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Human hepatocyte-derived extracellular vesicles attenuate the
carbon tetrachloride-induced acute liver injury in mice
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Acute liver injury (ALI) induced by chemicals or viruses can progress rapidly to acute liver failure (ALF), often resulting in death of
patients without liver transplantation. Since liver transplantation is limited due to a paucity of donors, expensive surgical costs, and
severe immune rejection, novel therapies are required to treat liver injury. Extracellular vesicles (EVs) are used for cellular
communication, carrying RNAs, proteins, and lipids and delivering them intercellularly after being endocytosed by target cells.
Recently, it was reported that EVs secreted from human hepatocytes have an ability to modulate the immune responses; however,
these roles of EVs secreted from human hepatocytes were studied only with in vitro experiments. In the present study, we
evidenced that EVs secreted from human hepatocytes attenuated the CCL4-induced ALI by inhibiting the recruitment of monocytes
through downregulation of chemokine receptor in the bone marrow and recruitment of neutrophils through the reduction of C-X-C
motif chemokine ligand 1 (CXCL1) and CXCL2 expression levels in the liver.
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INTRODUCTION
The liver is a highly vascularized large organ responsible for the
metabolism of carbohydrates, proteins, and lipids, as well as
removal of drugs and toxins from the blood. Moreover, it acts as a
key frontline immune tissue. While the liver’s default immune
status is anti-inflammatory or immunotolerant due to continuous
exposure to large amounts of circulating antigens derived from
food and gut microbiota via portal vein, it needs a rapid and
robust immune response against exogenous antigens and
endotoxins from gut microbiota [1]. Due to the complex immune
status and the environment surrounding the liver, it is often
exposed to various threats. Acute liver injury (ALI) induced by
chemicals or viruses can progress rapidly to acute liver failure
(ALF), often resulting in the death of patients without liver
transplantation [2]. Since liver transplantation is limited due to a
paucity of donors, expensive surgical costs, and severe immune
rejection, novel therapies are required to treat ALI. ALF is a process
of hepatocyte injury that is dominated by inflammatory reactions.
Various hepatotoxic factors, such as concanavalin A (ConA) [3–5],
acetaminophen (APAP) [3, 6], and lipopolysaccharide (LPS) [7]
induce immune dysfunction in liver and then lead to ALF.
Imbalance of the immune response plays a crucial role in the
pathological process of ALF [8].
Recently, accumulating evidence have revealed that extracel-

lular vesicles (EVs) secreted from mesenchymal stem cells (MSCs),

with multilineage differentiation potential, self-renewal ability, and
immunomodulatory functions or hepatocytes can effectively treat
ALF by regulating the inflammatory responses [9–12].
Furthermore, EVs are secreted from various cell types to the

extracellular space and they originate either from the plasma
membrane or from the multivesicular bodies (MVBs) [13, 14].
EVs derived from MVBs are termed exosomes. The vesicles carry
various biomacromolecules, such as proteins, mRNA, microRNA,
and other noncoding RNAs [15, 16]. EVs not only trigger
downstream signals but also transfer genetic material to the
target cells, thereby exerting anti-inflammatory, antiapoptotic,
and immunosuppressive effects, and thus, promote tissue
repair and improve cytokine levels [17, 18]. EVs secreted from
MSCs alleviate immune responses by reducing the expression
levels of inflammatory cytokines such as interleukin (IL)-1β, IL-6,
and tumor necrosis factor (TNF)-α, which improved liver
function and reduced mortality in fulminant hepatic failure
mice [9].
EVs secreted from normal hepatocytes of mice modulate toxin-

associated gene expression leading to therapeutic outcomes
including suppression of fibrogenesis, hepatocyte damage, and
inflammation in mouse liver fibrosis [12]. Although EVs secreted
from primary human hepatocytes also have an ability to modulate
the immune responses in vitro [19], their roles are yet-to-be
validated by in vivo experiments. Hence, it is necessary to
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investigate whether EVs secreted from human hepatocytes exert
therapeutic effects using a mouse model.
In the present study, we demonstrated that the hepatoprotec-

tive effects of EVs secreted from human hepatocytes were
markedly potent in the carbon tetrachloride (CCL4)-induced ALI
mouse model. The EVs secreted from human hepatocytes
attenuated the CCL4-induced ALI by inhibiting the recruitment
of neutrophils to the liver via reduction of C-X-C motif chemokine
ligand 1 (CXCL1) and CXCL2 in the liver and that of monocytes via
reduction of chemokine receptor (CCR)-8 and CCR-9 in bone
marrow (BM) cells possibly mediated by docosahexaenoic acid
(DHA), thus producing potent anti-inflammatory and proresolutive
lipid mediators, were enriched with EVs than with hepatocytes.

