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Abstract

Extracellular vesicles (EVs) are membrane-bound nanoparticles released by cells and are an
important means of intercellular communication in physiological and pathological states. We
provide an overview of recent advances in the understanding of EV biogenesis, cargo selection,
recipient cell effects, and key considerations in isolation and characterization techniques. Studies
on the physiological role of EVs have relied on cell-based model systems due to technical
limitations of studying endogenous nanoparticles /in7 vivo. Several recent studies have elucidated
the mechanistic role of EVs in liver diseases, including nonalcoholic fatty liver disease, viral
hepatitis, cholestatic liver disease, alcohol-associated liver disease, acute liver injury, and liver
cancers. Employing disease models and human samples, the biogenesis of lipotoxic EVs
downstream of endoplasmic reticulum stress and microvesicles via intracellular activation stress
signaling are discussed in detail. The diverse cargoes of EVs including proteins, lipids, and
nucleic acids can be enriched in a disease-specific manner. By carrying diverse cargo, EVs can
directly confer pathogenic potential, for example, recruitment and activation of monocyte-derived
macrophages in NASH and tumorigenicity and chemoresistance in hepatocellular carcinoma. We
discuss the pathogenic role of EVs cargoes and the signaling pathways activated by EVs in
recipient cells. We review the literature that EVs can serve as biomarkers in hepatobiliary diseases.
Further, we describe novel approaches to engineer EVs to deliver regulatory signals to specific cell
types, and thus use them as therapeutic shuttles in liver diseases. Lastly, we identify key lacunae
and future directions in this promising field of discovery and development.

Introduction

Intercellular communication is a fundamental facet of the organized existence of

multicellular organisms. Since the earliest description of externalized membranous vesicles

with ectoenzymes (214), the identification of prostate-derived vesicles which promoted

sperm motility (198), and as a mechanism for the removal of iron and transferrin receptors in

reticulocytes (66, 168), extracellular vesicles (EVs) have emerged as important mediators
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in intercellular communication. Along with the recognition of their important role in
communication, there has been an increase in our understanding of how EVs are formed,
released, targeted to, and communicated with recipient cells. Knowledge of the biophysical
properties of EVs and their unique cargoes has led to a plethora of bulk and targeted
isolation methods, development of biomarkers, and the exploration of natural or engineered
EVs as acellular nanotherapeutics. This article encompasses the basic biology of EVs, as is
understood from various models, and the relevance of EVs to liver health and liver diseases
with data from models and human correlations.

Classification and Formation

EVs are membrane-enclosed nanoscale particles that have heterogenous size, cell of origin,
content, and function. Structurally, the EV membrane is composed of a phospholipid
bilayer that is in the same orientation as the cell of origin with extracellularly exposed

lipids and transmembrane proteins on the outside. The EV lumen encloses cargoes that

are derived from the cytoplasm of the cell of origin. EVs released from live cells can be
further classified into two broad categories, microvesicles (ectosomes, or microparticles) and
exosomes, based on their mechanism of formation and release (Figure 1) (209). Another
category of nonmembranous nanoparticles, termed exomere, has recently been identified.
Exomeres are <50 nm in size and can be isolated by ultracentrifugation or asymmetric

flow field-flow fractionation (240, 241). Although exomeres can transfer functional cargo,
their role in pathophysiology has not been widely studied yet. Microvesicles are formed

by outward budding of the plasma membrane and have a wide size range from 50 nm

to 1 um in diameter. Exosomes are approximately 100 nm in diameter and are formed

by invagination and inward budding of the membrane of the multivesicular body to give
rise to intraluminal vesicles (ILVs) which are released as exosomes (91, 145, 217). Due to
overlapping proteo-lipidomic markers and size, and the lack of gold standard markers for
exosomes and microvesicles, a simpler classification system is commonly employed. In this
classification, EVs are grouped according to size into small EVs (SEVs) which are less than
200 nm, or medium/large (m/lI EVs) =200 nm in diameter. SEVs are likely comprised of
exosomes and microvesicles, whereas large EVs are mostly microvesicles, based on the size
constraints on exosomes as they are formed within multivesicular bodies (MVBs). While the
physiological functions of EVs are poorly understood and likely diverse, multiple studies
have elucidated that EVs play a pivotal role in intercellular communication in health and
disease (196).

Biogenesis and release pathways

Exosomes start out as ILVs contained in intracellular MVBs, also called as multivesicular
endosomes, generated by a double invagination of the phospholipid bilayered plasma
membrane. The first invagination forms a cup-shaped structure termed the early-sorting
endosome that contains surface proteins as well as extracellular components. These
mature into late-sorting endosomes, and inward invagination of their membrane leads to
the formation of ILVs, thus maturing into MVBs (217). MVBs have three well-defined
trafficking fates within a cell (19). They may fuse with lysosomes leading to their
degradation, may recycle as endosomes, or a subpopulation of MVBs may fuse with the
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plasma membrane—uvia subunits of the endosomal sorting complex required for transport
(ESCRT)—and their component ILVs are secreted as exosomes (136). The ESCRT family
of proteins drives cargo sorting into and scission of the limiting membrane via formation
of successive complexes at the surface of MVBs (77). Specifically, the ESCRT complex
consisting of hepatocyte growth factor-regulated tyrosine kinase substrate (HRS or HGS),
and ESCRT-I mediate clustering of ubiquitinated cargoes onto the limiting membrane

of MVBs, and subsequently, ESCRT-III is recruited via ESCRT-1I to initiate membrane
budding and fission. Biogenesis of exosomes can also occur independent of ESCRT,

for instance, by the generation of ceramide, from sphingomyelin via a neutral type |1
sphingomyelinase, that in turn generates membrane subdomains that impart a spontaneous
membrane curvature (57). Alternatively, MVBs may be targeted to lysosomes by retrograde
transport on microtubules via the Rab-GTPase RAB7, (181) or instead toward exosome
secretion depending on the ubiquitination status of RAB7 (194). Other RABSs such as
RAB27 A and B also mediate exosome docking at the plasma membrane and subsequent
secretion via actin cytoskeleton reorganization (166).

On the other hand, microvesicles are formed directly at the plasma membrane. Relatively
less is understood about this process, which starts with plasma membrane vesicle budding,
followed by a scission step leading to release. There is overlap with mechanisms involved

in the biogenesis of exosomes, for example, ESCRT proteins, or the biogenesis of

ceramide (152, 161). Broadly, a physical restructuring of the plasma membrane and
underlying actin cytoskeleton occurs whereby phosphatidylserine (PS) is exposed from

the inner to the outer leaflet, resulting in budding as microvesicles. This is mediated

by changes in membrane lipid, protein, and CaZ* content by enzymatic machineries that
include aminophospholipid translocases (flippases and floppases), scramblases, and calpain
(173). Another described mechanism is the case of arrestin-domain-containing protein 1
(ARRDC1)-mediated microvesicle formation, which are uniformly approximately 50 nm in
size, and released by the interaction of ARRDC1 with ESCRT proteins by recruitment of
tumor susceptibility gene 101 (TSG101) (161). Further, elements of the cytoskeleton such as
Rho family of small GTPases and of the Rho-associated protein kinase (ROCK) can regulate
actin dynamics, and microvesicle biogenesis, for example, in tumor cells (116). Another
example of microvesicle release mechanisms includes the interaction between adenosine
diphosphate-ribosylation factor 6, or ARF6, and extracellular signal-regulated kinase (ERK),
leading to phosphorylation of myosin light chain kinase (70). Lastly, apoptotic bodies refer
to microvesicles released by blebbing of the plasma membrane of cells undergoing apoptosis
(76), and oncosomes are atypically large vesicles released by cancer cells (155).

Lipo-proteomic microdomains play a role in the nucleation of EVs. These are clustered
on the limiting membrane of the MVBs for exosomes or on the plasma membrane for
microvesicles and are integral for the recruitment of specific cytoplasmic cargo. For
instance, incorporation of ILVs into the MVB lumen occurs when charged multivesicular
body protein 4, or CHMP4B, interacts with apoptosis-linked gene-2 interacting protein

X (ALIX), an ESCRT-III binding protein (10). The dissociation of this complex and
recycling of ESCRT components is mediated by the vacuolar protein sorting 4 (VPS4)
complex, and subsequent endosomal budding can occur by ESCRT-dependent or ESCRT-
independent mechanisms. In the case of proteolipid cargoes, trafficking into and secretion
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as exosomes occurs via the interaction of ceramide generated through the salvage pathway,
and tetraspanins such as cluster of differentiation 63 (CD63) and CD81 (42, 213). MVBs
travel within a cell via the microtubule network and dock on the luminal side of the plasma
membrane with the help of MVB-docking proteins. Several proteins including the Rab
family described previously, soluble A-ethylmaleimide-sensitive factor attachment protein
receptor complex, or SNARE (82), Syntenin-1, TSG101 are implicated in the process of
EV interaction with the plasma membrane prior to their secretion. The separation of EVs
into exosomes and microvesicles is based entirely on which membrane compartment EVs
originate from. It is not surprising, given the integration of many membranous compartments
and trafficking pathways in the cell, that there is overlap in the molecular mediators of
exosome and microvesicle formation and release. Manipulation of key mediators by loss- or
gain-of-function experiments often impacts the release of all EVs. In subsequent sections,
we will employ the inclusive term EV and specify exosome or microvesicle where these
distinctions are clearer.

Cargo selection

The nature of EV cargo is determined by the cell of origin and the physiological and
pathological state of the donor cell. EVs can contain various cytosolic or membranous
constituents, such as nucleic acids, lipids, metabolites, or proteins, and EV cargo may be a
component of the EV biogenesis machinery. The process of cargo trafficking into future EVs
can occur when endosomes interact with the trans-Golgi network or endoplasmic reticulum
(ER). For example, given its wellknown role in targeting proteins for vesicular trafficking,
ubiquitination of protein cargo can mediate the process of enrichment in endosomes (18).
Similarly, palmitoylation and farnesylation can recruit proteins to lipid rafts with subsequent
inclusion in EVs (158). Sphingolipids, such as ceramide, play a role in the formation

of ILVs, and for instance, ceramide-enriched EVs are released by lipotoxic hepatocytes—
which refers to the cellular hallmark in nonalcoholic steatohepatitis (NASH) characterized
by accumulation of toxic lipids leading to organelle dysfunction and cell injury (88).
Mechanistically, ER stress in lipotoxic hepatocytes activates inositol-requiring enzyme-la,
or IRE1A, and downstream splicing of X-box binding protein 1, or XBPI messenger RNA
(mRNA) generating a transcription factor, which in turn promotes transcription of the

serine palmitoyltransferase genes, resulting in ceramide biosynthesis and release of EVs,
both in mouse models and human NASH (34). Specifically, a ceramide transport protein,
StAR-related lipid transfer domain 11 (STARD11), transports ceramide synthesized de novo
at the ER to the Golgi by nonvesicular transport for sorting into EVs (49). In the case of
nucleic acids, proteins such as sumoylated heterogeneous nuclear ribonucleoproteins A2/B1,
or HNRPA2B1, and Y-box binding protein 1, or YB-1, can bind to targeting sequences and
sort micro RNAs (miRs) into endosomes (192, 215). Normally, the RNA-induced silencing
complex (RISC) machinery is capable of slicing mRNA via Argonaute2 (AGO2) and its
accumulation in cytoplasmic processing bodies, or P-bodies (150). However, AGO2 can also
interact with MVBs in structures called GW-bodies and result in the secretion of AGO2-miR
complexes as exosomes (151). This process is inhibited by Kirsten rat sarcoma virus proto-
oncogene (KRAS)-dependent activation of mitogen-activated protein kinase (MAPK)/ERK
signaling and thus is a novel effect of mutant KRAS in colorectal cancer (149). Much of
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the characterization of EVs is based on isolated nanoparticles, thus a discussion of isolation
methods and their caveats is germane to this article.

