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Hepatitis B, a viral infection that affects the liver, is thought
to affect over 257million people worldwide, and long-term infec-
tion can lead to life-threatening issues such as cirrhosis or liver
cancer. Chronic hepatitis B develops by the interaction between
hepatitis B virus (HBV) and host immune response. However,
questions of how HBV-infected cells thwart immune system
defenses remain unanswered. Extracellular vesicles (EVs) are used
for cellular communication, carrying cargoes such as RNAs, pro-
teins, and lipids and delivering them intracellularly after being
endocytosed by target cells. HBV-infected liver cells secrete
several types of EVs into body fluids such as complete and incom-
plete virions, and exosomes. We previously demonstrated that
monocytes that incorporated EVs moved to immunoregulatory
phenotypes via up-regulation of PD-L1, an immunocheckpoint
molecule, and down-regulation of CD69, a leukocyte activation
molecule. In this study, we transfected mice with HBV using
hydrodynamic injection and studied the effects of EVs secreted by
HBV-infected liver cells. EVs secreted from cells with HBV repli-
cation strongly suppressed the immune response, inhibiting the
eradication of HBV-replicating cells in the mice transfected with
HBV. EVs were systemically incorporated in multiple organs,
including liver, bone marrow (BM), and intestine. Intriguingly,
the BM cells that incorporated EVs acquired intestinal tropism
and the dendritic cell populations in the intestine increased.
These findings suggest that the EVs secreted by HBV-infected
liver cells exert immunosuppressive functions, and that an associ-
ation between the liver, bone marrow, and intestinal tract exists
through EVs secreted fromHBV-infected cells.

Hepatitis B virus (HBV) infection is a major global health
burden. Approximately 2 billion people are currently infected
with HBV, and among them, more than 257million are chronic
HBV carriers (1, 2). Chronic hepatitis B is a risk for cirrhosis
and hepatocellular carcinoma, and more than 700,000 people
die fromHBV-related diseases each year (3).

HBV is not considered cytopathic. The control of viral infec-
tion and the degree of liver damage depend on the complex
interaction between viral replication and the host’s immune
response (1). Multiple mechanisms of host immune responses,
including robust CD81 T cell and neutralizing antibody
responses, are extremely important for viral clearance (4, 5).
However, these host immune responses are usually dysregu-
lated in persistent HBV infection. The dysregulation mecha-
nism is still not completely understood. One of the possible
mechanisms by which HBV-infected hepatocytes interact and
communicate with the host immune system and other unin-
fected cells is through extracellular vesicles (EVs) (6, 7).
EVs are secreted from various cell types to the extracellular

milieu. EVs are either released directly from the plasma mem-
brane or during fusion between multivesicular bodies (MVBs)
and the plasma membrane (8, 9). EVs that are released from
MVBs are termed exosomes. These nanoscale membrane-
enclosed vesicles carry a variety of bio-macromolecules, such as
proteins, mRNA, microRNA, and other noncoding RNAs (10,
11). Similar to EVs, viruses are released from the plasma mem-
brane, through several pathways, and even through the MVB
route (12). Therefore, it is suggested that some viruses can uti-
lize the exosomal pathway for cell-to-cell spread to avoid the
immune system surveillance (12). In recent years, it has been
reported that the contents of EVs are modulated by viral infec-
tion (13), and EVs secreted from viral infected cells have the
potential to control various immune responses. For example,
EVs released from hepatitis C virus-infected cells promoted the
proliferation of T follicular regulatory cells and regulated ger-
minal center responses by limiting T follicular helper cells and
B cells (14). Epstein Bar virus (EBV) encodes its own small
RNAs packed into the EVs, which are then used to manipulate
the immune system to establish a tumor microenvironment
(15).
Recently, the role of EVs in the liver microenvironment in

response to HBV infection have been reported. Kouwaki et al.
(16) found that HBV infection of hepatocytes increased immu-
noregulatory microRNA levels in EVs to regulate innate
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immune responses to the virus. Yang et al. (17) demonstrated
that exosomes circulating in the sera of chronic hepatitis B
(CHB) patients contained bothHBV nucleic acids and proteins.
These exosomes ingested by NK cells played a role in NK-cell
dysfunction thus in HBV transmission (17). Our previous work
revealed that HBV-replicating cells secreting EVs targeted pe-
ripheral blood monocytes and significantly up-regulated pro-
grammed death 1 ligand-1 (PD-L1) protein expression, a criti-
cal immune regulatory molecule, and down-regulated CD69, a
leukocyte activationmolecule (18). However, these roles of EVs
secreted from HBV-infected cells were studied only with in
vitro experiments. Hence, the biological significance of EVs
secreted from HBV-infected hepatocytes remains elusive,
which was the aim of this study.
In this study, the role of EVs secreted from HBV-infected