RESULTS
The EVs secreted from human hepatocytes were protective
Numerous studies revealed that the EVs secreted from MSC (MSC-
EVs) induce potent immunomodulation and tissue regeneration
[9], which are promising therapeutics. Moreover, it was reported
that MSC-EVs ameliorate CCL4-induced ALI [9]. To test the
hepatoprotective effects of the EVs collected from the culture
supernatants of HepG2 cells (HepG2-EVs) in vivo, the EVs or MSC-
EVs were injected to CCL4-induced liver injury mice. Timeline for
the experiment of EV treatment for CCL4-induced ALI in a mouse
model is illustrated in Fig. 1A. Both mice treated with MSC-EVs and
those with HepG2-EVs demonstrated significant lower serum GOT
and GPT in the serum and less TUNEL-positive cells in the liver
than the mice treated with PBS (Fig. 1B, D). Importantly, the
necrotic area in the liver with HepG2-EVs was significantly smaller
than that with MSC-EVs (Fig. 1C).
Furthermore, the effects observed in mice treated with HepG2-

EVs were consistent with those in mice treated with EVs secreted
from PXB cells (PXB-EVs). In addition, both mice treated with
HepG2-EVs and PXB-EVs displayed significantly lower serum GOT
and GPT than the control mice (Fig. 2A). The necrotic area and
TUNEL-positive cells in the liver with HepG2-EVs or PXB-EVs
treatment were significantly smaller than those in the control (Fig.
2B, C). These results suggest that EVs secreted from hepatocytes
attenuate CCL4-induced ALI.
These EVs were characterized using transmission electron

microscopy (TEM), tunable resistive pulse sensing (TRPS), and
western blotting. They exhibited typical exosome-like round
morphology, as observed by TEM (Fig. S1A). The TRPS analysis
of these EVs by qNano nanoparticle analyzer indicated that the
vesicles were ~100 nm in diameter (Fig. S1B). The presence of
CD63 which is common EV/exosome marker was verified by
western blotting (Fig. S1C).
Moreover, the therapeutic effects were also tested. Timeline of

EV treatment for CCL4-induced ALI in a mouse model is illustrated
in Supplementary Figure 2A. The mice treated with HepG2-EVs
after addition of CCL4 demonstrated significant lower serum GOT
and GPT in the serum than those treated with PBS (Fig. S2B),
though the magnitude in these mice seemed less than in those
treated with HepG2-EVs before addition of CCL4. These results
indicate that the EVs from hepatocytes have therapeutic effects on
CCL4-induced ALI.

Liver resident macrophages are responsible for the
attenuation of CCL4-induced ALI by the EVs secreted from
human hepatocytes
To investigate the target cells, which incorporate human
hepatocyte-derived EVs in the liver, PKH26-labeled HepG2-EVs
were injected into the tail vein of mice, and after 24 h, liver
cryosections were prepared and examined via confocal laser
microscopy. Thereafter, F4/80 positive cells, liver resident macro-
phages, mainly incorporated the EVs (Fig. 3A), suggesting that
macrophages are involved in the attenuation of CCL4-induced ALI.

The hypothesis was verified by depleting macrophages using
clodronate liposomes (CL), which specifically eliminated the
macrophages in CCL4-induced ALI (Fig. 3B). None of the necrotic
area, serum GOT and GPT, or the ratio of TUNEL-positive cells
differed between the mice treated with HepG2-EVs and the
control under CL treatment (Fig. 3C–E). These results indicated
that the EVs attenuate the CCL4-induced ALI through the
macrophages incorporating EVs.

Profile of the expression of proinflammatory cytokines and
chemokines in the Kupffer cells
In the CCL4-induced liver injury, Kupffer cells (KCs) are activated by
detecting liver damage via damage-associated molecular patterns
(DAMPs) released from hepatocytes. Thereafter, the activated KCs
initiate inflammatory cascades [20]. Activated KCs secrete
numerous chemokines and cytokines, resulting in further recruit-
ment of leukocytes (e.g., monocytes and neutrophils) to the site of
inflammation [20]. The KCs were purified from the liver in the CCL4
induced ALI mice with EV treatment (Supplemental Fig. 3A, B). The
mRNA expression levels of proinflammatory cytokines, interleukin
(IL)-1β and tumor necrosis factor (TNF)-α of the KCs in the mice
treated with HepG2-EVs or PXB-EVs were significantly less than
those with PBS. The expression of IL-6 tended to reduce in the
mice treated with HepG2-EVs and significantly reduced in those
with PXB-EVs (Fig. 4A). The mRNA expression levels of chemokines
involved in monocyte migration, C-C motif chemokine ligand 1
(CCL1), CCL2, and CCL25 of the KCs in the mice treated with
HepG2-EVs were almost the same as the those with PBS, whereas
those with PXB-EVs were significantly less than those with HepG2-
EVs and those with PBS (Fig. 4B). The mRNA expression levels of
chemokines involved in neutrophil migration, C-X-C motif
chemokine ligand 1 (CXCL1), and CXCL2 significantly reduced
(Fig. 4C) in those with HepG2-EVs as well as those with PXB-EVs.
These results indicate that proinflammatory cytokines are down-
regulated and the recruitment of neutrophil is suppressed by the
EVs secreted from hepatocytes.
The effects of the EVs on the tissue regeneration were also

investigated by analyzing the expression of matrix metalloprotei-
nase (MMP) 9 and 12 in the liver. MMP-9 and MMP-12 were
downregulated by both HepG2-EVs and PXB-EVs to certain extent
(Fig. S4).

Gr-1 positive neutrophils and F4/80 positive macrophage
reduced in the liver of mice treated with EVs from hepatocytes
The infiltrating neutrophils were examined in the liver of mice
treated with HepG2-EVs, PXB-EVs, and PBS using immunofluores-
cence. The number of Gr-1 positive infiltrating neutrophils in the
liver with HepG2-EVs or PXB-EVs treatment significantly reduced
(Fig. 5A). Moreover, the amount of reactive oxygen species (ROS)
which are mainly produced by the neutrophil markedly decreased
in the liver of mice treated with HepG2-EVs and PXB-EVs
compared to that with PBS (Fig. 5B).
The infiltrating monocytes were examined in the liver of mice

treated with HepG2-EVs, PXB-EVs, and PBS using immunofluores-
cence. The number of F4/80 positive cells significantly reduced in
the liver of mice treated with HepG2-EVs and PXB-EVs compared
to that with PBS (Fig. 5C).

