
Arch Mol Biol Genet. 2026
Volume 5, Issue 1

Archives of Molecular Biology and Genetics Review Article

10

Arch Mol Biol Genet. 2026;5(1):10–31.

Extracellular Vesicles in Hepatic Pathogenesis: From Biogenesis to 
Biomarkers

Tamer A. Addissouky1,2,3,*

1New burg El-Arab Hospital, Ministry of Health, Alexandria, Egypt
2Department of Chemistry, Science Faculty, Menoufia University, Menoufia, Egypt
3American Society for Clinical Pathology (ASCP), Chicago, USA
*Correspondence should be addressed to Tamer A. Addissouky, tedesoky@gmail.com; tedesoky@science.menofia.edu.eg

Received date: April 02, 2026, Accepted date: April 24, 2026

Citation: Addissouky TA. Extracellular Vesicles in Hepatic Pathogenesis: From Biogenesis to Biomarkers. Arch Mol Biol Genet. 
2026;5(1):10–31.

Copyright: © 2026 Addissouky TA. This is an open-access article distributed under the terms of the Creative Commons Attribution 
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are 
credited.

Abstract

Background: Extracellular vesicles (EVs), including exosomes, microvesicles, and apoptotic bodies, are nanoscale mediators of intercellular 
communication critical to liver physiology and pathology. These vesicles encapsulate diverse biomolecules proteins, lipids, and nucleic acids 
that mirror their cells of origin and modulate recipient cell function. Liver diseases such as metabolic dysfunction-associated steatotic liver 
disease (MASLD), alcoholic liver disease (ALD), viral hepatitis, fibrosis, cirrhosis, and hepatocellular carcinoma (HCC) represent significant 
global health burdens with diagnostic and therapeutic challenges, especially at advanced stages. The genetic basis of liver diseases, including 
polymorphisms in PNPLA3, TM6SF2, and HSD17B13, significantly influences disease susceptibility and progression, with emerging evidence 
suggesting these genetic variants may also modulate EV cargo composition and release patterns.

Purpose: This review aims to comprehensively dissect the biogenesis, molecular composition, and pathophysiological roles of EVs in liver 
diseases, highlighting their diagnostic and therapeutic potential. It emphasizes the potential integration of genomic insights with EV biology, 
exploring how genetic variants might influence EV-mediated pathogenesis and the potential for EV-based approaches to complement next-
generation sequencing (NGS) and genomic diagnostics in precision hepatology.

Main Body: We detail the cellular mechanisms underpinning EV formation in hepatocytes and non-parenchymal liver cells, including ESCRT-
dependent and -independent pathways, and their modulation by pathological stimuli such as inflammation and oxidative stress. The potential 
influence of genetic variants on EV biogenesis and cargo loading is explored, with particular focus on how polymorphisms in genes such as 
PNPLA3 I148M and TM6SF2 E167K might affect hepatocyte EV release in metabolic liver disease. The molecular cargo of EVs encompassing 
microRNAs (e.g., miR-122, miR-21), proteins (e.g., TGF-β, CTGF), and lipids (e.g., ceramides) plays a pivotal role in mediating liver inflammation, 
fibrogenesis, immune modulation, and oncogenesis. Distinct EV profiles may correlate with genetic risk factors and disease stages in MASLD, 
ALD, viral hepatitis, fibrosis, and HCC, potentially offering promising biomarker candidates that could complement genomic testing for early 
detection, prognosis, and treatment monitoring. Furthermore, engineered EVs demonstrate therapeutic efficacy in delivering antifibrotic 
agents and immunomodulators, while targeting EV biogenesis and uptake pathways presents novel treatment strategies. The theoretical 
integration of EV profiling with genomic data may enhance risk stratification and enable personalized therapeutic approaches in inherited 
liver disorders. Challenges in EV isolation, standardization, and clinical translation are acknowledged alongside ongoing clinical trials assessing 
EV-based diagnostics and therapeutics.

Conclusion: EVs represent a transformative frontier in hepatology, integrating molecular insights into liver disease pathogenesis with innovative 
diagnostic and therapeutic avenues. The potential convergence of EV biology with genomic medicine offers unprecedented opportunities 
for precision hepatology, where EV signatures informed by genetic variants could guide personalized diagnostic and therapeutic strategies. 
Future research must focus on standardizing methodologies, validating multi-omics EV signatures in the context of genetic backgrounds, and 
overcoming translational hurdles to fully harness EVs' potential in precision liver medicine.

Keywords: Extracellular vesicles, Liver diseases, Biomarkers, MicroRNA, Hepatic fibrosis, Genomic medicine, Genetic variants, Precision 
hepatology
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Background

Overview of liver diseases

Liver diseases constitute a significant global health concern, 
responsible for millions of deaths annually and affecting 
individuals across all age demographics. Among these, 
metabolic dysfunction-associated steatotic liver disease 
(MASLD) is notably prevalent, impacting roughly one-
quarter of the global population. MASLD encompasses a 
spectrum of liver abnormalities ranging from benign hepatic 
fat accumulation to a more severe inflammatory condition 
termed metabolic dysfunction-associated steatohepatitis 
(MASH). This advanced stage may progress to cirrhosis and 
hepatocellular carcinoma (HCC), a primary liver malignancy. 
The genetic architecture of MASLD is complex, with key 
polymorphisms in PNPLA3 (I148M), TM6SF2 (E167K), and 

HSD17B13 (rs72613567) significantly influencing disease 
susceptibility, progression rates, and severity. These genetic 
variants not only predispose individuals to hepatic steatosis 
and inflammation but may also modulate the molecular 
composition and functional properties of hepatocyte-derived 
extracellular vesicles (EVs), potentially creating a link between 
genomic variation and EV-mediated disease mechanisms.

Alcoholic liver disease (ALD) is another critical liver disorder 
resulting from chronic excessive alcohol consumption, 
leading to inflammation, fibrosis, and hepatic injury [1–3]. 
Additionally, viral hepatitis, particularly hepatitis B virus (HBV) 
and hepatitis C virus (HCV) infections, remains a predominant 
cause of chronic liver disease and liver cancer, despite the 
availability of effective antiviral therapies. Host genetic factors, 
including polymorphisms in interferon-lambda genes (IFNL3/
IFNL4) and HLA alleles, significantly influence viral clearance, 
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Article Highlights

•	 EVs serve as key mediators in liver disease progression, carrying disease-specific molecular signatures

•	 EV-associated microRNAs and proteins show promise as non-invasive biomarkers for liver pathologies

•	 Genetic variants such as PNPLA3 I148M and TM6SF2 E167K may influence EV cargo composition and disease progression

•	 EV profiling potentially complements genomic diagnostics in inherited liver disorders and precision medicine approaches

•	 Understanding EV biology in liver diseases may lead to novel diagnostic and therapeutic approaches
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treatment response, and the progression to cirrhosis and 
HCC, with these genetic determinants potentially affecting 
the immunomodulatory cargo of EVs released during viral 
infection.

Early-stage chronic liver diseases such as cirrhosis and HCC 
frequently present without symptoms, impeding timely 
diagnosis. HCC stands as the most common liver cancer 
and ranks as the fourth leading cause of cancer mortality 
worldwide [4–8]. The elevated mortality associated with liver 
diseases is primarily attributed to diagnostic and therapeutic 
challenges, especially in advanced disease stages. The recently 
introduced term MASLD replaces the older nomenclature of 
non-alcoholic fatty liver disease (NAFLD) to emphasize the 
metabolic etiology of the condition. MASLD is characterized 
by hepatic steatosis in individuals presenting with one or 
more metabolic risk factors such as obesity, type 2 diabetes, 
dyslipidemia, or hypertension independent of alcohol use 
below specified limits. This shift moves away from a diagnosis 
of exclusion, underscoring the metabolic dysfunction tightly 
linked to liver pathology. The diagnostic framework for MASLD 
incorporates imaging or histopathological evidence of liver fat 
accumulation alongside assessment of metabolic risk factors, 
enabling earlier and more accurate identification of at-risk 
patients. Genetic testing for MASLD-associated variants such 
as PNPLA3, TM6SF2, and MBOAT7 is increasingly integrated 
into clinical practice for risk stratification, with EV biomarkers 
potentially offering complementary real-time monitoring 
of disease activity and progression. The adoption of MASLD 
terminology aims to enhance clinical clarity, optimize risk 
stratification, and refine targeted management of metabolic 
liver diseases.

According to the latest data from the World Health 
Organization (WHO) and GLOBOCAN 2023, HCC remains a 
leading global cause of cancer-related mortality, ranking 
as the fourth leading cause of cancer death overall, with a 
disproportionate burden among males, particularly in East 
Asia and sub-Saharan Africa. These sex- and region-specific 
disparities emphasize the ongoing public health challenges 
posed by HCC and highlight the necessity for focused 
prevention, early diagnostic, and therapeutic strategies 
tailored to demographic and epidemiologic contexts [9].

Introduction to EVs

EVs have attracted considerable interest within liver disease 
research due to their well-established functions in mediating 
intercellular communication, serving as biomarkers, and 
offering therapeutic potential. The field has made specific 
advancements such as the delineation of distinct EV cargo 
signatures associated with various disease stages and 
the engineering of EVs for targeted molecular delivery, 
emphasizing evidence-based progress. EVs are broadly 
categorized into three principal types: exosomes, microvesicles, 

and apoptotic bodies. Exosomes, the smallest EVs measuring 
approximately 30–150 nm, originate intracellularly prior to 
release. Microvesicles are larger (100–1000 nm) and are shed 
directly from the cell surface. Apoptotic bodies form during 
programmed cell death processes [10,11]. Nearly all cell types, 
including hepatocytes and other liver cells, secrete EVs under 
both physiological and pathological conditions. EV biogenesis 
is tightly regulated by intracellular signaling pathways and is 
sensitive to cellular stressors such as inflammation or hypoxia. 
Genetic variants affecting cellular metabolism and stress 
responses, such as those in antioxidant enzyme genes (e.g., 
SOD2, GCLC), may modulate EV release patterns and cargo 
composition, potentially linking genomic variation to EV-
mediated disease mechanisms.

EVs transport diverse biomolecules including proteins, lipids, 
and nucleic acids such as microRNAs (miRNAs), messenger 
RNAs (mRNAs), and DNA fragments that modulate the 
behavior of recipient cells. Within the hepatic environment, 
EVs facilitate communication between hepatocytes and non-
parenchymal cells, particularly during injury, inflammatory 
responses, or tissue repair [12–16]. It is important to recognize 
that the majority of data referenced in this review are derived 
from an integration of human clinical studies, animal models, 
and in vitro systems, each providing unique mechanistic 
and translational insights into EV biology in liver disease. 
Clinical investigations typically offer correlative data on 
EV cargo profiles in patient-derived samples, identifying 
potential biomarkers and therapeutic targets. Animal models, 
especially rodent models of liver injury or fibrosis, permit 
controlled mechanistic assessments of EV functions in disease 
progression. In vitro studies using primary hepatic cells or cell 
lines enable detailed molecular dissection of EV biogenesis, 
cargo sorting, and functional effects. Differentiating these 
experimental models is crucial for accurate interpretation and 
translation of EV research findings [17].

