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A B S T R A C T

Acute liver failure is a clinical syndrome of severe hepatic dysfunction. Immune cells play an important role in
acute liver failure. In recent years, the immunoregulatory function of extracellular vesicles (EVs) has been re-
ported; therefore, it is inferred that EVs play a role in immune-mediated hepatitis. In this study, we investigated
the immunoregulatory function of EVs in concanavalin A (Con A)-induced hepatitis. The mouse model was
prepared by a single intravenous administration of 15 mg/kg Con A, in which there was a significant increase in
the serum EVs number. In an in vitro study, the number of secreted EVs was also significantly increased in Con A-
treated RAW264.7 cells, a mouse macrophage cell line, but not in Hepa1-6 cells, a mouse hepatoma cell line. In
an in vitro EVs treatment study, EVs from Con A-treated mouse serum and Con A-treated RAW264.7 cells sup-
pressed inflammatory cytokine production in Con A-stimulated RAW264.7 cells. miRNA sequencing analysis
showed that the expression of mmu-miR-122-5p and mmu-miR-148a-3p was commonly increased in these EVs
and EVs-treated cells. The pathways enriched in the predicted miRNA target genes included inflammatory re-
sponse pathways. The mRNA levels of the target genes in these pathways (mitogen-activated protein kinase,
phosphoinositide 3-kinase/Akt and Rho/Rho-associated coiled-coil containing protein kinase pathways) were
decreased in the EVs-treated cells. In an in vivo RNA interference study, the knockdown of liver RAB27A, an EVs
secretion regulator, significantly exacerbated Con A-induced hepatitis. These data suggest that macrophage-
derived EVs play an important role in Con A-induced hepatitis through immunoregulation.

1. Introduction

Extracellular vesicles (EVs) are small vesicles with a diameter of 50-
200 nm that are secreted from cells (Taylor and Gercel-Taylor, 2013).
EVs include various molecules, such as RNAs and proteins, and play an
important role in multiple diseases by transporting the molecules be-
tween cells (Alexander et al., 2017; Momen-Heravi et al., 2015;
Tominaga et al., 2015). Therefore, EVs have attracted attention as
therapeutic targets and tools and biomarkers in disease.

Acute liver failure is a clinical syndrome of abrupt severe hepatic
dysfunction and has an approximately 30% mortality rate. The main
causes of acute liver failure in the USA are autoimmune hepatitis, drug
toxicity, viral hepatitis and ischemia (Stravitz and Lee, 2019). Immune-

related cells are involved in the pathogenesis of this disease. In auto-
immune hepatitis, standard treatment is immunosuppressive therapy;
however, most immunosuppressive agents have toxic adverse effects
(Yang et al., 2019).

In recent years, the immune regulatory function of various cell-de-
rived EVs has been reported (Holman et al., 2019; McDonald et al.,
2014; Shao et al., 2020); therefore, in the present study, we inferred
that EVs play a role in immune-mediated liver injury. In fact, EVs
regulate the development and progression of various liver diseases,
such as hepatic ischemia-reperfusion injury (Yang et al., 2018), alco-
holic liver injury (Momen-Heravi et al., 2015; Saha et al., 2016), he-
patic fibrosis (Seo et al., 2016) and nonalcoholic steatohepatitis
(Hirsova et al., 2016), through the immunoregulation.
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MicroRNAs (miRNAs) are small noncoding RNAs that are approxi-
mately 22 nucleotides in length. They are contained in EVs or bound to
RNA-binding proteins and high-density lipoproteins in body fluids.
miRNAs regulate gene expression through base-pairing with com-
plementary sequences within target mRNAs (Harrill et al., 2016; Lawrie
et al., 2008). miRNAs in EVs are transported between cells and regulate
recipient cell function, such as the immune response, through gene
expression regulation (Saha et al., 2016; Shao et al., 2020; Zhao et al.,
2020).