Chemokine receptor of the bone marrow monocytes was
significantly downregulated in the mice treated with the EVs
from hepatocytes
Previously, we reported that the EVs derived from HepG2 cells
replicating hepatitis B virus (HBV) are incorporated not only by KC
in the liver but also by bone marrow monocytes (BMMC), which
mainly migrated to the intestine to exhibit immunoregulatory
functions [21]. We found that the EVs derived from HepG2 cells
without replication of HBV are incorporated by BMMC although
they are lesser than those from HepG2 replicating HBV.
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Thereafter, it was investigated whether the EVs secreted from
hepatocytes change the expression levels of C–C chemokine
receptor (CCR)2, CCR8, and CCR9, which are receptors of the CCL2,
CCL1, and CCL25, respectively, in the BM cell. CCR2, CCR8, and CCR9
were significantly downregulated 12 h after EV treatment (Fig. 6A).
Furthermore, in the BM cells collected from mice treated with PXB-
EVs compared to those of the control, CCR8 and CCR9 expression
levels significantly reduced (Fig. 6B). These results indicate that the
accumulation of monocytes from BM might be inhibited due to
reduction in the EV-induced CCR8 and CCR9 expression levels.

Enrichment of DHA on the EVs was important for reducing
CCR8 and CCR9 expression levels in BM cells
Phopholipid (PL) is one of the most abundant molecules in EVs.
Some PLs carry ω6 and ω3 polyunsaturated fatty acids (PUFAs),
which are metabolized to bioactive lipid mediators by a series of
enzymes including phospholipases. In particular, it was recently
reported that PL-bound ω6 and ω3 PUFAs in EVs modulate
inflammatory responses on the recipient cells by converting to
lipid mediators [22, 23]. To investigate the molecular mechanism
underlying the therapeutic effect of HepG2-EVs on ALI,

Fig. 1 HepG2-EVs were more protective than the MSC-EVs for CCL4-induced acute liver injury (ALI). A Timeline for experiment of EV
treatment for CCL4-induced ALI in mouse model. B The serum GOT and GPT were measured for the mice treated with CCL4+ PBS, CCL4+
HepG2-EVs, or CCL4+MSC-EVs. C HE staining and D TUNEL staining of liver sections of the mice treated with CCL4+ PBS, CCL4+HepG2-EVs,
or CCL4+MSC-EVs. C Areas of necrotic area (NA) were calculated in 5 fields from 3 mice. D TUNEL positive apoptotic cells (green) and DAPI
positive nuclei (blue) are illustrated. TUNEL positive cells were enumerated in 10 fields from 3 mice. Ratio to the total cells was calculated.
Statistical analysis was performed using one-way ANOVA and subsequent Tukey’s HSD method. *P < 0.05, **P < 0.01. Black and white bars
indicate 50 μm.
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quantitative analysis of PL-bound ω6 (arachidonic acid (AA)) and
ω3 PUFAs (docosahexaenoic acid (DHA)) in G2EVs was carried out
(Fig. 7A). While AA-bound PLs showed no consistent tendency,
HepG2-EVs and PXB-EVs comprised more than 2-fold abundance
of DHA-bound PLs compared with the originating HepG2 cells,
which implied that EV-carrying DHA mediates the therapeutic
effect of HepG2-EVs and PXB-EVs on ALI. To corroborate this, we
assessed the effect of DHA on the expression of CCR2, CCR8, and
CCR9 mRNAs in mouse BM cells (Fig. 7B). Although DHA negligibly
affected CCR2 expression, it significantly reduced the expression
levels of CCR8 and CCR9 to a roughly similar extent as those
decreased by HepG2-EVs and PXB-EVs (Fig. 6). These results
indicate that the DHA molecules carried in human hepatocyte-
derived EVs might manifest themselves as reduced CCR8 and
CCR9 expression levels in the recipient BM cells.

DISCUSSION
Currently, EVs are extensively assessed to reveal that they act as
critical cell to cell communicators leading to cancer, regenerative
disease, and inflammatory diseases [24].
In the present study, we demonstrated that EVs secreted from

human hepatocytes potently attenuated the CCL4-induced ALI,
which depended on resident KC, by inhibiting the recruitment of

neutrophils and monocytes via downregulation of chemokines
and chemokine receptor in the BM cells, respectively (Fig. 8).
Mechanistically, the characteristic composition of PUFA, particu-
larly DHA, in the EVs is presumably involved in the significant
biological process.
Although it has been reported that the EVs secreted from

human hepatocytes reveal hepatoprotective effects in vitro
[19, 25], their roles in vivo where various types of cells, humoral
factors, tissues, and organs locally as well as systemically interact,
remains elusive. Accordingly, this is the first study to demonstrate
that EVs exert a significant hepatoprotective effect in vivo, which
has potent influence both on local and systemic responses.
Most previous studies on hepatocyte EVs have addressed their

pathogenic properties when produced by cells that are stressed
[26], injured [27, 28], infected [21, 29], or tumorigenic [30] and few
studies addressed the biological property of EVs secreted from
normal hepatocytes [12, 25]. In the present study, we elucidated
the physiological functions of the EVs secreted from hepatocytes
under acute injury condition. Hepatocytes and hepatic stellate
cells (HSCs) have been studied as target cells of hepatocyte EVs in
both acute and chronic injury models, thus revealing that
hepatocyte EVs attenuated HSC activation, fibrogenesis, hepato-
cyte recovery, and expression of inflammatory mediators [12, 25].
In contrast, we identified monocytes/macrophage in the liver as