cells in the regulation of the viral infection was investigated in
an in vivo system. We evidenced that EVs were immunosup-
pressive to inhibit the eradication of HBV-replicating cells in
the hydrodynamic HBV transfection mouse model. Further-
more, EVs were systemically incorporated in multiple organs,
including the liver, bone marrow (BM), and intestine. BM cells
that incorporated EVsmigrated to the intestine.

Result

Characterization of EVs secreted from HBV-replicating cells
and -nonreplicating cells

EVs were isolated from the culture supernatants of HBV-
replicating (HepAD38) or HBV-nonreplicating (HepG2) cells.
These EVs were characterized using transmission EM, nano-
particle tracking analysis, and LC–MS proteomic analysis.
These EVs showed the typical exosome-like round morphology
by transmission EM (Fig. 1A). The qNano analysis of these EVs
indicated that the vesicles were;100 nm in diameter (Fig. 1B).
The presence of CD63, which is common EV/exosome marker,
was analyzed byWestern blotting (Fig. 1C). 169 protein groups
and 153 protein groups were identified in HBV-replicating and
HBV-nonreplicating cells, respectively, using LC–MS proteo-
mic analysis (Fig. 1D). The identified proteins information are
listed in Tables S1 and S2. Of 169 protein groups detected in
HBV-replicating cells EVs, 13 were present in the top 100 pro-
teins that are often identified in EVs (from Vesiclepedia of EVs
proteome). Moreover, of 153 protein groups detected in HBV-
nonreplicating cells EVs, 12 were present in the top 100 pro-
teins that are often identified in EVs (Fig. 1D).

EVs secreted from HBV-replicating cells had in vivo
immunosuppressive effects

The in vivo function of EVs secreted from HBV-replicating
cells was investigated with an in vivo mouse model of HBV
transfection by using hydrodynamic injection (HDI). HDI is a
technique that is used deliver nucleic acids into livemice. Deliv-
ery through this method results in the in vivo transfection
of foreign DNA primarily in the liver. The HBV HDI mouse
model is useful tool for studying the host immune response, the
pathophysiology of HBV-related disease, and several antiviral
drugs (19–21). Inflammation was induced by immunizing mice
with a licensed aluminum-based recombinant HBV surface

antigen (HBsAg) vaccine before introduction of HBV replicon
plasmid, as HDI alone causes almost no liver inflammation
(22). Timeline for the experiment of the HBV HDI mouse
model is shown in Fig. 2A. 3 days after HDI, the histological ex-
amination revealed remarkably less infiltration of mononuclear
cells in the liver of mice treated with EVs derived from
HepAD38 cells regardless of HBV induction, as a difference to
that observed in mice without the treatment (Fig. 2B). More-
over, the number of hepatocytes positive for the HBV core anti-
gens (HBcAg) slightly increased in the liver of mice treated
with the EVs derived from the HBV-induced HepAD38 than
that observed without HBV induction (Fig. 2, C and D). More-
over, HBcAg-positive hepatocytes were barely detected in liver
sections from mice without treatment (Fig. 2, C and D). The
results suggested that HBV-replicating cells escaped from
immune cells in the liver of the mice treated with EVs, espe-
cially after HBV induction, indicating that EVs derived from
HepAD38 cells had immunosuppressive functions and that
more activity was obtained by HBV replication.
As EVs derived from tumor cells suppressed the immune