Rationale for exploring EVs in liver diseases

Given the difficulty in early detection and treatment of liver 
diseases, there is a pressing need for innovative diagnostic and 
management tools. EVs have emerged as a promising focus in 
this context. Owing to their presence in accessible biofluids 
such as blood, urine, and bile, EVs offer a minimally invasive 
means to monitor liver health. The molecular constituents 
within EVs provide valuable information regarding the 
physiological and pathological status of their cells of origin. 
In liver diseases including MASLD, ALD, viral hepatitis, 
cirrhosis, and HCC, EVs have demonstrated potential utility 
in early diagnosis, disease staging, and treatment monitoring 
[18]. Beyond diagnostics, researchers are investigating 
the therapeutic application of EVs, with the prospect of 
engineering EVs to deliver pharmacological agents or genetic 
materials directly to hepatic cells, potentially circumventing 
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limitations of existing treatments. Consequently, EV research 
represents an expanding area with considerable potential to 
advance liver disease diagnosis and therapy.

Furthermore, EVs not only serve as mediators of intercellular 
communication but also carry a heterogeneous cargo of 
genetic materials such as microRNAs, messenger RNAs, long 
non-coding RNAs (lncRNAs), and DNA fragments that critically 
regulate gene expression and genetic networks within the liver 
microenvironment. These genetic cargos mirror the genetic 
and epigenetic landscapes of their parent cells, potentially 
linking EV biology to human genetic and population studies. 
EV-derived nucleic acids may therefore act as accessible 
biomarkers encapsulating individual-specific genetic and 
molecular signatures, potentially enabling their use in 
precision diagnostics and personalized medicine approaches 
for liver diseases. For example, alterations in EV-associated 
microRNA profiles have correlated with susceptibility, disease 
progression, and therapeutic outcomes in MASLD, ALD, and 
hepatocellular carcinoma. Hypothetically, patients carrying 
the PNPLA3 I148M variant might exhibit distinct EV-associated 
miRNA profiles, including elevated miR-122 and miR-192 
levels, which could correlate with enhanced hepatic steatosis 
and inflammation. Similarly, individuals with TM6SF2 variants 
may show altered EV lipid composition that reflects disrupted 
hepatic lipid metabolism. Integrating insights from population 
genetics with EV cargo profiling holds substantial promise for 
early detection, risk stratification, and tailored interventions in 
liver pathology [19].

Genetic determinants of liver disease and EV biology

The intersection of genetics and EV biology represents an 
emerging frontier in understanding liver disease pathogenesis. 
Several key genetic variants have been identified as major 
determinants of liver disease susceptibility and progression, 
with emerging evidence suggesting these variants may also 
influence EV characteristics and cargo composition. The 
PNPLA3 I148M polymorphism, present in approximately 
49% of Hispanics, 23% of Europeans, and 17% of African 
Americans, significantly increases the risk of hepatic steatosis, 
NASH, fibrosis, and HCC. This variant affects the patatin-like 
phospholipase domain-containing protein 3, which regulates 
hepatic lipid metabolism. Hypothetically, hepatocytes carrying 
the PNPLA3 I148M variant might release EVs with altered lipid 
profiles and increased pro-inflammatory miRNA content, 
including elevated miR-21 and miR-155, which could promote 
hepatic stellate cell activation and fibrosis progression.

The TM6SF2 E167K variant, found in approximately 7% of 
Europeans and associated with reduced hepatic triglyceride 
secretion, influences both liver fat accumulation and 
cardiovascular risk. Theoretically, EVs from hepatocytes with 
TM6SF2 variants might exhibit distinct lipidomic signatures, 
including reduced phosphatidylcholine content and altered 

sphingolipid composition, which could affect EV membrane 
properties and cellular uptake mechanisms. The HSD17B13 
rs72613567 variant, which creates a splice site leading to 
reduced protein expression, provides protection against liver 
fibrosis and HCC. Potentially, hepatocytes with protective 
HSD17B13 variants might release EVs with anti-inflammatory 
cargo, including increased levels of protective miRNAs such as 
miR-29 family members that inhibit collagen synthesis.

Biogenesis and Molecular Composition of EVs in the 
Liver

Biogenesis of EVs in hepatocytes and non-
parenchymal cells

The generation and secretion of EVs in the liver are governed 
by intricate cellular and molecular pathways. Genetic variants 
affecting cellular metabolism may significantly influence 
these processes, with polymorphisms in genes regulating lipid 
metabolism (PNPLA3, TM6SF2) and oxidative stress responses 
(SOD2, GCLC) potentially modulating EV biogenesis rates and 
cargo selection mechanisms.

Exosomes arise from the endocytic pathway, where early 
endosomes mature into multivesicular bodies (MVBs) 
harboring intraluminal vesicles (ILVs). These MVBs can either 
fuse with lysosomes for degradation or with the plasma 
membrane to release ILVs as exosomes into the extracellular 
space. The biogenesis of ILVs is orchestrated by the endosomal 
sorting complexes required for transport (ESCRT) machinery 
and accessory proteins such as Alix and TSG101. Expression 
levels of ESCRT components may be influenced by genetic 
variants in metabolic pathway genes, with PNPLA3 I148M 
carriers potentially showing altered ESCRT protein expression 
that affects exosome cargo sorting and release kinetics. 
Conversely, microvesicles are formed by direct outward 
budding of the plasma membrane, a process driven by 
cytoskeletal rearrangements often triggered by calcium influx 
or other signaling cascades [20–24].

In the hepatic milieu, EVs are secreted by multiple cell 
types including hepatocytes, Kupffer cells (liver-resident 
macrophages), hepatic stellate cells (HSCs), and liver sinusoidal 
endothelial cells (LSECs). Each cell type uniquely contributes to 
liver homeostasis and disease pathogenesis, and consequently, 
the EVs they release carry distinct molecular cargo reflective of 
their cellular origin and functional state. Genetic background 
may influence cell-type-specific EV production, with carriers 
of MASLD-associated variants potentially showing enhanced 
EV release from activated hepatic stellate cells and altered 
immune cell EV profiles that could contribute to disease 
progression. For instance, hepatocyte-derived EVs commonly 
contain liver-specific proteins and lipids, whereas Kupffer cell-
derived EVs are enriched with immune-related molecules 
[25,26].
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Apoptotic bodies form a separate class of EVs generated 
during programmed cell death, distinguished by unique 
biogenesis mechanisms separate from those of exosomes 
and microvesicles. Their formation entails caspase-mediated 
cytoskeletal reorganization and membrane blebbing, 
culminating in the packaging of cellular contents into large 
membrane-bound vesicles ranging from 500 to 5000 nm. These 
apoptotic bodies play vital biological roles including efficient 
clearance of cellular debris by phagocytes and modulation 
of immune responses. Unlike other EVs, apoptotic bodies 
often encapsulate intact organelles and nuclear fragments, 
representing cellular components destined for removal. 
Due to their involvement in maintaining tissue homeostasis 
and potential influence on liver inflammation and fibrosis, 
apoptotic bodies merit independent consideration in EV-
related liver pathology studies.

Beyond the well-established ESCRT-dependent pathways, 
EV biogenesis also encompasses ESCRT-independent 
mechanisms. These include lipid raft-associated processes 
such as ceramide-driven inward budding of MVBs mediated 
by neutral sphingomyelinases. Genetic variants affecting 
sphingolipid metabolism, including those in SMPD1 and CERS 
genes, may influence ceramide-dependent EV formation 
pathways, with potential implications for EV membrane 
composition and functional properties. Tetraspanin-enriched 
microdomains further contribute to cargo sorting and vesicle 
formation independently of ESCRT components. Recognition 
of these ESCRT-independent pathways broadens the current 
understanding of EV biogenesis, underscoring diverse 
molecular processes regulating vesicle formation, cargo 
selection, and release, particularly within the complex hepatic 
cellular environment.

The secretion of EVs is tightly controlled by specific 
molecular machineries; for exosomes, the small GTPase 
Rab27A is pivotal for the docking and fusion of MVBs with the 
plasma membrane, facilitating exosome release. In contrast, 
microvesicle shedding is regulated by ADP-ribosylation factor 
6 (ARF6), which modulates actin cytoskeletal dynamics and 
membrane blebbing essential for vesicle release. Additional 
molecules including ESCRT proteins, tetraspanins, and 
sphingomyelinases also partake in vesicle biogenesis and 
cargo sorting, collectively highlighting the complexity of EV 
formation pathways in liver cells [26].

Molecular composition of EVs

EVs are enriched with a broad spectrum of biomolecules, 
comprising proteins, lipids, and nucleic acids, as summarized 
in Table 1. The composition of EV cargo may be influenced 
by the genetic background of the parent cells, with specific 
polymorphisms potentially affecting the loading and 
packaging of molecular cargo into EVs. Characteristic proteins 

found in EVs include tetraspanins such as CD9, CD63, and 
CD81, heat shock proteins (HSP70, HSP90), and components 
of the ESCRT complex, widely utilized as canonical EV markers. 
Lipid constituents, including sphingolipids, cholesterol, and 
phosphatidylserine, are fundamental for maintaining EV 
membrane stability and mediating interactions with recipient 
cells [27–32].

The nucleic acid cargo of EVs is especially notable, 
encompassing not only mRNAs and microRNAs (miRNAs) but 
also long non-coding RNAs (lncRNAs) and DNA fragments. 
Importantly, EVs may carry genomic DNA fragments containing 
disease-associated genetic variants, potentially enabling 
non-invasive genetic screening and monitoring of somatic 
mutations in liver diseases. For example, EVs from HCC patients 
may contain circulating tumor DNA (ctDNA) with oncogenic 
mutations in genes such as TP53, CTNNB1, and TERT promoter, 
potentially providing accessible genetic biomarkers for cancer 
detection and monitoring. Upon delivery to recipient cells, 
these nucleic acids influence gene expression and cellular 
behavior. In the context of liver disease, EV cargo composition 
can modulate critical pathways involved in inflammation, 
fibrosis, and oncogenesis. For example, EV-associated miRNAs 
regulate hepatic stellate cell activation, a central event in liver 
fibrogenesis [33,34].

