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Abstract: Liver diseases are perpetuated by the orchestration of hepatocytes and other hepatic
non-parenchymal cells. These cells communicate and regulate with each other by secreting mediators
such as peptides, hormones, and cytokines. Extracellular vesicles (EVs), small particles secreted from
cells, contain proteins, DNAs, and RNAs as cargos. EVs have attracted recent research interests since
they can communicate information from donor cells to recipient cells thereby regulating physiological
events via delivering of specific cargo mediators. Previous studies have demonstrated that liver cells
secrete elevated numbers of EVs during diseased conditions, and those EVs are internalized into other
liver cells inducing disease-related reactions such as inflammation, angiogenesis, and fibrogenesis.
Reactions in recipient cells are caused by proteins and RNAs carried in disease-derived EVs.
This review summarizes cell-to-cell communication especially via EVs in the pathogenesis of liver
diseases and their potential as a novel therapeutic target.
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1. Introduction

1.1. Hepatic Cells

The liver consists of various types of cells with the majority of hepatocytes (~70% of liver
cell population) that form the parenchyma of the liver [1]. Other liver cells include intrahepatic
cholangiocytes, Kupffer cells which are liver-resident macrophages, hepatic progenitor cells (HPCs)
that are referred to as oval cells, liver sinusoidal endothelial cells (LSECs), and hepatic stellate cells
(HSCs) (Figure 1). Liver diseases are initiated by the orchestration of hepatic cells. For example,
cholangiopathies are bile duct disorders; however, not only cholangiocytes but also Kupffer cells are
involved in the pathogenesis of cholestatic liver injury [2]. In non-alcoholic fatty liver disease (NAFLD)
and its severe form non-alcoholic steatohepatitis (NASH), there is an interplay between hepatocytes,
macrophages, and HSCs although detailed mechanisms of the orchestration of these cells are not
well defined [3,4]. Upon activation during injury, cells secrete various mediators such as cytokines,
chemokines, and hormones, which may act upon other neighboring cells in a paracrine fashion and
trigger the disease progression. Previous review articles have summarized more information about the
interplay between hepatic cells via cytokines and chemokines during liver injury [5,6].
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Figure 1. The location of liver cells and their orchestration in liver diseases. The liver consists of 
various cell types and they communicate and regulate with each other by secreting mediators. 
Previous studies have demonstrated that EVs carrying mediators are secreted from cells and 
transferred into other cells. EV-mediated cell-to-cell communication may play an important role in 
the pathogenesis of liver diseases. EVs: Extracellular vesicles; HPCs: Hepatic progenitor cells; HSCs: 
Hepatic stellate cells; LSECs: Liver sinusoidal endothelial cells. 

1.2. Extracellular Vesicles 

Extracellular vesicles (EVs), which are membrane-bound particles, play an important role in cell-
to-cell communication during liver diseases [7,8]. EVs are currently classified into three classes: 
Exosomes, microvesicles or microparticles, and apoptotic bodies, according to their biogenesis. 
Exosomes are the smallest particles (~100 nm in diameter) formed within the endosomal network. 
Multivesicular bodies, which are endosomes containing internal vesicles, fuse with the plasma 
membrane and release those vesicles that are referred to as exosomes. Microvesicles (0.1–1 μm) are 
produced by the outward budding and fission of the plasma membrane. Apoptotic bodies (1–4 μm) 
are the largest vesicles in three classes that are released from apoptotic cells. In the process of 
apoptosis, cytoskeleton becomes destructive inducing outward budding from cell membranes. 
Figure 2 represents three classes of EVs. For more information of biogenesis and biological properties 
of EVs, see a previous systematic review [9]. 

Apoptotic bodies contain parts and debris of dying cells, and they are engulfed and recycled by 
phagocytic cells, such as macrophages. Exosomes and microvesicles contain various proteins, DNAs, 
and RNAs, and those vesicles are released from donor cells and can be transferred into recipient cells. 
Cargos carried in these vesicles are delivered into recipient cells resulting in the regulation of cell 
events by donor cells [10,11]. Since it is technically challenging to distinguish and isolate only 
exosomes or microvesicles, many previous studies utilize the mixture of these two types of EVs 
although it is possible that cargos differ between exosomes and microvesicles that are secreted from 
same cells. This review uses the term “EVs” including both exosomes and microvesicles, 
summarizing current understandings of cell-to-cell communication in liver diseases especially EV-
mediated communication among liver cells. 

Figure 1. The location of liver cells and their orchestration in liver diseases. The liver consists of
various cell types and they communicate and regulate with each other by secreting mediators. Previous
studies have demonstrated that EVs carrying mediators are secreted from cells and transferred into
other cells. EV-mediated cell-to-cell communication may play an important role in the pathogenesis of
liver diseases. EVs: Extracellular vesicles; HPCs: Hepatic progenitor cells; HSCs: Hepatic stellate cells;
LSECs: Liver sinusoidal endothelial cells.

1.2. Extracellular Vesicles

Extracellular vesicles (EVs), which are membrane-bound particles, play an important role in
cell-to-cell communication during liver diseases [7,8]. EVs are currently classified into three classes:
Exosomes, microvesicles or microparticles, and apoptotic bodies, according to their biogenesis.
Exosomes are the smallest particles (~100 nm in diameter) formed within the endosomal network.
Multivesicular bodies, which are endosomes containing internal vesicles, fuse with the plasma
membrane and release those vesicles that are referred to as exosomes. Microvesicles (0.1–1 µm) are
produced by the outward budding and fission of the plasma membrane. Apoptotic bodies (1–4 µm) are
the largest vesicles in three classes that are released from apoptotic cells. In the process of apoptosis,
cytoskeleton becomes destructive inducing outward budding from cell membranes. Figure 2 represents
three classes of EVs. For more information of biogenesis and biological properties of EVs, see a previous
systematic review [9].

Apoptotic bodies contain parts and debris of dying cells, and they are engulfed and recycled by
phagocytic cells, such as macrophages. Exosomes and microvesicles contain various proteins, DNAs,
and RNAs, and those vesicles are released from donor cells and can be transferred into recipient cells.
Cargos carried in these vesicles are delivered into recipient cells resulting in the regulation of cell events
by donor cells [10,11]. Since it is technically challenging to distinguish and isolate only exosomes
or microvesicles, many previous studies utilize the mixture of these two types of EVs although it
is possible that cargos differ between exosomes and microvesicles that are secreted from same cells.
This review uses the term “EVs” including both exosomes and microvesicles, summarizing current
understandings of cell-to-cell communication in liver diseases especially EV-mediated communication
among liver cells.
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Figure 2. Three classes of EVs and their biogenesis. The smallest class of EVs, exosomes, is formed in 
multivesicular bodies, which are later endosomes carrying small vesicles. Multivesicular bodies are 
fused with the plasma membrane releasing exosomes. Microvesicles are formed directly from the 
membrane by outward budding. Exosomes and microvesicles carry cargo mediators, such as proteins, 
DNAs, and RNAs, which regulate cell events in recipient cells during EV-mediated cell-to-cell 
communication. Apoptotic bodies are the largest class of EVs and are released from apoptotic cells 
due to the destruction of cytoskeleton. 

2. Intercellular Communication in the Pathogenesis of Liver Diseases 

2.1. Macrophages in Liver Inflammation 

Kupffer cells are liver-resident macrophages that are essential for hepatic homeostasis [6]. When 
activated by danger signals, Kupffer cells recruit other immune cells such as monocytes and 
neutrophils to counteract diseased conditions initiating inflammation, fibrosis, angiogenesis, and 
repair [12,13]. Activated macrophages in the liver, either Kupffer cells or bone marrow-derived 
macrophages differentiated from infiltrated monocytes, secrete various mediators to activate other 
liver cells such as hepatocytes or HSCs leading to the pathogenesis of liver diseases. For example, 
macrophages secrete proinflammatory cytokines, interleukin (IL)-6 and IL-1β, during infection, and 
IL-6 can induce cholangiocyte proliferation leading to ductular reaction [14,15]. Macrophages also 
secrete profibrogenic transforming growth factor beta 1 (TGF-β1), a potent activator of HSCs leading 
to liver fibrosis [16]. These findings suggest that liver macrophages play a central role in the 
pathogenesis of liver diseases, thus leading to liver inflammation and fibrosis. 

Macrophages also have a great phagocytotic ability and can internalize EVs [17]. Li et al. have 
demonstrated that EVs isolated from hepatocellular carcinoma (HCC) cell lines contain elevated 
levels of long non-coding RNAs (lncRNAs) TUC339 compared to EVs from normal hepatocyte line 
L-02 cells [18]. Monocytic line THP-1 cells internalized these HCC-derived EVs, and increased 
TUC339 levels in THP-1 cells were associated with macrophage M1/M2 polarization [18]. A recent 
study has demonstrated that induction of endoplasmic reticulum stress in HCC cell lines induces 
secretion of EVs that contain abundant miR-23a-3p, and HCC-derived EVs induce elevated 
expression of programmed death ligand 1 (PD-L1) in macrophages in vivo and in vitro leading to T-
cell dysfunction and impaired proliferation [19]. These studies suggest that liver macrophages not 
only initiate signals but also internalize EVs as recipient cells to regulate their functions during HCC 
development and progression. 