responses (23–25), possibly EVs derived from the cells after
HBV induction were masked by the tumor characteristics.
Then to confirm that HBV infection itself caused EVs to exert
immunosuppressive activity, the EVs collected from the sera of
healthy donors and HBV patients was tested. These EVs were
characterized using nanoparticle tracking analysis (Fig. S1).
Clinical data of the patients are listed in the Table 1. Few if any
HBcAg-positive hepatocytes were detected in the liver of the
mice treated with EVs from healthy donors (Fig. 3A), whereas
significant HBcAg-positive hepatocytes were observed in those
of HBV patients (Fig. 3, B and C). Furthermore, HBcAg was not
detected in the liver of mice treated with EVs derived from
HBV patients alone without HDI (Fig. S2). These results sug-
gested that HBV infection potentiated the EV immunosuppres-
sive ability. Though the difference of the ability of the EVs
secreted from HBV-replicating cells and nonreplicating cells
was small, the data in Fig. 3 provides more evidence that the
tiny changemight be biologically relevant.
Still patient samples showed variable HBcAg positivity. Few

HBcAg-positive hepatocytes were detected in the liver of the
mice treated with EVs from one HBV patient (patient 1) with
massive HBcAg-positive hepatocytes in patients 4 and 5. It may
depend on the disease phases. The function of the EVs may be
different between patients in the immune tolerant phase and
patients in the immune active phase.

PD-L1 expression on dendritic cells in the liver-draining lymph
node increased after EVs derived from an HBV patient were
injected

Liver-draining lymph nodes (LNs) induced an anti-HBV–
specific immune response responsible for HBV clearance in
HBV plasmid-injected mice (26). Thus, we investigated liver-
draining LNs inmice 3 days after HDI and EVs injection.
The percentages of CD31 CD41, CD31 CD81 T and B2201

B cells in liver-draining LNs in mice did not change after injec-
tion of EVs derived from an HBV patient (Figs. S3 and S4). Fur-
thermore, the percentages of CD11c1 dendritic cells (DCs) and
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F4/801macrophages in liver-draining LNs in mice were no dif-
ferent after injection of EVs derived from an HBV patient (Fig.
4A). These results indicated that EVs derived from an HBV
patient did not affect the ratio of immune cells in liver-draining
LNs.
Previously, we reported that HBV-replicating cells secreting

EVs targeted antigen presentation cells, which expressed
almost no PD-L1 and significantly induced PD-L1 protein
expression (18). Furthermore, in vitro studies have shown that
in chronic HBV infection, blockade of the PD-1–PD-L1 axis
can increase both the production of HBV antibodies (27) and
the numbers and functionality of HBV-specific T cells (28, 29).
Next, we investigated PD-L1 expression in liver-draining LN.
The expression of PD-L1 in the liver-draining LN showed no

difference in B cells (Fig. S5). CD31 PD-L11 T cells increased
in the mice injected with HBV patient-derived EVs, compared
with those with healthy donor-derived EVs (Fig. S5), Further-
more, the ratio of CD11c1 PD-L11DCs increased significantly in
mice injected with HBV patient-derived EVs (Fig. 4B), compared
with that in mice injected with healthy donor-derived EVs. The
up-regulation of PD-L1 in CD11c1DCsmay be one of themech-
anisms inducing suppression of CD41 or CD81T cells.

EVs derived from HBV-replicating cells were systemically
engulfed in mice

Previously, we evidenced that a significant amount of the
EVs secreted by EBV-infected tumor cells were engulfed by

Figure 1. Characterization of EVs secreted from HepAD38 or HepG2 cells. A, electron microscope image of EVs isolated from HBV-replicating and -non-
replicating cells culture medium by ultracentrifugation.White bar indicates 100mM. B, qNano analysis of EVs isolated from HBV-replicating and -nonreplicating
cells culture medium. C, the presence of CD63 was analyzed by Western blotting (representative of three experiments). D, after LC–MS proteomic analysis of
the EVs, 169 protein groups and 153 protein groups were identified in HBV-replicating and HBV-nonreplicating cells, respectively; 98 protein groups were
common between EVs fromHBV-replicating cells and EVs fromHBV-nonreplicating cells.
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local macrophages in the tumor microenvironment and bone
marrow monocytes (15). Therefore, the systemic biodistribu-
tion of the EVs derived from HBV-replicating cells was exam-
ined. PKH-26–labeled EVs secreted from HepAD38 cells were
injected in the tail vein of mice, and after 24 h, cryosections
were prepared for each organ and observed with a confocal
laser microscopy. According to Fig. S6, EVs mainly accumu-
lated in liver, liver-draining LNs, and spleen. Also, cells that
ingested EVs were detected in plasma and in particular, in
the bone marrow (Fig. 5). These results suggested that EVs