Fig. 2 Hepatocyte-derived EVs were protective for the CCL4-induced acute liver injury. A The serum GOT and GPT were measured for the
mice treated with CCL4+ PBS, CCL4+ HepG2-EVs, or CCL4+ PXB-EVs. B HE staining and C TUNEL staining of liver sections of the mice treated
with CCL4+ PBS, CCL4+ HepG2-EVs, or CCL4+ PXB-EVs. B Areas of necrotic area (NA) were calculated in 5 fields from 3 mice. C TUNEL positive
apoptotic cells (green) and DAPI positive nuclei (blue) are illustrated. TUNEL positive cells were enumerated in 10 fields from 3 mice. Ratio to
total cells was calculated. Statistical analysis was performed using one-way ANOVA and subsequent Tukey’s HSD method. *P < 0.05, **P < 0.01.
Black and white bars indicate 50 μm.
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Fig. 3 Liver resident macrophages are responsible for protective effects of hepatocyte-derived EVs. A F4/80 (green) and DAPI (blue)
staining of liver sections of the mice treated with PBS or PKH-26 labeled HepG2-EVs (red). B Timeline for the experiment of CL and EV
treatments for CCL4-induced acute liver injury in mouse model. C HE staining of liver sections of the mice treated with CL+ CCL4+ PBS or CL
+ CCL4+ HepG2-EVs. D The Serum GOT and GTP were measured for the mice treated with CL+ CCL4+ PBS or CL+ CCL4+ HepG2-EVs.
E TUNEL staining of liver sections of the mice treated with CL+ CCL4+ PBS or CL+ CCL4+HepG2-EVs. TUNEL positive cells were enumerated
in 10 fields from 3 mice. Ratio to total cells was calculated. Statistical analysis was performed using student’s t test. Black and white bars
indicate 50 μm. CL clodronate liposome.
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well as BM as a target of EVs in ALI model, which serially revealed
that the recruitment of neutrophils releasing ROS, was attenuated
via downregulation of CXCL1 and CXCL2 (Figs. 2–4), mainly
secreted from macrophages [31]. Though the expression of CCL1
and CCL2 of the KCs in the mice treated with PXB-EVs was
significantly less than those with HepG2-EVs and PBS, the
monocyte recruitment of those mice with HepG2-EVs and PXB-
EVs was equally suppressed (Fig. 5C), suggesting that not only KCs
but also other cells composed of the liver might be involved in the
monocyte recruitment of CCL4-induced ALI. Furthermore, recruit-
ment of monocytes from BM was inhibited due to downregulation

of CCR8 and CCR9 by EVs (Fig. 6). Previous studies reported that
neither CCR8 nor CCR9 deficient mice developed liver injury
despite administration of CCL4, thereby indicating that the
chemokine receptor expressed on the monocyte is crucial for
ALI [5, 32]. Collectively, the downregulation of CCR8 and CCR9,
which occurred in the BM by the hepatocyte-EVs, might play a
pivotal role in the amelioration of ALI by hepatocyte-EVs.
EVs are now extensively studied due to their potent biological

functions. Since the main mechanism of their functions is transfer
of their cargo between cells, numerous studies investigated these
cargos such as small RNAs, proteins, and DNAs to reveal that they

Fig. 4 Hepatocyte-derived EVs affected the expression of proinflammatory cytokines and chemokines of KCs. A–C IL-1β, IL-6, TNF-α, CCL1,
CCL2, CCL25, CXCL1, CXCL2, MMP-9, and MMP-12 mRNA expression in KCs of mice treated with CCL4+ PBS, CCL4+ HepG2-EVs, or CCL4+
PXB-EVs were measured by reverse-transcription quantitative polymerase chain reaction (RT-qPCR), and each sample was normalized relative
to β-actin expression. Data represent the mean ± SD of triplicate experiments. Statistical analysis was performed using one-way ANOVA and
subsequent Tukey’s HSD method. *P < 0.05.
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exert functions in the target cells incorporated EVs. Conversely, as
few studies investigated about the lipids which have been
reported to be enriched in EVs as well, the roles remain elusive.
We previously elucidated that the PS exposed on the EVs is
indispensable for their incorporation by macrophages [33],
suggesting that PL plays crucial roles in EVs. The lipidomics

analysis revealed that the composition of PL in the Hep-EVs is
characteristic. Remarkably, the PUFA in the sn-2 position of PLs
was unique. ω3 PUFAs, DHA was more abundant in HepG2-EVs
and PXB-EVs than in HepG2 cells (Fig. 7A). As DHA was converted
to immunoregulatory lipid mediators such as resolvin and
protectin, it raised the hypothesis that these ω3 PUFA dominant