Macrophages also play a key role in alcohol-induced liver injury [20]. Alcohol abuse induces 
liver inflammation and damage followed by liver fibrosis [21]. HCC cell line HepG2 cells 
overexpressing alcohol metabolizing enzyme cytochrome P450 2E1, can secrete an elevated number 
of EVs following ethanol stimulation, which then can activate THP-1 cells through the CD40 ligand 
leading to their differentiation into inflammatory M1 phenotype [22]. Activated M1 macrophages in 
turn secrete several proinflammatory cytokines including IL-1β, IL-6, and tumor necrosis factor alpha 

Figure 2. Three classes of EVs and their biogenesis. The smallest class of EVs, exosomes, is formed
in multivesicular bodies, which are later endosomes carrying small vesicles. Multivesicular bodies
are fused with the plasma membrane releasing exosomes. Microvesicles are formed directly from
the membrane by outward budding. Exosomes and microvesicles carry cargo mediators, such as
proteins, DNAs, and RNAs, which regulate cell events in recipient cells during EV-mediated cell-to-cell
communication. Apoptotic bodies are the largest class of EVs and are released from apoptotic cells due
to the destruction of cytoskeleton.

2. Intercellular Communication in the Pathogenesis of Liver Diseases

2.1. Macrophages in Liver Inflammation

Kupffer cells are liver-resident macrophages that are essential for hepatic homeostasis [6].
When activated by danger signals, Kupffer cells recruit other immune cells such as monocytes
and neutrophils to counteract diseased conditions initiating inflammation, fibrosis, angiogenesis,
and repair [12,13]. Activated macrophages in the liver, either Kupffer cells or bone marrow-derived
macrophages differentiated from infiltrated monocytes, secrete various mediators to activate other
liver cells such as hepatocytes or HSCs leading to the pathogenesis of liver diseases. For example,
macrophages secrete proinflammatory cytokines, interleukin (IL)-6 and IL-1β, during infection, and IL-6
can induce cholangiocyte proliferation leading to ductular reaction [14,15]. Macrophages also secrete
profibrogenic transforming growth factor beta 1 (TGF-β1), a potent activator of HSCs leading to liver
fibrosis [16]. These findings suggest that liver macrophages play a central role in the pathogenesis of
liver diseases, thus leading to liver inflammation and fibrosis.

Macrophages also have a great phagocytotic ability and can internalize EVs [17]. Li et al. have
demonstrated that EVs isolated from hepatocellular carcinoma (HCC) cell lines contain elevated levels
of long non-coding RNAs (lncRNAs) TUC339 compared to EVs from normal hepatocyte line L-02
cells [18]. Monocytic line THP-1 cells internalized these HCC-derived EVs, and increased TUC339
levels in THP-1 cells were associated with macrophage M1/M2 polarization [18]. A recent study has
demonstrated that induction of endoplasmic reticulum stress in HCC cell lines induces secretion of EVs
that contain abundant miR-23a-3p, and HCC-derived EVs induce elevated expression of programmed
death ligand 1 (PD-L1) in macrophages in vivo and in vitro leading to T-cell dysfunction and impaired
proliferation [19]. These studies suggest that liver macrophages not only initiate signals but also
internalize EVs as recipient cells to regulate their functions during HCC development and progression.

Macrophages also play a key role in alcohol-induced liver injury [20]. Alcohol abuse induces liver
inflammation and damage followed by liver fibrosis [21]. HCC cell line HepG2 cells overexpressing
alcohol metabolizing enzyme cytochrome P450 2E1, can secrete an elevated number of EVs following
ethanol stimulation, which then can activate THP-1 cells through the CD40 ligand leading to their
differentiation into inflammatory M1 phenotype [22]. Activated M1 macrophages in turn secrete
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several proinflammatory cytokines including IL-1β, IL-6, and tumor necrosis factor alpha (TNFα)
and perpetuate the inflammatory process [23]. EVs can also be secreted from THP-1 cells and human
primary monocytes upon ethanol exposure, and these THP-1 EVs can induce differentiation of naïve
monocytes into the anti-inflammatory M2 phenotype by delivering cargo miR-27a [24]. EVs can be
isolated from the serum of ethanol-fed mice. [25]. The alcohol-derived circulating EVs can induce
the expression of M1 markers CD68 and TNFα but the suppressed M2 marker CD163 in murine
macrophage line RAW 264.7 cells, suggesting that circulating EVs following ethanol feeding activate
macrophages predominantly as the M1 phenotype leading to liver inflammation [25]. Neutrophils are
activated by macrophages leading to infiltration during the inflammatory responses [26,27]. A previous
study has demonstrated that patients with recent excess alcohol drinking have elevated numbers
of circulating EVs that contain mitochondrial DNA (mtDNA), which are correlated with increased
numbers of peripheral neutrophils [28]. The authors have utilized a mouse model of chronic plus
binge alcohol drinking and have demonstrated that mice with alcohol abuse have elevated numbers of
peripheral neutrophils and circulating mtDNA-enriched EVs compared to the control mice, and those
EVs are hepatocyte-derived. Injection of EVs isolated from mice with chronic plus binge alcohol
treatment into mice with chronic without binge alcohol drinking increased numbers of circulating
lymphocytes, neutrophils, and monocytes [28]. Although it is unclear if injected EVs are internalized
by liver macrophages and subsequently lead to lymphocyte recruitment or into neutrophils initiating
infiltration, these findings suggest the important role of EVs in regulating neutrophil infiltration and
inflammation in alcohol-induced liver injury.

Cell-to-cell interaction via EVs also plays a role in the pathogenesis of NASH. Hirsova et al. have
demonstrated that lipotoxicity induced by incubation with lysophosphatidylcholine (LPC) induces
elevated EV secretion from primary hepatocytes in vitro [29]. LPC-derived hepatocyte EVs as well
as serum EVs isolated from mice fed with a high saturated fat, high fructose, and high cholesterol
(HFFC) diet contained higher levels of IL-1β and IL-6 mRNAs compared to control EVs. These EVs
can activate the expression of IL-1β and IL-6 in bone marrow-derived macrophages leading to liver
injury [29]. In another study, stimulated hepatocyte-derived carcinoma cell line Huh7 cells and primary
mouse hepatocytes with LPC secrete elevated numbers of EVs compared to those cells with vehicle,
and LPC-derived EVs contain elevated levels of CXCL10 [30]. These lipotoxic EVs induced cell
migration and activation of bone marrow-derived macrophages in a CXCL10-dependent manner [30].
Kakazu et al. have demonstrated that stimulation of immortalized mouse hepatocytes with palmitic
acid increase EV secretion compared to vehicle, and these lipotoxic EVs are enriched with ceramide [31].
HFFC feeding elevated circulating EV numbers in mice and HFFC-derived EVs also contained elevated
amounts of ceramide compared to EVs isolated from chow-fed mice [31]. Lipotoxic EVs induced
migration of bone marrow-derived macrophages by delivering cargo ceramide [31]. These studies
suggest that hepatocytes secrete EVs containing mediators during diseased conditions induced by
alcohol or high fat diet, and hepatocyte-derived EVs regulate macrophage polarization leading to
migration and cytokine production.

Drug-induced liver injury (DILI) is damaged liver conditions caused by exposure to toxic drugs.
Exposure of hepatocytes to acetaminophen or galactatosamine increased EV secretion from hepatocytes
in vitro, and administration of these drugs into mice caused liver damage and elevated numbers
of circulating EVs in serum in vivo [32,33]. These drug-derived EVs contained elevated amounts of
proteins and different protein profiles. Another study has demonstrated that exposure to acetaminophen
increases levels of miR-122 carried in hepatocyte-derived EVs [34]. Since hepatocyte-derived EVs that
contain elevated levels of miR-122 increase responses of THP-1 monocytes against lipopolysaccharide
(LPS) [35], these studies suggest that hepatocytes release EVs that contain altered proteins and miRNAs
to regulate the activation of monocytes and/or macrophages.
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2.2. Hepatic Stellate Cells in Liver Fibrosis

HSCs are located in the space of Disse (Figure 1) and play an important role in hepatic fibrosis [36,37].
HSCs are normally in the quiescent state, however, they can transdifferentiate into myofibroblasts
during the disease state [38,39]. Activated HSCs and myofibroblasts synthesize extracellular matrix
(ECM) proteins including collagen type I, alpha smooth muscle actin (αSMA), and fibronectin leading
to liver fibrosis. TGF-β1 is a profibrogenic polypeptide and is known to be associated with HSC
activation and liver fibrosis. HSCs can be activated by internalization of EVs secreted from other cells or
even from HSCs. Charrier et al. have demonstrated that HSCs secrete EVs that contain the connective
tissue growth factor (CCN2) mRNA and protein, and those HSC-derived EVs are internalized into
other HSCs delivering cargo CCN2 [40]. The active form of HSCs expresses elevated levels of CCN2 at
diseased liver conditions, indicating the association between CCN2 and HSC activation [41]. Quiescent
HSCs at normal conditions express high levels of Twist1 that inhibits CCN2 expression via miR-214,
and EVs secreted from quiescent HSCs can suppress activation and fibrogenesis of other HSCs by
delivering cargo Twist1 [41]. Platelet-derived growth factor (PDGF) is associated with migration
and ECM production in myofibroblasts [42]. Kostallari et al. have demonstrated that EVs isolated
from PDGF-BB-treated HSCs contain high levels of the PDGF receptor alpha (PDGFRα), and these
PDGFRα-enriched EVs induce HSC migration in vitro and liver fibrosis in vivo [43]. These studies
suggest that HSCs communicate with each other via EVs with different cargos regulating activation
and fibrogenesis according to liver conditions.