Figure 2. EVs secreted from HepAD38 cells had immunosuppressive effects. A, timeline for HBsAg immunization followed by HDI. B, HE staining and C,
immunofluorescence of mouse liver sections obtained 3 days after injection of HDI alone, HDI, and HBV-EVs or HDI and HBV1 EVs. Sections were stained to detect
HBcAg (red) and nuclei using DAPI (blue). D, HBcAg-positive cells were counted in 15 fields from 3 mice. Ratio to total cells were calculated. Statistical analysis was
performed using one-way ANOVA and subsequent Tukey’s HSDmethod. *, p, 0.05, **, p, 0.01. Black andwhite bars indicate 200 and 50mM, respectively.

Table 1
Clinical data of the patients

Patient
number Sex Age

HBV
genotype

NRTIs
treatmenta

HBV DNA
(log copies/ml)

HBsAg
IU/ml

1 M 27 NAb No NA 45.7
2 M 21 NA No NA NA
3 M 43 NA No NA NA
4 M 26 C No 9.32 .500
5 M 34 C No 8.94 NA
aNRTI, nucleotide reverse transcriptase inhibitors.
bNA, not abilable.
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secreted from HBV-replicating cells were locally and sys-
temically engulfed.

Bone marrow cells that incorporated EVs secreted from
HBV-replicating cells acquired intestinal tropism

Later, we investigated the significance of EVs uptake in bone
marrow. BM cells were collected from three mice. PKH-26-la-
beled EVs secreted from HBV-replicating cells or -nonreplicat-
ing cells were added into the BM cells culture. After 24 h, the
entire BM cells including PKH-26–positive and –negative cells
were transplanted into three recipient mice. After 24 h, cryo-
sections were prepared for each organ and observed with a
confocal laser microscopy. Transplanted BM cells with PKH-
26–labeled EVs (BM-EVs) were detected in the liver and in par-

ticular, in the intestine (Fig. 6A), especially in the small intestine
near the stomach and colon (Fig. 6B). Next, we investigated
whether population of the bone marrow cells change by taking
up EVs fromHBV-replicating cells. The proportion of CD11b1

CD11c1 CD1031 cells to entire BM cells, immunoregulatory
DC populations in the intestine, was increased after HBV-repli-
cating cells derived EVs added into BM cells culture, and the
majority of those cells were PKH-26 positive (Fig. 6C). Further-
more, CD11c1 CD1031 or CD11b1 CD1031 BM-EVs cells,
which indicated the regulatory DC-like cells, were detected in
the small intestine 24 h after transplanting BM-EVs (Fig. 6D).
These results suggested existence of the association between
the liver, bone marrow, and intestinal tract through EVs
secreted fromHBV-replicating cells and that bonemarrow cells

Figure 3. EVs from HBV patients had immunosuppressive effects. A and B, immunofluorescence of mouse liver sections obtained 3 days after injection of
HDI and healthy donors EVs injection or HDI and HBV patients EVs injection. Sections were stained to detect HBcAg (red) and nuclei using DAPI (blue). Two
mice were used per each healthy donors EVs injection or HBV patients EVs injection group, and 5 fields were counted in each mouse. *, p, 0.05, Student’s t
test.White bars indicate 50mM.
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Figure 4. The ratio of PD-L11 CD11c1DCs increased in liver-draining LN after injection of EVs from aHBVpatient. Cells from liver-draining LNwere iso-
lated 3 days after HDI and analyzed. A, the frequencies of F4/801macrophages and CD11c1 DCs in mice treated with HDI alone, HDI and healthy donors
EVs and HDI and HBV patients EVs were detected by flow cytometry (top). B, the ratio of PD-L11 CD11c1 cells and PD-L11 F4/801 cells to total LN cells
was investigated for all the above conditions (bottom). Statistical analysis was performed using one-way ANOVA and subsequent Tukey’s HSDmethod.
*, p, 0.05.
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incorporating EVs secreted from HBV-replicating cells may be
involved in intestinal immunity.