In this study, we investigated the immunoregulatory function of EVs
in immune-mediated hepatitis. Hepatitis was induced by the adminis-
tration of concanavalin A (Con A), a lectin derived from jack beans, in
mice. This model is widely used as a relevant model of human auto-
immune hepatitis. In Con A-induced hepatitis, macrophages and T cells
infiltrate the liver and play an important role in the development of
hepatocellular apoptosis and necrosis through inflammatory cytokine,
such as interleukin-6 (IL-6), interleukin-1β (IL-1β), tumor necrosis
factor-α (TNF-α) and interferon-γ (IFN-γ), production (Xue et al.,
2015). We investigated the effect of EVs from the model mouse serum
or mouse cell lines on inflammatory cytokine production in macro-
phages. In addition, miRNA fluctuations in EVs and EVs-treated cells
were analyzed to identify immunoregulatory molecules.

2. Materials and methods

2.1. Chemicals and reagents

Con A was purchased from Sigma-Aldrich (St. Louis, MO). Protease
inhibitor cocktail set III DMSO solution ethylenediaminetetraacetic acid
(EDTA) free was purchased from Fujifilm Wako Pure Chemical
Corporation. The anti-CD63 antibody was purchased from System
Biosciences (Palo Alto, CA), the anti-RAB27A antibody was purchased
from Abcam (Cambridge, UK), the anti-GAPDH antibody was purchased
from Novus Biologicals (Centennial, CO), and the IRDye 680 L T goat
anti-rabbit IgG and IRDye 680 L T goat anti-mouse IgG antibodies were
purchased from Li-Cor Biosciences (Lincoln, NE). All primers were
synthesized at Hokkaido System Sciences (Sapporo, Japan). Arabidopsis
thaliana (ath)-miR159a-3p was purchased from Hokkaido System
Sciences. The adenovirus vector (AdV) mRab27a shRNA and AdV
scrambled shRNA were obtained from Vector Biolabs (Malvern, PA).

2.2. Animals

Female BALB/c mice (7-8 weeks old) were obtained from Japan SLC
(Hamamatsu, Japan). The animals were housed under a 12 -h light/
dark cycle in a controlled environment (maintained at 23±2 °C with a
relative humidity of 55±10%) in the institutional animal facility with
ad libitum access to food and water; the mice were acclimated to our
facility before the experiments were performed. All procedures per-
formed on the animals were approved by the Animal Care Committee of
Nagoya University Graduate School of Medicine and were carried out in
accordance with the guidelines established by the Institute for
Laboratory Animal Research of the Medical School of Nagoya
University, Japan.

2.3. Mouse Con A treatment and sampling

For hepatitis induction, mice (8-9 weeks old) were intravenously
administered a single dose of 15 mg/kg Con A dissolved in saline (5
mL/kg) as previously reported (Liu et al., 2015; Zheng et al., 2016).
Blood samples were obtained from the caudal vena cava, and then the
liver was collected under isoflurane anesthesia at 3, 6 or 9 h after the
administration of Con A. The liver sample was fixed in 10% neutral
buffered formalin for histopathological examination, or frozen in liquid
nitrogen for RNA extraction and protein lysate preparation. The blood
was clotted at room temperature and centrifuged at 1,600 g at 4 °C for

10 min to obtain serum. For EVs isolation, the obtained serum was
centrifuged at 16,500 g at 4 °C for 20 min, and the supernatant (pre-
treated serum) was stored at −80 °C until use.

2.4. Histopathological examination

The fixed livers were dehydrated with a graded series of ethyl al-
cohol, dealcoholized with xylene, and embedded in paraffin. These
samples in paraffin blocks were thinly sectioned and stained with he-
matoxylin and eosin (H&E). The specimens were examined by light
microscopy.

2.5. Serum biochemical analysis

The level of serum alanine transaminase (ALT) was measured using
a Dri-Chem 4000 system (Fujifilm, Tokyo, Japan).