Mast cells can be activated to release mediators by multiple triggers, and they play an important
role in liver diseases [44]. Mast cell-deficient mice represent impaired HSC activation leading to
attenuated liver damage and fibrosis during cholestatic liver injury, indicating the association between
mast cells and pathogenesis of liver fibrosis via HSC activation [45]. Kim et al. have isolated serum EVs
from patients with systemic mastocytosis and have found that these EVs contain high levels of mast
cell signature proteins such as c-Kit [46]. These c-Kit-enriched EVs induced activation and expression
of αSMA, collagen type I, and TGF-β1 by delivering cargo c-Kit in cultured HSCs in vitro, indicating
EV communication between mast cells and HSCs at diseased conditions [46].

EVs from HepG2 cells or primary mouse hepatocytes treated with palmitic acid contain enriched
miRNAs including miR-128-3p which can activate HSCs through the attenuated expression of
peroxisome proliferator-activated receptor gamma (PPARγ) leading to liver fibrosis [47]. Another study
isolated EVs from palmitic acid-treated Huh7 cells that can induce profibrogenic gene expression
in cultured HSC line LX-2 cells indicating fibrogenic hepatocyte-to-HSC communication during
NAFLD [48].

LSECs are located near HSCs (Figure 1), and crosstalk between LSECs and HSCs is associated
with liver fibrosis [49]. Wang et al. have demonstrated that murine LSECs express elevated levels of
sphingosine kinase 1 (SK1) during carbon tetrachloride (CCl4)-induced liver injury [50]. Cultured
immortalized LSECs treated with triggering agents including PDGF and TGF-β1 secreted EVs carrying
elevated levels of SK1 mRNA compared to the control. These SK1-enriched EVs induced AKT
phosphorylation in human primary HSCs but not in HepG2 or THP-1 cells, indicating specific
regulation against HSCs via LSEC-derived EVs [50]. Phosphorylation of AKT is associated with HSC
activation and migration leading to liver fibrosis [51,52]. These findings support the crosstalk between
LSECs and HSCs at diseased/fibrotic liver conditions.

Patients with the hepatitis C virus (HCV)-induced chronic hepatitis as indicated by alanine
aminotransferase (ALT) > 100 IU/mL had higher numbers of EVs secreted from T cells in blood
compared to healthy individuals or HCV patients with normal ALT levels (< 40 IU/mL) [53]. This study
found that T cell-derived EVs regulated HSC activation and function, and effects of EVs varied
depending on donor cells (CD4+ T cells or CD8+ T cells) or conditions of donor cells (apoptotic or
not) [53]. Zhou et al. have isolated EVs from cultured HCC cell lines and demonstrated that HCC
cell-derived EVs activate HSCs in vivo and in vitro leading to fibrogenesis by delivering cargo miR-21
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which results in the activation of AKT in HSCs [54]. These studies suggest that various liver cells have
crosstalk with HSCs coordinating for fibrogenesis during liver diseases.

2.3. Liver Sinusoidal Endothelial Cells in Angiogenesis

LSECs are endothelial cells located on the interface between blood cells and hepatocytes or
HSCs (Figure 1). During liver fibrosis, expression levels of vascular endothelial growth factor (VEGF)
are increased leading to proangiogenic action in LSECs and profibrogenic action in HSCs [55].
Angiogenesis in LSECs and fibrogenesis in HSCs and/or portal myofibroblasts are closely associated
during disease progression. Isolated EVs from cultured portal myofibroblasts contain VEGF-A and
can be internalized into LSECs inducing tube formation and proangiogenic responses [56]. A previous
study has demonstrated using human umbilical vascular endothelial cells that HepG2 cells secrete
EVs containing Vanin-1 during exposure to free fatty acids, and these HepG2-derived EVs drive
tube formation and migration of endothelial cells by internalization [57]. The authors fed mice with
a methionine- and choline-deficient (MCD) diet, which is a diet model of NASH, and found that
MCD-fed mice had elevated numbers of circulating EVs containing Vanin-1 compared to control-fed
mice. Vanin-1 enriched EVs induced tube formation and migration of endothelial cells, indicating
crosstalk between hepatocytes and LSECs via EVs [57]. Liver fibrosis is also characteristic of cholestatic
liver injury including bile duct ligation (BDL), which is a surgical ligation of the common bile duct
that is widely used as an animal model of cholestasis and cholestatic liver injury [58]. Hedgehog
signaling is essential for tube formation and angiogenesis of LSECs [59,60]. Witek et al. have isolated
EVs from the serum and bile of BDL rats and have found that BDL-derived serum and biliary EVs
contain elevated levels of Hedgehog ligands [61]. These BDL-derived EVs drove Hedgehog-dependent
activation in LSECs, but EVs from healthy livers did not [61]. These findings suggest that LSECs and
their proangiogenic actions are regulated by other liver cells via EVs.

2.4. Cholangiocytes in Ductular Reaction

Bile ducts consist of cholangiocytes (Figure 1) and cholangiocytes are associated with
cholangiopathies, such as primary sclerosing cholangitis (PSC) [62]. Ductular reaction is the reactive
biliary proliferation coupled with inflammation and is characteristic in several types of liver diseases [63].
Activated cholangiocytes secrete EVs during BDL leading to LSEC activation by delivering Hedgehog
ligands as described previously [61]. Cellular senescence in cholangiocytes are also characteristic in
PSC, and senescent cholangiocytes secrete senescence-associated secretory phenotype (SASP) markers
such as IL-6, IL-8, and C-C motif chemokine ligand 2 (CCL2) leading to the activation of HSCs followed
by fibrogenesis [64–66].

Cholangiocytes can be served as the recipient cells by internalizing EVs through the primary
cilia [67,68]. EVs isolated from rat bile were incubated with cultured rat cholangiocytes, and they
decreased cholangiocyte proliferation by the inhibition of ERK signaling in vitro, suggesting
cholangiocyte regulation via EVs [67]. Deciliation of cholangiocytes decreased EV internalization and the
associated regulation [67]. The abnormal accumulation of bacterial endotoxin or LPS in cholangiocytes
has been found in liver tissues of patients with PSC [69]. Stimulation of human normal cholangiocyte
line H69 cells with LPS increased EV secretion compared to vehicle, and these LPS-derived EVs
induced enhanced cell proliferation as well as proinflammatory cytokine secretion including IL-1β,
IL-6, and TNFα in other H69 cells in vitro [70]. These findings suggest that cholangiocytes communicate
with each other via EVs at diseased conditions leading to cholangiocyte activation and proliferation.

2.5. Hepatocytes as Recipient Cells

As described previously, hepatocytes play a key role in various liver diseases as donor cells
secreting EVs. During hepatocyte damage caused by alcohol or free fatty acid, hepatocytes secrete
EVs leading to activation of macrophages and/or HSCs. Hepatocytes also internalize EVs as recipient
cells and are regulated by other liver cells. Injection of EVs isolated from the alcohol-fed mice serum
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into naïve mice has demonstrated that injected EVs are internalized in primary hepatocytes causing
elevated expression of CCL2 in vivo [25]. Li et al. have demonstrated that lncRNA H19 is highly
expressed by cholangiocytes during cholestatic liver injury using Mdr2−/− mice, the mouse model for
PSC [71]. The authors have found that cholangiocytes at diseased conditions secrete EVs containing
H19, and cholangiocyte-derived EVs are internalized into hepatocytes suppressing small heterodimer
partner by H19, which leads to increased bile acid synthesis resulting in cholestatic liver injury [72].
These studies suggest that hepatocytes communicate with other liver cells via EVs regulating their
functions and vice versa.

3. Potential Utilization of Extracellular Vesicles

3.1. As Therapeutic Tools

Since EVs can regulate physiological events in recipient cells by delivering cargos, EVs may have
potentials as a therapeutic tool for novel treatments of liver diseases. Transplantation of stem cells has
demonstrated its therapeutic potential against liver diseases, especially liver fibrosis, using various
sources of cells [73]. A clinical trial for transplantation of mesenchymal stem cells using patients with
liver cirrhosis is currently ongoing (NCT03626090). Not only stem cells, but also stem cell-derived EVs
may have therapeutic effects on liver diseases. Injection of EVs isolated from cultured human umbilical
cord mesenchymal stem cells (hucMSCs) improved mouse liver conditions with CCl4-induced liver
injury [74]. Previous studies have demonstrated that hucMSC-derived EVs have protective effects
against oxidative stress, and these antioxidant effects are dependent on glutathione peroxidase1
carried in EVs [75,76]. Injection of human bone marrow mesenchymal stem cells (BM-MSCs) or EVs
isolated from cultured BM-MSCs ameliorated CCl4-induced liver fibrosis by inhibiting Wnt/β-catenin
signaling [77]. Injection of EVs isolated from mouse BM-MSCs improved liver conditions and survival
rates in mice with galactosamine-induced DILI [78]. EVs isolated from human HPCs attenuated
ductular reaction and liver fibrosis in PSC model Mdr2−/− mice by delivering cargo miRNA let-7 [79].
These studies suggest that stem cell-derived EV injection therapy can improve liver conditions and
fibrosis during liver diseases. However, in most of the previous studies, EVs were isolated from
cultured human stem cells and injected into model mice, which have a mismatch in species. In addition,
it is unclear whether HPCs or other stem cells are activated during liver injury secreting therapeutic EVs
in vivo. It is also undefined whether HPCs function as recipient cells to get activated by internalizing
EVs secreted from other liver cells. Further studies are required to elucidate coordination and
orchestration of liver cells in HPC-mediated liver repair.