EV Isolation Methods

The ability to isolate EVs from biological samples, such as body fluids and cell culture
media, is essential for investigating EV properties and functions. EV isolation is also critical
for the development of EV-based therapeutic, diagnostic, and prognostic applications.
Biological samples are complex and contain nonvesicular macromolecular structures with
similar biophysical properties to EVs, such as lipoprotein particles and protein aggregates,
which can be co-isolated along with EVs (14). A variety of techniques have been developed
to purify EVs from biologic samples based on EV biophysical properties or antigenic
features (Table 1; Figure 2). Each isolation method has its inherent advantages and
drawbacks, and potential biases toward certain EV subpopulations. Isolation methods differ
from each other, especially in terms of usability (e.g., ease-of-use, workload, scalability), EV
purity (e.g., presence of non-EV contaminants), and EV yield (230). The choice of isolation
method can also impact the results of downstream applications, such as RNA or proteomic
profiling of EVs (216, 218). Given the fact that the choice of purification technique

affects the nature of isolated EVs, a detailed reporting of the isolation protocol and
experimental parameters has been recommended in the 2018 guidelines of the International
Society for Extracellular Vesicles (209). There is also a great necessity to standardize

the isolation protocols to improve study-to-study comparability of results and increase
reproducibility across different laboratories and applications (228). In addition, as the field
moves toward clinical applications of EVs, isolation of clinical-grade EVs will require
robust and reproducible methods that can be scaled up. The frequently used techniques for
EV purification are briefly described below. Informed by the intended downstream use of
isolated EVs, a combination of two or more methods is also commonly used.

Differential ultracentrifugation

Differential ultracentrifugation is the most widely applied method to isolate EVs, as
indicated by the results of a worldwide survey (53). The original isolation protocol was
introduced by Thery et al. (207); however, various modifications of this protocol are
currently being used in the field. In general, the procedure involves several consequential
centrifugation steps, starting with lower speeds to remove cells, cellular debris, and large
vesicles, followed by high-speed centrifugation at 100,000 to 120,000 g to pellet SEVs
(228). Compared to other common methods, differential ultracentrifugation allows for the
isolation of EVs with relatively moderate purity and medium to high yield (216, 230).
The shortcoming, however, is that differential ultracentrifugation lacks scalability and is
labor-intensive and time-consuming relative to the volumes that can be processed. Recent
reports also highlight the possibility that the high g-force during ultracentrifugation may
affect EV integrity and functional properties due to vesicle rupture or aggregation (59,
131). Differential ultracentrifugation is often combined with other EV isolation methods,
especially where larger volumes of purified EVs must be concentrated.
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Density gradient ultracentrifugation

Density gradient ultracentrifugation is used primarily to further purify crude EV samples.
The EV sample is subjected to ultracentrifugation using a discontinuous sucrose-based
density gradient, iodixanol (OptiPrep™) gradient, or sucrose cushion as a variation of

the sucrose gradient. In density gradient ultracentrifugation, EVs separate within the
gradient solution based on their floatation speed and equilibrium density. The gradient
isolation method has the potential to identify EV subpopulations with different biophysical
properties. EVs isolated using density gradient ultracentrifugation have high purity, low
amount of non-EV contaminants, and relatively moderate yield (83, 137, 216, 230). This
approach is, however, more labor-intensive and time-consuming compared to differential
ultracentrifugation.

Size-exclusion chromatography

EV isolation procedures based on size-exclusion chromatography are increasingly becoming
popular in recent years (132). This method separates EVs based on their hydrodynamic
radius as the sample is transported through a column filled with a stationary phase made

of a porous polymer or silica-based material. Larger particles have less access to the pore
volume compared to smaller molecules and, therefore, elute from the column earlier than
smaller particles and soluble proteins. Thus, isolated EV samples have a relatively low
amount of non-EV contaminants (137, 199). Also, size-exclusion chromatography may
better preserve the integrity of isolated EVs, compared to differential ultracentrifugation, as
there is minimal mechanical stress. Size-exclusion chromatography has gained increasing
recognition because it can be compatible with good manufacturing practice and is highly
scalable (230). This EV isolation approach is also relatively fast, user-friendly, and
economical compared to ultracentrifugation.

Ultrafiltration

Ultrafiltration is another procedure by which EVs can be purified based on their size.
Although, ultrafiltration is relatively less common as a primary EV isolation method

(53). The pore size of the ultrafiltration membrane ranges between 10 and 100 kDa

(219). Biological samples can be subjected to either centrifuge-driven or pressure-driven
ultrafiltration, although centrifuge-based protocols may be preferred (137). Ultrafiltration
was suggested to recover more EVs compared to differential ultracentrifugation (137).
Conveniently, ultrafiltration can also be used to concentrate already isolated EVs to smaller
volumes of samples.

Tangential flow filtration

Tangential flow filtration is a relatively recently introduced method for EV isolation. This
method uses a similar principle to ultrafiltration, where EVs are separated based on their
size using a porous membrane. However, in tangential flow filtration, the sample is flowing
along the porous, low protein-binding membrane instead of toward the membrane as in

the ultrafiltration procedure. Tangential flow filtration seems to be superior to differential
ultracentrifugation in terms of EV vyield, EV aggregation, and batch-to-batch consistency
(17). Tangential flow filtration is an attractive approach because it also concentrates large
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volumes of starting samples, albeit it usually needs to be followed by an additional EV
isolation method, such as ultracentrifugation.

Immunoaffinity-based capture

Relatively specific isolation of EVs can be achieved by immunoaffinity purification.

The main principle of this approach is binding between an EV surface protein and a
specific antibody (Figure 3). The antibodies can be immobilized on a variety of media,
including magnetic beads, chromatography matrices, and microfluidic devices. Capture
antibodies against established EV markers, such as tetraspanins—CD63, CD81, and CD9,
are commonly used (197). Given the heterogeneity of EVs and the diversity in their protein
content, a combination of multiple capture antibodies is desirable to improve the yield of
isolated EVs. On the other hand, using a single antibody can facilitate the purification of

a certain EV subpopulation expressing the specific marker of interest, as has been done

for hepatocyte-derived EVs (162, 187, 206). Because immunocapture techniques result in
high EV purity (230), this method is suitable for isolating EVs from complex samples, such
as plasma. The EV yield may be lower compared to other techniques, given that not all
EVs may express the marker or combination of markers used for immunocapture (228).
Because of the higher cost, immunoaffinity-based capture is more practical for samples with
a smaller starting volume.

Precipitation

EVs can also be isolated based on their solubility within a solution. Volume-excluding
polymers, such as polyethylene glycol (PEG), have been used to precipitate EVs from
diverse biofluids. The PEG-based reagent is first incubated with the sample, such as cell
culture media or body fluids. By tying up water molecules, the PEG forces less-soluble
components, including EVs, out of the solution. The precipitate containing EVs can then

be isolated using low-speed centrifugation or filtration. Several proprietary reagents using
PEG-based EV enrichment are commercially available. Although the precipitation method is
convenient and easy to use, isolated EV samples have typically low purity and high amounts
of contaminating proteins (137, 199, 216). Possible issues may also arise from PEG polymer
remnants in the isolated EV sample.

Kinetics of Endogenous EVs

Accurate information about the half-life, biodistribution, and clearance of endogenous

EVs is essential to understanding their biological roles and is mandatory in employing

EVs as therapeutic agents. Due to technical reasons related to the ease of labeling
exogenously administered EVs in comparison to the limitations of intra-vital visualization
of nanoparticles, most of the published studies describe data collected from systemically
administered EVs by intravenous, intraperitoneal, subcutaneous, or oral routes in mouse
models rather than endogenous EVs (108, 146). Model organisms like the zebrafish embryo,
discussed below, are emerging tools to trace EVs /in vivo (78, 79, 221).

Methods that monitor EV biodistribution /7 vivo are based on molecular imaging and
include bioluminescent imaging (BLI), fluorescence imaging (FLI), radionuclide labeling
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for nuclear imaging, and ultrasmall superparamagnetic iron oxide nanoparticles labeling
for magnetic resonance imaging (MRI) (50). Here we discuss studies employing BLI

and FL1I to assess the half-life of EVs. In BLI, light generated from a luciferase enzyme-
substrate is used as a readout of EVs derived from the cells transfected with the vector
containing an imaging reporter gene Gaussia luciferase (GLuc). While FLI is achieved

by either direct labeling of EV membranes with fluorescent dyes like PHK26 and Dil
reagents or indirect labeling of EVs with a fluorescent protein tag attached to an EV
protein. A recent study by Matsumoto et al. estimated the half-life of mouse plasma sEVs
labeled with PKH26 and GLuc-lactadherin (GLuc-LA) reporter protein at 7 min based

on pharmacokinetic analysis (146). GLuc-LA binds EVs through LA, which has high
affinity for PS, a component of the EV membrane. Hence, the transfer of GLuc-LA to
lipoprotein particles in the circulation was reduced and the accuracy of EV labeling was
increased. /n vivoimaging demonstrated that GLuc-LA-labeled mouse plasma EVs home
mainly to the liver and are eliminated by hepatic macrophages. Macrophage depletion by
clodronate liposome treatment in mice delayed EV clearance from the circulation. Likewise,
Lai et al. employed a combination of GLuc and metabolic biotinylation to create human
embryonic kidney (HEK) 293T cell-derived EVs with this engineered reporter (EV-GLucB)
for multimodal imaging by bioluminescence and fluorescence-mediated tomography (108).
This methodology showed predominant localization of intravenously administered EVs in
the spleen, followed by the liver. Consistent with the study by Matsumoto et al., Lai

et al. showed that GLucB-labeled EVs have a half-life of less than 30 min /in vivoin

most tissues. Monitoring of blood and urine EVs relative to organ accumulation of EVs
demonstrated that EVs initially underwent a rapid distribution phase followed by a longer
elimination phase via hepatic and renal routes within 6 h. In addition, the study showed
that subcutaneous xenograft tumors had increased avidity for EV uptake, within 1 h of
systemic administration. This study suggested that blood flow and metabolism may govern
EV uptake as the xenografts are metabolically active and have enhanced angiogenesis. Bala
et al. examined the biodistribution of EV-associated-miR-155 using a miR-155 knockout
(KO) mouse model. The authors demonstrated that intravenous administration of synthetic
miR-155- loaded EVs into miR-155-KO mice resulted in rapid distribution of these EVs
mostly to the liver, followed by adipose tissue, muscle, and the kidneys. MiR-155 was
found both in isolated hepatocytes and liver mononuclear cells of recipient KO mice,
indicating cellular uptake of circulating EVs by more than one cell type within the liver.
This study showed rapid biodistribution and uptake of EVs /n vivo, with maximal plasma
levels at 5 min after injection, a 50% decrease in circulating levels after 30 min, and
undetectable levels after 4 h (11). Likewise, primary hepatocyte-derived EVs radiolabeled
with zirconium-89 and injected intravenously into C57BL/6J mice were immediately

and completely taken up by the liver when visualized by positron emission tomography
(34). Moreover, in C57BI/6 mice tumor necrosis factor (TNF)/d-galactosamine-induced
hepatic injury significantly increased the homing of parenterally administered fluorescently
labeled murine mesenchymal stem cell (MSC)-derived EVs, supporting the use of systemic
administration of MSC-EV to target the injured liver (62). Although the liver is the main
organ of uptake of exogenously administered EVs, EV biodistribution varies based on

the dose, the route of injection, the cell of origin, and the presence of tumor tissues. In
addition, EVs can be genetically engineered to preferentially home to a specific tissue
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or organ by targeting an abundant receptor (227). Taken together these data suggest that

the circulatory half-life of exogenously administered EVs is short, and likely does not
exceed 30 min. In addition, exogenously administered EVs home preferentially to the liver,
especially in liver injury, where they are taken up predominantly by hepatocytes and hepatic
macrophages. However, the half-life of endogenous EVs is largely unknown partly limited
by the experimental tools available to visualize and track endogenous EVs. EVs can affect
target cells’ responses in many ways, these are discussed in detail in the next section.

