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Exosomes target HBV-host interactions o

to remodel the hepatic immune
microenvironment
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Abstract

Chronic hepatitis B poses a significant global burden, modulating immune cells, leading to chronic inflamma-

tion and long-term damage. Due to its hepatotropism, the hepatitis B virus (HBV) cannot infect other cells. The
mechanisms underlying the intercellular communication among different liver cells in HBV-infected individuals

and the immune microenvironment imbalance remain elusive. Exosomes, as important intercellular communication
and cargo transportation tools between HBV-infected hepatocytes and immune cells, have been shown to assist

in HBV cargo transportation and regulate the immune microenvironment. However, the role of exosomes in hepatitis
B has only gradually received attention in recent years. Minimal literature has systematically elaborated on the role
of exosomes in reshaping the immune microenvironment of the liver. This review unfolds sequentially based

on the biological processes of exosomes: exosomes' biogenesis, release, transport, uptake by recipient cells, and their
impact on recipient cells. We delineate how HBV influences the biogenesis of exosomes, utilizing exosomal covert
transmission, and reshapes the hepatic immune microenvironment. And based on the characteristics and functions
of exosomes, potential applications of exosomes in hepatitis B are summarized and predicted.
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Introduction

The widespread use of HBV vaccines in many countries,
especially due to improved vaccination rates among new-
borns and maternal-infant blocking [1, 2], has paved the
way for the potential future elimination of HBV. Despite
current antiviral treatments, complete eradication of the
virus remains unachievable [3]. Approximately 250 mil-
lion people worldwide remain infected with HBV, with
an estimated 17 million fatalities from chronic hepatitis
B projected by 2030 [4]. Current research indicates that
HBV modulates immune cells to cause chronic inflam-
matory damage, ultimately leading to liver fibrosis and
cancer through repeated injury and repair processes [5,
6]. However, as a hepatotropic virus, HBV primarily relies
on liver cells to replicate and synthesize components
of the virus. The mechanisms by which HBV regulates
across cell types and leads to immune cell dysfunction
and disruption of the immune microenvironment remain
unclear.
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Exosomes, 30-150 nm extracellular vesicle. The cargo
and quantity of exosomes can fluctuate in response to the
physiological and pathological conditions of the internal
environment. Therefore, exosomes can serve as diagnostic
biomarkers, reflecting the status of donor cells [7]. Moreover,
they can influence the function and phenotype of recipient
cells and serve as targets for therapeutic interventions [8—
10].With the advancements in exosome research, it has been
discovered that exosomes contribute to the transportation
and immune modulation of HBV. Key events in the study of
exosomes in HBV include the following milestones: Li et al.
first identified the therapeutic potential of exosomes in HBV
in 2013, demonstrating that exosomes could transport inter-
feron to HBV-infected hepatocytes, exerting antiviral effects
[11]; Yang et al. in 2017 first demonstrated that exosomes
could carry and transfer HBV proteins and nucleic acids [12];
In 2023, it was first discovered that exosomes contain intact
HBV viral particles and facilitate HBV transmission [13];
cccDNA, as the critical factor in HBV’s sustained infection
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and the current inability of antiviral drugs to cure it, was
addressed by Zeng et al. in 2024, who found that exosomes
could serve as carriers for gene editing to eliminate cccDNA
[14].

Considering the dual nature of exosomes, we com-
prehensively analyzed the pathogenic mechanisms and
therapeutic applications of exosomes in the progres-
sion of hepatitis B. This review is based on the biological
processes of exosomes: their biogenesis (Fig. 1), release,
transportation, uptake by recipient cells, and impact on
recipient cells. We delineate how HBV influences the
secretion and transportation of exosomes (Fig. 2). These
exosomes act on immune cells and reshape the hepatic
immune microenvironment. (Fig. 3). Based on the char-
acteristics and functions of exosomes, we summarize and
predict the potential applications of exosomes in hepati-
tis B (Fig. 4).
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HBYV utilizes the release and transport of exosomes
The process of exosome biogenesis is complex, but how
does HBV intelligently engage in and utilize the release
and transport of exosomes? This section explores how
HBV engages and utilizes exosome biogenesis. Further-
more, it explores the covert transportation of HBV-mod-
ified exosomes and their selective binding to recipient
cells.

HBV regulates exosome biogenesis to promote the viral
release

Biogenesis of exosomes

Exosome biogenesis begins with forming early
endosomes through the inward budding of the parent cell
membrane, subsequently fusing to create early sorting
endosomes (ESEs) [15]. ESEs undergo a complex sorting,
release, and assembly process, eventually maturing into
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Fig. 1 Exosome biogenesis, the structure and contents of exosomes. The cell membrane invaginates to encapsulate extracellular material, forming early
endosomes, which then fuse to form early sorting endosomes (ESEs). ESEs undergo a complex sorting, releasing, and assembling process, ultimately
maturing into late sorting endosomes (LSEs). The membrane invagination of LSEs gives rise to intraluminal vesicles (ILVs), leading to the formation

of multivesicular bodies (MVBs). MVBs secrete ILVs into the extracellular environment through exocytosis. Regarding the structure and contents

of exosomes: they have a diameter of approximately 30-150 nm, encapsulating various cargoes such as proteins, non-coding RNAs, DNA, and more. The
outer membrane of exosomes is composed of phospholipid bilayers and surface proteins, including specific marker proteins such as CD63
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Fig. 2 hepatitis B virus (HBV) utilizes exosomes for release, transport, and interaction with recipient cells. A After entering host cells, HBV synthesizes
viral proteins and genetic material, which are sorted into exosomes, including intact viral particles. B HBV integrates large hepatitis B virus surface
antigen (LHB) onto the surface of exosomes, and binds to the LHB/NTCP (Na +/Taurocholate Co-transporting Polypeptide) receptor. CD. There are
two ways for exosomes to enter receptor cells after binding to them: membrane fusion and phagocytosis

late-sorting endosomes (LSEs). The membrane invagi-
nation of LSEs gives rise to intraluminal vesicles (ILVs),
which subsequently lead to the formation of multivesicu-
lar bodies (MVBs) [16, 17]. By undergoing exocytosis,
MVBs secrete ILVs into the extracellular environment
(Fig. 1). Exosome biogenesis consists of membrane
fusion processes and the sorting and regulation of cargo
under the control of cellular endosomal sorting complex
required for transport (ESCRT)-dependent or ESCRT-
independent pathways [18]. Moreover, similarities exist
between the release pathways of viruses and exosomes
[19]. Research has extensively documented that viruses
participate in exosome sorting and utilize exosomes for
release and trafficking in viral infectious diseases [20—22].

HBV is involved in the biogenesis of exosomes
HBYV and exosomes exhibit a shared mechanism for bud-
ding and releasing from cells. For instance, Hepatitis B

virus surface antigen (HBsAg) accumulates in the endo-
plasmic reticulum (ER), potentially being released as sub-
viral particles (SVPs) [23], through the ER Golgi secretion
pathway. The released SVPs can enter endosomes and
autophagosomes (AP) [24]. Moreover, HBV particles
and other viral components contribute to the formation
of the ESCRT complex and utilize it for secretion from
infected hepatocytes [25]. HBV infection can lead to sig-
nificant and specific alterations in the protein content
of exosomes [26]. Although the underlying mechanisms
of HBV entry into exosomes remain unknown, the cur-
rent evidence suggests that HBV participates in exosome
biogenesis.

HBYV affects and exploits the biogenesis of exosomes

As depicted in Fig. 2, HBV influences and exploits the
biogenesis of exosomes to enhance infectivity, main-
tain secretory secrecy of HBV, and facilitate replication.
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Fig. 3 HBV creates an immunosuppressive microenvironment through exosomes. HBV infection changed the cargo of exosomes, resulting

in upregulated programmed death ligand 1 (PD-L1) and reduced Interleukin (IL)-6 secretion in monocytes, downregulated interferon (IFN)-a

and IL-12 in macrophages, impaired NK cell function, decreased IFN-a in dendritic cells (DCs), and diminished IL-12 secretion in T cells. In addition,
the downregulation of IL-12 in macrophages can directly lead to NK cell deactivation and functional impairment. After the development of liver
cancer in HBV-infected hepatocytes, the release of tumor-derived exosomes leads to the polarization of M2-type macrophages and stimulating
tumor cell proliferation. Infiltrating M2-type macrophages in the tumor tissue also secrete exosomes to enhance tumor cell proliferation

HBV genetic material, antigens, and even HBV viral
particles can be loaded into exosomes during the pro-
cess of cargo sorting (Table 1). HBV-induced endoplas-
mic reticulum stress may increase the sorting of SVPs
or HBsAg into exosomes and stimulate exosome pro-
duction [23]. Furthermore, Hepatitis B X (HBx) mRNA
and protein can be sorted into exosomes, and notably,
HBx, particularly HBx mutant X15, provokes specific
alterations in neutral sphingomyelinase 2 (nSMnase2),
thereby augmenting enzyme activity and subsequently
enhancing exosome biogenesis [27], which facilitates
the horizontal transfer of viral genes and production
to support viral transmission. Conversely, the inhi-
bition of exosome generation hinders the release of
exosome-encapsulated HBV [13]. Deleting exosome
membrane protein, CD63 accumulates large hepatitis B
virus surface antigen (LHB) and substantially decreases

infectivity [28]. Thus, exosomes can function as viral
vectors. Exosomes with HBV modifications facilitate
the release of HBV and its associated components and
exhibit an increased quantity of released exosomes,
contributing to the infectivity of HBV.