Another approach for utilization of EVs as a therapeutic tool is to modify cargo mediators. Elevated
expression of miR-155 in the liver has been reported in various liver diseases [80–82]. A previous study
has demonstrated that electroporation loads miR-155 mimic into EVs isolated from murine B cells,
and these miR-155 enriched EVs induce elevated CCL2 expression during LPS stimulation in Kupffer
cells isolated from the miR-155 knockout mice [83]. Electroporation also loaded miR-155 inhibitor into
B cell-derived EVs and those EVs were taken up by RAW 264.7 macrophage lines inhibiting TNFα
secretion during LPS stimulation by delivering cargo miR-155 inhibitor [84]. Electroporation may
be able to load not only mimics or inhibitors of miRNAs but also therapeutic chemicals and drugs,
indicating the possible potentials of EVs as a drug carrier although current studies are limited and
techniques are still not efficient [85]. Although further studies are required, these findings suggest that
EVs can be a novel therapeutic tool as a mediator or drug carrier for the treatments of liver diseases.

3.2. As Diagnostic Tools

EVs contain proteins and RNAs, and those cargos can be cell- or disease-specific, indicating that the
analysis of EV cargos may identify biomarkers leading to novel diagnostic techniques for liver diseases.
Cholangiocarcinoma (CCA) is a bile duct cancer, and PSC patients often develop CCA in the later
stage [86,87]. A previous study has characterized protein contents in EVs isolated from patients with
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PSC, CCA, or HCC, and healthy individuals [88]. EVs isolated from serum samples of CCA patients
contained elevated levels of various proteins, such as CRP, PIGR, and AMPN, compared to those
from other groups, and the receiver operating characteristic analyses represented that those candidate
biomarkers could be useful for the diagnosis of CCA [88]. Another study has cultured patient-derived
cells using collected HCC tissues from patients and characterized migration abilities for each cell to
compare EV cargos between slow and fast migration groups [89]. This study identified various miRNAs
carried in EVs that have a correlation and association with HCC cell migration, indicating that the
analysis of EV miRNAs may be useful to predict cancer migration and progression [89]. These studies
suggest that EVs secreted from cells at diseased conditions contain specific cargos, and the analysis
of those cargo biomarkers could lead to the development of novel diagnosis or prediction of liver
conditions. Numbers of previous studies have identified various candidate biomarkers carried in EVs.
For more information of EV biomarkers in liver diseases, see previous reviews [7,8,90–92].

4. Conclusions and Perspectives

Different types of liver cells communicate with each other via EVs, and the orchestration of various
cells plays an important role in the development and progression of liver diseases. The majority of
studies are based on hepatocytes as donor cells with EV secretion and macrophages as recipient cells
with EV internalization. This is probably because of the large population of hepatocytes (~70% total
liver cells) and the phagocytotic ability of macrophages; however, other previous studies have identified
various liver cells as donor and recipient cells. Future studies will reveal more detailed mechanisms of
the orchestration of various liver cells mediated by EVs at the diseased conditions.

Liver functions can be regulated by EVs originated from other organs; this means that the
physiological events in liver cells may be regulated by cells of other organs via secretion of EVs.
Injected EVs via the tail vein are distributed into various organs. The majority of injected EVs are
delivered into the liver but also into the spleen, intestine, and lung, and slightly into the pancreas
and kidney [93]. This suggests that circulating EVs in serum could affect multiple organs, especially
the liver. The liver and intestine coordinate in enterohepatic bile acid circulation and metabolism,
and hepatic and intestinal cells influence each other by secretion and absorption of bile acids through
bile acid receptors [94]. Gut microbiota influence liver conditions and may play an important role
in liver diseases [95]. It is highly likely that functions of specific types of liver cells are regulated by
mediators carried in EVs that are secreted from other organs or foreign organisms such as gut bacteria.
Future studies will reveal more detailed mechanisms of EV-mediated interorgan communication in
liver diseases.

In conclusion, different types of liver cells communicate with each other by secreting EVs and
transferring cargo mediators into recipient cells leading to pathogenesis during diseased liver conditions.
EVs and their cargos can be a therapeutic target to ameliorate cell functions in liver diseases.

Author Contributions: K.S. designed the study and wrote the first draft; L.K. critically reviewed the draft and
finalized the manuscript; S.L. critically reviewed the draft and finalized the manuscript; P.K. critically reviewed
the draft and finalized the manuscript; Z.Y. critically reviewed the draft and finalized the manuscript; FM critically
reviewed the draft and finalized the manuscript; S.G. critically reviewed the draft and finalized the manuscript
H.F. critically reviewed the draft and finalized the manuscript; G.A. critically reviewed the draft and finalized
the manuscript.

Funding: Portions of these discussed studies were supported by Baylor Scott & White Institute, the Hickam
Endowed Chair, Gastroenterology, Medicine, Indiana University, a VA Research Senior Career Scientist Award
and a VA Merit award to Dr. Alpini (5I01BX000574), Dr. Francis (1I01BX003031), Dr. Meng (1I01BX001724),
and Dr. Liangpunsakul (I01CX000361) as well as the NIH grants DK054811, DK076898, DK107310, DK110035,
DK062975, AA025997, DK108959, AA025208, DK107682, AA026917, AA026903, AA025157, and AA026385 to Drs.
Alpini, Meng, Glaser, Francis, Liangpunsakul, and Yang. Drs. Alpini and Sato were awarded for funding from
PSC Partners Seeking a Cure. The views expressed in this article are those of the authors and do not necessarily
represent the views of the Department of Veterans Affairs.

Conflicts of Interest: The authors have no conflict of interest to declare.



Int. J. Mol. Sci. 2019, 20, 2180 9 of 14

Abbreviations

ALT alanine aminotransferase
αSMA alpha smooth muscle actin
BDL bile duct ligation
BM-MSCs bone marrow mesenchymal stem cells
CCA Cholangiocarcinoma
CCL2 C-C motif chemokine ligand 2
CCl4 carbon tetrachloride
CCN2 connective tissue growth factor
DILI drug-induced liver injury
ECM extracellular matrix
EVs extracellular vesicles
HFFC high saturated fat, high fructose, and high cholesterol
HCC hepatocellular carcinoma
HCV hepatitis C virus
HPC hepatic progenitor cells
HSCs hepatic stellate cells
hucMSCs human umbilical cord mesenchymal stem cells
IL Interleukin
lncRNAs long non-coding RNAs
LPC Lysophosphatidylcholine
LPS Lipopolysaccharide
LSECs liver sinusoidal endothelial cells
MCD methionine- and choline-deficient
mtDNA mitochondrial DNA
NAFLD non-alcoholic fatty liver disease
NASH non-alcoholic steatohepatitis
PDGF platelet-derived growth factor
PDGFRα PDGF receptor alpha
PD-L1 programmed death ligand 1
PPARγ peroxisome proliferator-activated receptor gamma
SASP senescence-associated secretory phenotype
PSC primary sclerosing cholangitis
SK1 sphingosine kinase 1
TGF-β1 transforming growth factor beta 1
TNFα tumor necrosis factor alpha
VEGF vascular endothelial growth factor

References

1. Si-Tayeb, K.; Lemaigre, F.P.; Duncan, S.A. Organogenesis and development of the liver. Dev. Cell 2010,
18, 175–189. [CrossRef]

2. Sato, K.; Hall, C.; Glaser, S.; Francis, H.; Meng, F.; Alpini, G. Pathogenesis of kupffer cells in cholestatic liver
injury. Am. J. Pathol. 2016, 186, 2238–2247. [CrossRef] [PubMed]

3. Grunhut, J.; Wang, W.; Aykut, B.; Gakhal, I.; Torres-Hernandez, A.; Miller, G. Macrophages in nonalcoholic
steatohepatitis: Friend or foe? Eur. Med. J. Hepatol. 2018, 6, 100–109.

4. Washington, K.; Wright, K.; Shyr, Y.; Hunter, E.B.; Olson, S.; Raiford, D.S. Hepatic stellate cell activation in
nonalcoholic steatohepatitis and fatty liver. Hum. Pathol. 2000, 31, 822–828. [CrossRef]

5. Marra, F.; Tacke, F. Roles for chemokines in liver disease. Gastroenterology 2014, 147, 577–594. [CrossRef]
6. Ju, C.; Tacke, F. Hepatic macrophages in homeostasis and liver diseases: From pathogenesis to novel

therapeutic strategies. Cell. Mol. Immunol. 2016, 13, 316–327. [CrossRef] [PubMed]
7. Hirsova, P.; Ibrahim, S.H.; Verma, V.K.; Morton, L.A.; Shah, V.H.; LaRusso, N.F.; Gores, G.J.; Malhi, H.