Discussion

In this study, we showed that the EVs secreted from HBV-
replicating hepatocytes had immunosuppressive functions that
inhibit the eradication of HBV-replicating hepatocytes. Fur-
thermore, we identified a novel axis of liver–BM–gut mediated
by the EVs from HBV-replicating cells, which possibly exerts
critical functions in chronic hepatitis B.
One important consideration in this type of studies is the

method of EVs preparation, because it significantly affects its
heterogenous composition. The EVs obtained in this study
were collected by ultracentrifugation, which is still a gold stand-

ard method. The fraction of the EVs included incomplete and
complete forms of the HBV virus, except for exosomes (18). As
HBV does not infect rodents, the presence of HBcAg observed
in the liver of mice treated the EVs derived from HBV-replicat-
ing hepatocytes was not due to extra HBV infection. The
incomplete form mainly consisted of two types. The first type
was the classical HBsAg spheres and filaments of 20 nm in di-
ameter (HBsAg particles). These subviral particles were com-
posed of only the viral surface proteins and were found in the
blood of infected individuals at up to 100,000-fold in excess
over the complete virions (at 1014/ml) (30). The second class is
empty genome-free virions, which contain the surface proteins
enclosing the viral capsid but no genome, and are typically
found at 100-fold higher levels over the complete virions in the
blood of infected individuals (31, 32). In CHB patients, free

Figure 5. EVs accumulated in bone marrow. Cells from BM and peripheral blood were isolated 24 h after injection of PKH-26–labeled EVs secreted from
HepAD38 cells. The frequencies of PKH-26–positive cells were detected by flow cytometry.
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HBsAg particles bind to anti-HBs antibodies, working as
“decoy” for HBV-infected hepatocyte to escape from immune
attack. In contrast, as the hydrodynamic HBV transfection
model induces immune reaction by vaccination of HBsAg, the
HBsAg on the subviral particles should induce an immunoreac-
tive reaction. Previously we reported that subviral particles
strongly induced PD-L1 in monocytes (18). Accordingly, the

function of the subviral particles might contribute to the immu-
nosuppressive functions of the EVs.
The results on EVs in HBV infection obtained using only the

in vitro experiments are still controversial. Kowaki et al. (16)
reported that exosomes induce NKG2D ligand expression in
macrophages by stimulating MyD88, TICAM-1, and MAVS-
dependent pathways, whereas the HBV-infected hepatocytes
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increase the levels of immunomodulatory microRNAs in EVs
and exosomes, whichmigrate to macrophages and suppress IL-
12p35 mRNA expression to counteract the innate immune
response of the host. Yang et al. (17) demonstrated that exo-
somes circulating in the sera of CHB patients ingested by NK
cells were shown to play a role in NK-cell dysfunction, and thus
also in HBV transmission. According to our results, and for the
first time we showed that EVs from HBV-replicating cells were
immunosuppressive to persistence HBV infection with in vivo
experiments.
HBV-specific T cells are exhausted in chronic HBV infection.

It has been reported that not only PD-1 but also various
immune checkpoint molecules such as CTLA-4 (33), TIM-3
(34), and LAG-3 (35) are involved in HBV-specific T cells
exhaustion. In our experiments using the HDI mouse model,
EVs secreted from HBV-replicating cells induced PD-L1 up-
regulation on DCs in liver-draining LN, but the difference was
small. This suggests that the immunosuppressive effect of EVs
secreted from HBV-replicating cells may be related not to the
PD-1–PD-L1 axis but to other immune checkpoint molecules
or another mechanism. Hence, further study is needed in the
future.
EVs incorporated by BM cells specifically migrated to proxi-

mal intestine and colon. Recently it was reported that stromal
and dendritic cell gene signatures and polarization of T cells
against the same luminal antigen differed between gut LNs,
with the proximal small intestine-draining gut LNs preferen-
tially producing tolerogenic responses and the distal gut LNs
stimulating pro-inflammatory T cell responses (36). The den-
dritic cells that engulfed EVs in the proximal intestine might
enhance immune regulatory functions of the gut, whereas those
in the colonsmight affect the gut flora, which has been reported
to be critical for onset of CHB (37). Therefore, immunoregula-
tory function of the EVs through the liver–BM–gut axis might
affect the gutmicrobiota or intestinal immunity.
In summary, the EVs derived from HBV-infected cells

exerted immunosuppressive functions and the association
between liver, bone marrow, and intestinal tract through EVs
secreted from HBV-infected cells existed. However, further
investigation is needed for the elucidation of its biological
significance.