Target Cell Responses

EVs secreted by one cell (donor cell or originating cell) have the capacity to trigger
phenotypic changes in a recipient cell and, therefore, are considered essential mediators

of cell-to-cell communication during both normal physiologic processes and pathological
conditions. This intercellular cross-talk via EVs can occur in a paracrine manner within

the tissue microenvironment or in an endocrine fashion after EVs travel via circulation to
distant sites. To communicate the information, EVs first recognize the recipient (target) cell,
followed by signal transduction, which induces cellular response. Target cell recognition
and interaction are likely governed by EV properties, such as vesicle size and surface
composition. For example, EVs may recognize recipient cells by processes involving a
ligand-receptor interaction, which is conferred by the specific proteins on the target cell
surface and the EV surface (29). Thus, these particular EV surface proteins can be viewed
as EV homing signals. EV homing signals are best exemplified by integrins expressed on
tumor-derived EVs and their role in the formation of a premetastatic niche. Tumor EVs
bearing integrin aVVB5 are destined to liver resident macrophages Kupffer cells (KCs),
representing liver tropism, while tumor EVs with integrin a6p1 and a.6p4 are preferentially
targeted to lung fibroblasts and epithelial cells, mediating lung tropism (75). The interaction
between EVs and target cells can also be exploited to specifically direct engineered EVs to
desired target cells. To this end, EVs can be manipulated to express a surface ligand that
will help those vesicles be recognized by specific target cells expressing a cognate receptor.
For instance, nanoparticles with asialoglycoprotein receptor ligands can be quite specifically
targeted to hepatocytes and hepatocellular carcinoma cells, which are the major cell types
expressing asialoglycoprotein receptors (176). Conversely, EVs can also carry proteins that
can protect from cellular uptake. For example, EVs bearing CD47, an integrin-associated
protein that inhibits phagocytosis, were less taken up by monocytes and macrophages,
resulting in an increased half-life of these EVs in the circulation (92). Thus, EVs can have
features mediating both positive and negative selection mechanisms in regard to interactions
with target cells.

EV-induced signal transduction in target cells likely occurs at the level of the cell surface
(without EV internalization) or following EV uptake (i.e., internalization of EVs by recipient
cells) with EV cargo delivery. The relative contribution of these two distinct mechanisms to
target cell signal transduction and responses is currently unclear. At the cell surface level,
EV-associated ligands can stimulate target cell receptors to induce signaling similarly to
soluble or cell membrane-anchored ligands. This has been well documented by EVs bearing
major histocompatibility complex (MHC)-peptide complexes activating T cell receptors

on antigen-specific T lymphocytes (37, 185, 186, 212). In liver pathology, several known
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ligand-receptor interactions have been described between EVs and target cells. For example,
lipotoxic hepatocyte-derived EVs carrying C-X-C motif chemokine ligand 10 (CXCL10)
and TNF-related apoptosis-inducing ligand (TRAIL) interact with C-X-C motif chemokine
receptor 3, or CXCR3 and TRAIL receptor-expressing macrophages, respectively (72, 80).
Other EV cargoes involved in liver disease pathogenesis are discussed in the following
sections in the context of disease relevance. To test whether signal transduction occurs at
the cell surface and does not require EV uptake can be determined experimentally using a
variety of inhibitors of EV uptake, reviewed by Mulcahy et al. in detail (159).

EVs also incite target cell responses after EV content is transferred inside the

recipient cell upon EV uptake. EV uptake by recipient cells can be mediated by a

variety of mechanisms: clathrin-mediated endocytosis, caveolin-dependent endocytosis,
macropinocytosis, phagocytosis, lipid raft-mediated uptake, and surface membrane fusion
(159). Among these, clathrin-mediated endocytosis and caveolin-dependent endocytosis
appear to be the primary pathways for EV internalization by most cell types. Certain

cell types likely prefer one mechanism of EV uptake over another. Dendritic cells and
macrophages, for instance, seem to internalize EVs primarily by phagocytosis (45, 142). EV
size may also influence the preferred mechanism of cellular uptake. Smaller vesicles are
more likely to be taken up by endocytosis, while large EVs or aggregates of SEVs are more
suitable substrates for phagocytosis (29).

Compelling evidence has shown that EV cargo, including protein, lipids, nucleic acid,
metabolites, etc., induces downstream effects within the recipient cells following EV
internalization (93). The fate of EVs after cellular uptake can vary but often involves
targeting to endosomes, lysosomes for degradation, or recycling and extracellular release.
Questions remain about the exact mechanisms by which EV content is delivered to the
cytosol upon EV endocytosis by the recipient cell, assuming that step is required for
intracellular signaling. First reports demonstrating EV cargo delivery into recipient cells
focused on the functional transfer of RNA species (178, 215). More recently, the cytosolic
release of EV cargo was demonstrated in a quantitative manner, indicating that about 30%
of up-taken EVs reach the cytosol (13). This study also suggested that EV content release
requires endosomal acidification. Several studies have also demonstrated EV membrane
fusion to the recipient cell plasma membrane using fluorescent quenching of lipid probes
(157, 169). In addition, fusion may also occur between EVs and the limiting membrane of
endocytic compartments (1, 13). In these circumstances, EV-encapsulated content would be
directly delivered into the cytosol. Despite the limited knowledge regarding how EV content
induces intercellular signaling following EV uptake, a broad spectrum of cellular responses
and phenotypic changes in target cells has been described. The effects of EVs on target cells
as it pertains to liver physiology and pathophysiology are discussed in respective sections
below.

Physiological Roles of EVs

The isolation, labeling, and characterization of EVs have created an opportunity to advance
our understanding of the physiological roles of EVs. Our understanding of the role of EVs
in health has predominantly relied on /n vitro observations with extrapolations implying
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similar functional relevance /n vivo and observations in model systems (196, 221). In

the zebrafish embryo, yolk syncytial layer-derived exosomes were found to play a cell
proliferative role in the growth of the caudal vein plexus, which was attenuated in height
when exosome release was inhibited. Similarly, emerging literature supports a role for EVs
in numerous cellular functions including protein homeostasis, cellular proliferation, tissue
maintenance via intercellular communication, regulation of immune response, inter-organ
communication, and modulation of the organism’s metabolism. Like soluble factors, EVs
may exert autocrine, paracrine, or long-range (endocrine function). The identification of
numerous bioactive proteins, lipids, and nucleic acid species in EVs has further supported a
physiological role for EVs. Notably, EVs are enriched in accessory molecules such as MHC
I and I, and may contain peptide-MHC-I, and -1l complexes along with other co-stimulatory
molecules. In keeping with the detection of these cargoes, EVs from dendritic cells can
mediate activation in B cells, T cells, and macrophages (12, 208, 222). These observations
suggest a role for EVs in immune homeostasis. EV surface proteins contain eat-me signals,
such as PS, and do not eat-me signals such as CD47 and CD24 (95, 182). It remains to be
determined whether changes in the expression of eat-me versus do not eat-me signals occur
as EVs shift from a physiological role to a pathological role. For example, an increase in do
not eat-me signals may increase the half-life of EVs and allow communication with cells at
a higher concentration and at distant sites, a phenomenon already observed in cancer-derived
EVs.

At a cellular level, heat shock protein (HSP)-40 or HSP70-laden EVs maintain non-cell-
autonomous protein homeostasis and preserve organismal proteostasis, by improving the
protein-folding environment. These EVs can potentially compensate for the imbalanced state
of the HSP among different cells (203). This physiological function of EVs might have
implications in liver disorders associated with misfolded proteins and ER overload or stress
like alpha 1 anti-trypsin deficiency. The unique microanatomy of the liver, including the
organization of hepatocytes into plates around sinusoids which are lined by a fenestrated
endothelium, and secretion of bile into canaliculi and eventually cholangiocyte-lined bile
ducts also offers several compartments in which EVs may play distinct physiological

roles. Hepatocyte-derived EVs can communicate with hepatic stellate cells (HSCs), KCs,
and liver sinusoidal endothelial cells (LSECs). These signaling pathways have been
identified in various disease models, which are discussed below in detail; however, their
role in physiological intercellular communication in the liver is an area ripe for future
investigation. Indeed, biliary EVs are sensed by primary cilia on cholangiocytes and
decrease cholangiocyte proliferation (144).

Pathophysiological Roles of EVs

EVs are recognized to mediate near-range and long-range signaling in many diseases
including acute and chronic liver diseases and malignancies. Early studies examined the
contribution of EVs to immune responses by serving as a vehicle for antigen presentation by
MHC-I and Il complexes. Raposo et al. demonstrated that EVs derived from B-lymphocytes
presented antigens bound to the MHC class 11. These EV-associated complexes induced an
MHC class ll-restricted T-cell response, supporting the role of EVs in antigen presentation
in vivo (177). Subsequent studies have demonstrated that peptide-MHC complexes on EVs
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can stimulate cytotoxic or helper T cells directly or indirectly via the antigen-presenting
cells (APCs). Peptide-MHC complexes of EVs can be directly presented to T cells
without the need for peptide-MHC complex reprocessing through cross-dressing. EVs
may have an immunostimulatory role by transferring antigens that activate APCs or an
immunosuppressive role on APCs that contributes to the induction of regulatory T cells
(180). Known EV-induced immune responses in liver diseases are discussed in subsequent
sections; however, this remains an area with many unanswered questions. EVs have been
implicated in processes of injury, repair, regeneration, fibrosis as well as carcinogenesis in
several liver diseases. We discuss these specific roles in select diseases next.

Nonalcoholic steatohepatitis

NASH is characterized by cross-talk between several different cell types. Pathogenically,
hepatocyte lipotoxicity and immune cell-mediated inflammation, both hallmarks of NASH,
have suggested an important contribution of intercellular communication in mediating liver
injury and inflammation. Consequently, the release of EVs carrying different cargoes with
functional relevance in disease pathobiology has been described in human NASH as well as
in vitro and in vivo models (Table 2; Figure 4). Initial observations demonstrated an increase
in circulating EVs in human plasma from NASH patients (88) and in mouse NASH models
(72, 120). Further examination of the relevance of EVs in NASH led to the identification

of several bioactive EVs cargoes and mechanisms of release of lipotoxic hepatocyte-derived
EVs. For example, EVs carrying CXCL10 released from lipotoxic hepatocytes via mixed
lineage kinase 3 (MLK3) mediated mechanism acted as a macrophage chemoattractant (80).
In another study, lipotoxic hepatocyte-derived EVs were capable of inducing migration and
tube formation in an endothelial cell line /n vitro and angiogenesis in mice through vanin-1,
a surface cargo protein (174). Further, circulating levels of these EVs enriched in miR-122, a
liver-specific miR was increased in a murine diet-induced NASH model, and correlated with
disease stage. Similarly, plasma in mice with diet-induced NASH, and patients with NASH
contained elevated hepatocyte-derived exosomes carrying mitochondrial DNA that activated
Toll-like receptor (TLR) 9 signaling on myeloid cells and a downstream proinflammatory
response (52). In a study from our group, lipotoxic ER stress in hepatocytes directly
enriched EVs with ceramide which, via conversion to sphingosine 1 phosphate (S1P),

was a chemoattractant to proinflammatory macrophages that expressed S1P receptors (88).
Indeed, tail-vein injection of these hepatocyte-derived EVs caused accumulation of pro-
inflammatory macrophages in the liver, which was ameliorated by genetic or pharmacologic
disruption of unfolded protein response sensor IREla (34).