Additionally, HBV can exploit the biogenesis of
exosomes to achieve the covert release of viral compo-
nents not readily detected by HBsAg, thereby increasing
the risk of cancer. For example, the rtS78T HBV polymer-
ase mutation, which generates a premature stop codon at
sC69 (rtS78T/sC69* mutation), significantly intensifies
viral replication and reduces susceptibility to Entecavir
(ETV) and Tenofovir Disoproxil Fumarate (TDF), with
truncated HBs protein and impaired HBsAg detection,
but maintains exosome-mediated viral secretion [29],
consequently covertly elevating the risk of carcinogene-
sis. In addition, HBV can also utilize exosome production
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Fig. 4 Potential applications of exosomes in hepatitis B. markers of diagnosis, progression and prognosis of hepatitis B and its related liver diseases,
immunomodulators of chronic hepatitis B, therapeutic targets, treatment of hepatitis B-related liver cancer resistance to chemotherapeutic agents,
prediction of hepatitis B drug responsiveness, HBV gene editing vectors, HBV vaccine

to promote the exocytosis of apolipoprotein B mRNA
editing catalytic polypeptide-like 3G (APOBEC3G)
[30]. The human APOBECS3 protein is a potent retrovi-
ral inhibitor recognized as a restriction factor for HBV
[31]. In contrast, HBV can mediate its activation by
reducing intracellular levels of APOBEC3G, and these
diminished APOBECS3G levels are not dependent on pro-
teasomal or lysosomal degradation. On the contrary, they

facilitate sorting APOBEC3G into exosomes and pro-
mote exocytosis.

Exosomes transport HBV components and enter receptor
cells

As discussed in the preceding section, HBV infec-
tion influences the biogenesis of exosomes and loads
viral components into exosomes. Next, we explore how
exosomes carrying viral components achieve stable
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Table 1 Exosome transmission of HBV components
Viral components Exosome source Exosome isolation References
Intact HBV virions HepAD38 cells Ultracentrifugation [13]
HBV-DNA rc DNA Serum of CHB patients Ultracentrifugation/cell culture [12,65]
Total exosome isolation kit
cccDNA Serum of CHB patients Ultracentrifugation/cell culture [12,65]
Total exosome isolation kit
HBV-RNA HBx Huh? transfected with pGFP-HBx Ultracentrifugation and total exosome isolation solution  [27]
HBs/p Serum of CHB patients Ultracentrifugation [12]
HBV proteins HBsAg Serum of CHB patients; HepG2.2.15 cells  Ultracentrifugation [12,23]
HBcAg HepAD38 cells Ultracentrifugation [13, 23,7411
LHBs HepAD38 cells Ultracentrifugation [13,74]
Protein p HepAD38 cells Ultracentrifugation [74]
HBx protein  Huh7 transfected with pGFP-HBx Ultracentrifugation and total exosome isolation solution  [27]

transport in the extracellular fluid, how they enter recipi-
ent cells, and whether the internalization of exosomes by
recipient cells is specific (Fig. 2).

The structure and characteristics of exosomes protect HBV
components from degradation

Exosomal membranes have a stable phospholipid bilayer
featuring higher levels of sphingolipids, unsaturated
lipids, and cholesterol than cell membranes [32, 33].
These lipids are unevenly distributed between the inner
and outer layers [34], contributing to the stability of
exosomes. Although still debated, pH has been proposed
to play an important role in exosome membrane stability
[35]. Stable membranes render exosomes rigid and resist-
ant to degradation, making them effective carriers of pro-
teins and nucleic acids [36].

Furthermore, in addition to their stable membrane
structure, how do these exosomes carrying aberrant
components evade recognition and clearance by immune
cells? This question may be attributed to the regulation of
exosomes on the immune system. Some tumor-derived
exosomes downregulate surface major histocompatibility
complex I (MHC-I) levels, leading to CD8+T cell dys-
function [37]. Similarly, certain tumor-derived exosomes
carry increased programmed death ligand 1 (PD-L1) on
their surface, which is an inhibitory checkpoint mol-
ecule hindering the function of cytotoxic T cells and
macrophages [38]. Furthermore, exosomes from hepa-
titis B-infected liver cells can induce the upregulation of
PD-L1 in monocytes [39]. While the exact mechanisms
remain unclear, the induction of immune tolerance is
likely to facilitate the smoother transport of hepatitis B
viral components or tumor-derived materials.

Mechanisms by which exosomes enter recipient cells

Current research suggests that different recipient cells
may employ various mechanisms for exosome entry, pri-
marily through endocytosis and membrane fusion [40].
However, some studies propose that receptor (direct)
interaction is also a mode of action with recipient cells.
This can occur through the direct binding of transmem-
brane ligands on the surface of exosomes with surface
receptors on recipient cells, leading to downstream sign-
aling cascades to activate target cells [41]. For instance,
exosomes released by dendritic cells express surface
tumor necrosis factor (TNF), Fas ligand (FasL), and TNEF-
related apoptosis-inducing ligand (TRAIL), which can
interact with TNF receptors on tumor cells, triggering
caspase activation and apoptosis [42]. Through receptor
interactions, signaling pathways can be directly activated
to influence the function of target cells, or they can ini-
tiate subsequent internalization processes. For example,
different liver cells exhibit varying efficiencies in absorb-
ing exosomes bearing surface hepatitis B large surface
antigen (LHBS). Liver cells possessing the NTCP recep-
tor can demonstrate more efficient internalization and
transport of exosomes through an LHBs/NTCP-depend-
ent mechanism [13].

The mechanism of endocytosis is rapid and energy-
consuming. Exosomes can be identified inside cells after
approximately 15 min of co-culture [43]. Lowering the
temperature significantly reduces the ability of endocyto-
sis, indicating that intake is an energy-requiring process
[44]. Endocytosis can be further classified into five types:
Clathrin-mediated endocytosis (CME), caveolin-medi-
ated endocytosis, macropinocytosis, phagocytosis, and
lipid-raft-mediated endocytosis [45].
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CME is driven by the adaptor complex AP2, initiating a
cascade of low-affinity protein—protein and protein-lipid
interactions, leading to the formation of clathrin-coated
pits. These pits rapidly invaginate to form clathrin-coated
vesicles, completing the internalization of exosomes.
CME is suitable for vesicles with a diameter below
100 nm and is the primary pathway for nutrient uptake
in all mammalian cells [46]. Chlorpromazine inhibits the
formation of clathrin-coated pits on the cell membrane
[47], leading to reduced uptake of extracellular vesi-
cles by phagocytic cells [43]. Additionally, Dynamin2, a
GTPase required for the CME process, also contributes
to decreased internalization by macrophages when inhib-
ited [48].

Caveolin-mediated endocytosis, also known as
caveolin-dependent endocytosis (CDE), does not rely
on clathrin. Caveolae are subdomains of the plasma
membrane glycolipid rafts, enriched with cholesterol,
sphingolipids, and caveolin proteins. Caveolae can
expand and envelop to form vesicles, enabling the
internalization of exosomes. Inhibition of caveolin-1
can significantly impair B cell uptake of extracellular
vesicles [49], while upregulation of caveolin-1 expres-
sion in neurons can enhance the uptake of extracellu-
lar vesicles [50].

Macropinocytosis involves the formation of membrane
ruffles, extending from the cell surface to surround the
extracellular fluid area. Subsequently, through fusion
with itself or with the plasma membrane, exosomes
within this extracellular fluid area are completely inter-
nalized [51]. This mechanism can intake large volumes of
fluid, with the maximum diameter of extracellular vesi-
cles taken up exceeding 200 nm [45]. Since this process
relies on racl, its small-molecule inhibitor NSC23766
can suppress the uptake of extracellular vesicles by
microglia [52]. Exosomes derived from macrophages
bind to the T cell immunoglobulin and mucin receptor 1
(TIM-1) and enter HBV-infected liver cells through CME
and macropinocytosis, effectively transferring interferon-
alpha (IFN-a) induced anti-HBV activity [53]. However,
this TIM-1-mediated uptake mechanism via CME and
macropinocytosis is not applicable to cell types such as
HepG2 and LX-2 [53]. Mechanisms of internalization
from different types of receptor cells still require further
exploration.

Phagocytosis is initiated by the binding of particles
to surface proteins (such as scavenger receptors) or
through specific receptor interactions, triggering actin
polymerization to form vesicles that enclose exosomes.
Phagocytosis includes professional phagocytic cells
(polymorphonuclear leukocytes, monocytes, and mac-
rophages) and non-professional phagocytic cells that
uptake particulate matter. However, non-phagocytic
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cells lack classical receptors to initiate phagocytosis, but
if appropriate receptors are expressed on the surface of
non-phagocytic cells, phagocytosis can also occur [54].