Extracellular vesicles in liver pathobiology: Small particles with big impact. Hepatology 2016, 64, 2219–2233.
[CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.devcel.2010.01.011
http://dx.doi.org/10.1016/j.ajpath.2016.06.003
http://www.ncbi.nlm.nih.gov/pubmed/27452297
http://dx.doi.org/10.1053/hupa.2000.8440
http://dx.doi.org/10.1053/j.gastro.2014.06.043
http://dx.doi.org/10.1038/cmi.2015.104
http://www.ncbi.nlm.nih.gov/pubmed/26908374
http://dx.doi.org/10.1002/hep.28814
http://www.ncbi.nlm.nih.gov/pubmed/27628960


Int. J. Mol. Sci. 2019, 20, 2180 10 of 14

8. Sato, K.; Meng, F.; Glaser, S.; Alpini, G. Exosomes in liver pathology. J. Hepatol. 2016, 65, 213–221. [CrossRef]
[PubMed]

9. Yanez-Mo, M.; Siljander, P.R.; Andreu, Z.; Zavec, A.B.; Borras, F.E.; Buzas, E.I.; Buzas, K.; Casal, E.; Cappello, F.;
Carvalho, J.; et al. Biological properties of extracellular vesicles and their physiological functions. J. Extracell.
Vesicles 2015, 4, 27066. [CrossRef] [PubMed]

10. Lemoinne, S.; Thabut, D.; Housset, C.; Moreau, R.; Valla, D.; Boulanger, C.M.; Rautou, P.E. The emerging
roles of microvesicles in liver diseases. Nat. Rev. Gastroenterol. Hepatol. 2014, 11, 350–361. [CrossRef]

11. Masyuk, A.I.; Masyuk, T.V.; Larusso, N.F. Exosomes in the pathogenesis, diagnostics and therapeutics of
liver diseases. J. Hepatol. 2013, 59, 621–625. [CrossRef]

12. Krenkel, O.; Tacke, F. Liver macrophages in tissue homeostasis and disease. Nat. Rev. Immunol. 2017,
17, 306–321. [CrossRef]

13. Kazankov, K.; Jorgensen, S.M.D.; Thomsen, K.L.; Moller, H.J.; Vilstrup, H.; George, J.; Schuppan, D.;
Gronbaek, H. The role of macrophages in nonalcoholic fatty liver disease and nonalcoholic steatohepatitis.
Nat. Rev. Gastroenterol. Hepatol. 2019, 16, 145–159. [CrossRef]

14. Park, J.; Tadlock, L.; Gores, G.J.; Patel, T. Inhibition of interleukin 6-mediated mitogen-activated protein kinase
activation attenuates growth of a cholangiocarcinoma cell line. Hepatology 1999, 30, 1128–1133. [CrossRef]

15. Xiao, Y.; Wang, J.; Yan, W.; Zhou, Y.; Chen, Y.; Zhou, K.; Wen, J.; Wang, Y.; Cai, W. Dysregulated miR-124 and
miR-200 expression contribute to cholangiocyte proliferation in the cholestatic liver by targeting IL-6/STAT3
signalling. J. Hepatol. 2015, 62, 889–896. [CrossRef]

16. Vannella, K.M.; Wynn, T.A. Mechanisms of organ injury and repair by macrophages. Annu. Rev. Physiol.
2017, 79, 593–617. [CrossRef] [PubMed]

17. Rosales, C.; Uribe-Querol, E. Phagocytosis: A fundamental process in immunity. BioMed Res. Int. 2017,
2017, 9042851. [CrossRef]

18. Li, X.; Lei, Y.; Wu, M.; Li, N. Regulation of macrophage activation and polarization by HCC-derived exosomal
lncRNA TUC339. Int. J. Mol. Sci. 2018, 19, 2958. [CrossRef] [PubMed]

19. Liu, J.; Fan, L.; Yu, H.; Zhang, J.; He, Y.; Feng, D.; Wang, F.; Li, X.; Liu, Q.; Li, Y.; et al. Endoplasmic reticulum
stress promotes liver cancer cells to release exosomal miR-23a-3p and up-regulate PD-L1 expression in
macrophages. Hepatology 2019. [CrossRef]

20. Ju, C.; Mandrekar, P. Macrophages and alcohol-related liver inflammation. Alcohol. Res. 2015, 37, 251–262.
[PubMed]

21. Seitz, H.K.; Bataller, R.; Cortez-Pinto, H.; Gao, B.; Gual, A.; Lackner, C.; Mathurin, P.; Mueller, S.; Szabo, G.;
Tsukamoto, H. Alcoholic liver disease. Nat. Rev. Dis. Primers 2018, 4, 16. [CrossRef] [PubMed]

22. Verma, V.K.; Li, H.; Wang, R.; Hirsova, P.; Mushref, M.; Liu, Y.; Cao, S.; Contreras, P.C.; Malhi, H.; Kamath, P.S.;
et al. Alcohol stimulates macrophage activation through caspase-dependent hepatocyte derived release of
CD40L containing extracellular vesicles. J. Hepatol. 2016, 64, 651–660. [CrossRef]

23. Shapouri-Moghaddam, A.; Mohammadian, S.; Vazini, H.; Taghadosi, M.; Esmaeili, S.A.; Mardani, F.; Seifi, B.;
Mohammadi, A.; Afshari, J.T.; Sahebkar, A. Macrophage plasticity, polarization, and function in health and
disease. J. Cell. Physiol. 2018, 233, 6425–6440. [CrossRef]

24. Saha, B.; Momen-Heravi, F.; Kodys, K.; Szabo, G. MicroRNA cargo of extracellular vesicles from
alcohol-exposed monocytes signals naive monocytes to differentiate into M2 macrophages. J. Biol. Chem.
2016, 291, 149–159. [CrossRef]

25. Saha, B.; Momen-Heravi, F.; Furi, I.; Kodys, K.; Catalano, D.; Gangopadhyay, A.; Haraszti, R.;
Satishchandran, A.; Iracheta-Vellve, A.; Adejumo, A.; et al. Extracellular vesicles from mice with alcoholic
liver disease carry a distinct protein cargo and induce macrophage activation through heat shock protein 90.
Hepatology 2018, 67, 1986–2000. [CrossRef]

26. Prame Kumar, K.; Nicholls, A.J.; Wong, C.H.Y. Partners in crime: Neutrophils and monocytes/macrophages
in inflammation and disease. Cell Tissue Res. 2018, 371, 551–565. [CrossRef]

27. Selders, G.S.; Fetz, A.E.; Radic, M.Z.; Bowlin, G.L. An overview of the role of neutrophils in innate immunity,
inflammation and host-biomaterial integration. Regen. Biomater. 2017, 4, 55–68. [CrossRef]

28. Cai, Y.; Xu, M.J.; Koritzinsky, E.H.; Zhou, Z.; Wang, W.; Cao, H.; Yuen, P.S.; Ross, R.A.; Star, R.A.;
Liangpunsakul, S.; et al. Mitochondrial DNA-enriched microparticles promote acute-on-chronic alcoholic
neutrophilia and hepatotoxicity. JCI Insight 2017, 2, e92634. [CrossRef]

http://dx.doi.org/10.1016/j.jhep.2016.03.004
http://www.ncbi.nlm.nih.gov/pubmed/26988731
http://dx.doi.org/10.3402/jev.v4.27066
http://www.ncbi.nlm.nih.gov/pubmed/25979354
http://dx.doi.org/10.1038/nrgastro.2014.7
http://dx.doi.org/10.1016/j.jhep.2013.03.028
http://dx.doi.org/10.1038/nri.2017.11
http://dx.doi.org/10.1038/s41575-018-0082-x
http://dx.doi.org/10.1002/hep.510300522
http://dx.doi.org/10.1016/j.jhep.2014.10.033
http://dx.doi.org/10.1146/annurev-physiol-022516-034356
http://www.ncbi.nlm.nih.gov/pubmed/27959618
http://dx.doi.org/10.1155/2017/9042851
http://dx.doi.org/10.3390/ijms19102958
http://www.ncbi.nlm.nih.gov/pubmed/30274167
http://dx.doi.org/10.1002/hep.30607
http://www.ncbi.nlm.nih.gov/pubmed/26717583
http://dx.doi.org/10.1038/s41572-018-0014-7
http://www.ncbi.nlm.nih.gov/pubmed/30115921
http://dx.doi.org/10.1016/j.jhep.2015.11.020
http://dx.doi.org/10.1002/jcp.26429
http://dx.doi.org/10.1074/jbc.M115.694133
http://dx.doi.org/10.1002/hep.29732
http://dx.doi.org/10.1007/s00441-017-2753-2
http://dx.doi.org/10.1093/rb/rbw041
http://dx.doi.org/10.1172/jci.insight.92634


Int. J. Mol. Sci. 2019, 20, 2180 11 of 14

29. Hirsova, P.; Ibrahim, S.H.; Krishnan, A.; Verma, V.K.; Bronk, S.F.; Werneburg, N.W.; Charlton, M.R.; Shah, V.H.;
Malhi, H.; Gores, G.J. Lipid-induced signaling causes release of inflammatory extracellular vesicles from
hepatocytes. Gastroenterology 2016, 150, 956–967. [CrossRef]

30. Ibrahim, S.H.; Hirsova, P.; Tomita, K.; Bronk, S.F.; Werneburg, N.W.; Harrison, S.A.; Goodfellow, V.S.;
Malhi, H.; Gores, G.J. Mixed lineage kinase 3 mediates release of C-X-C motif ligand 10-bearing chemotactic
extracellular vesicles from lipotoxic hepatocytes. Hepatology 2016, 63, 731–744. [CrossRef]

31. Kakazu, E.; Mauer, A.S.; Yin, M.; Malhi, H. Hepatocytes release ceramide-enriched pro-inflammatory
extracellular vesicles in an IRE1alpha-dependent manner. J. Lipid Res. 2016, 57, 233–245. [CrossRef] [PubMed]