Fig. 5 Hepatocyte-derived EV treatment reduced Gr-1 positive neutrophil and F4/80 positive cell infiltration into the liver. A Gr-1 (green)
and DAPI (blue) staining of liver sections of the mice treated with CCL4+ PBS, CCL4+ HepG2-EVs, or CCL4+ PXB-EVs. Gr-1 positive cells were
enumerated in 10 fields from 3 mice. Ratio to total cells was calculated. B ROS (green) staining using 2′,7′-dichlorofluorescenin diacetate
(DCFDA) and DAPI (blue) staining of liver sections of the mice treated with CCL4+ PBS, CCL4+HepG2-EVs, or CCL4+ PXB-EVs. Fluorescent
intensity was measured in 10 fields from 3 mice using ImageJ. C F4/80 (green) and DAPI (blue) staining of liver sections of the mice treated
with CCL4+ PBS, CCL4+ HepG2-EVs, or CCL4+ PXB-EVs. F4/80 positive cells were calculated in 10 fields from 3 mice. Ratio to total cells was
calculated. Statistical analysis was performed using one-way ANOVA and subsequent Tukey’s HSD method. *P < 0.05, **P < 0.01. White bars
indicate 50 μm.
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profiles of PL in the EVs might be involved in the hepatoprotective
effects. The ω3 PUFA derived lipid mediator downregulates the
chemokine receptors on neutrophils in order to inhibit the
migration resulting in convergence of inflammation [34], which
implied that downregulation of CCR8 and CCR9 is mainly
expressed on monocyte by DHA and may be involved in a series
of functions for convergence of inflammation, by inhibiting the
migration of the BM monocyte to the liver, which is mostly
responsible for amelioration of ALI. Actually, DHA has been
reported to have therapeutic efficacy for ALI [35]. Though we
focus on DHA on sn-2 position of PLs, it is possible that free DHA
associated EVs is involved in this mechanism as well.
The reason behind EVs derived from hepatocytes having potent

immunotolerative and hepatoprotective functions remains
unclear. It is speculated that the liver is a central immunological
organ in the human body that is exposed to large amounts of
circulating antigens and endotoxins from gut microbiota. To
maintain liver homeostasis, the liver employs multiple mechan-
isms to suppress immune responses and create tolerance [36].
Liver sinusoidal endothelial cells (LSECs), KCs, and dendritic cells
play pivotal role in initiating and shaping liver immune responses,
through antigen presentation, and cytokine and chemokine
excretion along with neutrophils, B and T lymphocytes, and
natural killer (NK) cells that circulate in the hepatic sinusoids [37].
Therefore, our results suggested that the liver might employ EVs
secreted by hepatocytes to suppress the immune response and
create tolerance in order to maintain liver homeostasis. We
focused on PL but other factors such as miRNAs, protein, and
lipids other than PL might have crucial roles in inducing
immunotolerance and hepatoprotection.
MSCs are fibroblast‐like, adherent, immunomodulatory, and

multipotent cells. Recent studies indicated that MSCs are a
promising therapeutic approach for promoting liver regenera-
tion and repairing liver injury by cell migration into liver sites,

hepatogenic differentiation, immunoregulation, and paracrine
mechanism [38, 39]. Despite their beneficial properties, there are
several limitations to the use of MSCs as cellular therapies. These
include the potential for aberrant differentiation, tumor forma-
tion [40], and low engraftment [41]. The underlying concerns of
the potential for tumor formation or differentiation into
undesirable cell types have hindered the adoption and use of
MSC-based therapeutic approaches [42]. Therefore, cell-free-
based therapy using MSC-EVs has gained immense attention
because MSC-EVs contribute to liver injury repair via paracrine
mechanism and are safer, cheaper, and more effective [43];
however, they are difficult to culture for longer time periods,
and it is costly to keep a fresh supply of EVs. In the present
study, we demonstrated that the immunosuppressive effect of
HepG2-EVs, human hepatocarcinoma cell line, was comparable
to that of EVs secreted from MSCs. HepG2 is easy to culture for
longer duration and has the advantage of providing fresh EVs at
any time at low cost. Furthermore, continued administration of
HepG2-EV to the mice for 3 months did not cause any
pathological changes in the mice (Fig. S5). Hence, it could be
a potential therapeutic alternative to MSC-EV. For further safety,
HepG2-EVs should be administered over a longer duration and
the systemic effects should be studied in detail. In this study, the
therapeutic effect of the EVs collected from the human cells
were tested using the mice CCL4-induced liver injury. In order to
exclude the affect by species crossover, further study using
human liver such as ALI model using chimeric TK-NOG mice will
be needed [44].
In summary, hepatocyte EVs have hepatoprotective effects

in vivo that are associated with reduced levels of hepatic
neutrophils and monocytes, and attenuated expression of
inflammatory mediators. These novel findings indicate that
hepatocyte EVs are promising candidates as an innovative therapy
for liver injury.

Fig. 6 Hepatocyte-derived EV treatment reduced CCR2, CCR8, and CCR9 expression in BM cells. A CCR2, CCR8, and CCR9 mRNAs in BM
cells 12 h after HepG2-EVs or PXB-EVs addition into culture supernatant were measured via real-time (RT-qPCR), and each sample was
normalized relative to β-actin expression. Data represent the mean ± SD of triplicate experiments. B CCR2, CCR8, and CCR9 mRNA in BM cells
collected from mice 48 h after injection of CCL4+ PBS or CCL4+ PXB-EVs were quantified using RT-qPCR. β-actin was used as an internal
control. Data represent the mean ± SD of triplicate experiments. Statistical analysis was performed using one-way ANOVA and subsequent
Tukey’s HSD method or student’s t test. *P < 0.05, **P < 0.01.
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MATERIALS AND METHODS
Ethics statement
This study was performed in strict accordance with the ethical guidelines
of the Declaration of Helsinki and the use of human material was approved
by the local ethics committees of Tokai University. Studies on mice were
conducted in accordance with both the Guidelines for Animal Experi-
mentation 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.