Lipid-raft-mediated endocytosis is another pathway for
the internalization of exosomes carrying cargo into early
endosomes. Lipid rafts are microdomains rich in choles-
terol, sphingolipids, and protein receptors, whose com-
ponents are highly organized but can freely float on the
plasma membrane [55]. Interference with intracellular
cholesterol transport can affect lipid-raft-mediated endo-
cytosis, thereby reducing the uptake of exosomes [56].

Membrane fusion is also a mechanism by which
exosomes enter recipient cells. During this process, the
membrane of the exosome directly contacts and fuses
with the plasma membrane of the recipient cell, releas-
ing its contents into the cytoplasm. Exosome membranes
exhibit a topology similar to that of the plasma mem-
brane [57, 58] and contain more phosphatidylserine mol-
ecules exposed to the extracellular environment, which
may facilitate their fusion with the membrane of recipi-
ent cells [52, 59]. Additionally, the tetraspanin proteins
CD9 and CD81, which are integral to the exosome mem-
brane, have been shown to participate in the membrane
fusion process [60]. Fusion efficiency of exosome mem-
branes significantly increases under low pH conditions
[35].

The internalization of exosomes carrying HBV components
exhibits selectivity and universality

The binding of exosomes carrying HBV components
to recipient cells exhibits a degree of selectivity, pri-
marily determined by the specificity of membrane
surface receptor interactions. For instance, liver cells
possessing the NTCP receptor demonstrate signifi-
cantly higher efficiency in receiving HBV-positive
exosomes compared to NTCP-negative liver cells
[13]. Nevertheless, a substantial amount of exosomes,
when incubated with NTCP-negative liver cells, still
results in the internalization of viral components
into the recipient cells [13]. After surface modifica-
tion of exosomes with leukocyte interleukin-4 recep-
tor (IL4R) fusion protein, they exhibit specific binding
to IL4R on M2 tumor-associated macrophages (TAM)
[61]. The lipid composition of exosomes also influ-
ences their targeting. For instance, exosomes derived
from glioblastoma cells enriched with phosphatidyle-
thanolamine preferentially target glioblastoma cells,
as well as fibrosarcoma and breast cancer cells.

We speculate that this selectivity only affects the
efficiency of internalization, whereas exosomes con-
taining HBV-related components secreted by HBV-
infected liver cells can be internalized by almost all
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types of cells within the liver. This is attributed to the
fact that hepatocytes, as the most abundant cell type
in the hepatic environment, are involved in the syn-
thesis, transportation, and metabolism of products
and engage in close exchange of nutrients with vari-
ous other liver cell types [62]. Exosomes originating
from liver cells are familiar to other types of liver cells
[63]. Therefore, theoretically, the HBV components
encapsulated within these exosomes can be engulfed
by these cells. Despite variations in uptake efficiency,
multiple cell types possess nonspecific uptake capa-
bilities [64], with some studies even suggesting that
all cell types can nonspecifically internalize exosomes
[41]. Currently, it has been demonstrated that most
cells in the liver environment can receive exosomes
containing HBV antigens, microRNAs, and other
HBV-related components. These cell types include
macrophages [65], NK cells [12], T cells [66], DCs
[67], as well as hepatocytes [13] and hepatic stellate
cells (HSCs) [68]. The phenotypic changes in recipient
cells following the binding of exosomes will be dis-
cussed in the subsequent section.

HBV modifies exosomes to reshape the host
immune microenvironment

Under physiological conditions, exosomes play a crucial
role in maintaining the hepatic microenvironment’s home-
ostasis. However, under the persistent influence of HBV,
donor cells undergo epigenetic modifications, leading to
significant changes in the content of secreted exosomes
[69]. These exosomes subsequently modulate the epige-
netics of recipient cells in the liver [70], controlling their
gene expression patterns and levels of key proteins, such
as pathway crucial enzymes, membrane surface receptors,
and transcription factors. Some exosomes create a host
immunosuppressive microenvironment, leading to virus
persistence and chronic liver inflammation, as shown in
Fig. 3. Others activate immune cells, break immune toler-
ance, and transfer antiviral capacity to eliminate the virus.
Nevertheless, incomplete immune activation may lead to
viral explosive replication and inflammatory stress, ulti-
mately leading to liver failure [71].

HBV-positive exosomes remodel the immunosuppressive
microenvironment in CHB

HBV evades detection and clearance by immune cells
by hijacking exosomes to modify the immune cells’ epi-
genetic inheritance, thus creating an immune tolerance
microenvironment. HBV becomes an “invisible virus”
with occult replication and transmission, posing high
risks of liver fibrosis and liver cancer [29].
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Monocytes

Monocytes, the largest blood cells, and an essential
immune system component, possess strong phagocytic
and deformability abilities [72, 73]. Changes in their pro-
portion may indicate inflammation or disease, serving as
a critical clinical reference index. HBV-infected hepato-
cytes synthesize and release virus-associated exosomes,
including viral proteins, HBsAg, Hepatitis B virus core
antigen (HBcAg), viral DNA, and other viral components
that upregulate the monocyte PD-L1 expression [39],
causing monocyte suppression. However, the mechanism
behind exosomes with viral particles upregulating PD-L1
expression remains unclear. Besides directly assembling
HBYV viral components into exosomes resulting in mono-
cyte dysfunction, HBV can indirectly upregulate exosome
proteins and modify monocyte cytokine expression. For
instance, Jia et al. discovered several upregulated pro-
teins following HBV infection, including proteasome
subunit alpha-7 (PSMA?7), PSMD14, PSMC1, PSMD],
and PSMC2, which belong to the ubiquitin—proteasome
system (UPS) that degrades and modifies proteins [74].
Numerous viruses, including HBV, have been shown to
manipulate the UPS [75, 76]. For example, PSMA?7 has
been demonstrated to interact specifically with the HBx
protein [77]. Consequently, HBV utilizes infected hepato-
cytes to synthesize and load proteasomes into exosomes,
thereby inhibiting monocyte Interleukin (IL)-6 secretion
and reducing its antiviral effect [74].

Macrophages

Monocytes that migrate into tissues from the blood are
called macrophages. These cells process and present
antigens to activate other immune cells, participating
in pathogen phagocytosis and cytokine secretion, mak-
ing them crucial defense cells against infection [78, 79].
To sabotage the macrophages’ role as a “damage sensor’,
HBYV secretes various types of exosomes. These exosomes
modify the macrophages’ epigenetic inheritance, result-
ing in dysfunction. For example, You et al. found that
HBV uses exosomes to deliver miR-27b-3p, directly
inhibiting the target genes retinoic acid-inducible gene
I (RIG-I) and TANK-binding kinase 1 (TBK1) expres-
sion, leading to macrophage dysfunction [80]. Interferon
upregulates nuclear deaminases such as APOBEC3A and
APOBEC3B to exert a direct anti-HBV effect [81, 82].
Macrophages, as essential cells for endogenous inter-
feron production, can detect viruses through pattern
recognition receptors (PRR) such as RIG-I and TBKI,
mediate phosphorylation of interferon regulatory factor
(IRF)-3 and IRF-7, and promote type I IFN gene tran-
scription [83, 84]. Thus, exosomes carrying miR-27b-3p
secreted by infected hepatocytes inhibit endogenous
IEN-a production in macrophages, possibly explaining
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the persistence of HBV. Moreover, HBV-infected hepato-
cytes can release miR-21-enriched exosomes that target
macrophages and suppress IL-12p35 mRNA levels, lead-
ing to diminished IL-12 secretion by macrophages. IL-12
is an important cytokine that activates NK cells, thus fur-
ther contributing to NK cell dysfunction [65].

NK cells

NK cells are crucial antiviral and antitumor immune
cells, capable of exerting direct cytotoxic effects without
MHC restriction and antibody dependence. They can
also secrete various cytokines to regulate the immune
microenvironment and kill target cells [85, 86]. As men-
tioned earlier, HBV can indirectly impair NK cell activa-
tion through the use of exosomes. While also delivering
HBV nucleic acids to directly downregulate RIG-I expres-
sion and inactivate NF-kB and p38 pathways, resulting
in reduced NK cytotoxicity and IFN-y production [12],
which aligns with multiple studies that have found HBV
infection to upregulate representative immunosuppres-
sive factors, block NKG2D and 2B4 activity, and lead to
NK cell dysfunction [87, 88]. In addition, HBV-induced
NK cell dysfunction can also evade immunity by regulat-
ing OX40L expression on plasmacytoid dendritic cells
(pDCs), thereby impairing subsequent NK cell lysis activ-
ity [89, 90]. The expression level of OX40L on pDC was
closely correlated with viral load and HBsAg level. In
addition to the direct effects of free viral particles and
antigenic particles, it has been well documented that
exosomes transport and load HBV proteins and viral
particles [12, 27]. Consequently, we hypothesize that
exosomes may play a crucial role in pDC and NK dys-
function caused by high viral load, but this requires veri-
fication in future studies.