32. Cho, Y.E.; Im, E.J.; Moon, P.G.; Mezey, E.; Song, B.J.; Baek, M.C. Increased liver-specific proteins in circulating
extracellular vesicles as potential biomarkers for drug- and alcohol-induced liver injury. PLoS ONE 2017,
12, e0172463. [CrossRef] [PubMed]

33. Palomo, L.; Mleczko, J.E.; Azkargorta, M.; Conde-Vancells, J.; Gonzalez, E.; Elortza, F.; Royo, F.;
Falcon-Perez, J.M. Abundance of cytochromes in hepatic extracellular vesicles is altered by drugs related
with drug-induced liver injury. Hepatol. Commun. 2018, 2, 1064–1079. [CrossRef] [PubMed]

34. Holman, N.S.; Mosedale, M.; Wolf, K.K.; LeCluyse, E.L.; Watkins, P.B. Subtoxic alterations in hepatocyte-derived
exosomes: An early step in drug-induced liver injury? Toxicol. Sci. 2016, 151, 365–375. [CrossRef] [PubMed]

35. Momen-Heravi, F.; Bala, S.; Kodys, K.; Szabo, G. Exosomes derived from alcohol-treated hepatocytes
horizontally transfer liver specific miRNA-122 and sensitize monocytes to LPS. Sci. Rep. 2015, 5, 9991.
[CrossRef]

36. Gandhi, C.R. Hepatic stellate cell activation and pro-fibrogenic signals. J. Hepatol. 2017, 67, 1104–1105.
[CrossRef] [PubMed]

37. Tsuchida, T.; Friedman, S.L. Mechanisms of hepatic stellate cell activation. Nat. Rev. Gastroenterol. Hepatol.
2017, 14, 397–411. [CrossRef]

38. Puche, J.E.; Saiman, Y.; Friedman, S.L. Hepatic stellate cells and liver fibrosis. Compr. Physiol. 2013, 3, 1473–1492.
[PubMed]

39. Gressner, A.M. Transdifferentiation of hepatic stellate cells (Ito cells) to myofibroblasts: A key event in
hepatic fibrogenesis. Kidney Int. Suppl. 1996, 54, S39–S45.

40. Charrier, A.; Chen, R.; Chen, L.; Kemper, S.; Hattori, T.; Takigawa, M.; Brigstock, D.R. Exosomes mediate
intercellular transfer of pro-fibrogenic connective tissue growth factor (CCN2) between hepatic stellate cells,
the principal fibrotic cells in the liver. Surgery 2014, 156, 548–555. [CrossRef]

41. Chen, L.; Chen, R.; Kemper, S.; Charrier, A.; Brigstock, D.R. Suppression of fibrogenic signaling in hepatic
stellate cells by Twist1-dependent microRNA-214 expression: Role of exosomes in horizontal transfer of
Twist1. Am. J. Physiol. Gastrointest. Liver Physiol. 2015, 309, G491–G499. [CrossRef]

42. Bonner, J.C. Regulation of PDGF and its receptors in fibrotic diseases. Cytokine Growth Factor Rev. 2004,
15, 255–273. [CrossRef]

43. Kostallari, E.; Hirsova, P.; Prasnicka, A.; Verma, V.K.; Yaqoob, U.; Wongjarupong, N.; Roberts, L.R.; Shah, V.H.
Hepatic stellate cell-derived platelet-derived growth factor receptor-alpha-enriched extracellular vesicles
promote liver fibrosis in mice through SHP2. Hepatology 2018, 68, 333–348. [CrossRef]

44. Jarido, V.; Kennedy, L.; Hargrove, L.; Demieville, J.; Thomson, J.; Stephenson, K.; Francis, H. The emerging
role of mast cells in liver disease. Am. J. Physiol. Gastrointest. Liver Physiol. 2017, 313, G89–G101. [CrossRef]
[PubMed]

45. Hargrove, L.; Kennedy, L.; Demieville, J.; Jones, H.; Meng, F.; DeMorrow, S.; Karstens, W.; Madeka, T.;
Greene, J., Jr.; Francis, H. BDL-induced biliary hyperplasia, hepatic injury and fibrosis are reduced in mast
cell deficient Kitw-sh mice. Hepatology 2017, 65, 1991–2004. [CrossRef] [PubMed]

46. Kim, D.K.; Cho, Y.E.; Komarow, H.D.; Bandara, G.; Song, B.J.; Olivera, A.; Metcalfe, D.D. Mastocytosis-derived
extracellular vesicles exhibit a mast cell signature, transfer KIT to stellate cells, and promote their activation.
Proc. Natl. Acad. Sci. USA 2018, 115, E10692–E10701. [CrossRef] [PubMed]

47. Povero, D.; Panera, N.; Eguchi, A.; Johnson, C.D.; Papouchado, B.G.; de Araujo Horcel, L.; Pinatel, E.M.;
Alisi, A.; Nobili, V.; Feldstein, A.E. Lipid-induced hepatocyte-derived extracellular vesicles regulate hepatic
stellate cell via microRNAs targeting PPAR-gamma. Cell. Mol. Gastroenterol. Hepatol. 2015, 1, 646–663.
[CrossRef] [PubMed]

http://dx.doi.org/10.1053/j.gastro.2015.12.037
http://dx.doi.org/10.1002/hep.28252
http://dx.doi.org/10.1194/jlr.M063412
http://www.ncbi.nlm.nih.gov/pubmed/26621917
http://dx.doi.org/10.1371/journal.pone.0172463
http://www.ncbi.nlm.nih.gov/pubmed/28225807
http://dx.doi.org/10.1002/hep4.1210
http://www.ncbi.nlm.nih.gov/pubmed/30202821
http://dx.doi.org/10.1093/toxsci/kfw047
http://www.ncbi.nlm.nih.gov/pubmed/26962055
http://dx.doi.org/10.1038/srep09991
http://dx.doi.org/10.1016/j.jhep.2017.06.001
http://www.ncbi.nlm.nih.gov/pubmed/28939135
http://dx.doi.org/10.1038/nrgastro.2017.38
http://www.ncbi.nlm.nih.gov/pubmed/24265236
http://dx.doi.org/10.1016/j.surg.2014.04.014
http://dx.doi.org/10.1152/ajpgi.00140.2015
http://dx.doi.org/10.1016/j.cytogfr.2004.03.006
http://dx.doi.org/10.1002/hep.29803
http://dx.doi.org/10.1152/ajpgi.00333.2016
http://www.ncbi.nlm.nih.gov/pubmed/28473331
http://dx.doi.org/10.1002/hep.29079
http://www.ncbi.nlm.nih.gov/pubmed/28120369
http://dx.doi.org/10.1073/pnas.1809938115
http://www.ncbi.nlm.nih.gov/pubmed/30352845
http://dx.doi.org/10.1016/j.jcmgh.2015.07.007
http://www.ncbi.nlm.nih.gov/pubmed/26783552


Int. J. Mol. Sci. 2019, 20, 2180 12 of 14

48. Lee, Y.S.; Kim, S.Y.; Ko, E.; Lee, J.H.; Yi, H.S.; Yoo, Y.J.; Je, J.; Suh, S.J.; Jung, Y.K.; Kim, J.H.; et al. Exosomes
derived from palmitic acid-treated hepatocytes induce fibrotic activation of hepatic stellate cells. Sci. Rep.
2017, 7, 3710. [CrossRef]

49. DeLeve, L.D. Liver sinusoidal endothelial cells in hepatic fibrosis. Hepatology 2015, 61, 1740–1746. [CrossRef]
50. Wang, R.; Ding, Q.; Yaqoob, U.; de Assuncao, T.M.; Verma, V.K.; Hirsova, P.; Cao, S.; Mukhopadhyay, D.;

Huebert, R.C.; Shah, V.H. Exosome Adherence and Internalization by Hepatic Stellate Cells Triggers
Sphingosine 1-Phosphate-dependent Migration. J. Biol. Chem. 2015, 290, 30684–30696. [CrossRef] [PubMed]

51. Ding, Q.; Li, Z.; Liu, B.; Ling, L.; Tian, X.; Zhang, C. Propranolol prevents liver cirrhosis by inhibiting hepatic
stellate cell activation mediated by the PDGFR/Akt pathway. Hum. Pathol. 2018, 76, 37–46. [CrossRef]

52. Xu, A.; Li, Y.; Zhao, W.; Hou, F.; Li, X.; Sun, L.; Chen, W.; Yang, A.; Wu, S.; Zhang, B.; et al. PHP14 regulates
hepatic stellate cells migration in liver fibrosis via mediating TGF-beta1 signaling to PI3Kgamma/AKT/Rac1
pathway. J. Mol. Med. 2018, 96, 119–133. [CrossRef] [PubMed]

53. Kornek, M.; Popov, Y.; Libermann, T.A.; Afdhal, N.H.; Schuppan, D. Human T cell microparticles circulate
in blood of hepatitis patients and induce fibrolytic activation of hepatic stellate cells. Hepatology 2011,
53, 230–242. [CrossRef] [PubMed]

54. Zhou, Y.; Ren, H.; Dai, B.; Li, J.; Shang, L.; Huang, J.; Shi, X. Hepatocellular carcinoma-derived exosomal
miRNA-21 contributes to tumor progression by converting hepatocyte stellate cells to cancer-associated
fibroblasts. J. Exp. Clin. Cancer Res. 2018, 37, 324. [CrossRef]