Experimental procedures

Ethics statement

This study was performed in strict accordance with the ethi-
cal guidelines of the Declaration of Helsinki and use of human

material was approved by the local ethics committees of Tokai
University. Sera samples were prepared from healthy donor
and HBV patients after written informed consent. Studies on
mice were conducted in accordance with both the Guidelines
for Animal Experimentation of the Japanese Association for
Laboratory Animal Science and the recommendations in the
Guide for the Care and Use of Laboratory Animals of the
National Institutes of Health.

Cells

HepAD38 cells that were derived from the HepG2 cell line
and support tetracycline-inducible HBV replication were
kindly provided by Dr. Watashi (38). HepAD38 cells were used
as HBV-replicating cells, and HepG2 cells were used as HBV-
nonreplicating cells in this study. HepAD38 cells were cultured
in DMEM/F-12 (Life Technologies) and HepG2 were cultured
in DMEM high glucose (Life Technologies) supplemented with
10% doxycycline-free fetal bovine serum (FBS), 100 units/ml of
penicillin, and 100 mg/ml of streptomycin (Life Technologies)
at 37 °C humidified air that contained 5% CO2. Furthermore,
maintenance of HBV replication in HepAD38 cells was main-
tained without doxycycline.
We used healthy human blood samples. PBMCs were iso-

lated fromheparinized whole blood of healthy individuals using
lymphoprep (Axis-Shield, Oslo, Norway). Isolated PBMCs
were cultured in RPMI 1640 medium (Life Technologies) sup-
plemented with 10% (v/v) FBS, 100 units/ml of penicillin, and
100mg/ml of streptomycin in 24-well–plates.
BM cells were collected from C57BL/6j mice (6 week) pur-

chased from CLEA Japan (Tokyo, Japan). The animals were
kept in the Tokai University Laboratory Animal Center in spe-
cific pathogen-free conditions. All mice were used according to
guidelines for experimental animal use specified by the Tokai
University. Collected BM cells were cultured in RPMI 1640me-
dium supplemented with 10% (v/v) FBS, 100 units/ml of peni-
cillin, and 100mg/ml of streptomycin in 6- or 24-well–plates.

EVs isolation

Sera samples were prepared from healthy donor and HBV
patients using standard operating procedures (39). EVs were
isolated from cell culture supernatant and healthy donor and
HBV patients’ serum samples. To remove bovine EVs from the
FBS, FBS was ultracentrifuged at 110,000 3 g for 18 h at 4 °C
using a Type 70.1 Ti (Beckman Coulter, Brea, CA). The super-
natant was filtered through a 0.22-mm filter (Merck Millipore,
KGaA, Darmstadt, Germany). HepG2 cells and HepAD38 cells

Figure 6. Bone marrow cells that incorporated EVs secreted from HBV-replicating cells acquired intestinal tropism and the frequencies of CD11c1

CD11b1 CD1031 DCs increased after HBV replicating cells-derived EVs uptake. A, the entire BM cells treated by PKH-26–labeled EVs secreted from the
HepAD38 cell with HBV replication were transplanted into recipient mice. PKH-26–positive cells were detected in each tissue 24 h after transplant. B, PKH-26–
positive cells were counted in the small intestine, colon, and rectum. The small intestine was observed in three places from the near side from the stomach. SI-
1, SI-2, and SI-3 indicate the positions of 5, 10, and 15 cm from the stomach, respectively. Three mice were treated per group, and 10 fields were counted in
each mouse. **, p, 0.01, Student’s t test. C, a total of 10 mg of PKH-26–labeled EVs secreted from HepAD38 cell with HBV replication were added into bone
marrow cells culture. After 24 h, the CD11c1 CD11b1 CD1031 were analyzed by flow cytometry and the frequency of those cells in the whole bone marrow
cells were calculated and plotted in a graphic. Statistical analysis was performed using one-way ANOVA and subsequent Tukey’s HSD method, *, p, 0.05. D,
immunofluorescence of mouse small intestine sections obtained 24 h after injection of BM cells incorporating PKH-26–labeled EVs secreted from HepAD38
cells. Sections were stained to show CD11b, CD11c, CD103, nuclei using DAPI. PKH261 CD11c1 CD1031 cells and PKH261 CD11b1 CD1031 cells are indicated
bywhite arrows. Dotted areas are shown at higher magnifications and are indicated bywhite arrows with a broken line.White single and double bars indicate 20
and 10mM, respectively.
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with HBV replication were cultured in EV-free DMEM high
glucose medium or DMEM/F-12 medium for 3 days. Culture
supernatants and serum were centrifuged at 1500 3 g for 15
min at room temperature. To thoroughly remove cellular de-
bris, the supernatants were filtered through a 0.22-mm filter.
For EV preparation, the filtered supernatants were ultracentri-
fuged at 110,0003 g for 70min at 4 °C. The pellets were washed
with 8 ml of PBS after ultracentrifugation and resuspended in
PBS. Collected EVs were labeled with PKH26 dye (Sigma-
Aldrich). Then, the amount of protein in EVs were measured
by using BCA protein assay kit (TAKARA, Shiga, Japan). Elec-
tron microscope image of EVs were obtained by transmission
EM JEM-1400 (JEOL, Tokyo, Japan). The measurement of size
and distribution was based on tunable resistive pulse sensing
and carried out using a qNano Gold system (Izon Science Ltd,
Christchurch, New Zealand), which combined the tunable
nanopores with proprietary data capture and analysis software
(Izon Control Suite version 3.3.2.2001; Izon Science).