2.6. EVs isolation from the serum

The pretreated serum was centrifuged at 208,000 g at 4 °C for 70
min using an MLS-50 rotor (Beckman Coulter, Brea, CA). The EVs
pellets were washed once with phosphate-buffered saline (PBS) filtered
through a 0.22 μm filter (Corning, Corning, NY). And then, the fol-
lowing reagents were added to the pellet: PBS filtered through a 0.22
μm filter for NanoSight assays, RIPA buffer containing 1% Nonidet P-
40, 0.1% sodium dodecyl sulfate (SDS), 50 mM Tris-HCl buffer (pH 8.0),
150 mM NaCl, 5 mM EDTA, 50 mM sodium fluoride, 1 mM sodium or-
thovanadate (Na3VO4), 25 mM disodium β-glycerophosphate pentahy-
drate and a protease inhibitor cocktail for the Western blot assays or
QIAzol Lysis Reagent (Qiagen, Valencia, CA) for RNA extraction.

2.7. Analysis of EVs size and concentration

The EVs suspended in PBS were measured using a NanoSight NS300
system (Malvern Panalytical, Malvern, Worcs, UK).

2.8. Western blot assay

SDS-polyacrylamide gel electrophoresis and immunoblot analysis
were performed according to the method described by Laemmli
(Laemmli, 1970). The homogenized liver samples or EVs samples with
RIPA buffer were used as protein lysates. The lysates were boiled for 3
min with SDS and 2-mercaptoethanol to be resolved. The resolved
samples were separated on a 10% SDS-polyacrylamide gel and elec-
trotransferred onto an Immobilon-P membrane (Millipore Corporation,
Billerica, MA). The membrane was blocked in Odyssey blocking buffer
(Li-Cor Biosciences) and incubated with anti-CD63, anti-RAB27A or
anti-GAPDH antibodies at 4 °C overnight. Subsequently, the membrane
was incubated with a fluorescent dye-conjugated secondary antibody
for 1 h. The fluorescence signal was detected using the Odyssey Infrared
Imaging System (Li-Cor Biosciences).

2.9. Cell culture

The mouse macrophage RAW264.7 cell line was obtained from
RIKEN BioResource Research Center (Ibaraki, Japan). The mouse he-
patoma Hepa1-6 cell line was kindly provided by Dr. S. Kaneko
(Kanazawa University, Japan) (Marukawa et al., 2012). HEK293 cells
were obtained from the American Type Culture Collection (Manassas,
VA). The cells were maintained in Dulbecco’s modified Eagle’s medium
(Nissui Pharmaceutical, Tokyo, Japan) supplemented with 10% fetal
bovine serum (Sigma-Aldrich), 2 mM glutamine and 3.5 g/L glucose
(Fujifilm Wako Pure Chemical Corporation) at 37 °C in a 5% CO2 at-
mosphere.
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2.10. Con A cytotoxicity in RAW264.7 and Hepa1-6 cells

RAW264.7 and Hepa1-6 cells were seeded at a density of 3 × 104

and 1.5 × 104 cells/well, respectively, and preincubated for 24 h. After
24 h of incubation with Con A or vehicle (1% saline in the culture
medium), the cellular adenosine triphosphate (ATP) levels were mea-
sured using a CellTiter-Glo 2.0 Cell Viability Assay (Promega, Madison,
WI) and a microplate reader (Infinite 200 PRO, Tecan Group Ltd.,
Männedorf, Switzerland) according to the manufacturer’s protocol.

2.11. EVs isolation from Con A-treated RAW264.7 and Hepa1-6 cell
culture supernatants

EVs in FBS were removed by centrifugation at 175,000 g at 4 °C for
16 h using an SW32Ti rotor (Beckman Coulter), and EVs-free culture
medium was prepared with the EVs-free FBS. RAW264.7 and Hepa1-6
cells were seeded at a density of 3 × 106 and 1.5 × 106 cells/plate,
respectively, and preincubated for 24 h. After cells were incubated for
24 h with Con A or vehicle in EVs-free culture medium, the culture
supernatants were collected and centrifuged at 2,000 g at 4 °C for 10
min. The supernatants were filtered through a 0.2 μm syringe filter
(Sartorius, Göttingen, Germany) and then centrifuged at 175,000 g at 4
°C for 4 h using an SW32Ti rotor. The EVs pellets were washed once
with PBS filtered through a 0.22 μm filter. And then, the following
reagents were added to the pellet: PBS filtered through a 0.22 μm filter,
RIPA buffer with a protease inhibitor cocktail or QIAzol Lysis Reagent.