55. Poisson, J.; Lemoinne, S.; Boulanger, C.; Durand, F.; Moreau, R.; Valla, D.; Rautou, P.E. Liver sinusoidal
endothelial cells: Physiology and role in liver diseases. J. Hepatol. 2017, 66, 212–227. [CrossRef]

56. Lemoinne, S.; Cadoret, A.; Rautou, P.E.; El Mourabit, H.; Ratziu, V.; Corpechot, C.; Rey, C.; Bosselut, N.;
Barbu, V.; Wendum, D.; et al. Portal myofibroblasts promote vascular remodeling underlying cirrhosis
formation through the release of microparticles. Hepatology 2015, 61, 1041–1055. [CrossRef] [PubMed]

57. Povero, D.; Eguchi, A.; Niesman, I.R.; Andronikou, N.; de Mollerat du Jeu, X.; Mulya, A.; Berk, M.;
Lazic, M.; Thapaliya, S.; Parola, M.; et al. Lipid-induced toxicity stimulates hepatocytes to release angiogenic
microparticles that require Vanin-1 for uptake by endothelial cells. Sci. Signal. 2013, 6, ra88. [CrossRef]
[PubMed]

58. Wu, N.; Meng, F.; Zhou, T.; Venter, J.; Giang, T.K.; Kyritsi, K.; Wu, C.; Alvaro, D.; Onori, P.; Mancinelli, R.; et al.
The secretin/secretin receptor axis modulates ductular reaction and liver fibrosis through changes in
transforming growth factor-beta1-mediated biliary senescence. Am. J. Pathol. 2018, 188, 2264–2280. [CrossRef]
[PubMed]

59. Vokes, S.A.; Yatskievych, T.A.; Heimark, R.L.; McMahon, J.; McMahon, A.P.; Antin, P.B.; Krieg, P.A. Hedgehog
signaling is essential for endothelial tube formation during vasculogenesis. Development 2004, 131, 4371–4380.
[CrossRef]

60. Renault, M.A.; Robbesyn, F.; Chapouly, C.; Yao, Q.; Vandierdonck, S.; Reynaud, A.; Belloc, I.; Traiffort, E.;
Ruat, M.; Desgranges, C.; et al. Hedgehog-dependent regulation of angiogenesis and myogenesis is impaired
in aged mice. Arterioscler. Thromb. Vasc. Biol. 2013, 33, 2858–2866. [CrossRef]

61. Witek, R.P.; Yang, L.; Liu, R.; Jung, Y.; Omenetti, A.; Syn, W.K.; Choi, S.S.; Cheong, Y.; Fearing, C.M.;
Agboola, K.M.; et al. Liver cell-derived microparticles activate hedgehog signaling and alter gene expression
in hepatic endothelial cells. Gastroenterology 2009, 136, 320–330.e2. [CrossRef]

62. Sato, K.; Meng, F.; Giang, T.; Glaser, S.; Alpini, G. Mechanisms of cholangiocyte responses to injury.
Biochim. Biophys. Acta 2018, 1864, 1262–1269. [CrossRef]

63. Sato, K.; Marzioni, M.; Meng, F.; Francis, H.; Glaser, S.; Alpini, G. Ductular reaction in liver diseases:
Pathological mechanisms and translational significances. Hepatology 2019, 69, 420–430. [CrossRef] [PubMed]

64. Tabibian, J.H.; O’Hara, S.P.; Splinter, P.L.; Trussoni, C.E.; LaRusso, N.F. Cholangiocyte senescence by way
of N-ras activation is a characteristic of primary sclerosing cholangitis. Hepatology 2014, 59, 2263–2275.
[CrossRef]

65. Tabibian, J.H.; Trussoni, C.E.; O’Hara, S.P.; Splinter, P.L.; Heimbach, J.K.; LaRusso, N.F. Characterization of
cultured cholangiocytes isolated from livers of patients with primary sclerosing cholangitis. Lab. Investig.
2014, 94, 1126–1133. [CrossRef] [PubMed]

66. Wan, Y.; Meng, F.; Wu, N.; Zhou, T.; Venter, J.; Francis, H.; Kennedy, L.; Glaser, T.; Bernuzzi, F.;
Invernizzi, P.; et al. Substance P increases liver fibrosis by differential changes in senescence of cholangiocytes
and hepatic stellate cells. Hepatology 2017, 66, 528–541. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/s41598-017-03389-2
http://dx.doi.org/10.1002/hep.27376
http://dx.doi.org/10.1074/jbc.M115.671735
http://www.ncbi.nlm.nih.gov/pubmed/26534962
http://dx.doi.org/10.1016/j.humpath.2018.02.018
http://dx.doi.org/10.1007/s00109-017-1605-6
http://www.ncbi.nlm.nih.gov/pubmed/29098317
http://dx.doi.org/10.1002/hep.23999
http://www.ncbi.nlm.nih.gov/pubmed/20979056
http://dx.doi.org/10.1186/s13046-018-0965-2
http://dx.doi.org/10.1016/j.jhep.2016.07.009
http://dx.doi.org/10.1002/hep.27318
http://www.ncbi.nlm.nih.gov/pubmed/25043701
http://dx.doi.org/10.1126/scisignal.2004512
http://www.ncbi.nlm.nih.gov/pubmed/24106341
http://dx.doi.org/10.1016/j.ajpath.2018.06.015
http://www.ncbi.nlm.nih.gov/pubmed/30036520
http://dx.doi.org/10.1242/dev.01304
http://dx.doi.org/10.1161/ATVBAHA.113.302494
http://dx.doi.org/10.1053/j.gastro.2008.09.066
http://dx.doi.org/10.1016/j.bbadis.2017.06.017
http://dx.doi.org/10.1002/hep.30150
http://www.ncbi.nlm.nih.gov/pubmed/30070383
http://dx.doi.org/10.1002/hep.26993
http://dx.doi.org/10.1038/labinvest.2014.94
http://www.ncbi.nlm.nih.gov/pubmed/25046437
http://dx.doi.org/10.1002/hep.29138
http://www.ncbi.nlm.nih.gov/pubmed/28256736


Int. J. Mol. Sci. 2019, 20, 2180 13 of 14

67. Masyuk, A.I.; Huang, B.Q.; Ward, C.J.; Gradilone, S.A.; Banales, J.M.; Masyuk, T.V.; Radtke, B.; Splinter, P.L.;
LaRusso, N.F. Biliary exosomes influence cholangiocyte regulatory mechanisms and proliferation through
interaction with primary cilia. Am. J. Physiol. Gastrointest. Liver Physiol. 2010, 299, G990–G999. [CrossRef]

68. Masyuk, A.I.; Huang, B.Q.; Radtke, B.N.; Gajdos, G.B.; Splinter, P.L.; Masyuk, T.V.; Gradilone, S.A.;
LaRusso, N.F. Ciliary subcellular localization of TGR5 determines the cholangiocyte functional response to
bile acid signaling. Am. J. Physiol. Gastrointest. Liver Physiol. 2013, 304, G1013–G1024. [CrossRef] [PubMed]

69. Sasatomi, K.; Noguchi, K.; Sakisaka, S.; Sata, M.; Tanikawa, K. Abnormal accumulation of endotoxin in biliary
epithelial cells in primary biliary cirrhosis and primary sclerosing cholangitis. J. Hepatol. 1998, 29, 409–416.
[CrossRef]

70. Sato, K.; Meng, F.; Venter, J.; Giang, T.; Glaser, S.; Alpini, G. The role of the secretin/secretin receptor axis in
inflammatory cholangiocyte communication via extracellular vesicles. Sci. Rep. 2017, 7, 11183. [CrossRef]

71. Li, X.; Liu, R.; Yang, J.; Sun, L.; Zhang, L.; Jiang, Z.; Puri, P.; Gurley, E.C.; Lai, G.; Tang, Y.; et al. The role
of long noncoding RNA H19 in gender disparity of cholestatic liver injury in multidrug resistance 2 gene
knockout mice. Hepatology 2017, 66, 869–884. [CrossRef]

72. Li, X.; Liu, R.; Huang, Z.; Gurley, E.C.; Wang, X.; Wang, J.; He, H.; Yang, H.; Lai, G.; Zhang, L.; et al.
Cholangiocyte-derived exosomal long noncoding RNA H19 promotes cholestatic liver injury in mouse and
humans. Hepatology 2018, 68, 599–615. [CrossRef]

73. Kwak, K.A.; Cho, H.J.; Yang, J.Y.; Park, Y.S. Current perspectives regarding stem cell-based therapy for liver
cirrhosis. Can. J. Gastroenterol. Hepatol. 2018, 2018, 4197857. [CrossRef] [PubMed]

74. Li, T.; Yan, Y.; Wang, B.; Qian, H.; Zhang, X.; Shen, L.; Wang, M.; Zhou, Y.; Zhu, W.; Li, W.; et al. Exosomes
derived from human umbilical cord mesenchymal stem cells alleviate liver fibrosis. Stem Cells Dev. 2013,
22, 845–854. [CrossRef]

75. Yan, Y.; Jiang, W.; Tan, Y.; Zou, S.; Zhang, H.; Mao, F.; Gong, A.; Qian, H.; Xu, W. hucMSC exosome-derived
GPX1 is required for the recovery of hepatic oxidant injury. Mol. Ther. 2017, 25, 465–479. [CrossRef]
[PubMed]