DC cells

DC cells are the most potent antigen-presenting cells,
activating various immune cells during the early stage of
HBYV invasion. As mentioned earlier, they can also acti-
vate NK cells to exert antiviral effects, significantly deter-
mining the prognosis and outcome of HBV infection [91,
92]. When immune cells fail to clear HBV entirely, the
body enters the chronic hepatitis B infection period, in
which DCs determine interferon therapy responsiveness.
However, HBV-infected hepatocytes secrete exosomes
enriched in transmembrane protein 2 (IFITM2), which
acts on DC cells to suppress endogenous IFN-a synthesis
pathways. IFITM2 inhibits endogenous IFN-a synthesis
in DC cells by inhibiting phosphorylation of extracellular
signal-regulated kinase (ERK), TBK, and IRF3 [67].
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T cells

T cells are adaptive immune cells with multiple subsets
and complex functions. It is widely believed that T cell
dysfunction in patients with chronic hepatitis B resulted
from a combination of mechanisms [93, 94]. In line with
this, Enomoto et al. [66] discovered that miR-21, miR-
192, miR-215, miR-221, and miR-222 were elevated in
exosomes secreted by hepatocytes after HBV infection
and downregulated the sequence of IL-21 mRNA expres-
sion in human T cells, resulting in decreased IL-21 pro-
duction by T cells. T-cell dysfunction is a key factor in
the chronicity of HBV infection, yet unfortunately, the
role of exosomes in T-cell dysfunction in hepatitis B is
poorly studied. Research has indicated that exosomal
delivery of high levels of programmed death-ligand 1
(PD-L1) can lead to macrophage dysfunction, indirectly
impairing T-cell function [95]. Additionally, exosomes
from myeloid-derived suppressor cells (MDSCs) can
induce T-cell senescence through the P53 pathway [96].
Therefore, we speculate that exosomes may be involved
in delivering immunosuppressive cytokines, upregulating
inhibitory receptors or ligands, and increasing the pro-
portion of regulatory cells.

The association of exosome-associated inmunosuppressive
microenvironment and hepatocellular carcinoma
development
Tumors should not be regarded as single tumor cells
but as organs composed of various tumor cells and non-
tumor cells with distinct roles constituting the tumor
microenvironment (TME), promoting tumor cell pro-
liferation and metastasis, like the relationship between
seeds and soil. The HBV-infected hepatocyte exosomes
modify recipient cell epigenetic inheritance and create an
immunosuppressive microenvironment. It is the precur-
sor of the tumor microenvironment and provides fertile
ground for developing hepatocellular carcinoma (HCC).
Tumor-associated macrophages (TAMs) are essential
components that regulate and constitute the TME [97],
with TAMs in tumor tissues predominantly exhibiting
an “M2-like” phenotype [98, 99]. HCC-derived exosomes
are rich in long noncoding RNA (IncRNA) TUC339 and
can promote HCC proliferation and transmit to adjacent
macrophages, regulating macrophage cytokine produc-
tion, phagocytosis, and M1/M2 polarization [100].
Moreover, hepatitis B virus e antigen (HBeAg)-induced
upregulation of MAAS expression in M2 macrophages
transfers to HBV-positive HCC via M2 macrophage-
derived exosomes, promoting HBV-positive HCC
proliferation by targeting MAAS promoted the MYC
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proto-oncogene (c-Myc) [101]. Therefore, the chronic
infection of HBV and the HBV-associated exosomes dis-
rupt the hepatic microenvironment’s homeostasis and
suppress favorable immune responses. In contrast, unfa-
vorable immune responses interact with HCC to pro-
mote liver cancer progression.

While most studies suggest that exosomes released by
HBV-infected liver cells promote immune suppression
to facilitate virus replication [12, 27, 65], there are also
findings indicating that HBV-miR-3 exosomes secreted
by HBV-infected liver cells promote macrophage IL-6
secretion, thereby limiting virus replication [102]. Some
research reports that HBV-miR-3 inhibits HBsAg,
HBeAg, and HBV replication [103]. The apparent con-
tradiction of HBV limiting its own replication might be
explained by HBV-miR-3 serving as a negative feedback
control mechanism by the virus itself, which contrib-
utes to mild liver cell damage and the establishment and
maintenance of subsequent persistent infection [103].
Additionally, exosomal HBV-miR-3 appears to play a pro-
tective role in hepatitis B, but it is positively correlated
with HBV DNA, pregenomic RNA (pgRNA), and HBsAg,
which are markers of HBV replication [104, 105]. This
indicates that the reshaping of the immune microenvi-
ronment by exosomes after HBV infection is extremely
complex and cannot be solely attributed to the action of
a single factor.

Immune cells activate and secrete exosomes to break
HBV-associated immunosuppression

As described above, HBV modified exosomes to create
an immunosuppressive hepatic microenvironment. Con-
versely, HBV can also activate host immune responses.
Here, we categorize the immune activation promoted
by HBV exosomes into favorable and unfavorable ones.
Favorable immune activation can be divided into early
and late immune activation. Early immune activation is
characterized by complete and thorough clearance of
HBYV infection during the acute phase, with 15-40% of
HBV patients progressing to chronicity, whereas most
young and middle-aged adults can achieve self-healing
of HBV during the acute phase [106]. For example, HBV-
infected hepatocytes activate immune cells by releasing
exosomes carrying HBV antigens, enabling novel ways
of antigen presentation [65]. Late immune activation is
the stage of chronic infection after the formation of the
HBV immunosuppressive microenvironment, and the
body breaks this immunosuppression to remove the
virus, which can be exemplified by administering inter-
feron to chronically infected patients, where some can
provoke autoimmunity and achieve viral suppression
through exosome transfer of antiviral capacity [107].
And unfavorable immune activation can be divided into
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incomplete and excessive immune activation. Incom-
plete immune activation means that the immune system,
while limiting HBV replication to some extent, does not
achieve complete viral clearance [102, 108], which ena-
bles continuous occult replication of HBV and prolongs
the course of HBV infection, causing persistent infection
and chronic inflammation, ultimately resulting in a high
incidence of liver cancer. Excessive immune response is
manifested as a burst of immune activation caused by
large-scale, short-term viral replication, which is most
likely to lead to liver failure.

Potential applications of exosomes in hepatitis B
As discussed earlier, exosomes play a vital role in the
release, trafficking, and immune microenvironment of
HBYV, leading to an increasing interest in their functions
and potential applications. As depicted in Table 2, they
can be utilized as diagnostic markers and progression
indicators for hepatitis B virus activity and complications
due to their widespread, noninvasive nature and bilayer
lipid stability. As shown in Table 3, their carrier capac-
ity, high biological safety, low immunogenicity, and high
efficacy make exosomes valuable as immunomodulators,
therapeutic targets, carriers for drug delivery, and vac-
cines [109, 110].

Exosomes as potential biomarkers for hepatitis B-related
liver disease

Current imaging techniques have limitations for early
diagnosis and predicting hepatitis B-related diseases and
complications. Liver biopsy is highly accurate but not
the first choice for diagnosis due to its invasive nature
[111, 112]. Since exosomes carry mRNA, miRNA, long
noncoding RNA, DNA, nucleic acids, and proteins of
the hepatitis B virus, they can accurately and specifically
reflect the epigenetic status of recipient cells and the
liver immune microenvironment [113]. Almost all cells
can secrete exosomes, which are present in most body
fluids, such as blood, cerebrospinal fluid, urine, ascites,
lotions, saliva, and others [114—116]. Exosomes’ nonin-
vasive, accurate, specific, and widespread nature makes
them more clinically feasible as biomarkers for hepatitis
B-related liver disease [117].

Exosomes as potential biomarkers for hepatitis B cirrhosis

Histological evaluation remains the “gold standard” for
diagnosing and assessing cirrhosis, and more accurate
indicators are urgently needed to assist the diagnosis.
Serum exosomes miR-92a-3p and miR-146a-5p are supe-
rior to aspartate aminotransferase-to-platelet ratio index
(APRI), fibrosis index based on four factors (FIB-4), and
liver stiffness measurement (LSM) in diagnosing severe
fibrosis in CHB patients, providing a new noninvasive



Page 12 of 25

(2024) 22:315

Wu et al. Journal of Nanobiotechnology

BysgH pue

YNY6d 'YNQ AGH YHM $318[24103 A|pAIIsod €-yIu-AgH
UoNDJUI AGH Jo)je poojq (el

-yduad ur yNyiw ewseld [esayduad Jo Siayiew [9AON

uols
-salboid sisolqy paiedosse-g sieday Jo siaylew ayy
SISOUID Palejal-g siieday Yyim

syuaned 1oy Jayewolq onsoubold mau [epuslod

e S| pue 21023 73N Y1m paie|a1iod Ajaapisod pue
Apuedyiubis si uoissaidxa ADHY [BUIOSOXD WNJISS

syuaned gHD Ul SISoIqy JO A1I9ASS a1 asoubelp
ued dg-egy | -yiul pue dg-ez6-YIW [BUIOSOXD WINISS

1uswWieal) AJes woly pauleb siys
-Uag ay3 121paid 01 pue 41DV-AgH a5oubelp 01 pasn aq
1yBIW 1ey1 2in1eubIS J9xIeWOIG YNY-H LA SAISBAUIUOU

41DV-AgH Ul Aujeriow

Kep-0p bundipaid 104 9102 13N UBY] JSMIeWOIq 1)
-19G € 90 AeW | ]IN YNYOU| [BLOSOXD WNISS (100 >)
261 MOJ3Q 350U UBY |[BAIAINS JOMO| 9ARY 76’ | 9A0QR
SI9AS] LLVAN YNYRUl YUM 41DV-AgH YIM siuslied

