levels were considerably increased
in 50 patients with acute liver injury or acute liver
failure when compared with healthy individuals.? MV
levels were associated with the presence of the systemic
inflammatory response syndrome. Multivariate logistic
regression analysis showed that MV concentrations were
independently associated with death and liver transplant-
ation in patients with acute liver failure.” Most of the
circulating MV found in these patients were positive for
the platelet marker CD41. Thus, MV's with a prognos-
tic value for acute liver failure are not produced by liver
cells but by platelets, supporting the hypothesis that the
severity of acute liver failure is related to systemic inflam-
matory response syndrome and coagulopathy. Other
authors have reported that haematopoietic stem cell MVs
are increased in patients with acute liver failure.*

Future directions

Marked progress in the field of MV's will be made once
investigators pay close attention to both the preanalytical
and analytical conditions for studying these parti-
cles. The efforts made by the International Society on
Thrombosis and Haemostasis (ISTH) and International
Society of Extracellular Vesicles (ISEV) over the past
3 years will hopefully lead to standardization of the iso-
lation procedures and identification and analysis of MV's
and other extracellular vesicles."''* Two ongoing pro-
jects are working on this standardization: the European
Metrology Research Programme (EMRP) project
MetVes,'* and the European Cooperation in Science
and Technology (COST) programme ‘Microvesicles and
Exosomes in Health and Disease (ME-HAD)."!¢!

MVs have promise as biomarkers for diagnostic and
prognostic purposes in patients with acute or chronic
liver diseases as they are implicated as having roles in
many stages of livers disease development and progres-
sion. In the future, investigators will have to validate
these promising results in large independent cohorts of
patients. Importantly, the added value of MV measure-
ment will have to be compared with other already avail-
able and pertinent biomarkers. Investigators will also
have to develop new strategies to provide routinely
available MV assays, so they are no longer restricted to
expert laboratories. Original approaches will probably
be developed, including analysis of the cargo of MV,
such as microRNAs. From a pathophysiological point of
view, in vivo studies are urgently needed owing to the
sometimes contrasting observations made using in vitro
MV, as seen in fibrosis.
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In the future, MVs might be used as therapeutic
targets, such as MVs promoting liver tumorogenesis.
However, specific inhibition of certain types of MVs
without affecting the mother cell remains tricky. MVs are
more likely to be used as therapeutic vectors, for instance
to enhance liver regeneration. Indeed, MV's released by
human liver stem cells in vitro were able to accelerate
recovery of liver after hepatectomy in rats.""” This capac-
ity was directly related to the transfer of specific nRNA
from liver stem cells to hepatocytes by MVs. Labelling of
MVs with magnetic nanoparticles could be used in the
future for targeting and concentrating MV in the liver.*

Conclusions

MV seem to be active mediators of intercellular com-
munication in liver diseases. On the one hand, the
injured liver releases M Vs that act locally in a paracrine
manner to modulate key processes such as fibrosis,
angiogenesis, intrahepatic vasoconstriction and tumour

development. MVs might also target remote organs such
as the brain and induce hepatic encephalopathy. On the
other hand, other organs and cells release MV that
might influence liver disease development and progres-
sion; for example, MVs produced by circulating cells
might modulate fibrosis. Several preliminary studies
have shown that MVs are promising biomarkers for
liver diseases.
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