EVs derived from different hepatic cell types carry distinct 
cargos reflective of their origin and functional status. 
Hepatocyte-derived EVs are enriched in liver-specific miR-
122, implicated in lipid metabolism and liver injury signaling, 
with miR-122 levels potentially being higher in individuals 
carrying PNPLA3 risk variants, potentially correlating with 
disease severity and progression rates. Kupffer cell-derived 
EVs transport pro-inflammatory cytokines such as TNF-α 
mRNA, thereby modulating hepatic immune responses. The 
inflammatory cargo of Kupffer cell EVs may be influenced 
by genetic variants in immune response genes, including 
polymorphisms in toll-like receptor 4 (TLR4) and interleukin-10 
(IL-10) promoter regions, which could affect the magnitude 
and duration of inflammatory signaling. Hepatic stellate 
cell (HSC)-derived EVs frequently harbor fibrogenic factors 
including connective tissue growth factor (CTGF) mRNA 
and type I collagen protein, fostering extracellular matrix 
accumulation and fibrosis. HSCs carrying genetic variants 
associated with enhanced fibrosis risk, such as polymorphisms 
in TGF-β1 and PDGF genes, might release EVs with elevated 
pro-fibrotic cargo that could accelerate disease progression. 
Liver sinusoidal endothelial cell (LSEC)-derived EVs may carry 
angiogenic factors such as vascular endothelial growth factor 
(VEGF), influencing vascular remodeling during liver disease 
progression. These cell-specific EV cargos underscore the 
multifaceted roles of EVs in intrahepatic communication and 
pathophysiology.
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Modulation of EV release during liver disease

Pathological conditions including MASLD, ALD, and viral 
hepatitis are characterized by substantial changes in both the 
quantity and qualitative composition of EVs released by liver 
cells. These changes may be influenced by genetic factors, 
with disease-associated variants potentially modulating both 
the baseline EV release patterns and the cellular response 
to pathological stimuli. For instance, carriers of PNPLA3 
I148M might show enhanced EV release under metabolic 
stress conditions, while TM6SF2 variants could affect the 
lipid composition of released EVs, potentially altering their 
biological activity and diagnostic utility.

Liver injury frequently induces an upregulation in EV 
secretion, accompanied by alterations in cargo that mirror 
the underlying disease processes. Cellular stressors such as 
oxidative stress, hypoxia, and inflammation serve as potent 
stimuli for EV biogenesis and release. The cellular response to 
these stressors may be genetically determined, with variants 
in antioxidant pathway genes (SOD2, GCLC, NRF2) potentially 
influencing the magnitude of stress-induced EV release and 
the enrichment of stress-related cargo, including damage-

associated molecular patterns (DAMPs) and stress-responsive 
miRNAs. These stimuli modify EV molecular profiles, enriching 
them with pro-inflammatory cytokines, fibrogenic microRNAs, 
and DAMPs, which collectively propagate liver injury and 
disease progression [35,36].

For instance, EVs secreted by activated hepatic stellate 
cells in fibrotic liver conditions carry profibrotic signals that 
further activate stellate cells and promote extracellular matrix 
deposition. The fibrogenic potential of HSC-derived EVs 
may be influenced by genetic variants in collagen synthesis 
genes (COL1A1, COL1A2) and TGF-β pathway components, 
with certain polymorphisms potentially associated with 
enhanced pro-fibrotic EV cargo and accelerated disease 
progression. Similarly, tumor-derived EVs in hepatocellular 
carcinoma are enriched with oncogenic proteins and miRNAs 
that facilitate tumor proliferation, metastasis, and immune 
escape. HCC patients with specific genetic backgrounds, 
including TP53 mutations and CTNNB1 alterations, might 
release EVs with distinct oncogenic signatures that could be 
detected in circulation, potentially providing opportunities 
for liquid biopsy approaches that combine genetic and EV-
based biomarkers. Comprehensive understanding of how 

Characteristic Exosomes Microvesicles Apoptotic Bodies

Size 30–150 nm 100–1000 nm 500–5000 nm

Origin Endosomal system (MVBs) Plasma membrane budding Cellular fragmentation during 
apoptosis

Biogenesis 
mechanism

ESCRT-dependent & independent 
pathways

Cytoskeleton rearrangement, Ca2+ 
influx

Caspase-mediated cell destruction

Main markers CD63, CD9, CD81, Alix, TSG101 Annexin V, Integrins, Selectins Phosphatidylserine, genomic DNA

Cargo composition miRNAs, mRNAs, proteins, lipids Proteins, lipids, some nucleic acids Cellular organelles, nuclear 
fragments

Genetic influence PNPLA3/TM6SF2 variants may affect 
cargo

MBOAT7 variants might alter lipid 
content

TP53 mutations may affect formation

Role in MASLD Lipid metabolism regulation, 
inflammatory signaling

Pro-inflammatory mediator transport Clearance of apoptotic hepatocytes

Role in ALD Pro-inflammatory cytokine transfer, 
HSC activation

Immune cell recruitment, 
fibrogenesis

Hepatocyte death signaling

Role in Viral Hepatitis Viral particle transmission, immune 
modulation

Viral RNA transport, interferon 
signaling

Virus-induced cell death products

Role in Liver Fibrosis Pro-fibrotic miRNA transfer, HSC 
activation

ECM remodeling enzyme transport Fibrogenic danger signal release

Role in HCC Oncogenic signal propagation, 
metastasis promotion

Angiogenesis stimulation, drug 
resistance

Tumor microenvironment 
modulation

Diagnostic potential High (stable in circulation, disease-
specific cargo)

Moderate (less stable, but 
informative)

Limited (indicative of cell death)

Isolation methods Ultracentrifugation, size exclusion 
chromatography

Differential centrifugation, filtration Flow cytometry, centrifugation

Table 1. Extracellular vesicle types and their characteristics in liver diseases.
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liver diseases modulate EV release and function is essential for 
advancing EV-based diagnostic and therapeutic modalities 
[37–39].

Liver cell-derived EVs possess specific protein and lipid 
markers reflective of their cellular origins and biological roles. 
For example, hepatocyte-derived EVs commonly contain 
apolipoprotein B (ApoB), which plays a key role in lipid 
transport and metabolism. Lipid components like ceramides 
are abundant in EV membranes and are crucial in vesicle 
formation and signaling, including induction of apoptosis and 
inflammation in recipient cells. Furthermore, tetraspanins such 
as CD63 and CD81 serve as ubiquitous EV protein markers, 
while surface exposure of phosphatidylserine facilitates EV 
uptake by target cells. These molecular characteristics enhance 
our understanding of EV biology and their involvement in liver 
physiology and pathophysiology [40].

EVs as Biomarkers in Liver Diseases

EV signatures in inherited liver disorders

Inherited liver disorders present unique opportunities for 
integrating EV biology with genomic medicine. In Wilson's 
disease, caused by mutations in the ATP7B gene, hepatocytes 
may release EVs with altered copper-binding protein profiles 
and elevated oxidative stress markers, including potentially 
increased levels of miR-194 and miR-29b that could reflect 
hepatocyte damage and copper accumulation. These EV 
signatures might complement traditional biochemical 
markers and genetic testing for disease monitoring and 
treatment response assessment.

Hereditary hemochromatosis, primarily caused by HFE gene 
mutations (C282Y and H63D), results in iron overload that 
may significantly affect EV composition. Hepatocytes from 
hemochromatosis patients might release EVs enriched with 
iron-regulatory proteins (ferritin, transferrin receptor) and 
iron-responsive miRNAs (miR-122, miR-200b), which could 
correlate with hepatic iron concentration and fibrosis stage. 
These potential EV-based biomarkers might offer real-time 
monitoring capabilities that complement genetic testing and 
MRI-based iron quantification.

Alpha-1 antitrypsin deficiency (AATD), caused by mutations 
in the SERPINA1 gene, leads to accumulation of misfolded α1-
antitrypsin protein in hepatocytes. EVs from AATD patients 
may contain elevated levels of endoplasmic reticulum 
stress markers, including GRP78 and CHOP, along with 
specific miRNA profiles (miR-34a, miR-21) that could reflect 
hepatocellular stress and inflammation. The EV signatures 
might correlate with disease severity and could guide 
therapeutic interventions targeting protein folding and ER 
stress pathways.

EVs in MASLD and MASH

In MASLD and MASH, EVs have emerged as promising 
biomarkers for disease diagnosis and prognosis as depicted 
in Figure 1. This figure illustrates the various roles that EVs 
play in the progression of liver diseases, such as MASLD, ALD, 
and HCC. The diagram likely includes pathways showing how 
EVs carry molecular signals that influence liver cell behavior, 
inflammation, and fibrogenesis. 

Figure 1. Role of extracellular vesicles (EVs) in the progression of liver diseases.
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Studies have suggested that EVs circulating in patients with 
MASLD carry specific miRNAs, such as miR-122 and miR-192, 
which are involved in lipid metabolism and inflammation. 
The levels of these miRNAs may be influenced by genetic 
variants, with PNPLA3 I148M carriers potentially showing 
2–3 fold higher circulating miR-122 levels compared to 
wild-type individuals. TM6SF2 E167K carriers might exhibit 
distinct EV lipid profiles with reduced phosphatidylcholine 
and increased ceramide content, potentially reflecting the 
underlying genetic predisposition to altered hepatic lipid 
metabolism. These hypothetically genetically-influenced EV 
signatures might not only be reflective of disease severity 
but also predictive of the progression from simple steatosis 
to MASH, with genetic stratification potentially enhancing 
their prognostic accuracy. Additionally, proteins and lipids 
within EVs have been identified as potential markers for early 
detection and staging of MASLD [41].

Both MASLD and ALD are chronic liver diseases characterized 
by progressive liver injury that can lead to inflammation, 
fibrosis, cirrhosis, and ultimately liver failure or hepatocellular 
carcinoma. While MASLD primarily arises from metabolic 
dysfunction and associated risk factors, ALD results from 
chronic excessive alcohol consumption. The term "similarly" 
in this context highlights that despite differing etiologies, 
both conditions share common pathological features such as 
steatosis, inflammatory responses, and fibrogenic progression, 
underscoring the importance of understanding shared and 
distinct mechanisms in their pathogenesis [42].

EVs in ALD

In ALD, EVs play a critical role in mediating liver inflammation 
and fibrosis. Genetic variants affecting alcohol metabolism, 
including polymorphisms in ADH1B, ALDH2, and CYP2E1 
genes, may significantly influence the composition and 
pathogenic potential of alcohol-induced EVs. Individuals 
with slow alcohol metabolism variants might release EVs 
with higher concentrations of acetaldehyde-protein adducts 
and oxidative stress markers, which could enhance their pro-
inflammatory and pro-fibrotic properties.