2.12. Con A treatment of RAW264.7 cells for total RNA extraction

RAW264.7 cells were seeded at a density of 1.5 × 105 cells/well
and preincubated for 24 h. After being incubated for 24 h with Con A or
vehicle, the cells were harvested for RNA extraction.

2.13. in vitro cellular uptake of EVs

The serum EVs or RAW264.7-derived EVs suspended in PBS were
fluorescently labeled using an ExoSparkler Exosome Membrane
Labeling kit (Dojindo, Kumamoto, Japan) according to the manu-
facturer’s protocols. RAW264.7 cells were seeded at a density of 1.5 ×
105 cells/well in 24-well glass-bottom plates and preincubated for 24 h.
After being incubated for 8 h with 6E + 09 labeled EVs/mL in EVs-free
medium, the cells were stained with 4´,6´-diamidino-2-phenylindole
dihydrochloride (DAPI) for nuclear staining and observed by fluores-
cence microscopy (BZ-9000, KEYENCE, Osaka, Japan).

2.14. Cell viability of EVs-treated RAW264.7 cells

RAW264.7 cells were seeded at a density of 3 × 104 cells/well and
preincubated for 24 h. After being incubated for 24 h with 6E + 09
EVs/mL in EVs-free medium, the cell viability was evaluated using Cell
Counting Kit-8 (Dojindo) according to the manufacturer’s protocols.

EVs and Con A cotreatment of RAW264.7 cells for RNA extraction
and the measurement of culture supernatant IL-6 levels

RAW264.7 cells were seeded at a density of 1.5 × 105 cells/well

Fig. 1. Histopathological examination of the livers and changes in the serum ALT levels and serum EVs numbers in the Con A-administered mice.
Representative image of H&E-stained liver sections from Con A (15 mg/kg)-administered mice at 9 h is shown (A). The black arrow shows the massive necrosis of
hepatocytes. Scale bar = 100 μm. The serum ALT levels in the Con A-administered mice at 0, 3, 6 and 9 h are shown (B). Representative particle plot data of saline-
treated mouse serum EVs is shown (C). CD63 expression in saline-treated mouse serum EVs was analyzed by Western blotting, and representative data is shown (D).
The serum EVs numbers in the Con A-administered mice at 0, 3, 6 and 9 h are shown (E). The data are shown as the mean value± S.D. (n = 5-6/group). Differences
in the posttreatment values compared with the pretreatment values were considered significant at *p<0.05, ***p<0.001 and ****p< 0.0001.
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and preincubated for 24 h. After being incubated for 8 h incubation
with 6E + 09 EVs/mL in EVs-free medium, the cells were treated with
Con A or vehicle. After further incubation for 16 h, the cells and culture
supernatants were harvested for RNA extraction and IL-6 level

measurement, respectively. IL-6 levels were measured using a mouse IL-
6 Quantikine ELISA kit (R&D Systems Inc., Minneapolis, MN) and a
microplate reader (Infinite 200 PRO) according to the manufacturer’s
protocols.

Fig. 2. Cell viability and secreted EVs numbers in Con A-treated RAW264.7 cells and Hepa1-6 cells.
Representative particle plot data of the secreted EVs from the saline-treated RAW264.7 cells and Hepa1-6 cells are shown (A). CD63 expression in the secreted EVs
from the saline-treated RAW264.7 cells was analyzed by Western blotting, and representative data is shown (B). The viability of the RAW264.7 cells treated with 0,
3.13, 6.25, 12.5, 25, 50 or 100 μg/mL Con A for 24 h and the Hepa1-6 cells treated with 0, 0.39, 0.78, 1.56, 3.13, 6.25 or 12.5 μg/mL Con A for 24 h were evaluated
by an intracellular ATP assay, and the data are shown as the mean value± S.D. (n = 4/group) (C). The EVs numbers in the culture supernatants of the 12.5 or 25 μg/
mL Con A-treated RAW264.7 cells (D) and 3.13 μg/mL Con A-treated Hepa1-6 cells (E) at 24 h are shown. The data are shown as the mean value± S.D. (n = 3/
group). Differences in the Con A-treated groups compared with the saline-treated group were considered significant at **p<0.01.
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2.15. Real-time reverse transcription-polymerase chain reaction (RT-PCR)