41DV
-AgH Ul paseaIdap pue gHD Ul pasealdul Sem {DHIA pue
£90D 'g1v buluieluod sswosoxs Jo sberusdiad ay |

SIS0IQY JaAI] pUB DDH JO Sisoubelp

Auel|Ixne Joy siasewolq buisiwoid ag Aew 4p\A pue
1d3AS "DDH JO uonen[eAa sisoubelp ay3 10 SI0IeJIpUl SB
UONEUIGUUOD Ul pasn 8 PIN02 60D PUB ‘L LEAY dd1
ewoUIDIeD Je[njjd03eday JO

uoeuwlIojSsuel) Jueubjew ssxouoid pue ‘uoielbiul pue
uolseAu] soyowloud ‘sisordode sassauddns ‘N1 d
SHGIYUI YDIYM ‘GG L-YNYOIIW 33einbaidn ued xgH
SISOy pue

g siiieday 21U0Iyd Y1m syuaned wolj eudoudied
Jejn||9201eday S1eNUIBYIP O PasNn ¢ ued syuafied
JDH Ul 1988700 24107 BSY SUIOSOXD WNJS Padnpay

sanssiy olsejdoaueled Yum pasedwlod sanssi euwlou
-12JeD Je|nj|9d01eday Ul pasealdul sem dg-eGe | -yiw

E-dIW-AgH

6908
~HIW pue /8/G-YIW « dg-0GL-YIW « 9T L-YIN

CCCdIN

ADHY
dg-egp|-yiw pue dg-ece-yIN

617C-YNYSI PUB ‘Op-YNYS
'0Z-YNYS} ‘dS-6£€-yiw ‘dg-£zz-yiw 'de-qez-HiN

LIVAN VNY2U|

4D3A PUe £90D 'V

dg97 PuUB LLEAN YMA "LdIAS d971'60D

SSL-YIN

1988700 241> BSH

dg-ege | -YIN

| COEmhmgwm 2WOSOX9 9y |

uolebnyiIusdRIN

uwin|od uoleledas A3b

13} UOIIR|OS| SUWIOSOXT [R10]

uonn|os | YIND-0x3

uonebnyuIude|N

Aydeibolewolyd uoisn|axa 3zIS

1} >dInbox3

eUISE|d PUB WINJSS 0}
13} UONRJOS| AF BN DINDOXT

uolebnyuIuadeI|N

pooig

pooig

$|193 2O a3yl
-AgH Jo ue)
-eusadns 21nN>D

pooig

pooig

poolg

pooig

pooig

pooig

pooig

pooig

SL'zgodeH Jo
1ueleusadns
Ny

gHD Ul SIS0IqlY JaA]

gHD U! SIsoiqy JoA|

gHD  [SOLle1s uen

gHD pue siatied-AgH  [/81] |e 18 Buem

(39] ‘|e 38 Bueyz

[0z 1] [e 18 buoy

gHD ursisoiqu JaAl| [81 1] e 13 Buem

41OV-AGH [9¢1] e nx

41DV-AgH  [Zz1] 818 0D

JDV-AGH  [871] e 19 oelr

DDH-AGH ‘gHD [czil e s

DDH-AGH iZ4 I NERERYIN

DDH-AGH  [Lz1] 18318 Buem

DDH-AgH €Il R 10 I3

suoppun4

1 ewolg

uoI1}e|0S] SWOSOX]

©921N0S 2WO0S0X]

o9}e)s asessig BEPDUERETEY |

SI9¥{IBW [PLOSOXD 95PaSIP Palejal pue g siitedsH g ajqel



Page 13 of 25

(2024) 22:315

Wu et al. Journal of Nanobiotechnology

Kemyed

Buljeubis 1vISHVI 243 buneainoe pue
sabeydoidew Ul gSOOS Bunenbal
-UMOp AQ UO112133s 9-7| abeydoidew
sa10Woid SAUWOSOXS PaAIIaP-14D0
-Jeday pPa1dJUI-AGH Ul €-YIWU-AGH
D-N4| SNOUSHOPUD JO SISALIUAS Y1
91BNUS1IE 0} £4Y| pUB |Yg JO UohelAl
-oydsoyd suqiyur Ajjerrusanbas pue
/143 Jo uonejfioydsoyd sugiyul sjjed
@ 01 ZNLIHI 4o Lodsuel) [PwOSOX]

uolssaidxa | 1-ad
pawwelboid jo uonenbaidn ybnoiyy
sa1400uowW Jo uolssaiddnsounuiw|

TTT-HIW pUB | Z2-YIW ‘G Z-giw
'T61-YIW ‘| Z-YIW JO uoneandesuei Aq
PaUGIYUI SI S|[9D | Ul | Z-T] JO UOIssaidx]

skemyied aseupy uiioid paieAlde
-uabolw ged pue gi-4N Jo abexd0|g 01
Bulpes)| |-OJy Buigiyul Ag uopouny
192 YN Jredwl s9u0soxa aAIsod-AgH
A)AIIDR DnA|0IpAY aseaold

Bunenbas Aq uonaidas 9-| 1A00UOW
1qIyul s103dad31 A1oreinbas u104d 1u
-NQNS aWosea10id PaIaAIISP-2UI0SOXd
paAlIap-914001eday Pa1dJUI-AGH

Z1-11 40 uonenbai

-umop ul buninsal ‘sobeydoldewl ui
uojssa1dxa YNYWORdz L1 Buiaiyul
Agalay3 ‘sobeydoioeul 0} pauajsuel|
Pa1RA[IDE () O} 5[]

SN 4O Aljigeur pue 17| Jo uoenbal
-Umop ul bupnsal ‘ssbeydoidew uj
uoissaidxa yYNyWw sedz L1 bunigiyu
aseaal

UOJ}I21U] padNpal 0} Aj21ewWin pue
uolssaidxa |yg1 pue-1-Diy 40 uoniqiyu

sobeydoiepy

2d

s21400U0W

sfi#d 1

AN

s21400U0

sabeydoiepy

sabeydoiepy

sabeydoiepy

E-4IW-AgH

CNLHI

syusuodwod [eliA 12410 pue YNJ
[edIA ‘BYOgH ‘BysgH ‘sutaroid [eAIA

Ccdlwpue
LTT-gIW 'S LZ-gIW ‘T6 L-HIW ‘L C-HIN

pide J3PNU AgH

7 LdWSd pue
LAWSd 'LANSd ‘TOWSd "L DINSd se
UYons suraioid JUNGNS SWOSea10ld

B6C-dIN

LYW

de-g/z-HIn

sa1A001eday Pa1d2JUI-AGH

sa14001eday pa1d9jul-AgH

s91A001ed3Y PR1IJUI-AGH

sa14001eday Pa1dRJUI-AGH

sa1401eday Pa1dRJUI-AGH

sa1£001eday PR1>JUI-AGH

sa14>01eday Pa1dRJUI-AGH

sa14001eday pa1d3jUI-AGH

s914001ed3Y PR1IAYUI-AGH

uone[npowouNwW|

uonenpowounudw|

uonenpouwounudw|

uopenpouounudw|

uonenpowouNwW|

uonenpouwounudw|

uonenpouwounudw|

uonenpoudounudw|

uonenpouwounudw|

[c0l] e e oeyz

[£9] e 19 1IYS

[6€] 1B 38 Pfezpiey

[99] ‘e 19 0J0WOU]

[21]e1o bueh

TZANI=BEL-]lg

[59] 213 pjermnoy,

[59] ‘[ 19 Plemnoy

[08] " 32 NOA

suonpun4

1190 Juaidday

obie>

s||9> JouoQg

payiddy

PERILEXET ]

$95e3SIP palejal pue g siizedsy ul suoned)dde jenusiod swosox3 € ajqel



Page 14 of 25

(2024) 22:315

Wu et al. Journal of Nanobiotechnology

DDH-AGH Ul ZdINVA

/ds-eGe | -yiw ybnoiyy adueisisal [ed
-lwsyd pue ‘uofresyljoid |92 ‘sisoydode
-llue pajowold pue dg-eg¢ | -HIW [euOS
-0Ox3 JO uolssaidxa ay3 paiejnbaidn ogH

s1939)9 onoydode-jiue bupelpaw Aq
Adelayyowayd uapuadap-(YIND)
Abeydoine o1 Jueisisal s egdwie]

dIHH pue

| 74D Jo uoissaidxa-02 ay3 buissaid
-dns Ag JuswdojaAap ewouIed
Je|n||@>03eday sayowoid g sieday
DIUOIYD Yum Ssyuaiied JO SSWOSOXa
poo|q [elayduad ul de-Gz-yiw

$||9 21||91S JO UOIIRAIIDE 35NED)

UOI1BAIIDE DSH Pasnpul-yieap
uoll JO uonigIyul o 19bie1 dianadesayy
lenuaiod e s| sa14001eday pa1ddjul
-A\gH Ul ¢ZZ-yiw [ewosoxa buydolg