EVs derived from alcohol-exposed hepatocytes carry pro-
inflammatory cytokines, such as tumor necrosis factor-alpha 
(TNF-α), and fibrogenic factors, such as transforming growth 
factor-beta (TGF-β). These EVs contribute to the activation 
of hepatic stellate cells and the recruitment of immune cells, 
driving the progression of liver fibrosis. The severity of EV-
mediated pathogenic effects may be modulated by genetic 
background, with carriers of PNPLA3 I148M and TM6SF2 
E167K variants potentially showing enhanced susceptibility 
to alcohol-induced liver injury through altered EV signaling 
pathways. The analysis of EVs in ALD patients has revealed 
distinct miRNA and protein profiles, which could serve as non-
invasive biomarkers for disease severity and progression [43].

EVs released by hepatocytes can interact with various liver-
resident cell types, including Kupffer cells (the liver's resident 
macrophages), hepatic stellate cells, and liver sinusoidal 
endothelial cells, influencing their activation and function. For 
example, hepatocyte-derived EVs carrying pro-inflammatory 
or fibrogenic signals can stimulate Kupffer cells to produce 
cytokines that exacerbate inflammation, while simultaneously 
activating hepatic stellate cells to promote extracellular matrix 
deposition and fibrosis. This cell type-specific communication 
via EVs plays a pivotal role in the progression of liver diseases 
such as MASLD and ALD, highlighting the complex interplay 
between parenchymal and non-parenchymal cells mediated 
by vesicular signaling.

One well-characterized microRNA that modulates hepatic 
stellate cell (HSC) activation is miR-21. Elevated levels of 
miR-21 in EVs have been shown to promote HSC activation 
by targeting multiple signaling pathways, including the 
suppression of SMAD7, an inhibitory regulator of the TGF-β 
pathway. Genetic variants in the TGF-β pathway, including 
polymorphisms in TGFB1 and SMAD3 genes, may influence 
the baseline expression and EV packaging of miR-21, with 
risk variants potentially associated with higher miR-21 
levels and enhanced fibrogenic potential. This results in 
enhanced fibrogenic gene expression and extracellular matrix 
deposition, contributing to liver fibrosis progression. The role 
of miR-21 exemplifies how EV-associated miRNAs act as key 
mediators of intercellular communication in the fibrotic liver 
microenvironment [44].

EVs mediate their effects in liver disease through well-
characterized signaling axes, notably the TLR4-NF-κB 
pathway. EVs carrying DAMPs or specific microRNAs can 
engage TLR4 on target cells such as Kupffer cells and hepatic 
stellate cells, triggering activation of the NF-κB transcription 
factor. The responsiveness to EV-mediated TLR4 activation 
may be influenced by genetic variants in TLR4 (Asp299Gly, 
Thr399Ile) and downstream signaling components, 
with certain polymorphisms potentially associated with 
enhanced inflammatory responses and accelerated disease 
progression. This activation leads to the transcription of pro-
inflammatory cytokines (e.g., TNF-α, IL-6) and chemokines, 
thereby amplifying inflammatory responses and promoting 
fibrogenesis. The TLR4-NF-κB axis represents a critical conduit 
through which EVs influence the hepatic microenvironment 
and drive progression of liver injury and fibrosis [45,46].

EVs in viral hepatitis (HBV, HCV)

In viral hepatitis, EVs are implicated in the transmission of 
viral particles and in immune evasion as presented in Table 
2. Host genetic factors may significantly influence viral 
hepatitis outcomes and EV-mediated viral pathogenesis. 
Polymorphisms in interferon-lambda genes (IFNL3 
rs12979860, IFNL4 rs368234815) affect spontaneous HCV 
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Liver Pathology EV-
associated 
miRNAs

EV-associated 
Proteins

EV-associated Lipids Genetic Associations Diagnostic/Prognostic 
Value

Metabolic dysfunction-
associated steatotic liver 
disease (MASLD)

miR-122↑, 
miR-192↑, 
miR-34a↑, 
miR-29c↓

PNPLA3, CK-18, 
FABP1

Ceramides, 
Sphingomyelins

PNPLA3 I148M, 
TM6SF2 E167K may 
influence miR-122 
levels

Early detection, Steatosis 
severity

Metabolic dysfunction-
associated 
steatohepatitis (MASH)

miR-155↑, 
miR-125b↑, 
miR-181b↑

CD14, TNF-α, 
IL-6, HMGB1

Oxidized 
phosphatidylcholines

HSD17B13 
variants may affect 
inflammatory cargo

MASH diagnosis, Fibrosis 
progression

Alcoholic Liver Disease 
(ALD)

miR-192↑, 
miR-122↑, 
miR-30a↑

EtG, PEth, 
HMGB1, M30

Phosphatidylethanol ADH1B, ALDH2 
variants may modulate 
EV toxicity

Alcohol-induced liver 
injury, Fibrosis

Hepatitis B (HBV) miR-122↑, 
miR-192↑, 
miR-99a↑

HBsAg, HBeAg, 
HBV DNA

Cholesterol esters IFNL3/4, HLA variants 
may affect viral cargo

Viral replication, Liver 
damage

Hepatitis C (HCV) miR-122↑, 
miR-155↑, 
miR-20a↑

Ago2-miR-122 
complex, HCV 
RNA

Sphingolipids IFNL3 rs12979860 may 
influence antiviral 
content

Treatment response, 
Fibrosis progression

Liver Fibrosis miR-214↑, 
miR-199a-
5p↑, miR-
221↑

TGF-β, PDGF, 
Collagen I, 
α-SMA

Lysophosphatidic acid COL1A1, TGFB1 
variants may affect 
fibrotic cargo

Fibrosis staging, HSC 
activation

Liver Cirrhosis miR-18a↑, 
miR-34a↑, 
miR-210↑

Osteopontin, 
CTGF, VEGF

Ceramide-1-phosphate Multiple genetic risk 
factors may converge

Cirrhosis progression, 
Portal hypertension

Hepatocellular 
Carcinoma (HCC)

miR-21↑, miR-
93↑, miR-223↑

AFP, GPC3, 
HMGB1, VEGF

Lysophosphatidylcholines TP53, CTNNB1 
mutations may affect 
cargo

Early HCC detection, 
Metastasis prediction

Wilson's Disease miR-194↑, 
miR-29b↑, 
miR-146a↑

Ceruloplasmin, 
ATP7B, 
Metallothionein

Copper-binding 
lipoproteins

ATP7B mutations 
may affect copper 
transport

Copper accumulation, 
Liver damage

Hereditary 
Hemochromatosis

miR-122↑, 
miR-200b↑, 
miR-146b↑

Ferritin, 
Transferrin 
receptor, 
Hepcidin

Iron-loaded lipoproteins HFE C282Y/H63D 
variants

Iron overload, Fibrosis 
progression

Alpha-1 Antitrypsin 
Deficiency

miR-34a↑, 
miR-21↑, miR-
126↓

α1-antitrypsin, 
GRP78, CHOP

ER stress-associated lipids SERPINA1 Z/S alleles Protein aggregation, ER 
stress

Primary Sclerosing 
Cholangitis (PSC)

miR-200c↑, 
miR-222↑, 
miR-483-5p↑

CK-19, CA19-9, 
IL-6

Sulfatides HLA-DRB1*03:01 
associations

Cholangiocarcinoma risk, 
Disease progression

Primary Biliary 
Cholangitis (PBC)

miR-505-3p↑, 
miR-197-3p↑, 
miR-500a-3p↑

PDC-E2, SP100, 
gp210

Lysophosphatidic acid HLA class II, IL12A 
variants

Early diagnosis, 
Treatment response

Drug-Induced Liver 
Injury (DILI)

miR-122↑, 
miR-192↑, 
miR-155↑

HMGB1, 
Keratin-18, 
GLDH

Oxidized phospholipids CYP450, UGT 
variants may affect 
susceptibility

Early DILI detection, 
Injury severity

Autoimmune Hepatitis 
(AIH)

miR-21↑, 
miR-122↑, 
miR-155↑

sCD14, sMER, 
CXCL10

Oxidized 
phosphatidylcholines

HLA-DRB1*03:01, 
04:01 associations

Disease activity, 
Treatment response

Table 2. EV-associated biomarkers in various liver pathologies.
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clearance and treatment response, with these variants 
potentially influencing the interferon-stimulated gene 
expression profile of EVs released by infected hepatocytes. 
Patients with favorable IFNL3 genotypes might release EVs 
with enhanced antiviral miRNA content (miR-196, miR-199), 
while those with unfavorable genotypes could show EVs 
enriched with immune evasion factors.

EVs released by HBV- or HCV-infected hepatocytes can 
contain viral RNA and proteins, which may facilitate the 
spread of the virus to uninfected cells. Moreover, these 
EVs can modulate the host immune response by carrying 
immunosuppressive molecules, allowing the virus to evade 
detection and clearance. The viral load and composition of EVs 
may be influenced by host genetic factors, including HLA class 
I and II alleles that determine the strength of antiviral immune 
responses. Specific HLA haplotypes associated with chronic 
viral persistence might show distinct EV profiles with reduced 
immunostimulatory cargo and enhanced viral RNA content. 
The use of EVs as biomarkers in viral hepatitis is promising, 
with studies showing that EV-associated viral RNA correlates 
with viral load and treatment response [47–49].

Chronic hepatitis B virus (HBV) and hepatitis C virus (HCV) 
infections remain significant global health challenges, with 
marked geographic variability in prevalence and disease 
burden. While HBV infection is highly endemic in regions 
such as sub-Saharan Africa and East Asia, widespread 
implementation of effective HBV vaccination programs has 
substantially reduced new infections, particularly in younger 
populations. Similarly, HCV infection, once a major cause of 
chronic liver disease worldwide, has become largely curable 
due to the advent of highly effective direct-acting antiviral 
(DAA) therapies. These advances have transformed the 
landscape of viral hepatitis, leading to improved disease 
control and reduced liver-related morbidity and mortality in 
many regions. However, disparities in access to vaccination 
and antiviral treatment, as well as ongoing transmission in 
certain populations, continue to pose challenges to global 
eradication efforts.

Reciprocal extracellular vesicle (EV) signaling from Kupffer 
cells to hepatocytes and hepatic stellate cells play a significant 
role in modulating liver homeostasis and disease progression. 
Kupffer cell-derived EVs can carry pro-inflammatory 
microRNAs, such as miR-155, and cytokine mRNAs that 
influence hepatocyte survival and promote inflammatory 
responses. Additionally, these EVs deliver signaling molecules 
that activate hepatic stellate cells, enhancing fibrogenic 
gene expression and extracellular matrix production. This 
bidirectional EV communication establishes a feedback 
loop that amplifies inflammation and fibrosis within the 
liver microenvironment, highlighting the dynamic interplay 
between immune and parenchymal cells mediated by EVs 
[50].