Animals
Female C57BL/6 mice 6 weeks old purchased from Nihon Clea. All feeding
and experimental procedures were carried out under specific pathogen-
free conditions at the animal experiment center of Tokai University. The
animals were housed at controlled temperature with 12-h light-dark cycles,
fed standard mice chow pellets, had access to water from bottles, and
were acclimatized before being studied. All mice were used according to
guidelines for experimental animal use specified by the Tokai University.

Mouse experiments
Six-week-old female mice were injected with hepatocyte-derived EVs (30 μg)
or phosphate-buffered saline (PBS) in the tail vein, and after 3 h, 2ml/kg body
weight of CCL4 (Fuji Film Wako Pure Chemical Industries, Ltd., Osaka, Japan)
was subcutaneously injected. Moreover, 48 h after CCL4 administration, mice
were sacrificed for tissue and blood collection. Furthermore, we performed
the clodronate liposome (CL) injection trial using these mice to investigate
the effects of macrophages in CCL4-induced liver injury mice. Mice were
injected with clodronate- or PBS-liposomes (ClodronateLiposomes.org,
Amsterdam, Netherlands) in the tail vein. Next, 24 h after CL injection, the
aforementioned procedure was performed.
Thereafter, HepG2-derived EV (30 μg) was injected intraperitoneally for

3 months every week to assess its safety.
Furthermore, the blood samples were centrifuged at 3000 rpm for

15min at 4 °C to obtain the serum. The livers were rapidly dissected and
were snap-frozen and stored at −80 °C before analysis. Eventually, serum

levels of glutamic-oxaloacetic transaminase (GOT) and glutamic-pyruvic
transaminase (GPT) were measured using an automated chemical analyzer,
SPOTCHEM EZ (Arkray, Kyoto, Japan).

Kupffer cell isolation
The Kupffer cells were isolated by differential centrifugation on an Opti-
Prep (Sigma-Aldrich). This protocol was modified from previous reports
of isolation Kupffer cells [45, 46]. In particular, the inferior vena cava was
cannulated and perfused with 0.5 mM EGTA solution which is added to
HBSS without calcium and magnesium, followed by the perfusion buffer
(0.4% collagenase type I in HBSS buffer) with 37 °C 5 min. After perfusion,
liver was chopped and digested with the digestion buffer (0.4%
collagenase type I in MEM Alpha (Life Technologies, Carlsbad, CA with
1% DNase I and 2% FBS) at 37 °C for 20 min with shaking. The cell
suspension was filtered through a 100 μm cell strainer and re-suspended
to HBSS (Life Technologies) with 2% FBS. Three hundred microliters of
cell suspension were collected to isolate bulk liver. Other cell
suspensions were centrifuged at 50 × g for 1 min at 4 °C to precipitate
hepatocytes. The supernatant was centrifuged at 400 × g 7 min. 4 °C to
obtain hepatic non-parenchymal cells. Pellet was suspended in 15%
Opti-Prep and centrifuged at 4 °C for 21 min at 1400 × g. The cells
included Kupffer cells were collected from the interface. Cells were
further purified via subsequent flow cytometric sorting with PI
(Bioregends, 421301, San Diego, CA) and CD45-PE (Bioregends,
103105), CD31-FITC (Bioregends, 102405), F4/80-APC (Bioregends,
123115) staining for Kupffer cells using BD FACSMelody cell sorter
(Becton Dickinson and Company, New Jersey, USA) [47].

Primary hepatocytes and cell lines
Primary hepatocytes (PXB cells) were purchased from Phoenix Bio Co., Ltd.
(Hiroshima, Japan) and plated on type I collagen-coated 24-well plates. PXB
cells were incubated with 500 µL of 2% dimethyl sulfoxide-supplemented
hepatocyte clonal growth medium in 5% CO2 and 95% air at 37 °C. The
culture medium was collected and renewed every 4 days. HepG2 cells were
cultured in DMEM high glucose (Life Technologies) supplemented with 10%

Fig. 7 DHA was enriched on the EVs and reduced CCR8 and CCR9 expression in BM cells. A Abundance of ω6 and ω3-bound phospholipids
(PLs) in whole cells lysate (WLC) or EVs secreted from HepG2 cells and PXB cells. B CCR2, CCR8, and CCR9 mRNAs in BM cells 12 h after
treatment of 50 μM DHA were measured via RT-qPCR, and each sample was normalized relative to β-actin expression. Data represent the
mean ± SD of triplicate experiments. **P < 0.01. ***P < 0.001.
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fetal bovine serum (FBS), 100 units/ml of penicillin, and 100 µg/ml of
streptomycin (Life Technologies) in 5% CO2 and 95% air at 37 °C.
Ultra-high purity human mesenchymal stem cells (REC), which is a cell

line of human mesenchymal stem cells (hMSC), were provided by Dr.
Matsuzaki [48]. MSC cells were cultured in DMEM Low glucose (Life
Technologies) supplemented with 20% fetal bovine serum (FBS), 100 units/
ml of penicillin, and 100 µg/ml of streptomycin (Life Technologies),
0.01 mol/l of Hepes (Life Technologies), 20 ng/ml of bFGF (FUJIFILM Wako
Pure Chemical Corporation, Osaka, Japan) in 5% CO2 and 95% air at 37 °C.
BM cells were collected from C57BL/6j mice (6 weeks old, female),

collected BM cells were cultured in RPMI 1640 medium (Life Technologies)
supplemented with 10% (v/v) FBS, 100 units/ml of penicillin, and 100mg/
ml of streptomycin.