Western blotting analysis

EV pellets were lysed in RIPA assay buffer (Wako) for 30 min
on ice. Protein samples were electrophoresed on a 12% SDS–
polyacrylamide gel and blotted onto polyvinylidene difluoride
membranes (Bio-Rad Laboratories). The blots were blocked
with PVDF Blocking Reagent (TOYOBO, Osaka, Japan) for 1 h
at room temperature. The blocked membranes were incubated
with the appropriate primary antibodies diluted in Can Get Sig-
nal solution 1 (TOYOBO) for 1 h at room temperature, fol-
lowed by incubation with horseradish peroxidase (HRP)-conju-
gated corresponding secondary antibodies diluted in Can Get
Signal solution 2 (TOYOBO) for 1 h at room temperature. Sub-
sequently, the blots were incubated with Immobilon Western
Chemiluminescent HRP Substrate (Merck Millipore) for a few
seconds, and chemiluminescence was detected using the
ChemiDoc Touch system (Bio-Rad). The following antibodies
were used: mouse anti-CD63 (Santa Cruz Biotechnology, Santa
Cruz, CA) and sheep anti-mouse IgGHRP (Sigma).

Animal experiments

C57BL/6j mice (6 weeks old) were used. For HDI, mice were
transferred to a biosafety level 3 laboratory in Soka University
after gaining permission from the Soka University Committee.
Recombinant HBsAg vaccine (MSD, Tokyo, Japan) was admin-
istered three times to mice by intraperitoneal injections of 0.5
mg of HBsAg. HDI was performed according to the procedure
of Liu et al. (40). Briefly, 15 mg of plasmid DNA HBV-pPB (41)
was injected into the tail vein within 5-7 s in a volume of saline
equivalent to 10% of the body weight. 40 mg of EVs were
injected into the tail vein 2 h after HDI. Liver tissue samples
were collected 3 days after HDI and fixed in 4% paraformalde-
hyde for histologic analyses. Liver-drainning LNs were col-
lected and used for FACS analysis.
For examination of the systemic biodistribution of EVs, 40

mg of PKH26-labeled EVs were injected in the tail vein. After 24
h, liver, liver-draining LNs, spleen, and intestine were collected
and fixed in 4% paraformaldehyde for histologic analyses.

PBMCs and BM cells were collected and used for FACS
analysis.
For investigating the significance of EVs uptake in bone mar-

row, BM cells were collected from C57BL/6j mice (6 weeks
old). PKH-26–labeled EVs secreted from HepAD38 cells with
HBV replication were added into the BM cells culture. After 24
h, whole BM cells were transplanted into recipient mice.
PKH-26–positive cells were detected in each tissue 24 h af-
ter transplant.