EVs are also implicated in cross-talk with HSCs and mediating fibrosis progression

in NASH. Lipotoxic hepatocytes-derived EVs possess a miR expression pattern that
significantly amplified profibrotic pathways in HSCs (115). Specifically, miR-128-3p as EV
cargo suppressed peroxisome proliferator-activated receptor (PPAR)-y expression in HSCs.
Conversely, EVs can also affect hepatocytes in NASH. EVs isolated from visceral adipose
tissue in obese compared to lean patients caused an increase in expression of profibrotic
genes such as tissue inhibitor of matrix metalloproteinase-1, or TIMP-1 and integrin

avp5 and decreased matrix metalloproteinase-7 and plasminogen activator inhibitor-1 in

a hepatocyte cell line (99). Moreover, EVs derived from lipotoxic hepatocytes are enriched
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with the adhesion molecule integrin 1 and enhance the adhesion of proinflammatory
monocytes to their cognate ligand on LSEC, vascular cell adhesion molecule 1, or VCAML,
and their homing to the liver in NASH (60). A recent study has demonstrated in NASH

that bacteria-derived and host-derived fecal EVs increase intestinal permeability and activate
proinflammatory and profibrotic signaling in HSCs (46). In contrast, uptake of neutrophil-
derived miR-223-enriched EVs via low-density lipoprotein receptor on hepatocytes inhibited
hepatic inflammatory and fibrogenic gene expression in NASH (70). Given their diverse
roles in pathobiology, and correlation with progression in disease activity, EVs also have
tremendous potential as a clinical biomarker in NASH which is reviewed in a subsequent
section.

NASH is a hepatic manifestation of obesity-associated metabolic syndrome, which is also
characterized by expansion and sterile inflammation of adipose tissue depots. Indeed,

a growing body of literature has identified a role for EVs in interorgan cross-talk in
obesity-associated metabolic syndrome (2). The adipokine role of adipose tissue circulating
EV miRs was examined in a loss-of-function paradigm using mice with an adipose-
tissue-specific knockout of the microRNA-processing enzyme Dicer (ADicerKO). In this
study, adipose tissue-derived EVs miRNA reduced the fibroblast growth factor (FGF) 21
expression in the liver and the circulation and was associated with improved glucose
tolerance. This function was reconstituted with wild-type brown adipose tissue transplant in
ADicerKO mice (210). Gonadal white adipose tissue-derived exosomes enriched in miR-222
worsened hepatic insulin resistance by suppressing insulin receptor substrate 1 expression
(118). Similarly, human adipose tissue explant-derived EVs influenced insulin sensitivity

in hepatocytes /n vitro (106). Indeed, proteomic analysis of exosomes from primary

human preadipocytes identified 884 proteins or “exoadipokines”, several of which were
significantly associated with liver diseases and metabolic syndrome by pathway analysis
(67). Furthermore, EV release may serve as a mechanism to offload the cell from unneeded
ceramide and may have a protective role in insulin resistance and nonalcoholic fatty liver
disease (NAFLD). Obata et al. reported that adiponectin, an adipocyte-derived circulating
factor with known pleiotropic protective properties, accumulates in the vascular endothelium
through binding with T-cadherin, a glycosylphosphatidylinositol, or GPl-anchored cadherin.
This binding interaction of the adiponectin-T cadherin system enhanced EV biogenesis and
secretion by endothelial cells, leading to reduction of ceramide in the aorta of mice (98,
164). Adipose tissue from high-fat diet-fed mice induced TSG101 facilitated CD36 sorting
into exosomes that were then endocytosed by hepatocytes to induce lipid accumulation

and inflammation (231). Separately, adipose tissue macrophages in obese mice secreted
miRNA-containing exosomes that robustly impaired hepatocyte insulin action and /in vivo
insulin sensitivity (236). Conversely, lipotoxic hepatocyte-derived EVs contain miRNAS that
enhanced adipocyte lipid accumulation in mice fed a high-fat diet and correlated with BMI
in NAFLD patients (247).

Viral hepatitis

Viral hepatitis affects 397 million individuals worldwide, with both hepatitis B virus (HBV)
and HCV infection cases combined (104). Long-term infection may lead to cirrhosis
and liver cancer. Viruses hijack the EV biogenesis machinery to increase infectivity and
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transmissibility. Moreover, EVs released from infected cells may modulate the host immune
system against the virus (129). EVs from HCV-transfected or HBV-infected hepatocytes
contain viral RNA (39, 105). HBV-RNA-enriched EVs induce the expression of natural
killer group 2D ligand, or NKG2D on macrophages, which in turn stimulates interferon

v (IFN-vy) from natural killer (NK) cells (105). Kakizaki et al. showed that macrophages
treated with EVs from HBV-infected hepatocytes can also upregulate programmed death-
ligand 1 (PD-L1) expression, which is known to bind to programmed cell death protein

1 (PD-1) on T cells and suppress T cell activation (90). The same group described an
immunosuppressive function of EVs from HBV-infected hepatocytes /n7 vivo (89). In regard
to HCV, HCV-RNA-enriched EVs can activate plasmacytoid dendritic cells which produce
type | IFN (39). EVs derived from infected hepatocytes can also contain viral DNA, which
is taken up by uninfected hepatocytes leading to detectable HBV DNA levels in hepatocytes
(234). Moreover, EVs containing both HBV RNA and DNA from chronic hepatitis B
patients were taken up by NK cells isolated from healthy donors leading to decreased NK
cell cytotoxicity, TNFa, and IFNy expression (234). Similarly, monocytes treated with EVs
from HCV-infected hepatocytes increased their galectin-9 expression (68), where galectin-9
in turn, promoted the expansion of regulatory T cells and apoptosis of HCV-specific T cells
(153). Syntenin-1, an intracellular adaptor protein, has a role in exosome biogenesis and
HCV envelope glycoprotein E2 enrichment in EVs. These E2-coated EVs rendered HCV
infectivity less susceptible to antibody neutralization in hepatoma cells and primary human
hepatocytes (36). Nonenveloped viruses, such as hepatitis A virus (HAV), can also hijack
the exosome biogenesis machinery to form a quasi-enveloped virus. In the case of HAV,
this happens through interaction of the HAV structural protein pX with one of the exosome
biogenesis proteins, ALIX, leading to the secretion of virions and foreign proteins through
exosome-like vesicles (84). In line with this study, the delivery of exosome cargo containing
viral RNA of HAV is mediated by the PS receptor HAV cellular receptor 1 (HAVCR1)

and the cholesterol transporter Niemann-Pick disease, type C1 (NPC1), indicating that viral
infection, via this exosome mimicry mechanism, does not require an envelope glycoprotein
(31).

MiRNAs present a particular interest in the context of viral hepatitis. MiR-21 and

miR-29a are enriched in EVs from plasmid HBV-transfected hepatocytes, and these EVs
downregulate the proinflammatory interleukin (IL)-12 expression (105). Furthermore, EVs
from patients with chronic hepatitis B transferred miR-25-3p to a hepatocyte cancer cell
line enhancing their proliferation (167), suggesting that EVs from infected host cells may
promote the progression of viral hepatitis toward liver cancer. Furthermore, miR-19a was
enriched in EVs from HCV-infected hepatocytes and these EVs activate signal transducer
and activator of transcription 3, or STAT3-mediated tumor growth factor § (TGFp) signaling
in HSCs leading to matrix deposition (38).

Altogether, these studies suggest that hepatitis viruses utilize the EV biogenesis machinery
to promote their transmissibility and escape from the host immune system. Hence,

EVs promote viral persistence, unproductive immune responses, and an inflammatory
microenvironment in the liver which promote the progression to end-stage liver disease
(129).
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Cholestatic liver disease

Fibrosis

Cholestatic liver diseases include primary biliary cholangitis and primary sclerosis
cholangitis (PSC), which are characterized by cholestasis, inflammation, and fibrosis. In
cholangiopathies, sustained proliferation of cholangiocytes occurs as a response to injury,
commonly called the ductular reaction. Cholangiocyte proliferation can be regulated by
EVs, in physiological and pathological conditions (104). In this regard, sEVs derived

from bile interact with cholangiocyte primary cilia to decrease ERK1/2 phosphorylation,
increase miR-15a expression and inhibit cholangiocyte proliferation (144). In line with

this observation, EVs from liver stem cells enriched with miR let-7 are shown to reduce
ductular reaction mediators and biliary fibrosis through the inhibition of nuclear factor kappa
B, or NF-«B and IL-13 signaling pathways (148). On the other hand, serum levels of
EV-associated long noncoding RNA (IncRNA) H19 correlate with the severity of human
PSC (126). LncRNA H19 can be transferred into hepatocytes via cholangiocyte-derived EVs
where they promote cholestatic injury by suppressing small heterodimer partner expression
(126). EV-associated H19 also induces cholangiocyte proliferation by upregulating high-
mobility group AT-hook 2, or HMGAZ2 levels (229), HSC activation, and matrix deposition
(133). Other studies have shown that H19-enriched EVs promote macrophage activation,
differentiation, and chemotaxis through C-C motif chemokine ligand 2 (CCL-2)/C-C motif
chemokine receptor 2 (CCR-2) signaling pathways (127) and S100 calcium-binding protein
All (S100A11) (94). Recently, it has been shown that polarized cholangiocytes release
distinct SEV populations from their apical versus their basolateral domains. In an ESCRT-
dependent manner, apical EVs differ from basolateral EVs by their composition as well as
their number released in the extracellular milieu. A perturbation of the ESCRT machinery
may participate in unbalanced EV release and disease progression (35). Further studies are
needed to decipher the role of EVs in cholangiopathies.

Activation of HSCs is crucial for the initiation and progression of fibrogenesis (103).
Activated HSCs have been shown to release pro-fibrotic EVs which can induce other

HSC activation in a paracrine manner. HSCs stimulated with platelet-derived growth

factor (PDGF) release fibrogenic EVs enriched with PDGF receptor a (PDGFRa) (102).
Mechanistically, PDGF binding to PDGFRa promotes tyrosine 720 phosphorylation
which recruits Src homology region 2-containing protein tyrosine phosphatase-2 (SHP2).
Subsequently, SHP2 inhibits PDGFRa degradation and promotes its enrichment in EVs
(102). In patients, PDGFRa is enriched in circulating EVs in case of cirrhosis as compared
to healthy individuals (102). Moreover, the release of the fibrogenic EVs is increased
through activation of mammalian target of rapamycin (mTOR) signaling and inhibition

of multivesicular body autophagic degradation (51). Subsequently, the fibrogenic EVs
downstream mTOR and SHP2 induce HSC migration /n vitro and liver fibrosis /n vivo
(51, 102). Another group reported that EVs released from activated HSCs contain less
Twist family basic helix-loop-helix transcription factor 1 (Twistl) and miR-214 than
nonactivated HSCs. Acting in a paracrine manner, these EVs promote the expression of
cellular communication network factor 2, or CCN2 in recipient HSCs and their activation
(24). 1t would be interesting to validate the role of TWIST1 inhibitor, harmine (237), on the
release of pro-fibrotic EVs and ultimately liver fibrosis.
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While the above studies demonstrate the role of EVs derived from activated HSCs, other
studies focus on the role of EVs from other cell types on HSC behavior during liver fibrosis.
In this regard, lipotoxic EVs derived from stressed hepatocytes carry miR-128-3p and can
be taken up by HSCs (174). In turn, miR-128-3p downregulates PPAR-y leading to HSC
activation and liver fibrosis. In addition, in mouse models of liver injury, increased levels
of EV-associated miR-128-3p correlate with fibrosis (174). EVs from injured hepatocytes
are also enriched with miR-192 and induce fibrogenic signaling in HSCs (115). Besides
hepatocytes, endothelial cells also release EVs enriched with sphingosine kinase 1 which
promotes HSC migration. Indeed, these EVs are endocytosed in a dynamin-dependent
mechanism and induce protein kinase B (AKT) phosphorylation in recipient HSCs and
subsequent cell migration (223).