76. Jiang, W.; Tan, Y.; Cai, M.; Zhao, T.; Mao, F.; Zhang, X.; Xu, W.; Yan, Z.; Qian, H.; Yan, Y. Human umbilical
cord MSC-derived exosomes suppress the development of CCl4-induced liver injury through antioxidant
effect. Stem Cells Int. 2018, 2018, 6079642. [CrossRef]

77. Rong, X.; Liu, J.; Yao, X.; Jiang, T.; Wang, Y.; Xie, F. Human bone marrow mesenchymal stem cells-derived
exosomes alleviate liver fibrosis through the Wnt/beta-catenin pathway. Stem Cell Res. Ther. 2019, 10, 98.
[CrossRef] [PubMed]

78. Haga, H.; Yan, I.K.; Takahashi, K.; Matsuda, A.; Patel, T. Extracellular vesicles from bone marrow-derived
mesenchymal stem cells improve survival from lethal hepatic failure in mice. Stem Cells Transl. Med. 2017,
6, 1262–1272. [CrossRef] [PubMed]

79. McDaniel, K.; Wu, N.; Zhou, T.; Huang, L.; Sato, K.; Venter, J.; Ceci, L.; Chen, D.; Ramos-Lorenzo, S.;
Invernizzi, P.; et al. Amelioration of ductular reaction by stem cell derived extracellular vesicles in MDR2
knockout mice via let-7 microRNA. Hepatology 2019. [CrossRef] [PubMed]

80. Bala, S.; Marcos, M.; Kodys, K.; Csak, T.; Catalano, D.; Mandrekar, P.; Szabo, G. Up-regulation of microRNA-155
in macrophages contributes to increased tumor necrosis factor α (TNFα) production via increased mRNA
half-life in alcoholic liver disease. J. Biol. Chem. 2011, 286, 1436–1444. [CrossRef]

81. Bala, S.; Tilahun, Y.; Taha, O.; Alao, H.; Kodys, K.; Catalano, D.; Szabo, G. Increased microRNA-155 expression
in the serum and peripheral monocytes in chronic HCV infection. J. Transl. Med. 2012, 10, 151. [CrossRef]
[PubMed]

82. Blaya, D.; Aguilar-Bravo, B.; Hao, F.; Casacuberta-Serra, S.; Coll, M.; Perea, L.; Vallverdu, J.; Graupera, I.;
Pose, E.; Llovet, L.; et al. Expression of microRNA-155 in inflammatory cells modulates liver injury. Hepatology
2018, 68, 691–706. [CrossRef]

83. Bala, S.; Csak, T.; Momen-Heravi, F.; Lippai, D.; Kodys, K.; Catalano, D.; Satishchandran, A.; Ambros, V.;
Szabo, G. Biodistribution and function of extracellular miRNA-155 in mice. Sci. Rep. 2015, 5, 10721. [CrossRef]

84. Momen-Heravi, F.; Bala, S.; Bukong, T.; Szabo, G. Exosome-mediated delivery of functionally active
miRNA-155 inhibitor to macrophages. Nanomedicine 2014, 10, 1517–1527. [CrossRef]

85. Antimisiaris, S.G.; Mourtas, S.; Marazioti, A. Exosomes and Exosome-Inspired Vesicles for Targeted Drug
Delivery. Pharmaceutics 2018, 10, 218. [CrossRef]

http://dx.doi.org/10.1152/ajpgi.00093.2010
http://dx.doi.org/10.1152/ajpgi.00383.2012
http://www.ncbi.nlm.nih.gov/pubmed/23578785
http://dx.doi.org/10.1016/S0168-8278(98)80058-5
http://dx.doi.org/10.1038/s41598-017-10694-3
http://dx.doi.org/10.1002/hep.29145
http://dx.doi.org/10.1002/hep.29838
http://dx.doi.org/10.1155/2018/4197857
http://www.ncbi.nlm.nih.gov/pubmed/29670867
http://dx.doi.org/10.1089/scd.2012.0395
http://dx.doi.org/10.1016/j.ymthe.2016.11.019
http://www.ncbi.nlm.nih.gov/pubmed/28089078
http://dx.doi.org/10.1155/2018/6079642
http://dx.doi.org/10.1186/s13287-019-1204-2
http://www.ncbi.nlm.nih.gov/pubmed/30885249
http://dx.doi.org/10.1002/sctm.16-0226
http://www.ncbi.nlm.nih.gov/pubmed/28213967
http://dx.doi.org/10.1002/hep.30542
http://www.ncbi.nlm.nih.gov/pubmed/30723922
http://dx.doi.org/10.1074/jbc.M110.145870
http://dx.doi.org/10.1186/1479-5876-10-151
http://www.ncbi.nlm.nih.gov/pubmed/22846613
http://dx.doi.org/10.1002/hep.29833
http://dx.doi.org/10.1038/srep10721
http://dx.doi.org/10.1016/j.nano.2014.03.014
http://dx.doi.org/10.3390/pharmaceutics10040218


Int. J. Mol. Sci. 2019, 20, 2180 14 of 14

86. Lazaridis, K.N.; LaRusso, N.F. Primary sclerosing cholangitis. N. Engl. J. Med. 2016, 375, 1161–1170.
[CrossRef]

87. Taghavi, S.A.; Eshraghian, A.; Niknam, R.; Sivandzadeh, G.R.; Bagheri Lankarani, K. Diagnosis of
cholangiocarcinoma in primary sclerosing cholangitis. Expert Rev. Gastroenterol. Hepatol. 2018, 12, 575–584.
[CrossRef] [PubMed]

88. Arbelaiz, A.; Azkargorta, M.; Krawczyk, M.; Santos-Laso, A.; Lapitz, A.; Perugorria, M.J.; Erice, O.;
Gonzalez, E.; Jimenez-Aguero, R.; Lacasta, A.; et al. Serum extracellular vesicles contain protein biomarkers
for primary sclerosing cholangitis and cholangiocarcinoma. Hepatology 2017, 66, 1125–1143. [CrossRef]

89. Yu, L.X.; Zhang, B.L.; Yang, Y.; Wang, M.C.; Lei, G.L.; Gao, Y.; Liu, H.; Xiao, C.H.; Xu, J.J.; Qin, H.; et al.
Exosomal microRNAs as potential biomarkers for cancer cell migration and prognosis in hepatocellular
carcinoma patient-derived cell models. Oncol. Rep. 2019, 41, 257–269. [CrossRef]

90. Szabo, G.; Momen-Heravi, F. Extracellular vesicles in liver disease and potential as biomarkers and therapeutic
targets. Nat. Rev. Gastroenterol. Hepatol. 2017, 14, 455–466. [CrossRef]

91. Cho, Y.E.; Song, B.J.; Akbar, M.; Baek, M.C. Extracellular vesicles as potential biomarkers for alcohol- and
drug-induced liver injury and their therapeutic applications. Pharmacol. Ther. 2018, 187, 180–194. [CrossRef]
[PubMed]

92. Yang, J.; Li, C.; Zhang, L.; Wang, X. Extracellular vesicles as carriers of non-coding RNAs in liver diseases.
Front. Pharmacol. 2018, 9, 415. [CrossRef]

93. Wiklander, O.P.; Nordin, J.Z.; O’Loughlin, A.; Gustafsson, Y.; Corso, G.; Mager, I.; Vader, P.; Lee, Y.;
Sork, H.; Seow, Y.; et al. Extracellular vesicle in vivo biodistribution is determined by cell source, route of
administration and targeting. J. Extracell. Vesicles 2015, 4, 26316. [CrossRef]

94. Schneider, K.M.; Albers, S.; Trautwein, C. Role of bile acids in the gut-liver axis. J. Hepatol. 2018, 68, 1083–1085.
[CrossRef] [PubMed]

95. Tabibian, J.H.; Varghese, C.; LaRusso, N.F.; O’Hara, S.P. The enteric microbiome in hepatobiliary health and
disease. Liver Int. 2016, 36, 480–487. [CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1056/NEJMra1506330
http://dx.doi.org/10.1080/17474124.2018.1473761
http://www.ncbi.nlm.nih.gov/pubmed/29781738
http://dx.doi.org/10.1002/hep.29291
http://dx.doi.org/10.3892/or.2018.6829
http://dx.doi.org/10.1038/nrgastro.2017.71
http://dx.doi.org/10.1016/j.pharmthera.2018.03.009
http://www.ncbi.nlm.nih.gov/pubmed/29621595
http://dx.doi.org/10.3389/fphar.2018.00415
http://dx.doi.org/10.3402/jev.v4.26316
http://dx.doi.org/10.1016/j.jhep.2017.11.025
http://www.ncbi.nlm.nih.gov/pubmed/29519549
http://dx.doi.org/10.1111/liv.13009
http://www.ncbi.nlm.nih.gov/pubmed/26561779
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Hepatic Cells 
	Extracellular Vesicles 

	Intercellular Communication in the Pathogenesis of Liver Diseases 
	Macrophages in Liver Inflammation 
	Hepatic Stellate Cells in Liver Fibrosis 
	Liver Sinusoidal Endothelial Cells in Angiogenesis 
	Cholangiocytes in Ductular Reaction 
	Hepatocytes as Recipient Cells 

	Potential Utilization of Extracellular Vesicles 
	As Therapeutic Tools 
	As Diagnostic Tools 

	Conclusions and Perspectives 
	References