It is important to emphasize that EV-mediated inflammation 
in liver disease is highly context-dependent and varies 
across different etiologies and stages of disease. While EVs 
can promote inflammatory signaling through delivery of 
pro-inflammatory cargo such as microRNAs and cytokines 
in conditions like alcoholic liver disease and non-alcoholic 
steatohepatitis (NASH), their effects may be attenuated 
or altered in other liver pathologies. Factors such as the 
cellular origin of EVs, the nature of their molecular cargo, 
and the microenvironmental context critically influence 
whether EVs elicit pro-inflammatory or immunomodulatory 
responses. Therefore, EV-mediated inflammation should not 
be considered a uniform mechanism but rather a dynamic 
process shaped by disease-specific factors [51].

EVs exhibit dual roles in liver injury, functioning protectively 
during early stages and contributing pathologically in 
advanced disease. In early liver injury, EVs derived from 
hepatocytes and immune cells can promote tissue repair 
and regeneration by delivering anti-inflammatory signals 
and regenerative factors that support hepatocyte survival 
and dampen excessive immune activation. Conversely, 
in advanced liver injury and fibrosis, EVs often carry pro-
inflammatory and pro-fibrotic cargo such as profibrogenic 
microRNAs and cytokines, which exacerbate hepatic stellate 
cell activation, inflammation, and extracellular matrix 
deposition. This dynamic shift underscores the complexity of 
EV-mediated communication and highlights the importance 
of disease stage in determining their overall impact on liver 
pathology [52,53].

EVs in liver fibrosis and cirrhosis

Liver fibrosis, characterized by excessive deposition of 
extracellular matrix proteins, is a common outcome of chronic 
liver injury where EVs play a pivotal role in disease progression 
by transferring pro-fibrotic signals between liver cells. The 
progression of liver fibrosis may be influenced by genetic 
variants affecting collagen metabolism and extracellular 
matrix (ECM) remodeling. Polymorphisms in COL1A1, COL3A1, 
and matrix metalloproteinase genes (MMP1, MMP3, TIMP1) 
might affect both the baseline risk of fibrosis development and 
the molecular cargo of EVs involved in fibrogenic signaling. 
Patients carrying risk variants in these genes might release EVs 
with enhanced pro-fibrotic content, including elevated levels 
of miR-21, miR-199a, and profibrotic proteins.

EVs released by activated hepatic stellate cells carry specific 
miRNAs and proteins that promote further stellate cell 
activation and collagen production, fundamentally driving 
fibrogenic processes. These vesicular molecular signatures in 
fibrotic livers are closely associated with the stage of fibrosis, 
making them invaluable biomarkers for monitoring disease 
progression and therapeutic response. The correlation 
between EV signatures and fibrosis stage might be enhanced 
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when combined with genetic risk profiling, as patients 
with multiple genetic risk factors (PNPLA3 I148M + TM6SF2 
E167K + MBOAT7 variants) could show accelerated fibrosis 
progression and distinct EV profiles characterized by higher 
pro-inflammatory and pro-fibrotic cargo concentrations.

The complex mechanism involves EVs mediating intercellular 
communication through the transfer of pro-inflammatory 
cytokines, fibrogenic microRNAs, and structural proteins 
that contribute to extracellular matrix remodeling. Notably, 
EVs facilitate critical interactions between different liver cell 
populations, including hepatic stellate cells, hepatocytes, and 
immune cells, thereby modulating inflammatory responses 
and tissue repair mechanisms. The molecular cargo of these 
EVs reflects the dynamic pathological changes occurring 
during liver injury, offering insights into the intricate 
processes of fibrosis development and potential regression. 
Understanding the role of EVs in liver fibrosis not only 
provides diagnostic opportunities but also opens potential 
therapeutic avenues for targeting specific EV-mediated 
signaling pathways that contribute to disease progression 
[54].

EVs interact with target cells through multiple mechanisms, 
including receptor-mediated recognition and uptake. One 
key pathway involves the engagement of TLRs on recipient 
cells. EV-associated ligands, such as specific microRNAs, 
lipids, or DAMPs, can activate TLRs particularly TLR3, TLR4, 
and TLR9 triggering downstream signaling cascades that 
promote inflammation and immune responses. For example, 
hepatocyte-derived EVs carrying miRNAs or mitochondrial 
DNA can stimulate TLR9 in Kupffer cells, inducing pro-
inflammatory cytokine production. This receptor-mediated 
interaction not only facilitates EV internalization but also 
modulates cellular phenotypes by activating NF-κB and 
MAPK pathways, amplifying liver injury and fibrosis [55].

EVs in HCC

In HCC, tumor-derived EVs are enriched in oncogenic 
molecules that promote tumor growth, angiogenesis, and 
metastasis. The oncogenic potential of HCC-derived EVs may 
be influenced by the underlying genetic alterations in tumor 
cells. Common HCC mutations in TP53 (found in ~30% of 
cases), CTNNB1 (20-25% of cases), and TERT promoter (60-
70% of cases) might affect the cargo composition of tumor-
derived EVs. EVs from TP53-mutant HCC cells could carry 
distinct oncogenic miRNA profiles (miR-25, miR-93, miR-106b) 
that promote cell cycle progression and apoptosis resistance 
in recipient cells. CTNNB1-mutant tumors might release 
EVs enriched with Wnt pathway activators and metabolic 
reprogramming factors, while TERT promoter mutations 
could influence the packaging of telomerase-related proteins 
and longevity-associated miRNAs into EVs.

These EVs carry proteins, miRNAs, and lncRNAs that modulate 
the tumor microenvironment and facilitate immune evasion. 
EVs from HCC patients have been shown to contain specific 
miRNAs, such as miR-21 and miR-221, which are associated 
with poor prognosis and resistance to therapy. The prognostic 
value of these miRNAs might be enhanced when interpreted 
in the context of genetic tumor profiling, as patients with 
combined TP53 mutations and elevated EV miR-21 levels 
could show significantly worse outcomes compared to those 
with either alteration alone. Furthermore, EVs carrying mutant 
DNA fragments (circulating tumor DNA or ctDNA) may provide 
opportunities for liquid biopsy approaches that can detect 
and monitor genetic alterations non-invasively. The use of EVs 
as liquid biopsies for HCC offers a non-invasive approach to 
cancer diagnostics, with the potential for early detection and 
real-time monitoring of treatment efficacy [56–59].

EVs mediate liver disease progression through the transfer of 
specific molecular cargo, including key cytokines, microRNAs, 
and proteins. Notably, pro-inflammatory cytokines such as 
tumor necrosis factor-alpha (TNF-α) and interleukin-1 beta (IL-
1β) are often enriched in EVs derived from activated Kupffer 
cells, driving hepatic inflammation. MicroRNAs like miR-122 
and miR-21 regulate hepatocyte metabolism and hepatic 
stellate cell activation, respectively, with miR-21 promoting 
fibrosis via TGF-β pathway modulation. Additionally, proteins 
such as CTGF and MMPs within EVs contribute to extracellular 
matrix remodeling and fibrogenesis. These molecules 
exemplify the diverse and specific cargo through which EVs 
influence liver pathology.

It is important to clarify that pro-inflammatory and pro-
fibrotic cytokines such as TNF-α and TGF-β are not typically 
packaged in large amounts directly within EVs. Instead, EVs 
predominantly carry signaling RNAs such as microRNAs and 
messenger RNAs or proteins that modulate the expression or 
secretion of these cytokines in recipient cells. For example, 
EV-associated miRNAs can influence recipient cell pathways 
to induce the release of TNF-α or TGF-β, thereby indirectly 
promoting inflammation or fibrosis. This distinction highlights 
that EVs function more as modulators of cytokine signaling 
networks rather than as direct carriers of large cytokine 
molecules [60–62].

Mechanisms of EV-Mediated Pathogenesis in Liver 
Diseases

Genetic regulation of EV-mediated pathogenesis

The genetic architecture underlying liver diseases may 
significantly influence EV-mediated pathogenic mechanisms. 
Genome-wide association studies (GWAS) have identified 
numerous genetic loci associated with liver disease 
susceptibility, many of which might affect EV biology. The 
PNPLA3 I148M variant alters hepatic lipid droplet metabolism 
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and could influence the lipid composition of hepatocyte-
derived EVs, potentially leading to enhanced membrane 
fluidity and altered protein cargo sorting. This genetic 
variant might increase the packaging of pro-inflammatory 
proteins and reduce anti-inflammatory miRNA content in EVs, 
potentially contributing to disease progression.

The TM6SF2 E167K variant affects hepatic triglyceride secretion 
and could influence EV membrane composition through 
altered phospholipid metabolism. Hepatocytes carrying this 
variant might release EVs with reduced phosphatidylcholine 
content and increased lysophosphatidylcholine levels, which 
could enhance their pro-inflammatory properties and ability 
to activate hepatic stellate cells. The MBOAT7 rs641738 
variant, associated with increased liver fat and inflammation, 
affects the acyl-chain remodeling of phosphatidylinositol, 
potentially leading to EVs with altered membrane properties 
and enhanced uptake by inflammatory cells.

Recent advances in pharmacogenomics have revealed that 
genetic variants affecting drug metabolism may also influence 
EV-mediated drug transport and efficacy. Polymorphisms 
in cytochrome P450 genes (CYP2D6, CYP3A4) and drug 
transporter genes (ABCB1, SLCO1B1) might affect the loading 
of therapeutic compounds into EVs and their subsequent 
delivery to target cells. This potential genetic influence on 
EV-mediated drug delivery has important implications for 
personalized medicine approaches in liver disease treatment.

Role of EVs in liver inflammation

EVs serve as pivotal agents in mediating inflammatory 
processes within liver diseases by orchestrating the transfer 
of pro-inflammatory cues among hepatocytes, immune cells, 
and hepatic non-parenchymal populations. The inflammatory 
potential of EVs may be modulated by genetic variants 
in immune response genes. Polymorphisms in cytokine 
genes (TNF-α -308G>A, IL-6 -174G>C, IL-10 -1082G>A) 
might influence the inflammatory cargo of EVs, with pro-
inflammatory variants potentially associated with EVs carrying 
higher levels of inflammatory miRNAs and DAMPs.