Acute liver injury

Acute liver failure (ALF) is induced by a severe and unresolved insult to the liver. The
most known cause of ALF is acetaminophen (APAP)-mediated acute hepatotoxicity. EVs
from mice treated with APAP promote hepatocyte apoptosis and increased expression of
TNFa/IL-1B in recipient mice (28). The release of EVs from CD133* hematopoietic stem
cells is increased in mice treated with APAP and this is mediated by CD39. Moreover,
circulating EVs from patients with liver injury contain high levels of CD39 (184). CD39
is an ectonucleotidase that limits adenosine triphosphate (ATP) induced inflammation by
depleting extracellular ATP in APAP-induced liver injury (74). Nevertheless, it remains
unknown whether CD39 containing hematopoietic stem cell-derived EVs are involved in
limiting inflammation in ALF. /n vitro, EVs from umbilical cord MSCs attenuated APAP-
induced hepatocyte cell death (130). Hence, EVs from hematopoietic stem cells and MSCs
might share similar protective and regenerative properties in ALF. However, more studies
are needed to decipher their role in animal models of ALF.

Hepatectomy and ischemia-reperfusion

In case of hepatocellular carcinoma (HCC) or liver failure, the surgical removal of a
portion of the liver, partial hepatectomy, or removal of the entire liver to facilitate an
orthotopic liver transplantation, is the main therapeutic strategy and it is accompanied

by ischemia-reperfusion. After partial hepatectomy, hepatocytes proliferate to restore the
liver mass. Partial hepatectomy in rats is associated with an increase in circulating

EVs with the enrichment of inflammation-related miR-150 and miR-155 and regeneration-
related miR-21 and miR-33 (22). Thymus cell antigen 1* cell-derived EVs promote the
proliferation of hepatocyte progenitors via IL17B receptor signaling. In a rat model of
partial hepatectomy, these EVs increased hepatocyte progenitor cluster number and size
(81). Hepatocyte proliferation is also promoted by platelets and their interaction with HSCs
and LSECs, independently of EVs (154). In a mouse model of hepatectomy, LSECs uptake
large EVs from serum mononuclear cells which transfer miR-142-3p leading to abrogated
TNFa levels and endothelial cell apoptosis (107). EVs from hepatocytes promote recipient
hepatocyte proliferation /n vitro, as well as /in vivo in mouse models of partial hepatectomy
and ischemia/reperfusion. Indeed, EVs from hepatocytes contain neutral ceramidase and
sphingosine kinase 2 which promotes the synthesis of S1P in recipient hepatocytes (163).
Interestingly, hepatocytes and KCs which undergo mechanical stress due to hepatectomy
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release lysosomal compartment-derived vesicles which are enriched with ATP to induce the
proliferation of hepatocytes and liver regeneration (58). Therapeutically, human umbilical
cord MSC-derived EVs promote liver regeneration following hepatectomy in rats by
transporting miR-124 and inhibiting Forkhead box protein G1, or FOXG1 (195).

Ischemia/reperfusion is inherent during surgeries such as liver transplantation or
hepatectomy. Ischemia/reperfusion promotes interferon regulatory factor 1, or IRF-1-
mediated EV release and the transcription of RAB27A, a small GTPase important for

the release of MVB content as exosomes (233). These EVs are enriched in oxidized
phospholipids which lead to neutrophil activation and hepatic injury (233). On a therapeutic
note, in a preclinical mouse model of ischemia/reperfusion EVs derived from human

liver stem cells and mesenchymal stromal cells are beneficial by reducing hepatic injury,
inflammation, and promote the proliferation of hepatocytes (4, 20).

Primary tumors of the hepatobiliary system

Protumorigenic and antitumorigenic effects have been described for cancer-derived EVs
depending on (i) the context of their interaction with the surrounding cells in the tumor
micro- and macroenvironment, (ii) specific stage of cancer, and (iii) immune status for
both HCC and cholangiocarcinoma (CCA) (Figure 5) (232). The miR cargo of HCC cell
line (Hep3B and PLC/PRF/5)-derived EVs demonstrated that while most of the miRs
were conserved with donor cells, there was selective enrichment of a few miRs in EVs
(100). EVs could transfer miRs from donor HCC cells to recipient HCC cells leading to
an increase in their proliferation and colony-forming ability (100, 224). Interestingly, the
vacuolar protein sorting 4 homolog A (VPS4A) protein, which is downregulated in human
HCC, modulated the secretion of oncogenic and tumor-suppressive miRs into exosomes
suggesting that downregulation of VPS4A may promote tumor growth via a reduction in
tumor-suppressive miRs or an increase in oncogenic miRs in EVs (224). HCC EVs can
also functionally transfer long intergenic noncoding RNA, regulator of reprogramming,

or linc-RoR, leading to increased survival of recipient HCC cells (202). EVs from other
cells in the tumor microenvironment, have also been implicated in HCC growth (233).
Cancer-associated fibroblasts (CAFs) play a critical role in tumor progression, and depletion
of miR-320a in CAFs and CAF- derived EVs was associated with an increase in tumor
progression (233).

In addition to effects on tumor cell proliferations, HCC EVs may promote angiogenesis
via miR-155 and potentially via HSP70 and lysyl oxidase-live 4 (123, 147, 238). EVs have
been demonstrated as critical mediators of metastases in a paradigm where tumor-derived
EVs educate the metastatic niche, thus promoting metastases formation (32). In the context
of HCC, EVs derived from immune cells stimulated by tumor cell culture supernatants,
increased cell migration and metastases via the transfer of integrin a(M)B2 from immune
cells to tumor cells (141). EVs enriched in miR-1247-3p from highly metastatic HCC
converted fibroblasts to CAFs promoting tumor growth in the lung metastatic niche (44).
EV cargoes have been implicated in chemoresistance, for instance, exosomal miR-32-5p
from HCC cell lines activated the phosphoinositide 3-kinase, or PI3K/Akt pathway and
promoted angiogenesis and epithelial-mesenchymal transition (48). Tumor derived-EVs
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also modulate immunosurveillance of tumors—for example, EVs containing the damage-
associated molecular pattern, high mobility group box protein 1 (HMGB1), activated
regulatory B cells, and contributed to B cell-mediated immune escape in HCC (235).

CCA EVs may also mediate immune escape /n vivo based on observations that CCA cell
line-derived EVs reduced the cytotoxicity of cytokine-induced Killer cells (23). In contrast,
EVs released from HepG2 cells that were resistant to anti-HCC drugs stimulated greater
HSP-specific NK cell cytotoxicity (140).

Cholangiocarcinoma growth is characterized by a highly desmoplastic stroma with poor
vascular supply (193). This stroma is enriched in alpha-smooth muscle actin-positive
CAFs and tumor-associated macrophages (179). EVs also play an important role in tumor
cell-microenvironment interactions. Katsumi et al. showed that CCA cell line-derived

EVs contain the damage-associated molecular pattern (DAMP), S100A11, which leads

to upregulation of proinflammatory and profibrogenic pathways in macrophages via the
receptor for advanced glycation end products, or RAGE (94). CCA cell line-derived EVs
have been demonstrated to exert effects on many recipient cell types, including other CCA
cells, MSCs, and immune cells leading to protumorigenic or antitumorigenic responses.
Tumor cell-derived EVs in cholangiocarcinoma promoted the differentiation of MSCs

into fibroblasts leading to the generation of a tumor-permissive stroma (63). In another
study, the protein cargo of CCA-derived EVs was distinct from nontransformed normal
cholangiocytes (41). These CCA-derived EVs were internalized and induced migration and
invasion of recipient cholangiocytes with associated upregulation of B-catenin and inhibition
of E-cadherin expression.

Diagnostic Potential of EVs

The potential for EVs to be used as biomarkers is exciting for multiple reasons—they are

(i) stable and abundant in various body fluids, (ii) obtained with relative ease in a minimally
invasive fashion, (iii) sampled repeatedly across multiple time points, and (iv) assayed for
precise biological origin and cargo composition to inform on the pathophysiological stimuli
that led to EV release. We discuss specific examples in select diseases next.

Nonalcoholic steatohepatitis and alcoholic hepatitis

In a 2012 study, levels of circulating EVs were compared in patients with chronic hepatitis
C (CHC) and NAFLD. Patients with NAFLD and NASH, but not CHC had greater number
of EVs from invariant NKT cells and monocytes, and these were correlated positively with
ALT as well as the NAFLD activity score (NAS) (101). Using flow cytometry, circulating
EVs were defined to be hepatocyte-derived based on HepParl or asialoglycoprotein receptor
(ASGPR) expression, correlated with liver chemistry abnormalities, and were reduced after
bariatric surgery. In a recent study, using a novel nanoplasmon enhanced scattering, or nPES
assay in patients with NAFL, levls of EVs and hepatocyte-derived EVs in plasma correlated
with grade of steatosis and inflammation (162). Further, given the significance of lipid
species as hepatotoxic stimuli in NASH (6), as well as in EV biogenesis, sphingolipid cargo
composition in hepatocyte EVs correlated with EV abundance, NAS score, and decreased
after NAFLD resolution in bariatric surgery-induced weight loss.
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Similarly, in alcoholic hepatitis (AH), which represents the acute and severe form of alcohol-
associated liver disease (ALD), there is an unmet need for a safe, noninvasive, and reliable
modality for diagnosis and prognostication. Currently, these are dependent on clinical
criteria and the use of scores that utilize blood-based biochemical tests, such as the model
for end-stage liver disease (MELD) or Maddrey’s discriminant function, albeit without
specificity for AH pathobiology. In a study that included 36 healthy controls, 29 patients
with other etiologies of severe end-stage liver disease, and 131 patients with varying degrees
of ALD (heavy drinkers, AH, decompensated alcohol-associated cirrhosis), EVs were
isolated from plasma and their sphingolipid cargo analyzed by tandem mass spectroscopy.
EV abundance was greatest in AH patients compared to all other subgroups and correlated
with their MELD score. EV sphingolipid composition correlated independently with the
severity of AH and improved the performance of the current standard-of-care (MELD score)
in predicting 90-day mortality (187).

Primary hepatobiliary cancer

EV concentration and EV cargoes differ during early and late stages of cancer progression
and during recurrence and metastasis hence holding the potential to profile EVs using new
omics technologies (111). Diagnostic potential of HCC-derived EVs has been elegantly
demonstrated in a recent manuscript which employed a multi-model method based on
marker (ASGPR1, Epithelial cell adhesion molecule or EPCAM, and CD147) antibody
labeling of EVs, followed by covalent chemistry capture and release on a nanowire
substrate followed by quantitative polymerase chain reaction (PCR) for the detection of
HCC-associated gene signature based on 10 mRNAs (200). By this approach, the authors
reported area under the receiver operating characteristic curve (AUC) for distinguishing
cancer from noncancer of 0.87 (95% confidence interval (CI), 0.80-0.94), HCC versus
other cancer AUC of 0.95 (95% ClI, 0.90-1.00), and early-stage HCC versus cirrhosis an
AUC of 0.93 (95% Cl, 0.86-1.00). The EV-based biomarker outperformed the currently
employed serum alpha-fetoprotein level. Taking a different technical approach employing
covalent chemistry-mediated HCC EV capture and immuno-PCR three population of EVs
were identified to develop a score for the early detection of HCC (201). Urinary EVs also
have the potential to serve as a biomarker for HCC and may be amenable to point-of-care
in-home testing. Glycoproteins LG3BP, PIGR, and KNG1 were upregulated in HCC-derived
urinary EVs, in comparison to normal controls (117). These very exciting and potentially
transformative studies will need independent verification in population-based cohorts and
comparison with other blood-based assays such as circulating tumor cells and circulating
extracellular RNAs.