EV isolation
EVs were isolated from cell culture supernatant. To remove bovine EVs from
the fetal bovine serum (FBS), FBS was ultracentrifuged at 110,000 × g for 18 h
at 4 °C using a Type 70.1 Ti (Beckman Coulter, Brea, CA). Thereafter, the
supernatant was filtered through a 0.22-μm filter (Merck Millipore, KGaA,
Darmstadt, Germany). Next, HepG2 cells were cultured in EV-free, high
glucose Dulbecco’s modified Eagle medium (DMEM) (Life Technologies) for
3 days. MSCs were cultured in low glucose DMEM (Life Technologies).
Primary hepatocytes (PXB cells) were cultured with 500 µL of 2% dimethyl
sulfoxide-supplemented hepatocyte clonal growth medium (Phoenix Bio Co.,
Ltd, Hiroshima, Japan). Culture supernatants were centrifuged at 1500 × g for
15min at room temperature. To thoroughly remove cellular debris, the
supernatants were filtered via a 0.22-μm filter. For EV preparation, the filtered
supernatants were ultracentrifuged at 110,000 × g for 70min at 4 °C. The
pellets were washed with 8ml of PBS after ultracentrifugation and
resuspended in PBS. HepG2-derived EVs were labeled with PKH26 dye
(Sigma-Aldrich). Thereafter, the amount of protein in EVs was measured by
using BCA protein assay kit (TAKARA, Shiga, Japan). Electron microscope
image of EVs was obtained via 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).

Materials
Docosahexaenoic Acid (DHA) was purchased from Cayman Chemical (Ann
Arbor, MI). DHA was dissolved in 50 µM with absolute ethanol and added
to BM cells. Absolute ethanol was used as a control in all experiments.

Histology and immunohistochemistry
For histologic analyses, fixed tissues were embedded in paraffin or
optimum cutting temperature compound (Sakura Finetechnical, Tokyo,
Japan) as previously described [21]. Paraffin-embedded tissues were
sectioned and stained with hematoxylin-eosin. For immunostaining, frozen
sections were stained using the FITC anti-mouse F4/80 (Biolegend,
157309), FITC anti-mouse Gr-1 (Biolegend, 108405). Nuclei were visualized
with DAPI (H-1200; Vector Laboratories, Burlingame, CA). As a secondary
antibody, anti-rabbit IgG H&L Alexa Fluor 594 (Abcam, ab150080,
Cambridge, UK) and APC streptavidin (Biolegend, 405207) was used. The
apoptosis of hepatocytes in liver tissue sections was detected by In Situ
Cell Death Detection Kit, Fluorescein (11684795910, Roche Applied
Science, Germany). The staining protocol was performed according to
the manufacturer’s instructions.
DCFDA/H2DCFDA-Cellular ROS Assay Kit (ab113851, Abcam) was used

for ROS detection in liver tissue sections, according to the manufacturer’s
instructions. DCFDA positive cells were detected with filter set appropriate
for fluorescein (FITC).
TUNEL, Gr-1, F4/80, or DAPI positive cells were counted in randomized

10 fields (magnification: ×100 or 200) from 3 mice liver tissues. Ratios of
positive cells versus total cell counts were analyzed. Fluorescent intensity
of DCFDA stained sections was measured in randomized 10 fields
(magnification: ×100) from 3 mice liver tissues. Stained sections were
mounted with gold antifade reagent (Life Technologies) and examined
using the Zeiss LSM700 scanning laser confocal microscope (Carl Zeiss,
Oberkochen, Germany). For positive cells, a representative area had been
stored and quantified with Fiji software (derived from NIH ImageJ).