Protein identification by LC–MS

EVs samples dissolved with EzApply (ATTO, Tokyo, Japan)
were heat denatured and then subjected to SDS-PAGE. The gel
was stained with EzStain Silver (ATTO). Gel lanes were excised
and cut into 20 slices per lane. Every gel slice was decolorized
using a solution of 30 mM potassium ferricyanide and 100 mM

sodium thiosulfate, washed with 30% acetonitrile, and then
subjected to in-gel trypsin (cutting at C-terminal of lysine and
arginine) digestion. Extracted tryptic peptides were then puri-
fied using C18 StageTip according to a previous report (42). The
purified peptide mixture was separated by a prominence nano-
liquid chromatography system (Shimadzu, Kyoto, Japan). The
sample was first loaded onto the trap column L-column micro
ODS (CERI’s, Tokyo, Japan) at a flow rate of 0.04 ml/min with
mobile phase C (water, 0.1% formic acid) for 6 min, then the
trapped samples were separated in a C18 picofrit column (100-
mm internal diameter, 5-mm bead size, Nikkyo Technos Co.,
Tokyo, Japan). The HPLC gradient was 2–40% mobile phase B
(acetonitrile/water, 95/5, 0.1% formic acid) in mobile phase A
(acetonitrile/water, 2/98, 0.1% formic acid) at a flow rate of 300
nl/min for 60 min. Data-dependent acquisitions were carried
out on a LC–MS-IT-TOF (Shimadzu) equipped with a nano
electrospray ionization (nESI) source in positive ion mode. The
scan range was 500–1500 m/z. Up to 3 precursor ions were
selected for collision-induced dissociation fragmentation. Peak
lists were generated using LCMSsolusion version 3 (Shimadzu).
The threshold score for accepting individual spectra was set
at 25. The resulting data were submitted onto the Mascot
search engine (http://www.matrixscience.com; Mascot Server
ver2.4.01) where a search was performed on the Swiss-Prot
database (20,366 entries; 1-2020) to determine candidate pep-
tides. Up to 1 missed cleavage was permitted. Mass tolerance
for the precursor ion and its fragment ions was set to 0.05 Da.
Meanwhile, fixed modification was set to the carbamidomethyl
of cysteine; and variable modification was set to oxidation of
methionine.
For statistical evaluation of the date obtained, false discovery

rate (FDR) was used. The FDRwas calculated by searching can-
didates in reversed protein database. Protein ID with FDR esti-
mate of, 9%were accepted as valid IDs.

Histologic analysis

For histologic analyses, fixed tissues were embedded in
paraffin or optimum cutting temperature compound (Sakura
Finetechnical, Tokyo, Japan) as previously described (43).
Paraffin-embedded tissues were sectioned and stained with
hematoxylin-eosin. For immunostaining, frozen sections were
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stained using the anti-HBcAg (Thermo Fisher Scientific, Wal-
tham, MA), FITC anti-mouse CD11b (Biolegend, San Diego,
CA), FITC anti-mouse CD11c (Biolegend), and anti-mouse bio-
tin-conjugated CD103 (Invitrogen) antibodies. Nuclei were
visualized with DAPI (H-1200; Vector Laboratories, Burlin-
game, CA). As a secondary antibody, anti-rabbit IgG H&L
Alexa Fluor 594 (abcam) and APC streptavidin (Biolegend) was
used. Stained sections weremountedwith gold antifade reagent
(Invitrogen) and examined using the Zeiss LSM700 scanning
laser confocal microscope.

Flow cytometry

Fluorescently labeled antibodies and reagents were pur-
chased from Biolegend. Cells were stained with the indicated
monoclonal antibodies for surface antigens according to a
standard protocol. The antibodies used were FITC anti-mouse
PD-1, FITC anti-mouse CD11c, PE anti-mouse CD8a, PE anti-
mouse PD-L1, APC anti-mouse CD4, APC anti-mouse B220,
APC anti-mouse F4/80, and APC-Cy7 anti-mouse CD3. Flow
cytometric analysis was performed on a FACS Verse flow cy-
tometer (BD Bioscience), and the data were analyzed using
FlowJo software.

Statistical analysis

Date were analyzed by R. Differences between means were
evaluated using one-way ANOVA and subsequent Tukey’s
HSD method for multiple comparisons or Student’s t test for
the analysis of the significance between two groups. Values of p
, 0.05 were considered significant. Data are presented as the
mean6 S.D.

Date availability

Mass data files (.mzXML) were deposited and made publicly
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and Immunosuppression via extracellular vesicles in hepati-
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and ProteomeXchange PXD018292.
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