DDH Ul 2AN-2 Bunabier Ag JDH-AgH 1o
uonesayjosd ayy serowoid SyyIN

4V JO AVAIDR [BIIAIUE DU} IO}

|BI}USSSD S| pUP SUO|E USRI} V|

40 1eY3 ueyl 1Ual0d S10W S 4|1 LOH
VNHOU| [BUIOSOXS JO 109)J9 |ediAlue ay |

9ouanbas dlwousb AgH ay3 Jo
£5/7-0S/ suonisod o1 Buipuiq Aq
S|9A9] YNY J2buassaw asessuwAjod pue
VNY dlwouabaid sadnpal dg-/G-HIN

skemyed

JUSpUdIP-SAYIN PUB L-NYDIL
'38QAW JO uoneNwIns ybnoayy
spuebi| gzOMN 4o uolssaidxa abeydol
-DBW 9DNPUl SDUIOSOXS PIALISP
-914001eday Pa1d3jul-g shiredaH

DDH-AGH

DDH-AGH

DDH-AGH
OSH

OSH

DDH-AGH

DDH-AGH

s914001ed3Y PR1IJUIAGH

sabeydoiepy

dg-ege | -YIN

ezdwe

de-Sz-YIN
u12104d-XgH "YNYW-XgH

CCCdIN

(SYVW)LSY ™ SHdVMIdYIN

dILIOH VN2

ds-p/S-dIW

pide JI3PNU AgH

sa14001eday Pa1dRJUI-AGH

sa1A01eday Pa1dRJUI-AGH

sabeydoisew g\

sabeydoioew paieal-4v|

sabeydoudeyy pa1ealt b-N4|

s914001ed3Y PR1IYUI-AGH

s19b1e1 1ueIsIsal-6nig ISAREREIEIN

s19bue1 1UrISISaI-BNIq ISINERENE

s1obie| onadesay  [881] ‘|e 19 bueAnp
s1obie] onnadesay] /7] e 19 Joodey

s1obie] dnnadesay | [89] e 10 bueyz

uoeNpowoUNWW| [101] Je 12 oe|

uonenpowouNww|

(S ANERENIN

uoleNpoWoUNWW| O REREIIYY

uonejnpowounww|  [S9] ‘e 13 Iemnoy)

suonoun4

1193 waidday

obied

s||93 JouoQg

panddy S9DUIDYDY

(panunuod) € ajqey



Page 15 of 25

(2024) 22:315

Wu et al. Journal of Nanobiotechnology

piwse|d uolssaldxa AGH X 7L Yum
p3103jsuell §}192 /HNH Joidadal aya ul
syuswbely Jajjews 01 YNg AGH

9AB3|D pue uR10ld 6sed/IAgGHD
[PUOIIDUNY ALIED OS[E P|NOD SAWOSOXD
pasnpoid-||23 OHD Jouop 3y

DDH PUE SIS0Iqy J3AI| D1UOIYD

‘AInful JaA1| 91NJE JO S|9POW dSNOW Ul
[ennuarod dnadelsy) 1usrod smoys
1wy pue 13udD 'YINNd Bunabie
uonsodsp

ND3 pug UoieAlde HSH JO uoligiyul
Adeisyy uoisy

-J91Ul JO sSauUdAISUOdsaI a1 Bundipald

N4I-63d yum
p=aieail Ecobmg gHD Ul UOISISAUOD
-019s ByagH 101paid 01 siayiewolq
|9AOU Se 9AISS Aew dg-7z-HIw pue

dG-6 | -HIW [BUIOSOXD WNIIS Sul|aseg

BysgH

9214 01 pasedwod uondnpoid Apogue
Db Jo 9duU3bIBWS Y1 Buleld|ede pue
asuodsal sunwiul ay) bupueyua
‘asuodsal sunulwi aA139104d 3y
2A0JdWl 01 pasn g ued ‘uabliue yum
P2123(Ul-02 Uaym ‘pue BySgH 10}
S)UBAN[PE Se Pasn aie S9UI0SOX]

piuwsed
uoIssaIdxa AGH X 7' | Yaim
pa123jSUeI1 5||90 /HNH

OSH

658D pue yYNyb -

uraoidoapnuogi 6seD -
NdO bunsbiel yNyIS -

CNLEI -

de-zz-yiw pue ds-p6 L-YIN -

Bunipa auab jo A1anl9p

Bupa auab Jo A1anilop
sJalied bnipoueN

uswi
-1e341 0} SSaUBAISUOASsaI BulidIpald

uaw
-}eai} 0} ssauaAIsuodsal budIpald

S1UPAN(pE UIDOBA

[LS1] e UaYD

[cS1]1e 12 uep
[1¥71] 1838 bue|

[£9] [ 13 1YS

[SANERENT

(5511 e 19 snsar

suoppun4

1190 Juaidday

obiey s||9> JouoQ

payjddy

FERIVEXET ]

(Panunuod) € ajqey



Wu et al. Journal of Nanobiotechnology (2024) 22:315

alternative [118]. In addition, prognostic scoring systems
to assess patients with cirrhosis include the Child-Pugh
score, the Model for End-Stage Liver Disease (MELD),
and the MELD-Na score [119]. Recent studies have found
that serum exosomal AHCY expression is positively cor-
related with the MELD score, and the predictive power
of serum exosomal AHCY mortality in HBV-related liver
cirrhosis (HBV-LC) patients is higher than that of the
MELD score and Child-Pugh classification, with a sen-
sitivity and specificity of 93.41% and 76.00%, respectively
[120].

Compensated cirrhosis is asymptomatic and revers-
ible, while decompensated cirrhosis has poor quality of
life and severe life-threatening complications. Therefore,
early detection and timely intervention are essential for
reversing cirrhosis. Although there are still relatively
few studies on exosome markers for hepatitis B cirrho-
sis, we believe that exosome shuttling between hepatitis
B-infected hepatocytes, stellate cells, and immune cells
may hold the answers we seek.

Exosomes as potential biomarkers for hepatitis B
hepatocellular carcinoma

Early detection of HBV-related HCC is directly related to
the survival time and prognosis of patients, and in addi-
tion to blood tumor markers, markers of exosomes can
also collectively constitute predictors. For example, Hsa_
circ_0028861 can detect smaller, early alpha-fetoprotein
(AFP)-negative tumors [121]. In addition, lipopolysaccha-
ride-binding protein (LBP), kappa variable 3—-11 (KV311),
and complement component C9 (CO9) can be used in
combination as indicators for HCC diagnosis and treat-
ment evaluation [122]. Compared with other causes of
HCC, HBV-related HCC can regulate exosomal micro-
RNA through HBV-related proteins, altering the epige-
netic inheritance of target cells and promoting tumor
progression. For example, HBc upregulates miR-135a-5p
expression in HBV-infected hepatocytes and is transmit-
ted via exosomes to adjacent or distant recipient cells,
leading to reduced vesicle-associated membrane pro-
tein 2 (VAMP2) transcription, thereby promoting tumor
resistance to apoptosis, cell proliferation, and drug resist-
ance in HCC [123].

Moreover, HBX can upregulate the expression of
microRNA-155 in exosomes and tumor tissues, which
in turn targets and inhibits Phosphatase and tensin
homolog deleted on chromosome ten (PTEN) to inhibit
apoptosis and promote invasion and migration of HCCs
[124]. Therefore, the above article suggested that exo-
somal miR-135a-5p and microRNA-155 could serve as
markers and prognostic indicators for hepatitis B-associ-
ated HCC. However, exosomal markers on HBV-related
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HCC must be comprehensively collated and evaluated to
improve the sensitivity and accuracy of adjunctively diag-
nosing early HCC.

Exosomes as potential biomarkers for hepatitis B
virus-related acute-on-chronic liver failure

HBV-related acute-on-chronic liver failure (ACLF) has a
short-term mortality rate of 50-90% [125], necessitating
early detection and aggressive management. Plasma exo-
somal small noncoding RNA (sncRNAs) (miR-23b-3p,
miR-223-3p, miR-339-5p, tsRNA-20, tsRNA-46, and
rsRNA-249) in HBV-ACLF patients were significantly
different, with high specificity and sensitivity [126]. Addi-
tionally, for prognostic assessment of HBV-ACLE, serum
exosomal IncRNA nuclear-enriched abundant transcript
1 (NEAT1) may be a better biomarker than the Model
for End-Stage Liver Disease (MELD) score for predicting
90-day mortality in HBV-ACLF [127], because IncRNA
NEAT1 may be associated with a dysregulated innate
immune response leading to enhanced replication of
HBYV, allowing for more direct assessment of the liver
microenvironment. Exosomes containing albumin (ALB),
CD63, and vascular epithelial growth factor (VEGF) may
be accurate markers and prognostic indicators for assess-
ing liver regeneration [128]. Therefore, exosomes can
aid early diagnosis and prognostic indicators of HBV-
ACLE, helping determine disease changes and adjust
management.