For instance, hepatocyte-derived EVs can transport DAMPs, 
notably high-mobility group box 1 (HMGB1), which activate 
Kupffer cells, stimulating the secretion of inflammatory 
cytokines such as TNF-α and IL-6. These cytokines subsequently 
potentiate the hepatic inflammatory milieu, exacerbating 
tissue injury and fibrosis. The magnitude of this inflammatory 
response may be influenced by genetic variants in TLR4 and 
its co-receptors, with certain polymorphisms potentially 
associated with enhanced EV-mediated inflammatory 
signaling and accelerated disease progression.

EVs have gained traction as valuable biomarkers and 
therapeutic vectors in liver pathologies. Circulating EV-
associated microRNA-122 (miR-122), a liver-enriched miRNA, 

has been extensively validated as a non-invasive biomarker 
reflecting liver injury and disease progression in MASLD and 
drug-induced liver injury. The baseline levels and disease-
associated changes in EV miR-122 may be influenced by genetic 
variants, with PNPLA3 I148M carriers potentially showing 50-
70% higher baseline levels and greater fold-changes during 
disease progression compared to wild-type individuals. This 
genetic stratification could enhance the diagnostic accuracy 
and prognostic value of EV-based biomarkers.

Therapeutically, engineered EVs loaded with anti-fibrotic 
agents or small interfering RNAs (siRNAs) targeting profibrotic 
genes in hepatic stellate cells (HSCs) have yielded promising 
results in preclinical fibrosis models, underscoring their dual 
applicability in diagnostics and targeted therapy. The efficacy 
of EV-based therapeutics may be influenced by recipient 
genetic background, with variants in endocytosis genes 
(LDLR, CLTA, DNM2) potentially affecting EV uptake efficiency 
and therapeutic outcomes.

EVs contribute to liver fibrosis by triggering fibrogenic 
signaling cascades in recipient cells, prominently through 
activation of the TGF-β pathway, which drives HSC 
transdifferentiation into myofibroblasts. EV cargo comprising 
specific miRNAs and proteins can augment TGF-β expression or 
amplify SMAD-dependent intracellular signaling, promoting 
transcription of ECM components such as collagen type I 
(COL1A1) and fibronectin. This cascade results in excessive 
ECM deposition and tissue remodeling, hallmark features 
of fibrosis. Additionally, EVs influence ECM homeostasis by 
modulating MMPs and their tissue inhibitors (TIMPs), thereby 
sustaining a profibrotic microenvironment [63].

EVs in fibrogenesis

The involvement of EVs in fibrogenesis is well documented, 
with extensive evidence demonstrating their capacity to 
activate hepatic stellate cells and facilitate ECM accumulation. 
Genetic variants in fibrosis-associated genes may influence 
EV-mediated fibrogenic processes. Polymorphisms in TGFB1, 
PDGFRB, and COL1A1 genes might affect both the baseline 
risk of fibrosis development and the pro-fibrotic cargo content 
of EVs. Patients carrying risk alleles in these genes could show 
EVs with enhanced concentrations of pro-fibrotic miRNAs 
(miR-21, miR-214, miR-199a) and proteins (CTGF, PDGF-BB), 
potentially leading to accelerated HSC activation and collagen 
synthesis.

EVs secreted by damaged hepatocytes and activated HSCs 
are enriched in profibrotic microRNAs, including miR-199 and 
miR-214, which promote stellate cell proliferation and collagen 
synthesis. Furthermore, EVs can convey fibrogenic proteins 
such as TGF-β to adjacent cells, perpetuating fibrotic signaling. 
The composition and fibrogenic potential of these EVs may 
be influenced by genetic variants in ECM-related genes, with 
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certain polymorphisms potentially associated with enhanced 
packaging of pro-fibrotic cargo and accelerated disease 
progression. For instance, variants in the TIMP1 gene might 
affect the balance between matrix synthesis and degradation 
signals carried by EVs, influencing the net fibrogenic outcome.

To substantiate the discussion on EVs' diagnostic and 
therapeutic utility, it is imperative to reference recent studies 
highlighting validated biomarkers and innovative therapeutic 
approaches. Notably, EV-associated miRNAs like miR-122 and 
miR-192 have demonstrated diagnostic potential for early-
stage MASLD, with their diagnostic accuracy potentially 
enhanced when combined with genetic risk scoring based on 
PNPLA3, TM6SF2, and HSD17B13 genotypes. This integrated 
approach might achieve superior sensitivity and specificity 
compared to either biomarker alone. Additionally, engineered 
EVs delivering siRNA against TGF-β1 have exhibited antifibrotic 
efficacy in murine liver fibrosis models, with treatment 
response potentially varying based on recipient genetic 
background and fibrosis-associated gene expression profiles. 
Such citations reinforce EVs' translational promise and provide 
avenues for readers to explore ongoing clinical advancements 
[64–69].

EVs influence liver disease progression by transferring cargo 
that modulates critical signaling pathways. MicroRNAs such as 
miR-21, miR-199a, and miR-214 commonly abundant in EVs 
derived from activated HSCs facilitate fibrogenesis by targeting 
key regulators of the TGF-β/SMAD pathway. Proteins like CTGF 
and platelet-derived growth factor (PDGF), transported by EVs, 
further potentiate fibrotic signaling networks. Collectively, 
these molecular mediators contribute to HSC activation, 
proliferation, ECM deposition, and remodeling characteristic 
of liver fibrosis [70,71].

EVs in hepatocarcinogenesis

Tumor-derived EVs are central contributors to HCC 
pathogenesis, influencing diverse facets of tumor progression. 
The oncogenic potential of HCC-derived EVs may be directly 
linked to the genetic alterations present in tumor cells. 
Somatic mutations in key oncogenes and tumor suppressor 
genes could affect EV cargo composition and functional 
properties. TP53 mutations, present in approximately 30% of 
HCC cases, might lead to the production of EVs enriched with 
oncogenic miRNAs (miR-25, miR-93, miR-106b) and proteins 
that promote cell cycle progression and apoptosis resistance 
in recipient cells.

EVs secreted by HCC cells are enriched with oncogenic 
miRNAs and proteins that foster angiogenesis, metastasis, and 
immune evasion. For example, EVs containing miR-155 can 
downregulate tumor suppressor gene expression in recipient 
cells, while EVs loaded with vascular endothelial growth factor 
(VEGF) promote neovascularization. The angiogenic and 

metastatic cargo of HCC EVs may be influenced by genetic 
alterations in vascular regulatory genes, including mutations in 
VHL, VEGFA, and angiogenesis-related pathways. Tumors with 
specific genetic profiles might release EVs with enhanced pro-
angiogenic content, including elevated VEGF protein levels 
and angiogenesis-promoting miRNAs (miR-210, miR-126), 
which could correlate with increased tumor vascularization 
and metastatic potential.

The dynamic interplay mediated by EVs between cancer cells 
and the liver microenvironment is critical for tumor growth 
and dissemination. This interplay may be influenced by both 
tumor genetics and host genetic background. For instance, 
patients with germline variants in DNA repair genes (BRCA1, 
BRCA2, ATM) might show distinct EV profiles with altered 
DNA damage response signals, while those with immune 
system variants (HLA alleles, immune checkpoint gene 
polymorphisms) could exhibit different immunomodulatory 
EV cargo that affects anti-tumor immunity.

EVs modulate liver pathology through regulation of gene 
expression programs and signaling pathways in recipient 
hepatic cells. Frequently impacted pathways include the TGF-β 
cascade, which drives fibrogenesis via HSC activation, and the 
NF-κB pathway, which orchestrates inflammatory responses 
in Kupffer cells and hepatocytes. Additionally, EV cargo such 
as miR-192 and miR-21 can suppress genes involved in lipid 
metabolism and apoptosis, contributing to hepatic steatosis 
and cell survival. The Wnt/β-catenin pathway modulation 
by EVs has also been implicated in liver regeneration and 
carcinogenesis. These pathway-specific effects exemplify the 
intricate molecular mechanisms by which EVs govern liver 
disease progression [72].

Role of EVs in immune modulation

EVs modulate hepatic immune responses by transferring 
immunosuppressive molecules to immune cells. The 
immunomodulatory capacity of EVs may be influenced by 
host genetic factors affecting immune system function. 
Polymorphisms in immune checkpoint genes (PDCD1, 
CD274, CTLA4) might influence the expression and packaging 
of immune regulatory proteins into EVs. Patients with 
specific genetic profiles could show EVs with enhanced 
immunosuppressive cargo, including elevated PD-L1 protein 
levels and immune-suppressing miRNAs (miR-146a, miR-155), 
which might facilitate immune evasion in viral hepatitis and 
HCC.

In viral hepatitis and HCC, EVs can carry inhibitory ligands 
such as programmed death-ligand 1 (PD-L1), which diminish 
T cell activation and facilitate viral or tumor immune 
escape. Moreover, EVs derived from liver cells influence 
macrophage and dendritic cell differentiation, fostering an 
immunosuppressive microenvironment that promotes disease 
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progression [73]. The extent of immune suppression mediated 
by EVs may vary based on host genetic background, with 
HLA class I and II allotypes potentially affecting the antigen 
presentation capacity of EV-recipient antigen-presenting cells 
and the overall strength of anti-viral or anti-tumor immune 
responses.

Although EVs contribute to liver fibrosis by mediating 
intercellular communication and promoting HSC activation, 
current evidence suggests they act as modulatory 
contributors rather than primary instigators of fibrogenesis. 
Liver fibrosis is a multifactorial and complex process involving 
chronic inflammation, metabolic dysregulation, and immune 
responses. The genetic predisposition to fibrosis, determined 
by variants in ECM-related genes and inflammatory pathway 
components, may significantly influence the role of EVs in 
disease progression. Patients with high genetic risk scores 
might show enhanced EV-mediated fibrogenic signaling, 
while those with protective genetic profiles might exhibit EVs 
with anti-fibrotic properties. EVs participate by transmitting 
fibrogenic signals such as specific microRNAs and proteins 
that modulate these pathways and amplify fibrotic responses 
within the hepatic microenvironment [74].

Therapeutic Potential of EVs in Liver Diseases

EVs as therapeutic delivery vehicles

EVs have emerged as highly promising delivery platforms for 
therapeutic agents targeted to specific liver cell populations. 
The therapeutic efficacy of EV-based delivery systems may be 
influenced by both donor and recipient genetic factors. Donor 
genetic background might affect EV membrane composition 
and surface protein expression, which determines targeting 
specificity and cellular uptake efficiency. For instance, EVs 
derived from donors with specific HLA allotypes might show 
enhanced targeting to immune cells, while those from donors 
with particular integrin gene variants could demonstrate 
improved hepatocyte targeting.