In terms of tumor biology, a separate study demonstrated that CD90™* liver cancer cells
secreted EVs which were able to promote angiogenesis by enhancing the release of vascular
endothelial growth factor, or VEGF, and increasing its receptors on human umbilical vein
endothelial cells (30). It was found that motile HCC secrete EVs which are highly enriched
in MET-2 and MET-9 protein, which facilitates their metastatic activity (69). Others have
demonstrated that EV-long noncoding RNAs may serve as biomarkers for HCC (97) and

Shi et al. demonstrated a correlation between serum exosomal miR-638 and HCC, which
showed decreased survival rates in patients having a low concentration of exosomal miR-638
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in their serum (191). HCC viability and spread can be analyzed by measuring the level of
serum miR-9-3p which in turn is inversely related to the expression of FGF-5, which plays
a pivotal role in cell proliferation (205). In another study a new population of protumor
TIM-1* regulatory B (Breg) cells, phenotypically being CD5MI"CD24-CD27-/*CD38g*/high,
was discovered. Exosomes from HCC were enriched in HMGB1 which facilitated the
conversion of B-cells to TIM-1* Breg cells through TLR 2/4 and mitogen-activated protein
kinase pathways. An increase number of TIM-1* Breg cells are seen infiltrating the tumor
and lead to immunosuppression via increased levels of IL-10 and impairing CD8* T cells
(117, 235).

Cholangiocarcinoma presents with two major problems, firstly it is a very aggressive tumor
and secondly, late presentation due to lack of specific symptoms. Therefore, there is a

dire need for better diagnostics and therapeutics. Biliary EVs hold a unique diagnostic
potential for CCA as EVs derived from biliary epithelial cells or CCA cells are likely to be
enriched in bile, in comparison to the diverse cellular sources of circulating EVs. miR-195
is an inhibitor of tumor growth and was shown to be decreased in CCA and bordering
stromal cells, further, Ling li and colleagues demonstrated inhibition of tumor growth in a
CCA rat model by injecting miR-195 enriched EVs (122). In a prospective cohort study,
EV concentrations were significantly higher in, and capable of discriminating between
malignant versus nonmalignant CBD strictures with high accuracy (188). Likely reflecting
changes in microRNAs and IncRNAs in donor CCA tumor cells, a panel of microRNAS in
biliary EVs yielded a sensitivity of 67% and a sensitivity of 96% for the diagnosis of CCA
(121) and IncRNAs were correspondingly enriched in biliary EVs (54). Circulating EVs in
patients with CCA demonstrate a proteomic signature which could also serve as a diagnostic
tool (7). A follow-up study from the same group applied machine learning approaches to
demonstrate utility of EV proteomics for the early and etiology-specific diagnosis of CCA
(113). MiR-200-3p was also found to be enriched in circulating EVs in patients with CCA
and had a higher AUC than carbohydrate antigen 19-9 (CA19-9) for the diagnosis of CCA
(189). For the spread of tumor, there is a need for cross-talk between cancer and surrounding
cells and EVs are responsible for this interaction which further leads to activation of MAPK
pathway activation (9). The qualitative analysis of EVs is also of great importance as
concentration of some proteins like AMPN, VNNL1, and PIGR are markedly increased in
CCA versus healthy controls and it carries a better diagnostic value as compared to CA19-9
during early stages (7). Some of the EV-miRs can have oncogenic characteristics and are
elevated in CCA, two of them miR-30d-5p and miR-92a-3p were shown to be markedly
increased in bile of patients suffering from CCA (64). Besides providing an early diagnosis
for CCA, EVs can provide us differential diagnosis regarding conditions with overlapping
features especially when it comes to early lesions of CCA versus PSC. For instance,

long noncoding RNA MALATI gene expression is augmented in serum EVs of CCA
patients as compared to PSC (112). Another prominent study demonstrated the interaction
between CCA and MSCs and how EVs released from CCA can augment the expression of
myofibroblast markers like alpha-smooth muscle actin and fibroblast activation protein and
phenotypically change MSCs and promote stromal growth. CCA EVs can further increase
the expression of IL-6 from the MSCs which increases the spread of CCA by STAT3
pathway (63). Tumor-derived EVs were found to be elevated in circulation in patients with
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HCC and CCA and declined after curative resection (87), suggesting that EVs could be used
to monitor for tumor recurrence.

Therapeutic Potential

EVs are being studied as a potential therapeutic tool due to their diverse signaling cargoes
in homeostasis and disease which can be manipulated for a desired effect, building on

their advantages of stability and immunological privilege, and improved safety profile in
comparison with cellular therapies (91, 227). Therapeutic EVs can be categorized based on
the cellular source of EVs, additionally whether donor cells are autologous or heterologous,
whether they serve as a delivery vehicle for specific cargo, or whether the EVs themselves
are the therapeutic agent, and whether EVs are modified to be delivered to specific recipient
cells. Cellular therapies, in particular stem cell therapies, are inherently associated with a
tumorigenic risk (114). On the other hand, EVs are not self-replicating, therefore, bereft

of the tumorigenic risk associated with proliferating stem cells. EVs are a natural product,
thus, devoid of potentially harmful synthetic materials. The natural homing of systemically
administered EVs to the liver, where they are rapidly cleared, though a disadvantage to

EV therapeutics for nonliver indications, makes it relatively easier to target liver diseases
with lower doses of EVs than required for delivery to other organs (34, 227). Within the
liver, systemically administered EVs can be detected in hepatocytes, mononuclear cells,
endothelial cells, and HSCs (11, 25). These studies suggest that within the liver, differential
cellular uptake of EVs may depend on cell surface upregulation of receptors, such as
complement receptors, integrin receptors, or sphingosine 1-phosphate receptors (80, 128,
239). Therefore, it is predictable that several studies have demonstrated that EVs are safe
and well tolerated. Furthermore, efficacy of EV therapy has been demonstrated in both
mouse models and human disease.

EVs can be actively loaded with cargoes after isolation or by exploiting a donor

cell’s intrinsic machinery to sort endogenous cargo into EVs. Diverse cargo such as
pharmacological drug products, immune modulators, small interfering RNA (siRNA), or
antisense oligonucleotides can be incorporated into EVs by biochemical and biophysical
methods such as coincubation (170), electroporation, sonication (65), pH-gradient, freeze-
thaw, or EV transfection (138). Alternatively, overexpression of specific therapeutic cargoes
in producer cells can result in enriched EVs (165, 225, 244). EVs can also be loaded

with specific cargoes with passive incubation, albeit with much lower efficiency (110).
There are several examples demonstrating that EVs can also be engineered to enhance
specific target cell delivery or cargo. For instance, by transfecting cells to produce EVs
enriched with surface ligands (a targeting peptide such as an integrin) (3, 211) receptor-
mediated cell-type targeting could be achieved. Additionally, specific markers such as
CDA47 on EVs confer signal-regulatory protein alpha-mediated protection from phagocytosis.
Examples of engineered EVs studied in the treatment of HCC include EV-based transfer

of the sodium iodine transporter from donor cells to recipient HCC cells enhancing

125| yptake and conferring radioiodine-sensitivity (238), delivery of stellate cell EVs
containing tumor-suppressive miR-335-5p (123), or bone marrow-MSC EVs containing
SiRNA against glucose regulatory protein 78, or GRP78 (119). These approaches studied

in cancer led to an ongoing phase | clinical trial in patients with KRAS®12D mutation-
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associated pancreatic cancer (ClinicalTrials.gov identifier: NCT03608631). Some EVs such
as those produced by macrophages are also capable of crossing the blood-brain barrier
utilizing intrinsic mechanisms such as integrins (lymphocyte function-associated antigen

1, LFA-1; intercellular adhesion molecule 1, ICAM-1) or the carbohydrate-binding C-type
lectin receptors. Alternatively, EVs can be modified to express cholesterol-conjugated RNA
aptamers on their membranes (172), thereby achieving cell-specific delivery of siRNA and
thus impair tumor growth in different cancer models. Lastly, RNA-binding proteins such

as synaptotagmin-binding cytoplasmic RNA-interacting protein, or SYNCRIP in hepatocyte
exosomal miR sorting machinery (183) may be targeted to modulate packaging of specific
RNAs into EVs.

The therapeutic efficacy of EVs derived from differentiated cells, and from MSCs has been
demonstrated in many models of liver diseases. EVs from diverse terminally differentiated
cells have been tested in preclinical models of liver diseases. In hepatic ischemic-reperfusion
injury (IRI), intravenous administration of hepatocyte-derived EVs induced a concentration-
dependent increase in hepatocyte proliferation due to transfer of neutral ceramidase and
sphingosine kinase 2 (163). The transfer of this cargo led to an increase in the synthesis

of sphingosine 1-phosphate which stimulated hepatocyte proliferation. Orally-administered
plant-derived EVs, in particular, ginger-derived shogaol-enriched EVs have protected
against alcohol-induced liver injury by activation of TLR 4 and nuclear factor erythroid
2-related factor 2 (Nrf2) mediated antioxidant responses (248). EVs derived from stem

cells isolated from cryopreserved adult human hepatocytes enhanced regeneration in a rat
model with 70% partial hepatectomy (71). In this study, mRNA which encodes argonaute

2 (AGO2) was transferred to the regenerating livers by EVs. In liver fibrosis mouse

models the administration of plasma-derived EV from healthy mice was effective in
reducing hepatocyte apoptosis, inflammatory cytokines, transaminases, and fibrosis (25).
Several microRNAs, miR-34¢, miR-151-3p, miR-483-5p, miR-532-5p, and miR-687, were
identified as the mediators of the antifibrotic effects of healthy plasma EVs. This group

also demonstrated that normal hepatocyte-cell line-derived EVs were also effective in
ameliorating liver injury, inflammation, and fibrosis in a carbon tetrachloride (CCl4) mouse
model of fibrosis (125). Along the same lines, purified exosome product (PEP) derived
from human plasma has been employed in different disease models, such as tendon repair
and ischemic wound healing, where PEP promoted neovascularization, matrix remodeling,
and tissue growth (190). However, the role of PEP in enhancing recovery after acute or
chronic liver injury, without promoting an exuberant profibrogenic response, remains to be
experimentally proven.

Mesenchymal stem cell-derived EVs

Liver regenerative and replacement therapies are a promising alternative or bridge to liver
transplantation in patients with end-stage chronic liver disease or ALF. Such therapies
have been developed with extracorporeal liver support devices, cellular transplantation
approaches, and now with the recognition that EVs retain the therapeutic potential of
MSC, it follows that MSC EVs are being examined for their potential in treating acute
and chronic liver diseases. MSCs are multipotent mesoderm-derived stem cells which
can be isolated from several sources such as bone marrow, umbilical cord, and adipose
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tissue. MSCs have been demonstrated to have repair, regenerative, proangiogenic, and
immunomodulatory properties, via paracrine signaling, in preclinical models of injury and
autoimmunity, leading to several clinical trials examining their efficacy in human diseases.
MSC EVs offer improved safety over the risks associated with cellular therapies while
retaining several advantages, including immunomodulation and tissue repair properties. The
immunomodulatory properties of MSC EVs have been demonstrated in experimental models
that activate many different immune cell types. MSC EVs can attenuate CpG-induced B cell
activation and proliferation (16) and phytohemagglutinin-induced proliferation of peripheral
blood mononuclear cells including T cells and B Cells (56). Tolerogenic molecules on MSC
EVs, such as PD-L1, galectin-1, and TGF-B, inhibit autoreactive lymphocyte proliferation

in a model of experimental autoimmune encephalomyelitis (156). Similarly, angiogenic,
antiinflammatory, and reparative properties of MSC EVs have been demonstrated in models
of myocardial ischemia (8, 109, 246), acute kidney injury (15), traumatic brain injury (96,
243), and spinal cord injury (139). In keeping with observations in other organ systems and
disease states, the therapeutic benefit of MSC EVs has been demonstrated in models of acute
and chronic liver diseases.