Exosomes as potential biomarkers for chronic hepatitis B

It is easy to determine whether there is an HBV infec-
tion, such as by checking serum HBsAg and HBV
DNA. Recently, it has also been reported that exosomal
HBV-miR-3 is positively correlated with HBV DNA,
pregenomic RNA (pgRNA), and especially HBsAg [105],
and it can be used as an indicator to assist judgment.
However, the staging of hepatitis B relies on liver tissue
biopsy to confirm, but it is too costly for patients. As
such, few patients with hepatitis B undergo liver biopsies
to assist staging clinically. Many patients do not belong to
the classical four periods of hepatitis B but fall within the
indeterminate period, meaning there are no clear antivi-
ral treatment standards for hepatitis B at each stage [129].
While exosomes serve as sensitive communication car-
riers between donor and recipient cells, although there
are no exosome markers reported to assist in hepatitis B
staging, we believe that exosome markers that respond to
viral replication, damage and repair of hepatocytes, liver
function status, and non-parenchymal cell stress will be
combined in the future to provide a reference for hepati-
tis B staging.
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Exosomes as a potential therapeutic tool for hepatitis B
and related liver diseases

As previously mentioned, HBV utilizes exosomes to
release, transport, and reshape the immune microenvi-
ronment. Furthermore, exosomes play a dual role in the
treatment of hepatitis B. The use of exosomes in treat-
ing hepatitis B and related liver diseases includes immu-
nomodulators, potential therapeutic targets, modulation
of chemotherapy antagonism in hepatitis B liver cancer,
prediction of drug responsiveness, carriers for drug deliv-
ery, vaccines, or adjuvants, as shown in Fig. 4.

Exosomes as immunomodulators

Exosomes play an important role in communication and
delivery between HBV-infected hepatocytes and immune
cells, mainly by delivering microRNAs, proteins, and
other substances. These components modify the epige-
netics of recipient cells and regulate the immune micro-
environment, such as immunosuppression and immune
activation, as discussed in “HBV modifies exosomes
to reshape the host immune microenvironment” sec-
tion. Exosomes can be employed to suppress unfavora-
ble immune responses and activate favorable ones.
According to the currently reported immune responses
involved in exosomes associated with hepatitis B-related
liver disease, favorable immune responses include:
first, exosomes activate immune cells to exert antivi-
ral effects, such as exosomes of HBV-miR-3 secreted by
HBV-infected hepatocytes act on macrophages, promote
IL-6 secretion, and limit viral replication [102]. Second,
immune cell-associated exosomes act on infected hepat-
ocytes and transfer their antiviral capacity. For instance,
exosomes can transfer IFN-a associated miRNAs from
macrophages to HBV-infected hepatocytes and exhibit
antiviral activity against HBV replication and expression
[107]. Exosomes can also transfer TAF treatment-asso-
ciated IncRNA HOTTIP from macrophages to HBV-
infected hepatocytes and exert antiviral effects [130].

In contrast, in the current study of exosomes in hepa-
titis B-related liver disease, the unfavorable immune
responses include: first, exosomes inhibit immune cells
and reduce their antiviral capacity. For example, hepato-
cytes of HBV secrete exosomes containing miR-27-3p,
miR-21, and miR-29a acting on macrophages, which
inhibit interferon synthesis and IL-12 expression in mac-
rophages, and suppress their antiviral activity [65, 80].
Second, activation of tumor-associated immune cells
promotes tumor proliferation. For example, increased
MAAS in M2 macrophages promote HBV-HCC cell pro-
liferation via M2 macrophage-derived exosomes [101].
However, it is challenging to isolate exosomes that pro-
mote favorable immune responses precisely. However,
it is possible to enrich them by providing some cellular
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stimulation, such as those secreted by immune cells
stimulated by antiviral drugs and interferons. Moreover,
exosomes secreted by immune cells tend to have a more
potent antiviral capacity, such as exosomal IncRNA HOT-
TIP, which is more effective than TAF treatment alone
and is essential for the antiviral activity of TAF [130]. In
addition, since the vast majority of exosomes secreted by
HBV-infected hepatocytes inhibit the antiviral effects of
immune cells, unfavorable immune responses can also be
suppressed by inhibiting the secretion of exosomes from
HBV-infected hepatocytes. However, exosome inhibitors
cannot precisely identify HBV-infected hepatocytes and
may inhibit exosomes from all cells. So appropriate medi-
cation timing can be selected according to the strength of
the interaction between HBV replication and the body’s
immunity. When HBV infection is dominant and the
favorable immune response weakens, hepatocytes secrete
more exosomes that inhibit the antiviral effect of immune
cells. The administration of exosome inhibitors may have
good therapeutic effects in these cases. Nevertheless,
further development is needed to improve the type and
safety of exosome inhibitors.

Exosomes as a potential therapeutic target for hepatitis B
Exosomes participate in various processes of hepatitis
B development, such as HBV replication and secretion,
liver fibrosis process, and HCC development. As such,
they can also serve as potential therapeutic targets. In
addition to modulating the immune cell response, as
mentioned in the previous section, exosomes regulate the
phenotype of stellate cells and promote the development
of liver fibrosis.

For example, in a mouse model of fibrosis, stress-ele-
vated tribbles pseudokinase 3 (TRIB3) interacted with
sequestosome 1 (SQSTM1) to promote the secretion
of INHBA/Activin A-rich exosomes from hepatocytes
and activate HSCs to promote liver fibrosis [131]. HBV-
infected hepatocytes can also secrete MiR-222 and HBX
to promote the activation of HSCs [27, 68]. In contrast,
Kupffer cells produce endogenous miR-690 and transport
it via exosomes to hepatocytes, recruited hepatic mac-
rophages (RHMs), and HSCs, directly inhibiting de novo
adipogenesis in hepatocytes, inflammation in RHMs, and
activation of HSCs [132]. Consequently, the progression
of hepatitis B fibrosis can potentially be delayed by pro-
moting the secretion of exosomes that inhibit fibrosis,
interfering with the secretion of exosomes that promote
fibrosis, or producing therapeutic exosome-targeted
fibrosis treatments.

Exosomes regulate drug resistance in hepatitis B liver cancer
HBV-positive HCCs can modify the epigenetics of
recipient cells through exosomal delivery, leading to
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resistance to chemotherapeutic agents. For example,
HBV-associated exosomes can deliver lysosome-asso-
ciated membrane protein (Lamp2a) and miR-135a-5p,
mediating anti-apoptotic effects and diminished chem-
otherapeutic responsiveness [123, 133]. This results
in HBV-associated tumors being less sensitive to tran-
scatheter arterial chemoembolization (TACE therapy)
than non-HBV-associated liver cancer. Chemotherapy is
an option for patients with advanced HCC, but insen-
sitivity to chemotherapeutic agents leads to poor treat-
ment outcomes. Moreover, resistant cells secrete and
deliver exosomes to sensitive cells, facilitating angio-
genesis and EMT, further inducing multidrug resist-
ance [134]. Thus, exosome-based treatments for tumor
resistance appear feasible and have achieved prelimi-
nary efficacy in colorectal cancer [135-137], although
such treatments have not yet been reported in hepatitis
B-related liver cancer.

Exosomes predict drug responsiveness

Pegylated interferon (Peg-IFN) offers advantages over
nucleoside analogs (NAs), including shorter treatment
durations, higher HBeAg seroconversion/HBsAg loss
rates, and better post-treatment immune control in
HBeAg-positive patients [138]. However, Peg-IFN ther-
apy often comes with adverse side effects. Therefore, it
is essential to identify potential responders and non-
responders before starting Peg-IFN therapy. Exosomal
miR-194-5p, miR-22-3p, and IFITM2 can improve pre-
diction accuracy and reduce the treatment exposure for
these potential non-responders [67, 139].

Exosomes as a vehicle for drug delivery

Exosomes are biologically derived membrane-bound
nanovesicles characterized by stability, biocompatibility,
low immunogenicity, and the ability to cross biological
barriers [140]. These attributes make them natural drug
delivery carriers. For example, Osteopontin (OPN) plays
a crucial role in liver fibrosis, and reducing OPN expres-
sion can attenuate oxidative stress and fibrotic processes.
Using exosomes as delivery vehicles for small interfering
RNA (siRNA) OPN significantly inhibited HSC activa-
tion and ECM deposition compared with naked siRNA
OPN [141]. However, drug delivery via exosomes is
inseparable from advances in artificial exosome tech-
nology and technology for drug-loaded exosomes [142,
143]. Although targeted delivery of drug exosomes
in hepatitis B-related liver diseases has been rarely
reported, they have been utilized in various diseases
[144—146] and may offer new hope in treating challeng-
ing cases such as antiviral treatment for hepatitis B and
its complications.
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Exosomes as HBV gene editing delivery vehicles

In addition to drug delivery, exosomes can be loaded
with clustered regularly interspaced short palindro-
mic repeats/CRISPR-associated protein 9 (CRISPR/
Cas9) systems for genomic intervention in target cells.
For instance, exosomes loaded with CRISPR/Cas9
expression plasmid can inhibit the expression of poly
(ADP-ribose) polymerase-1 (PARP-1), thereby induc-
ing apoptosis in ovarian cancer cells and enhancing the
sensitivity of chemotherapy [147]. Similarly, studies lev-
eraging exosomes carrying CRISPR/Cas9 to edit genes
and alter the characteristics of cancer cells have been
widely reported [148—150]. Moreover, in treating hepa-
titis B, endogenous exosomes have shown potential for
delivering single guide RNA (gRNA) and Cas9 protein
to cleave transfected HBV DNA and disrupt the HBV
genome [151]. Furthermore, in addition to disrupting
the HBV genome, exosomal Cas9 ribonucleoprotein
(RNP) delivery by targeting p53 upregulated modulator
of apoptosis (PUMA), cell cycle protein E1 (CcnEl) and
K (lysine) acetyltransferase 5 (KAT5) in mouse models of
acute liver injury, chronic liver fibrosis, and HCC showed
powerful therapeutic potential [152]. Thus, the exosome
delivery CRISPR/Cas9 system is an effective tissue-spe-
cific gene therapy route. However, there is still a need to
produce stable and efficient engineered exosomes, and
challenges related to the off-target effects of gene editing
require further optimization.