For RT-PCR, total RNA of mouse liver and RAW264.7 cells was
extracted using RNAiso Plus (TAKARA Bio, Shiga, Japan) and TRIzol
Reagent (Thermo Fisher Scientific, Waltham, MA), respectively, ac-
cording to the manufacturer’s protocols. The mRNA levels of IL-6, IL-1β,
TNF-α, IFN-γ, mitogen-activated protein kinase kinase 1 (Map2k1),
mitogen-activated protein kinase kinase kinase 13 (Map3k13), Akt3,
Rho associated coiled-coil containing protein kinase 1 (Rock1) or gly-
ceraldehyde-3-phosphate dehydrogenase (Gapdh) were quantified by
real-time RT-PCR. Reverse transcription was performed using a
ReverTra Ace qPCR RT kit (Toyobo, Osaka, Japan), and real-time RT-
PCR was performed using SYBR Premix Ex Taq (Tli RNaseH Plus)
(TAKARA Bio) according to the manufacturer’s protocol. The RNA
concentration was quantified using a NanoDrop (Thermo Fisher
Scientific), and 1 μg of RNA was used for reverse transcription. The
following PCR thermal cycle was used: denaturation at 95 °C for 30 s,
followed by 40 amplification cycles of 95 °C for 5 s and 60 °C for 30 s
using an Mx3000p (Agilent Technologies, Santa Clara, CA). The primer
sequences used in this study are shown in Table S1.

2.16. cDNA library synthesis and miRNA sequencing (miRNA-seq)

Total RNA of RAW264.7 cells was extracted using a miRNeasy Mini
kit (Qiagen) according to the manufacturer’s protocol. For EVs RNA
extraction, ath-miR159a-3p, a spike-in control, was added to the EVs
lysate in QIAzol Lysis Reagent, and total RNA was extracted using a
miRNeasy Serum/Plasma kit (Qiagen) according to the manufacturer’s
protocol. The quantity and quality of the RNA samples were checked
with an Agilent BioAnalyzer (Agilent Technologies, Santa Clara, CA)
using an RNA6000 Pico Kit (Agilent Technologies). cDNA libraries for
miRNA-seq were synthesized with an NEBNext Multiplex Small RNA
Library Prep Set for Illumina (New England Biolabs Inc., Ipswich, MA)
and quantified with a Qubit 2.0 fluorometer (Life Technologies,
Carlsbad, CA) using a Qubit dsDNA HS Assay kit (Life Technologies)
according to the manufacturer’s protocol. miRNA-seq was performed
with an Illumina MiSeq System using MiSeq Reagent Kit v3 (Illumina,
San Diego, CA). For improved cluster formation, denatured Phix control
v3 (Illumina) was added to the cDNA libraries. Sequencing was per-
formed with 51 bp single-end reads.