IRI is a prototypical model for acute liver injury with relevance to liver transplantation,
liver resection, and hypoperfusion-induced shock liver. Other acute models of liver injury
include partial hepatectomy and toxins such as carbon tetrachloride and d-galactosamine/
lipopolysaccharide. In these models of acute liver injury, the administration of MSC EVs of
various cellular origins has ameliorated injury (Table 3) (4, 40, 62, 71, 171). These studies
also indicate a concentration response to the protective effects of MSC EVs, and also that
species mismatch does not appear to be a barrier to MSC EV transplantation, as human
MSC EVs were effective in reducing fibrosis and liver tumors in mice administered chronic
carbon tetrachloride chronically (85). Human adipose MSC EVs exerted an antifibrotic
effect on HSCs /n vivoand in vitro by decreasing the proliferation and increasing apoptosis
of activated HSCs via PI3K/AKT/mTOR inhibition (245). Proteins, nucleic acid species,
and lipids have been implicated in MSC EVs for the observed salutary effects (Table 3),
though given the pleiotropic consequences of MSC EV administration, multiple signaling
molecules are likely involved. Herein lies one of the limitations of MSC EVs that there is an
incomplete understanding of MSC Evs’ mechanism of action.

There are additional manufacturing and regulatory considerations relevant to EV
therapeutics. EVs are natural cell-derived which gives rise to issues with scalability and
variable potency from batch to batch. Two-dimensional (2D) monolayer culture is not
amenable to continuous large-scale production of EVs from viable cells. There have been
advances in EV biomanufacturing with a shift from 2D monolayer culture to hollow fiber
bioreactors (55), which offer several advantages including scalability, viability, decreased
manual handling, real-time monitoring, and prolonged production of EVSs. In recent years,
several EV therapeutics have received approval for investigational new drug, or IND
applications from the Food and Drug Administration (FDA). These advances have led to
several currently recruiting clinical trials assessing a therapeutic response to EV products
from diverse sources for acute myocardial infarction, chronic middle ear infection, and
venous trophic lesions among others. On the other hand, the FDA has also issued public
safety alerts regarding unregulated and unapproved use of EV therapeutics. Suffice it to say
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that EV's have immense therapeutic potential, however, will require careful FDA-compliant
preclinical studies and clinical trials before their widespread clinical use.

Conclusion

We have discussed several aspects of EV pathobiology above, and in the following section,
we focus on the key challenges and gaps in our knowledge and emerging experimental

tools to separate the different EV subpopulations based on their compositions, and
biogenesis. To date, there is no isolation technique that can differentiate exosomes from
microvesicles, since small microvesicles can overlap with the size of exosome (73). Another
potential challenge is the selective packaging of EV cargo and whether a predominant

cargo in EV is unique or redundant among the different SEV subpopulations (exosomes
versus microvesicles). Accumulating studies support the notion that signaling EV cargo is
selectively released from the cell of origin into EVs based on the environmental condition or
insult (34, 60, 80, 88). In addition, studies over the last few years allowed imaging of MVVB
fusion with the plasma membrane in real time using a CD63-pHIuorin construct facilitating
the examination of exosome release at the single-cell resolution (220). However, our
understanding of the journey of the EVs across the extracellular space and the circulation,
the recognition of EVs by their target cells, and the EV cargo uptake by the destined cell is
evolving (143). Nonetheless, tracing circulating EVs to their cell of origin and confirmation
of the biological function of EV in vivo is another hot area of research (249). In a recent
study, Zomer et al. used the Cre-LoxP system to identify tumor cells that take up EVs /n
vivo. EVs released by malignant tumors were enriched with mRNAs that promote migration
and metastasis. Authors employed intravital imaging to show that the less malignant tumor
cells that take up EVs display enhanced migratory behavior and metastatic capacity (249).
This study indicates the feasibility of tracing EVs to their cell origin and their ability to
elicit a functional signal in the recipient cells /n vivo. In addition, model organisms, like the
zebrafish embryo, are emerging tools to examine EV biogenesis and trace EVs /n vivo (78,
221). Furthermore, the dynamic changes of the source of circulating EVs over the course of
disease progression and their cell/tissue of origin were recently described in mouse model
of dietary NASH (120). Nanoscale flow cytometry was employed and fluorescently labeled
antibodies for cell-specific markers ASGPR1 and cytochrome P450 family 2 subfamily E
member 1, or CYP2EL as markers of hepatocyte-derived EVs (Figure 3); galectin 3 as a
marker of macrophage-derived EVs; common epitope on lymphocyte antigen 6 complex,
locus G/C1, or Ly6G and Ly6C as a marker of neutrophil-derived EVs; and CD61 as

a marker of platelet-derived EVs. In accordance with liver inflammation, macrophage-

and neutrophil-derived EVs were significantly elevated at 24 weeks of the feeding study,
while hepatocyte-derived EVs increased as early as 10 weeks of feeding and remained
elevated afterward. However, although hepatocyte-derived EVs were elevated, they were less
abundant than platelet-derived, macrophage-derived, and neutrophil-derived EVs in NASH,
and hepatocyte-derived EVs represented a small fraction of the total circulating EVs, no
more than 0.02%. Theoretically, the concentration of hepatocyte-derived EVs is much higher
within the hepatic microenvironment and may further increase in the microenvironment

and decrease in the circulation in advanced liver disease when LSECs lose their fenestrae
and develop a basement membrane a process known as capillarization (79). Hence, LSEC
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capillarization may increase the concentration gradient of EVs in the liver and enhance their
role as a catalyst of the inflammatory process in chronic liver diseases.

Liao et al. examined the role of concentration gradient of EVs using a microfluidic gradient
generator of EVs derived from hepatocytes under lipotoxic treatment and defined the role of
EVs concentration gradient in macrophage chemotaxis (128). Given their high concentration
at their site of origin, it is biologically plausible to assume that EVs are more equipped to
execute a short-range versus long-range intercellular communication. Nonetheless, emerging
data suggest that EVs are destined to interact with a specific cell population based on a
combination of receptor-ligand interaction between the EVs and the target cells regardless of
the distance of their journey (60, 145).

Furthermore, EV docking and uptake by the target cells are crucial, but largely unclear
processes. In addition, how uptaken EV cargo evades degradation in the target cells, and
how cargo signals are transmitted to a particular intracellular target (e.g., mitochondria or
nucleus) although key aspects in exploiting EV in therapeutic drug delivery, are still an
enigma (47).

Finally, EVs associated with a disease may serve as a biomarker in some instances without
concrete evidence of a pathogenic role in the disease progression. Circulating EVs have been
promoted as liquid biopsy, a noninvasive tool for early detection, monitoring for progression,
and response to therapy in various liver diseases. The potential role of EVs as a biomarker

is supported by the following EV properties. First, EV's protect their protein and nucleic acid
cargo from degradation due to membrane coating; second, EVs facilitate the identification of
low abundance diagnostic nucleic acid, lipids, or protein and third, EVs reflect the metabolic
status of the cell of origin (43). However, many challenges in using EVs as biomarkers are
encountered mainly due to lack of reproducibility of data obtained by different research
group and the different protocols employed in sample processing (Table 1).

On the bright side, the analysis of the individual EV is evolving, and our knowledge gap is
diminishing with the invention and application of new disease models and state-of-the-art
technology including reporter mouse models and zebrafish embryos, immune affinity-based
methods, and nanoscale flow cytometry.
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Didactic Synopsis

Major teaching points

The nomenclature of extracellular vesicles and their classification into
exosomes and microvesicles is based on the molecular machineries involved
in their biogenesis.

EV cargo includes proteins, lipids, and nucleic acids which allows them to
communicate various biological signals between diverse cell types in health
and disease.

There are several techniques to isolate and characterize EVs, with differing
yield and purity.

EVs are implicated in the pathobiology of many liver diseases, and thus have
powerful diagnostic potential as a biomarker of disease severity.

Given their stability in biological fluids, and their ability to target specific cell
types, EVs can also be engineered to serve therapeutic roles in liver diseases.
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Figure 1.

Biogenesis of extracellular vesicles. Microvesicles are formed directly from plasma
membrane budding by sequestering cytosolic cargo. Exosomes arise via endosomal
maturation into multivesicular bodies (MVB). MVBs contain intraluminal vesicles generated
by invagination of the limiting membrane and eventually released at the plasma membrane
as exosomes.
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(E) Immunoaffinity-based capture

Magnetic bead with
antibody

Methods of extracellular vesicle isolation. Various methods of EV isolation are suited for
different scenarios based on required yield, purity, and specificity for an EV subtype. Often,
separation from non-EV lipoproteins in biological fluids that have similar size and density is
also required. Some examples depicted are (A) precipitation, for example, with polyethylene
glycol (B) size exclusion chromatography (C) differential centrifugation (dUC) (D) density
gradient ultracentrifugation, and (E) immunoaffinity-based capture.
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Figure 3.
Small EVs from hepatocyte cell line. Cell culture supernatant was fixed and processed for

immunogold-based detection of cytochrome P450 2E1 (Cyp2E1, smaller particle size) and
asialoglycoprotein 2 (Asgr2, larger particle size) to demonstrate the detection of hepatocyte-
derived EVs by this technique. Magnification 150k x, scale bar 100 nm.
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Figure 4.
Role of extracellular vesicles in nonalcoholic steatohepatitis. EVs mediate multi-organ

cross-talk—between the liver, adipose tissue, and bone marrow; as well as multi-

cellular cross-talk—between hepatocytes, non-parenchymal cells in the liver, and immune
cells. Lipotoxic hepatocytes activate intracellular stress responses including endoplasmic
reticulum (ER) stress-mediated activation of inositol requiring enzyme 1 a (IREla),
activation of serine threonine Rho- kinase 1 (ROCKZ1) and caspase 3, and mixed lineage
kinase 3 (MLK3) which increase the formation and release of EVs. These EVs are
heterogeneous and carry diverse cargo such as proteins including Vanin, TRAIL, CXCL10,
nucleic acids including microRNAs (mir-128-3p, miR-223) and mitochondrial DNA
(mtDNA), and lipids such as sphingosine 1 phosphate (S1P) which serve ligands for a
multitude receptor-mediated or epigenetic regulatory signaling pathways in recipient cells.
Though factors targeting subsets of EVs to specific recipient cells remain unknown, studies
demonstrate that specific cell types respond to certain cargoes. For example, lipotoxic ER
stress in hepatocytes can increase release of EVs containing ceramide-derived S1P which

is a chemoattractant to proinflammatory circulating macrophages expressing S1P receptors.
Lipotoxic EVs also contain CXC motif chemokine ligand 10 (CXCL10), TNFa-related
apoptosis-inducing ligand (TRAIL), mtDNA which engages CXC motif chemokine receptor
3 (CXCR3), TRAIL-receptor (TRAIL-R), and Toll-like receptor 9 (TLR9), respectively. In
contrast, hepatocyte uptake via the low-density lipoprotein receptor (LDL-R), of miR-223
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enriched EVs from neutrophils may have an anti-inflammatory effect in NASH. Vanin-
enriched hepatocyte-derived EVs and miR-128-3p enriched EVs increase hepatic stellate
cell activation. Integrin beta 1 (ITGB1) in hepatocyte-derived EVs is internalized by
circulating monocytes to increase their adhesion to liver sinusoidal endothelial cells (LSEC).
Adipose tissue-derived EVs containing monocyte chemotactic protein 1 (MCP1), interleukin
6 (IL6), and cluster of differentiation 36 (CD36) influence hepatocyte insulin resistance and
lipid metabolism. Cells and tissues are denoted in bold, and the biological effect is italicized.
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Figure 5.
Role of extracellular vesicles in primary tumors of the liver. In hepatocellular carcinoma

(HCC) as well as cholangiocarcinoma (CCA), EVs are implicated in cross-talk between
cancer cells and other cell types inhabiting the tumor microenvironment. In HCC, tumor
cells mediate a feed-forward loop with tumor cells by downregulating expression of the
vacuolar protein sorting 4 homolog A (VPS4A) that promotes secretion of EVs with
bioactive cargo such as microRNA (miRs) with oncogenic potential or long noncoding
RNA (lincRNA-regulator of reprogramming) which confer chemoresistance. HCC-derived
EVs mediate diverse processes such as angiogenesis via miR-155 containing EVs that
activate heat shock proteins 70 on endothelial cells, epithelial-mesenchymal transition via
miR-1247-3p that activate -integrin on fibroblasts, and stellate cell activation via Twist1.
Conversely, cancer-associated fibroblast (CAF) derived EVs carrying interleukins (1L6/8)
promote HCC metastatic potential via tranglutaminase2 signaling, while miR-320a reduces
tumor progression by suppressing PBX homeobox 3 (PBX3) signaling. Crosstalk with
immune cells occurs via tumor-derived exosomes containing high mobility group box 1
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(HMGB1) that mediate immune escape by binding to toll-like receptors 2/4 on B cells,

and heat shock proteins that activate cytotoxic natural killer (NK) cells after exposure to
chemotherapy. Tumor-associated macrophage-derived exosomes that contain integrina Mp2
and TGFp boost the migratory potential of HCC by activating matrix metalloproteinase-9
signaling and stellate cell activation respectively. In cholangiocarcinoma, EVs containing
circular RNAs (circ-CCAC1) disrupt endothelial barrier integrity by downregulating
intercellular junction proteins such as occludin and promote angiogenesis. CCA-EVs
promote tumor stroma formation by inducing fibroblast differentiation of mesenchymal stem
cells, and conversely CAF-derived EVs carrying miR-195 inhibit CCA growth. Cell types
are denoted in bold, and the biologic effect is italicized.