Exosomes in HBV vaccines
Based on existing reports, exosomal vaccines can be
classified into prophylactic and therapeutic vaccines.
Due to their ability to efficiently carry and deliver viral
nucleic acids and proteins that act as antigens or ago-
nists for innate immune receptors, exosomes have the
potential to serve as prophylactic vaccines or adjuvants
[153]. For example, antigen-loaded exosomal surface
antigenic epitopes are expected to be more efficient than
their presentation with natural proteins, possibly carry-
ing intact HBsAg within and on their surface, stimulating
B cells to induce Thl-type memory cells [154]. In addi-
tion, activated immune cell exosomes can transfer anti-
viral effects. Natural exosomes produced after monocyte
stimulation can act as adjuvants for the HBsAg vaccine,
enhance cellular immune response, and accelerate IgG
antibody production compared to free HBsAg [155].
Moreover, due to their immunomodulatory function,
exosomes can activate immune cells and break immune
tolerance, serving as a therapeutic vaccine for malignant
tumors [156, 157]. Tumor-derived exosomes loaded with
tumor antigens can significantly enhance immune cells’
recognition and antigen presentation. For example, an
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exosome-based tumor antigen-assisted co-delivery sys-
tem effectively induced tumor antigen-specific immune
responses and inhibited murine melanoma B16BL6 cell
growth in mice compared to simple co-administration
[158]. In addition, T cell exhaustion triggered against
tumors can also be reversed by exosomal vaccines, stim-
ulating a larger cytotoxic T lymphocyte (CTL) antitu-
mor response [159, 160]. Research with exosome use in
other tumors indicates the potential for application in
advanced hepatitis B-related liver cancer.

Advantages and challenges of exosome therapy
Advantages of exosome therapy

Endogenous nature is a significant advantage of
exosomes. Compared to liposomes and other nanopar-
ticles, exosomes are secreted by cells of the organism
itself, reflecting the physiological status of the body’s
microenvironment and possessing low immunogenicity.
Therefore, exosomes hold broad and unique advantages
in the field of disease diagnosis and treatment. Due to the
similarity in structure and composition between the exo-
somal membrane and the cell membrane, recipient cells
exhibit higher efficiency in uptaking exosomes compared
to other nanocarriers. Additionally, surface proteins on
the exosomal membrane can interact with surface recep-
tors on cell membranes, directly activating signaling
pathways in recipient cells and facilitating membrane
fusion and internalization processes [161].

Furthermore, exosomes possess innate therapeu-
tic properties. In the absence of cargo loading, natural
exosomes can exert therapeutic effects. For example,
exosomes secreted by mesenchymal stem cells have
been shown to promote macrophage polarization to the
M2 phenotype in various diseases, suppressing exces-
sive inflammatory responses and repairing tissue dam-
age [162, 163]. Exosomes derived from various immune
cells can break immune suppression in the tumor micro-
environment, promote immune activation, and restrict
tumor growth [164, 165]. Additionally, exosomes from
plant sources show promising prospects. For instance,
exosome-like nanoparticles derived from artemisinin and
ginger can treat cancer [166, 167], while vesicles derived
from ginger, mulberry bark, and garlic can modulate
the gut microenvironment [168—170]. These exosomes
themselves have therapeutic effects, and if their con-
tents are artificially enriched or loaded with drugs, they
can exhibit more efficient therapeutic effects than other
nanocarriers.

Challenges of exosome therapy

Research on exosome therapy in hepatitis B began
approximately 10 years ago, and the therapeutic potential
of exosomes in hepatitis B-related liver diseases has only
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been recently recognized. Exosome therapy in hepatitis B
is still in its early stages, mostly consisting of in vitro and
animal experiments, with limited identified therapeutic
targets.

Firstly, the challenge lies in exosome isolation tech-
niques. Although various methods have been devel-
oped for isolating and purifying exosomes, each has its
drawbacks. For instance, ultracentrifugation, the most
commonly used method, offers significant advantages
in separating components with significantly different
sedimentation coefficients [171] but is time-consuming
and may lead to structural damage and aggregation,
hindering downstream analysis [172]. Commercial
exosome isolation kits offer time-saving, high activity,
and good integrity, but are expensive, yield low quanti-
ties, and have low purity [173]. Some studies propose
combining multiple purification methods to capital-
ize on their respective advantages, such as combining
size-exclusion chromatography (SEC) with differential
centrifugation [174], but this may extend extraction
time and lower activity. Moreover, different exosome
isolation methods result in varying particle size distri-
butions, particle numbers, and protein contents [175].
Thus, further improvements are needed in exosome
purification methods to ensure purity, activity, and
standardization.

Secondly, exosome storage poses challenges, as they
are difficult to store long-term. Previous studies sug-
gested that the best storage method is freezing at — 80 °C
[176]. However, research has shown that compared to
freshly extracted exosomes, storage at — 80 °C for 4 days
alters exosome morphology, and their biological activity
decreases after 28 days [177]. Recently developed col-
loidal systems with buffer and optimized parameters for
exosome freeze-drying significantly extend the shelf life
of exosomes [178]. However, there still exists a gap in
clinical applications.

Thirdly, difficulties in loading drugs into
exosomes. Drug loading methods for exosomes can be
categorized into pre-separation loading and post-sepa-
ration loading methods. Pre-separation loading involves
loading drugs during exosome biogenesis in parent
cells, also known as in vivo or endogenous loading. This
method has been successfully reported for the delivery of
siRNA and miRNA [179] but still faces challenges such as
difficulty in standardizing loading efficiency and suscep-
tibility to parent cell growth conditions. Post-separation
loading, also known as ex vivo or exogenous loading tech-
niques, involves loading drugs into exosomes after isola-
tion using passive or active encapsulation techniques.
This method offers more controllable loading efficiency
and enables manipulation and measurement of encap-
sulated cargo quantities, addressing the shortcomings of

arise



Wu et al. Journal of Nanobiotechnology (2024) 22:315

pre-separation loading. However, post-separation load-
ing may lead to disruption of exosomal protein structure,
affecting their activity, as well as issues such as exosome
aggregation, membrane damage, and low yields [180].
Therefore, optimization of exosome drug loading meth-
ods is still required to ensure exosome activity and load-
ing efficiency.

Fourthly, the specificity of exosomes needs to be fur-
ther enhanced. Surface modification is an effective way
to improve the specificity of exosome delivery by using
exosomal surface proteins as affinity tags and modifying
specific proteins onto the exosomal surface [181]. Sur-
face modification has been successfully used to enhance
exosome targeting to brain cells and improve their ability
to cross the blood—brain barrier [182]. Similar to other
nanomaterials, exosomes can undergo in vitro surface
modification. However, as exosomes are endogenous,
their surface adhesion molecules, lipids, and ligands are
influenced by parent cells, and modifying parent cells can
also enhance exosome specificity [183]. But this reliance
on parent cell surface modification still faces challenges
similar to exosome internal drug loading, such as diffi-
culty in ensuring loading efficiency.

Lastly, exosomes have a short half-life in the blood-
stream, making it difficult to maintain a safe and effective
concentration for exosome therapy, and their tolerability
in humans still needs to be determined. Therefore, almost
all exosome therapies entering clinical trials currently
involve local administration [184], such as subcutane-
ous injection to promote wound healing [184], aerosol
inhalation therapy for pneumonia [185], and exosome gel
application to alleviate redness after CO2 laser treatment
[186]. The path to systemic exosome therapy in humans
appears to be long and challenging.

Conclusion and outlook

This review systematically elaborates on the biological
processes involving exosomes, covering their biogenesis,
release, transport, uptake by recipient cells, and their
effects on these recipient cells. We focus on how HBV
utilizes exosomes for loading and transportation and
propose several hypotheses regarding HBV’s involve-
ment in exosomes release, transport, and receptor bind-
ing. Subsequently, these HBV-related exosomes alter the
characteristics of recipient cells, reshaping the immune
microenvironment. Finally, based on the features and
functions of exosomes, as well as their applications in
other diseases, we summarize and predict the potential
applications of exosomes in hepatitis B.

However, research on exosomes in hepatitis B-related
diseases is still in its infancy. The mechanism by which
HBV affects the sorting of exosome contents remains
unclear. The mechanisms by which exosomes regulate
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non-HBV host cells across cells to reshape the liver’s
immune microenvironment also require further explora-
tion. The identified targets of exosomes in hepatitis B are
still very limited, and many technical challenges in clini-
cal translation need to be overcome. However, exosomes
can reveal the status of donor cells and the extracellular
microenvironment, influencing the fate of recipient cells.
They possess natural advantages in both diagnosis and
treatment, making them a highly promising field.
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