2.17. Differential expression analysis of the miRNA-seq count data

The FASTQ files generated by the Illumina MiSeq System were

Fig. 3. Induction of inflammatory cytokine expression in the livers of Con A-treated mice and Con A-treated RAW264.7 cells.
IL-6, IL-1β, TNF-α and IFN-γ mRNA levels in the livers of the Con A-administered mice at 9 h were analyzed by qPCR (n = 5-7/group) (A). IL-6, IL-1β and TNF-α
mRNA levels in the RAW264.7 cells treated with 0, 25 or 50 μg/mL Con A for 24 h were analyzed by qPCR (n = 3/group) (B). The mRNA levels were normalized to
those of Gapdh. The data are shown as the mean value± S.D. Differences in the Con A-treated group compared with the saline-treated group were considered
significant at ***p<0.001 and ****p< 0.0001.
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analyzed with CLC Genomics Workbench (Qiagen). Adaptor sequences
were trimmed, and sequences with a length less than 15 or greater than
35 bp were discarded before counting. The trimmed data were mapped
to the mouse mature miRNA sequence in miRbase ver. 22.1, allowing
two-base mismatches. In the EVs miRNA analysis, the trimmed data
were also mapped to mature ath-miRNA sequences with perfect mat-
ches. miRNAs with a total sample read count less than 10 were filtered
out. In the RAW264.7 miRNA analysis, normalization and statistical
analysis were performed by the edgeR package using TCC-GUI (Su
et al., 2019) and the differentially expressed miRNA genes (DEGs) were
identified in the comparison with each control group using a q
value<0.1 and fold change> 2 or< 0.5. In the EVs miRNA analysis,
the read counts were normalized by dividing by the read counts of the
spike-in control miRNA, and DEGs were identified in comparisons with
each control group using a fold change> 2 or< 0.5. A set of FASTQ
files and raw and normalized read count data are available in the NCBI
Gene Expression Omnibus (GEO; accession: GSE147243). Hierarchical
clustering was performed using Spearman’s correlation as a distance
and complete linkage as a linkage criterion, and a heatmap was gen-
erated for the z-scores of normalized read counts using genefilter and
gplots packages with R software (ver. 3.4.0). MA plots were generated
for the normalized read counts using the ggplot2 package. Venn dia-
grams were generated using Venn Draw software (ver. 0.2).

2.18. Prediction of miRNA target genes and pathway enrichment analysis

The prediction of mmu-miR-122-5p and mmu-miR-148a-3p target
genes was performed by miRWalk2.0 (Dweep and Gretz, 2015). The 10
algorithms in miRWalk2.0 (miRWalk, Microt4, miRanda, miRDB,
miRMap, miRNAMap, PITA, RNA22, RNAhybrid and Targetscan) were
used, and the 3´UTR was applied as the target site for the prediction.
The genes that produced hits in more than 8 algorithms were identified
as predicted target genes. KEGG pathway enrichment analysis of the
predicted target genes was performed by DAVID version 6.8 (Huang
et al., 2009). The enriched pathways were identified with a p
value<0.05. The validated target genes of mmu-miR-122-5p and
mmu-miR-148a-3p were searched using miRTarbase (Huang et al.,
2020).

2.19. Propagation and purification of adenoviral vectors

AdV mRab27a shRNA and AdV scrambled shRNA were propagated
in HEK293 cells. The AdVs were purified by cesium chloride-gradient
ultracentrifugation according to the method described by Ugai et al.
(Ugai et al., 2005). Viral titers were determined by the Adeno-XTM

Rapid Titer kit (TAKARA Bio) according to the manufacturer’s protocol.
The cells were infected with AdVs in culture medium containing 5%
FBS.

2.20. AdV and Con A treatment of mice and sampling

Three days after a single intravenous administration of AdV
mRab27a shRNA or AdV scrambled shRNA at 1E + 10 ifu/mouse di-
luted in PBS, the mice were intravenously administered a single dose of
15 mg/kg Con A dissolved in saline. Blood and liver samples were

collected 9 h after the administration of Con A.

2.21. Statistical analysis

All values are presented as the mean± standard deviation (S.D.).
Statistical analysis was performed using GraphPad Prism software
(GraphPad Software, San Diego, CA). Comparisons of multiple groups
were performed using one-way ANOVA with Dunnett’s post hoc test.
Comparisons of two groups were performed using Student’s t test.

3. Results

3.1. Significant increase in numbers of serum EVs in the Con A-induced
hepatitis model mice

To evaluate hepatitis in Con A-treated mice, histopathological
changes were examined, and serum ALT levels were measured. Massive
necrosis of hepatocytes (black arrow) was observed in the livers 9 h
after Con A (15 mg/kg) administration (Fig. 1A), and compared with
the preadministration serum ALT values, those observed 6 and 9 h after
Con A administration were significantly increased (Fig. 1B).

To examine the change in serum EVs numbers in this model, EVs
were isolated by ultracentrifugation. The EVs were particles with mean
diameters of approximately 100 nm (Fig. 1C). The CD63 signal, an EVs
marker, was detected in the serum EVs sample by Western blotting
(Fig. 1D). Compared with the preadministration numbers, the serum
EVs numbers increased significantly in a time-dependent manner after
Con A administration (Fig. 1E).