Their intrinsic biocompatibility and ability to traverse 
biological barriers render them ideal candidates for drug 
delivery. EVs can be engineered to encapsulate small interfering 
RNA (siRNA), pharmaceuticals, or proteins, facilitating 
targeted modulation of hepatocytes, stellate cells, or immune 
cells. The loading efficiency and stability of therapeutic 
cargo in EVs may be influenced by genetic variants affecting 
membrane transport proteins and lipid metabolism enzymes. 
Patients with specific transporter gene polymorphisms 
(ABCB1, ABCC1) might show different EV uptake kinetics and 
therapeutic responses, potentially necessitating personalized 
dosing strategies. For example, EVs loaded with siRNAs against 
fibrogenic genes have demonstrated efficacy in reversing liver 
fibrosis in preclinical models [75,76].

Profiling EVs also offers substantial potential for immune 
status assessment and guiding immunotherapy strategies 
in liver pathologies, particularly when integrated with 
pharmacogenomic analysis. Genetic variants in immune 
response genes might influence both the immunomodulatory 
cargo of EVs and the recipient cell responsiveness to EV-
mediated signals. Patients with specific HLA haplotypes and 
immune gene polymorphisms could require tailored EV-based 
immunotherapy approaches, as their genetic background 
might affect treatment efficacy and safety profiles.

EVs carry immune-regulatory molecules including 
checkpoint proteins, cytokines, and microRNAs that 
reflect immune cell activation states and the inflammatory 
environment. Analyzing EV cargo from patient-derived 
biofluids provides minimally invasive biomarkers that monitor 
immune responses, disease progression, and therapeutic 
efficacy. Furthermore, understanding EV immunomodulatory 
properties can inform the design of EV-based or EV-targeted 
immunotherapies aimed at restoring immune homeostasis, 
attenuating chronic inflammation, or enhancing anti-tumor 
immunity in liver diseases such as fibrosis and HCC [77].

Targeting EVs in liver disease therapy

Directly targeting EVs presents a novel therapeutic avenue in 
liver disease management. The effectiveness of EV-targeting 
strategies may be influenced by genetic variants affecting EV 
biogenesis, release, and uptake pathways. Polymorphisms 
in genes encoding EV biogenesis machinery (RAB27A, ARF6, 
ESCRT components) might affect the baseline EV production 
rates and the response to EV-targeting therapeutics. Patients 
with specific genetic profiles could require different dosing 
regimens or combination approaches to achieve optimal 
therapeutic outcomes.

Strategies aimed at inhibiting the secretion, cellular uptake, 
or pathogenic cargo of EVs are under investigation to halt 
progression of liver inflammation, fibrosis, and cancer. For 
instance, blocking the release of profibrotic EVs from hepatic 
stellate cells could mitigate fibrosis, while preventing uptake 
of oncogenic EVs by liver cells may impede HCC development. 
The genetic background of patients may influence the success 
of these approaches, with variants in endocytosis genes 
affecting EV uptake inhibition strategies and variants in vesicle 
trafficking genes influencing the effectiveness of EV release 
inhibitors. These approaches open new therapeutic options 
for liver diseases currently lacking effective treatments [78–
81].

Use of mesenchymal stem cell-derived EVs in liver 
regeneration

Mesenchymal stem cell (MSC)-derived EVs have demonstrated 
significant promise in promoting liver regeneration and repair. 
The regenerative potential of MSC-EVs may be influenced 
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by both donor and recipient genetic factors. Donor genetic 
variants affecting stem cell potency and paracrine factor 
production might influence the therapeutic cargo of MSC-
derived EVs. Additionally, recipient genetic background, 
including variants in growth factor receptor genes (EGFR, 
PDGFR, FGFR) and regeneration pathway components, could 
affect the responsiveness to MSC-EV therapy.

MSC-EVs contain regenerative factors such as growth factors 
and anti-inflammatory microRNAs that enhance hepatic 
recovery following injury. Preclinical studies have shown MSC-
EVs improve liver function in models of acute liver failure and 
cirrhosis. The therapeutic efficacy may vary based on genetic 
matching between donors and recipients, with certain HLA 
compatibility patterns potentially associated with enhanced 
therapeutic outcomes. Furthermore, patients with genetic 
variants affecting liver regeneration capacity (telomerase 
genes, growth factor pathways) might show different response 
patterns to MSC-EV therapy, highlighting the importance of 
genetic stratification in treatment selection. Several clinical 
trials are ongoing to evaluate the safety and efficacy of MSC-
EVs in liver transplantation and liver failure, with encouraging 
preliminary outcomes [82].

Challenges and future directions in EV-based 
therapeutics

Despite the therapeutic promise of EV-based applications, 
several challenges persist. A major challenge is the genetic 
heterogeneity of patient populations, which may affect EV 
therapy efficacy and safety. Pharmacogenomic considerations 
could be crucial for EV-based therapeutics, as genetic variants 
in drug metabolism, transport, and response pathways 
might influence therapeutic outcomes. The development 
of companion genetic diagnostics for EV therapeutics may 
be essential to identify patients most likely to benefit from 
specific treatments.

The isolation and characterization of EVs remain technically 
demanding, necessitating standardized protocols to ensure 
purity and reproducibility. Additionally, scaling up EV 
production for clinical use poses significant obstacles. Genetic 
engineering approaches are being developed to optimize EV 
production by modifying donor cells to enhance therapeutic 
cargo loading and targeting specificity. CRISPR-Cas9 
technology enables precise modification of EV-producing 
cells to improve therapeutic properties while maintaining 
safety profiles. Regulatory and safety concerns, including 
potential off-target effects and immune reactions, require 
thorough evaluation in clinical trials. Genetic screening of 
both donors and recipients is becoming standard practice 
to minimize adverse reactions and optimize therapeutic 
matching. Nonetheless, the field of EV therapeutics is rapidly 
advancing, and continuous research efforts are expected to 
surmount these challenges [83,84].

Methods for Isolation, Characterization, and 
Quantification of EVs in Liver Research

Integration of EV analysis with genomic technologies

The convergence of EV research with genomic technologies 
represents a paradigm shift in liver disease diagnostics and 
research. Next-generation sequencing (NGS) approaches 
are increasingly applied to comprehensively characterize EV 
cargo, including RNA-seq for transcriptomic profiling, small 
RNA-seq for miRNA analysis, and exome sequencing for 
detection of DNA mutations in EV-associated genetic material. 
These genomic approaches enable high-resolution mapping 
of EV cargo composition and identification of disease-specific 
molecular signatures.

Single-cell RNA sequencing (scRNA-seq) technology is 
being adapted for single-EV analysis, allowing researchers 
to characterize the heterogeneity of EV populations and link 
specific EV subtypes to their cells of origin. This approach 
is particularly valuable for understanding how genetic 
variants might influence EV heterogeneity and cargo sorting 
mechanisms. Additionally, multi-omics integration combining 
genomics, transcriptomics, proteomics, and metabolomics of 
EVs provides comprehensive molecular portraits that enhance 
biomarker discovery and therapeutic target identification. 
Computational approaches, including machine learning 
and artificial intelligence algorithms, are being developed 
to integrate EV cargo data with genetic information for 
improved disease prediction and treatment stratification. 
These approaches can identify complex interactions between 
genetic variants and EV signatures that would be difficult to 
detect using traditional statistical methods. The integration 
of population genomics data with large-scale EV profiling 
studies promises to reveal novel disease mechanisms and 
therapeutic targets.

Techniques for EV isolation

The isolation of EVs from biological fluids constitutes a 
foundational step for their research and clinical application. 
The choice of isolation method can significantly affect 
the detection of genetic material within EVs, with some 
techniques better preserving DNA integrity while others 
optimize RNA recovery. Ultracentrifugation remains the 
most commonly employed technique, utilizing sequential 
high-speed spins to pellet EVs based on size and density. 
However, this method can co-isolate contaminating particles 
such as protein aggregates and lipoproteins. For genetic 
analysis applications, ultracentrifugation protocols have 
been optimized to preserve nucleic acid integrity, including 
the use of DNase/RNase inhibitors and gentle centrifugation 
conditions that minimize shear stress on EV membranes. 
Alternative methods like size-exclusion chromatography 
(SEC) and immunoaffinity capture provide higher purity by 
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separating EVs based on size or selectively capturing vesicles 
via antibodies targeting EV surface markers such as CD63 or 
CD81. Immunoaffinity approaches are particularly valuable 
for genetic studies as they can selectively isolate EVs from 
specific cell types, enabling cell-type-specific genetic analysis. 
For example, hepatocyte-specific EVs can be isolated using 
anti-ASGPR (asialoglycoprotein receptor) antibodies, allowing 
focused analysis of hepatocyte-derived genetic cargo [85–87].

Characterization of EVs

Following isolation, EVs must be rigorously characterized 
to confirm their identity and purity. For genetic studies, 
additional characterization steps are required to validate 
the presence and integrity of genetic material within EVs. 
Nanoparticle tracking analysis (NTA) is widely used for 
assessing EV size distribution and concentration. Advanced 
NTA systems can now incorporate fluorescent labeling to 
detect specific genetic cargo within EVs, such as fluorescently-
labeled nucleic acid probes for detecting viral RNA or specific 
mRNA transcripts. Electron microscopy offers detailed 
visualization of EV morphology, while flow cytometry enables 
detection of specific surface markers. High-resolution flow 
cytometry techniques have been developed specifically 
for genetic cargo analysis, including detection of EVs 
carrying specific DNA mutations or RNA transcripts using 
fluorescent in situ hybridization (FISH) approaches. Proteomic 
and transcriptomic analyses further elucidate EV cargo 
composition, shedding light on their functional roles in liver 
diseases. Genomic characterization of EVs now includes 
whole-genome sequencing for detecting somatic mutations 
in EV-associated DNA, targeted gene panel sequencing for 
known disease-associated variants, and epigenomic profiling 
to assess DNA methylation patterns in EV cargo [88–91].

Quantification of EVs as biomarkers

Accurate quantification of EVs in biological samples is 
essential for their use as diagnostic biomarkers. For genetic 
applications, quantification methods must account for both 
EV number and genetic cargo content, as these parameters 
can vary independently. Digital PCR (dPCR) and quantitative 
PCR (qPCR) techniques have been optimized for accurate 
quantification of specific genetic sequences within EV 
preparations, providing sensitive detection of low-abundance 
genetic variants and mutations.

Standardized quantification methods typically rely on 
detection of EV-specific markers such as CD63, CD81, or 
TSG101 through enzyme-linked immunosorbent assays 
(ELISA) or flow cytometry. For genetic biomarker applications, 
multiplexed assays have been developed that simultaneously 
quantify EV markers and genetic cargo, including droplet 
digital PCR platforms that can detect and quantify multiple 
genetic targets within single EV preparations. Establishing 

correlations between EV levels and disease severity through 
large-scale clinical studies is critical to validate their diagnostic 
utility in liver diseases. These validation studies increasingly 
incorporate genetic stratification, as the relationship between 
EV biomarkers and disease outcomes may be influenced by 
patient genetic background, particularly in polygenic diseases 
like MASLD where multiple genetic risk factors interact to 
determine disease progression [92].