Fig. 8 Scheme of Hep-EVs in acute liver injury. Under CCL4-induced acute liver injury, KCs are activated and expression of intrahepatic
CXCL1, CXCL2 or CCL1, CCL2, and CCL25 is increased, resulting in the recruitment of neutrophils and inflammatory monocytes, further
aggravating the liver inflammation. ① Hepatocyte-derived EVs suppress the activation of KCs and decrease CXCL1 and CXCL2. Neutrophil
recruitment is inhibited via reduction of intrahepatic CXCL1 and CXCL2. As a result, inflammation is suppressed by reducing ROS production.
② Hep-EV reduces the expression of chemokine receptors CCR2, CCR8, and CCR9 in bone marrow, resulting in suppression of bone marrow-
derived monocyte recruitment into the liver.
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qRT-PCR
In vivo experiments, liver tissue samples, isolated Kupffer cells, and BM
cells were collected and frozen immediately with Sepasol®-RNA I Super G
(Nacalai Tesque, Kyoto, Japan) and stored at −80 °C until RNA extraction. In
vitro experiments, BM cells, were seeded in 6-well plates at a density of 1 ×
106 cells per well, and cultured with hepatocytes-derived EVs or DHA in the
above culture medium for 12 h. Total RNA isolation was performed
according to the protocol provided with the above reagents. Reverse-
transcription to cDNA was performed using High-Capacity cDNA Reverse
Transcription Kit (Applied Biosystems™, Foster City, CA) according to the
manufacturer’s instructions. In vivo experiments, pro-inflammatory cyto-
kine (IL-6, TNF-α, IL-1β), C-X-C motif chemokine ligand (CXCL1, CXCL2), and
C-C motif chemokine ligand (CCL1, CCL2, CCL25) were quantified using
real-time PCR. In vitro experiments, C-C chemokine receptors (CCR2, CCR8,
CCR9) were quantified. In addition, the CLEC4F, the maker of Kupffer cells
were applied to confirm isolation Kupffer cells as previously described
[45, 47]. PCR was performed using the THUNDERBIRD® SYBR® qPCR Mix
(TOYOBO CO., Ltd, Osaka, Japan) and the primer pairs with the following
program: initial denaturation at 95 °C for 1 min followed by 40 cycles of
amplification at 95 °C for 15 s, annealing at 60 °C for 15 s, and extension at
72 °C for 30 s. The primer pairs were shown in Supporting Table S1.

Western blot analysis
EV pellets were lysed in RIPA assay buffer (FUJIFILM Wako Pure Chemical
Corporation) for 30 min on ice. Protein samples were electrophoresed on
a 10% SDS–polyacrylamide gel and blotted onto polyvinylidene
difluoride membranes (Bio-Rad Laboratories, Hercules, CA). The mem-
branes were washed with TBS-Tween and were shaken in Can Get Signal
PVDF Blocking Reagent (TOYOBO) at room temperature for 1 h. After
washed, the membranes were incubated with primary antibodies diluted
in Can Get Signal Solution 1 (TOYOBO) at room temperature for 1 h. After
washed, the membrane was incubated with secondary antibodies
conjugated to horseradish peroxidase (HRP) diluted in Can Get Signal
Solution 2 (TOYOBO) at room temperature for 1 h. After washed, the
membranes were incubated with Immobilon Western Chemiluminescent
HRP Substrate (Merck Millipore, KGaA, Darmstadt, Germany) 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 IgG HRP (Sigma).

Phospholipid profiling
Lipids were extracted from the EVs by adding 10-fold methanol containing
0.1% (v/v) formic acid, and were then centrifuged at 12,000 × g for 5min.
Resultant supernatant was used for phospholipid profiling. The main
phospholipids were analyzed using a Shimadzu UHPLC-Nexera system
coupled to a LCMS-8050 triple mass spectrometer (Shimadzu, Kyoto, Japan),
using Labsolutions (version 5.91) software for data acquisition and analysis.
Kinetex C8 column (Phenomenex, Torrance, CA, USA, 2.1 × 150mm, 2.6 μm)
was used for LC separation. Column temperature was controlled at 45 °C. The
mobile phases A and B comprised 20mM ammonium formate in water and
50% (v/v) 2-propanol in acetonitrile, respectively. The gradient was as follows:
20% B at 0min, 20–40% B at 1–2min, 40–92.5% B at 2–25min, 92.5–100% B
at 25–26min, 100% B at 26–35min, 100–20% B at 35–35.1min, and 20% B at
38min. The flow rate of mobile phase was 0.3mL/min and the injection
volume was 50 μL. An electrospray source was employed in positive (for PE,
PC analysis) and negative ion mode (for PI and PS analysis). Moreover, ultra-
pure argon (99.9999%) was used as the collision gas. Needle voltage was set
at 4.0 kV. Phospholipid analysis was carried out according to LC/MS/MS MRM
library for Phospholipid (PL) profiling (Shimadzu). Furthermore, the initial step
was carried out to classify PLs [phosphatidylcholine (PC), phosphatidyletha-
nolamine (PE), phosphatidylglycerol (PG), phosphatidylinositol (PI), phospha-
tidylserine (PS), lysoPC, lysoPE, lysoPG, lysoPI, lysoPS] except for phosphatidic
acids by detecting characteristic fragment ions (PC and lysoPC, m/z 184 in
positive ion mode; PE and lysoPE, m/z M-141.0 in positive ion mode; PG and
lysoPG, m/z M-172.1 in positive ion mode; PI and lysoPI, m/z 241 in negative
ion mode; PS and lysoPS,m/z 184.10 in positive ion mode). Subsequently, the
fatty acyl moiety of the PLs was identified by MRM in the negative ion mode
to quantify individual PL molecules. The equal amount of standard
compounds of each PL class, namely PC(17:0/20:4), PE(17:0/20:4), PG(17:0/
20:4), PI(17:0/20:4), PS(17:0/20:4), lysoPC(17:0), lysoPE(17:1), lysoPG(17:1),
lysoPI(17:1), and lysoPS(17:1), were analyzed to normalize the signal
intensities among different PL classes.

Statistical analysis
All statistical analyses were performed using R software. Differences
between means were evaluated using one-way ANOVA and subsequent
Tukey’s honest significant difference (HSD) method for multiple compar-
isons or student’s t-test for the analysis of the significance between two
groups. Values of p < 0.05 were considered as statistically significant. Data
are presented as the mean ± SD.
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