Compr Physiol. Author manuscript; available in PMC 2024 January 19.



Page 51

Parthasarathy et al.

a|dwres A3 pare|os 8y} Ul SueUWS JAWA|Od
SJUBUIWEIU0I AF-UOU JO Junowe ybiH e

1509 J3yBIH o

SAT |[e a1e|0s] 10U AR «

PIBIA J18MOT o

S3IPMS AJ [RUOROUNY 10} 3]qRJONRS «

S/\J PaIe[0s! 81e41Us0UO0d 0] POYIBW JBYIoUE SPasu UsYQ «

POoylaW UOWWOI SS97] o

S/\J PaIe|0S] 8Jes)USIU0I 0} POYIBW JYIOUR SPadU UsYQ «
Buiwnsuod-awi] e

AAISUBIUI-I00ET

AlJIge[eIs moT «

sutajosdodi] Yy UOITRUIWEIUOD 3]qISSOd »

SAJ Jo aimdnu Jo uoiebaibbe aqIssod e
Bulwnsuod-awi]

AAISUBIUI-I00ET »

Aljige[ess mo «

1000304d pJemiopiybirens pue iseH «

Jayrew urenad e Buissaidxa suoneindodgns Buirejost Jo An

Ayand ybiH

sawinjoA Burrels abue| 104 3|qeIINS o
A2Ua1SISUOI Y91eq-0}-Ydleg
uolebaibbe A3 ON e

PIoIA A3 po09

1020304d premiogiybiens «

a]1qeeas AJybiH «

SA3 pare|os! Jo A11ibajul panlasald «
1020304d premiogiybrens pue iseq «
SJUBUIWEIUOI AJ-UOU JO JUNOWE MO »
Aund ybiH

suone|ndodgns A3 A1auapi 03 [e1ULI0d «

pIaIA yBiy 03 wnipsy

poylaW UOWWIOD «

uonendioald

alnydes paseq-Anuleounwiw|

uonen i} Mol [enuabue)

uonenjyenin

AydeiBorewolyd uoisn|oxs-azIs

uonebinyLnuaden|n usipelb Aisuag

uorebnyLauadeIN [enualayla

syoegmelq

sabejuenpy

poysw uorre|os|

Author Manuscript

Author Manuscript

SPOYIBIAl UOIRIOS] B[OISA Je|n||80.IXT JO sYorgMeIq pue sabeiuenpy

T alqeL

Author Manuscript

Author Manuscript

Compr Physiol. Author manuscript; available in PMC 2024 January 19.



Page 52

Parthasarathy et al.

(ds-98p- pue ‘oyzT- ‘02L-
‘dg-2021- ‘0£9- ‘.61~ ‘TSP~ 002€ ‘292~

ABojons yum paje|aliod

s103U02 Ayyfeay

(091) ‘89¢- ‘G/ZT- ‘dg-Gzz -yiw) |aued Yiw WINJas WoJj UoIJel) Yol aWosoxa Ul af1yoid uoissaldxa ¥iw ayL pue ‘g snireday 91uoJyd ‘Q snireday 21U0IYD SNSIBA HSYN

¥eT1) dg-z6T-Hiw HSWN Ul paseaoul aJe SaWoSoxa panliap-alAdoredaH 103u0d Ayyjeay pue q14WN Snsian HSWYN
SIS0JQI) PIOUBAPE

(s11) 26T Yiw pue zzT Jiw Ul Pasealoul WNJas Ul SaWosoxa panLiap-a1Adoteday Buireinalin SIS04q1y A|1ea SNSIaA pasueApe Ylm HSWYN

17V [ewou yum s10algns ues)

(z9) VNQ [eLpuoyI0HW 17TV Yum pajejallod ewseld ur SAJ pantiap-siAaoredaH SNSIBA | TV [BWIOU YHM 85300 SNSIBA 1TV Palens|a UM asaqQ

areydsoyd T auisoburyds

(88) alljogeIaW S} pue ‘apiwelad 0:9TD ewseld ut SAJ S]041U0D 8S3C0 PUE SISOYL3IS SNSIAA SIS0IqLY AlJed YIM HSYN

(09) 19 uuba| HSWN Ul pasealoul ale wnias ul SAJ SIS0Je3)S SNSJIBA SI1S01qY AlJed UM HSYN

(922) passasse 10N SISOJQIY UMM Pale|allod Ajasianul SAT |99 [el]aL10pua 1o s81Aa0xna] a14WvN AJJea snsian y—€4 Yim HSYN
HSWN 10 A1118A8S Y)IM pale|allod ‘sarkoouowl

(toT1) passasse 10N /sabeydoidew pue s|jad | Ja|13 [eineu JuelieAul wolj sajdnedoldlin 101303 AYleay pue ADH SnsIsn HSYN

A1119A8s 3SBasIp pue SONSIIAIdRIRYD 10J3u09

(S27) salnyeuBis o1woajoid oiy10ads [e21UI}O YIIM pale[a1iod ‘Wnlas Wwoly pare|osl ‘sAT panliap-alAooredaH Auifeay pue HSWN 9110YJ419 SNSIAA SISOIQL €4 YIM HSWYN

RV ETEN| obue)d uo11e190SSY sdnouf uosiredwo)

Author Manuscript

d14WN UBWINH UI SiayjJewolg se Sa]o1saA Jejn||aoelix3 Buire|naliD Jo [enusiod

¢ 9lqeL

Author Manuscript

Author Manuscript

Author Manuscript

Compr Physiol. Author manuscript; available in PMC 2024 January 19.



Page 53

Parthasarathy et al.

Author Manuscript

(92)
()]
(vet)
(ee)
()]
(t2)
(¥02)
(19)
¥)
(seT)
(98)
(eva)
(22)
(29)

€zg-diu MOJJew auog asnojA|
MOJJeW 8uoq UewWNH

poojq pJod [ealjiquin uewnH

MOLJewW auog 1ey

MOLJew auoq Jey

rluaoe|d uewnH

MOJJewW auog asnojN

MOJJeW 3uoq asnojN|

MOJJeW auoq uewnH

LT-dlw anssn asodipy
6TH anssn asodipy
dg-66z-HIW  PJOI [eII[IGWIN UBWINY Pajeali-P4N L
SauI03A2 ajdnnA poojq [enJisusi uewnH

T-VNY-A MOJJeW 8uog asnoA|

00TS suabnue JaAIT

30IW _,_ZIPN

301W U1 7|00 duoIyD

stel Ul ¥192

syel Ul 141 + Awoydsieday fented g/z
8dIw u1 710D

92IW Ul U0

201w Ul Y]

801w ut (141) Anfur uoisngiadal ejwiayds|
30IW Ul Sd71/N-1e9-d

30IW Ul Sd71/N-Ieo-a

30IW Ul Sd71/N-1e9-d

30IW Ul Sd71/N-1e9-d

90IW Ul g-10V/P-4NL

RERIVERETEN]

ofae annoeolg SA DSIA J0 801n0S

8seasIp 48Al| JO [3POIN

aseasI JaAIT Ul SB]2ISa/\ Je[N|[80.11XT PaALIaP-||8D) Wa)S [ewAyouasa|n Bunebinssaul seipms

Author Manuscript

€ 9lqeL

Author Manuscript

Author Manuscript

Compr Physiol. Author manuscript; available in PMC 2024 January 19.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Parthasarathy et al.

Table 4

List of Abbreviations

Abbreviation  Expansion

AGO2 Argonaute2

AH Alcoholic hepatitis

AKT Protein kinase B

ALD Alcohol-associated liver disease

ALF Acute liver failure

ALIX Apoptosis-linked gene-2 interacting protein X
APAP Acetaminophen

APC Antigen-presenting cell

ARRDC1 Avrrestin-domain-containing protein 1
ASGPR Asialoglycoprotein receptor

ATP Adenosine triphosphate

AUC Avrea under the receiver operating characteristic curve
CA 19-9 Carbohydrate antigen 19-9

CAF Cancer-associated fibroblast

CCA Cholangiocarcinoma

CD Cluster of differentiation

CHC Chronic hepatitis C

DAMP Damage-associated molecular pattern
ER Endoplasmic reticulum

ERK Extracellular signal-regulated kinase
ESCRT Endosomal sorting complex required for transport
EV Extracellular vesicle

FDA Food and Drug Administration

FGF Fibroblast growth factor

GLuc Gaussia luciferase

HAV Hepatitis A virus

HBV Hepatitis B virus

HCC Hepatocellular carcinoma

HCV Hepatitis C virus

HMGB1 High mobility group box protein 1

HSC Hepatic stellate cell

IFN Interferon

1L Interleukin

1LV Intraluminal vesicle

IRI Ischemia-reperfusion injury

KC Kupffer cell

KO Knockout

KRAS Kirsten rat sarcoma virus proto-oncogene
LSEC Liver sinusoidal endothelial cells
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Abbreviation

Expansion

MAPK
MELD
MHC
miR
mRNA
MSC
mTOR
MVB
NAFLD
NAS
NASH
NK
PCR
PD-1
PD-L1
PDGF
PEG
PPAR
PS
PSC
ROCK
S1P
SEV
SHP2
SiRNA
STAT
TGF
TLR
TNF
TRAIL
TSG101
VPS4A

Mitogen-activated protein kinase
Model for End-Stage Liver Disease
Major histocompatibility complex
microRNA

messenger RNA

Mesenchymal stem cell

Mammalian target of rapamycin
Multivesicular body

Nonalcoholic fatty liver disease
NAFLD activity score

Nonalcoholic steatohepatitis

Natural Kkiller

Polymerase chain reaction
Programmed cell death protein 1
Programmed death-ligand 1
Platelet-derived growth factor
Polyethylene glycol

Peroxisome proliferator-activated receptor
Phosphatidylserine

Primary sclerosis cholangitis
Rho-associated protein kinase
Sphingosine 1 phosphate

Small extracellular vesicle

Src homology region 2-containing protein tyrosine phosphatase-2
Small interfering RNA

Signal transducer and activator of transcription
Tumor growth factor

Toll-like receptor

Tumor necrosis factor

TNF-related apoptosis-inducing ligand
Tumor susceptibility gene 101

Vacuolar protein sorting 4 homolog A
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