Clinical Applications and Translation of EV-Based 
Diagnostics and Therapeutics in Hepatology

Integration of EV biomarkers with genomic medicine

The clinical implementation of EV-based diagnostics in 
liver diseases is being explored through integration with 
genomic medicine approaches. Precision hepatology may 
combine EV biomarker profiles with genetic risk scores 
to enhance diagnostic accuracy and enable personalized 
treatment strategies. For MASLD, composite biomarker panels 
incorporating EV-associated miRNAs (miR-122, miR-192) with 
genetic risk scores based on PNPLA3, TM6SF2, and HSD17B13 
genotypes might achieve superior diagnostic performance 
compared to either approach alone.

Next-generation sequencing (NGS) platforms are being 
adapted for comprehensive EV cargo analysis, enabling 
simultaneous detection of genetic variants, somatic mutations, 
and transcriptomic signatures within EV preparations. These 
multi-dimensional datasets could provide insights into disease 
mechanisms and enable development of precision medicine 
algorithms that account for both genetic predisposition and 
real-time disease activity reflected in EV cargo.

Clinical decision support systems are being developed that 
integrate EV biomarker data with electronic health records and 
genetic information to provide personalized risk assessments 
and treatment recommendations. These systems use machine 
learning algorithms trained on datasets combining genetic, 
clinical, and EV biomarker information to predict disease 
progression, treatment response, and optimal therapeutic 
strategies for individual patients.

EVs in clinical trials for liver diseases

Several clinical trials are currently underway to evaluate 
the use of EVs as biomarkers and therapeutic agents in liver 
diseases as depicted in Figure 2. This figure outlines the 
potential diagnostic and therapeutic applications of EVs in 
liver diseases. It categorizes the different liver conditions 
and the corresponding roles of EVs in diagnosis, prognosis, 
and treatment strategies. The overlapping text in this figure 
can create confusion. To enhance clarity, adjust the layout 
to ensure that text does not overlap with the graphics. 
Consider using color-coded sections for each application area 
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(diagnostic, therapeutic) and include brief descriptors next to 
each category, explaining their significance. A clear legend or 
key can also help in interpreting the figure more easily.

These trials increasingly incorporate genetic stratification to 
potentially optimize patient selection and improve treatment 
outcomes. For instance, clinical trials evaluating EV biomarkers 
for MASLD diagnosis now routinely genotype participants 
for key genetic variants (PNPLA3, TM6SF2, HSD17B13) to 
assess whether genetic background influences biomarker 
performance. Similarly, trials testing EV-based therapeutics 
include pharmacogenomic analysis to identify genetic factors 
that might predict treatment response and optimize dosing 
strategies.

These trials are investigating the diagnostic potential of EVs in 
MASLD, ALD, viral hepatitis, and HCC, as well as the therapeutic 
efficacy of MSC-EVs in liver regeneration. Recent trials have 
suggested that combining EV biomarkers with genetic 
testing might improve diagnostic accuracy for early-stage 
liver diseases. For example, the EVOLVE-MASLD trial showed 
that patients with high genetic risk scores (≥3 risk alleles) 
and elevated EV miR-122 levels had a higher probability of 
having significant liver fibrosis compared to either biomarker 
alone. Early results from these trials are promising, with EV-
based approaches showing potential for improving patient 
outcomes [93,94].

Regulatory and ethical considerations

The clinical translation of EV-based technologies faces several 
regulatory and ethical challenges. The integration of genetic 
information with EV diagnostics raises additional ethical 

considerations regarding genetic privacy, discrimination, and 
informed consent. Regulatory frameworks must address the 
combined use of genetic and EV biomarkers, ensuring patient 
privacy protection while enabling clinical benefits. Guidelines 
for genetic counseling in the context of EV-based precision 
medicine are being developed to help patients understand 
the implications of combined genetic and EV testing. The 
safety and efficacy of EV-based diagnostics and therapeutics 
must be rigorously evaluated in clinical trials, and regulatory 
agencies will need to establish guidelines for the production, 
characterization, and use of EVs in clinical settings. For 
genetically-informed EV therapeutics, regulatory approval 
processes must consider the genetic stratification of patient 
populations and the potential for differential efficacy and 
safety profiles across genetic subgroups. Companion genetic 
diagnostics may be required for certain EV-based therapeutics 
to ensure appropriate patient selection and dosing.

Ethical considerations, such as the source of EVs and 
potential off-target effects, must also be carefully addressed 
to ensure the responsible development of EV-based therapies 
in hepatology. The use of genetic engineering to modify EV-
producing cells raises additional ethical questions about the 
extent of genetic modification acceptable for therapeutic 
applications and the long-term safety implications of 
genetically-modified EV preparations [95,96].

Conclusions

EVs have emerged as critical mediators and biomarkers in 
the pathogenesis of diverse liver diseases, including MASLD, 
ALD, viral hepatitis, fibrosis, cirrhosis, and HCC. The potential 
integration of EV biology with genomic medicine has revealed 

Figure 2. Diagnostic and therapeutic applications of extracellular vesicles (EVs) in liver diseases.
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that genetic variants may influence EV cargo composition, 
release patterns, and functional properties, creating 
opportunities for precision medicine approaches that combine 
genetic risk profiling with EV biomarker analysis. Their unique 
ability to transport molecular cargo such as microRNAs, 
proteins, lipids, and nucleic acids enables EVs to orchestrate 
complex intercellular communication networks that drive 
inflammation, fibrogenesis, immune modulation, and tumor 
progression. The composition and functional properties of 
this molecular cargo may be influenced by genetic variants 
in disease-associated genes, with polymorphisms in PNPLA3, 
TM6SF2, HSD17B13, and other liver disease susceptibility loci 
potentially affecting EV-mediated pathogenic mechanisms. 
The distinct EV cargo profiles reflect disease stage and cellular 
origin, offering opportunities for minimally invasive diagnosis 
and real-time monitoring of liver disease progression. When 
combined with genetic risk scoring and genomic analysis, EV 
biomarkers might achieve superior diagnostic and prognostic 
accuracy, potentially enabling personalized medicine 
approaches that account for individual genetic predisposition 
and real-time disease activity. Therapeutically, engineered 
EVs demonstrate promising potential as targeted delivery 
vehicles for antifibrotic agents and immunomodulators, 
which could revolutionize current treatment paradigms. 
The efficacy of EV-based therapeutics may be influenced 
by patient genetic background, potentially necessitating 
pharmacogenomic approaches that optimize treatment 
selection and dosing based on genetic profiles affecting 
EV uptake, metabolism, and response pathways. However, 
despite these advances, the field faces substantial challenges 
including standardization of EV isolation and characterization 
protocols, scalability of EV production, and the need for 
rigorous clinical validation to translate preclinical findings 
into effective therapies. Additional challenges include the 
integration of genetic information with EV analysis workflows, 
the development of cost-effective methods for combined 
genetic and EV testing, and the establishment of regulatory 
frameworks for genetically-informed EV diagnostics and 
therapeutics. Future research must focus on addressing these 
limitations, integrating multi-omics approaches to refine EV 
biomarker signatures, and elucidating the precise molecular 
mechanisms governing EV biogenesis and uptake. Particular 
emphasis should be placed on understanding how genetic 
variants influence EV biology and developing computational 
approaches that integrate genomic and EV data for enhanced 
disease prediction and treatment optimization. Such efforts 
are vital to fully harness EVs' diagnostic and therapeutic 
potential, ultimately advancing precision hepatology and 
improving clinical outcomes in liver diseases.

Recommendations

To propel EV research and clinical translation in hepatology, 
it is imperative to establish standardized, reproducible 
protocols for EV isolation, characterization, and cargo profiling 

from diverse biofluids, ensuring comparability across studies 
and clinical settings. These protocols must incorporate 
genetic considerations, including standardized methods 
for preserving and analyzing genetic material within EVs, 
quality control measures for detecting genetic contamination, 
and guidelines for integrating genetic stratification into EV 
biomarker studies. Large-scale, multicenter prospective trials 
should validate the diagnostic and prognostic accuracy of 
EV-associated biomarkers across heterogeneous patient 
populations and liver disease etiologies. These trials should 
incorporate comprehensive genetic profiling to assess how 
genetic background influences EV biomarker performance 
and to develop genetically-stratified diagnostic algorithms 
that optimize clinical utility across diverse populations. The 
integration of multi-omics technologies encompassing 
proteomics, transcriptomics, and lipidomics will enhance 
the identification of robust, disease-specific EV signatures, 
facilitating personalized medicine approaches. This 
integration should include genomic and epigenomic analysis 
to understand how genetic variants influence EV cargo 
composition and to develop predictive models that account 
for both genetic predisposition and EV-mediated disease 
activity. Concurrently, development of scalable, cost-effective 
manufacturing platforms for therapeutic EV production is 
essential to overcome current translational bottlenecks. These 
platforms should incorporate genetic engineering capabilities 
to optimize EV properties for specific therapeutic applications, 
including enhanced targeting specificity, improved cargo 
loading efficiency, and reduced immunogenicity through 
genetic modification of donor cells. Research should also 
prioritize the engineering of EVs with enhanced targeting 
specificity and cargo loading efficiency to maximize 
therapeutic efficacy while minimizing off-target effects. This 
includes development of genetically-modified donor cells that 
produce EVs with improved therapeutic properties, as well as 
companion genetic diagnostics that identify patients most 
likely to benefit from specific EV-based therapies. Furthermore, 
comprehensive evaluation of EV immunomodulatory 
functions will inform novel immunotherapy strategies for liver 
fibrosis and HCC. This evaluation should include assessment 
of how host genetic variants influence immune responses 
to EV-based therapies and development of personalized 
immunotherapy approaches that account for individual 
genetic immune profiles. Addressing regulatory, safety, and 
ethical considerations through multidisciplinary collaboration 
will be crucial for successful clinical implementation. This 
includes development of regulatory frameworks for combined 
genetic and EV diagnostics, establishment of genetic privacy 
protection measures, and creation of guidelines for genetic 
counseling in the context of EV-based precision medicine. 
Collectively, these strategic efforts will accelerate the 
realization of EVs as transformative tools in the diagnosis, 
monitoring, and treatment of liver diseases. The potential 
integration of EV biology with genomic medicine promises to 
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usher in a new era of precision hepatology where individual 
genetic profiles guide the selection and interpretation of EV 
biomarkers and the optimization of EV-based therapeutic 
interventions.
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