3.2. Induction of EVs secretion in RAW264.7 cells but not Hepa1-6 cells by
Con A treatment

To clarify from which cells the increased serum EVs were derived in
the Con A-treated mice, the numbers of secreted EVs from Con A-
treated mouse cell lines were examined. The EVs isolated from the
culture supernatant of RAW264.7 cells, a mouse macrophage cell line,
and Hepa1-6 cells, a mouse hepatoma cell line, had mean diameters of
approximately 100 nm (Fig. 2A). The CD63 signal was detected in the
EVs from RAW264.7 cells by Western blot (Fig. 2B).

To determine the Con A dose for the induction of EVs secretion, the
Con A cytotoxicity in RAW264.7 cells and Hepa1-6 cells was examined
by intracellular ATP assay. Intracellular ATP concentrations greater
than 95% of the vehicle-treated cells were produced in≤25 μg/mL Con
A-treated RAW264.7 cells and in ≤3.13 μg/mL Con A-treated Hepa1-6
cells (Fig. 2C). Therefore, 12.5 and 25 μg/mL Con A for RAW264.7 cells
and 3.13 μg/mL Con A for Hepa1-6 cells were adopted for subsequent
experiments.

Compared with those from the saline-treated cells, the numbers of
secreted EVs from the RAW264.7 cells treated with 12.5 or 25 μg/mL
Con A for 24 h were significantly increased (Fig. 2D). However, there
was no change in the number of EVs secreted from Con A-treated
Hepa1-6 cells (Fig. 2E). These data suggest that the increased serum EVs
in the Con A-treated mice are derived from macrophages rather than
hepatocytes.

Fig. 4. Suppression of inflammatory cytokine production in Con A-stimulated RAW264.7 cells by EVs pretreatment.
RAW264.7 cells were treated with 6E + 09 particles/mL fluorescently labeled RAW Con A EVs or Serum Con A EVs for 8 h, and nuclei were stained with DAPI.
Representative images obtained by fluorescence microscopy are shown (A). Scale bar = 100 μm. RAW264.7 cells were treated with 4E + 09 or 6E + 09 particles/mL
RAW Con A EVs or Serum Con A EVs for 24 h, and the cell viability was evaluated using Cell Counting Kit-8 (n = 4/group) (B). RAW264.7 cells were pretreated with
6E + 09 EVs/mL for 8 h, followed by 50 μg/mL Con A treatment for 16 h. IL-6, IL-1β and TNF-α mRNA levels in the RAW Saline EVs/Con A-cotreated cells or RAW
Con A EVs/Con A-cotreated cells (C) and IL-6 protein level in the culture supernatants of the cells (D) are shown (n = 3/group). IL-6, IL-1β and TNF-αmRNA levels in
the Serum Con A EVs/Con A-cotreated cells (E) and IL-6 protein levels in the culture supernatants of the cells (F) are shown (n = 3/group). “PBS/Saline” and “PBS/
Con A” indicate PBS/Saline-cotreated cells and PBS/Con A-cotreated cells, respectively. The mRNA levels were normalized to those of Gapdh. The data are shown as
the mean value± S.D. Differences in comparisons with each vehicle group were considered significant at *p< 0.05, **p< 0.01, ***p< 0.001 and ****p< 0.0001.
Differences in comparisons with the PBS/Con A-cotreated group were considered significant at #p<0.05, ##p<0.01 and ####p<0.0001.
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3.3. Con A treatment-induced inflammatory cytokine production in the liver
and RAW264.7 cells

To examine the involvement of inflammatory cytokines in Con A-
induced hepatitis, the hepatic inflammatory cytokine levels in the he-
patitis model mice were measured by qPCR. Significant increases in
hepatic IL-6, IL-1β, TNF-α and IFN-γ levels were observed in the 9 h Con
A administration group compared with the vehicle group (Fig. 3A).
Next, we examined whether the inflammatory cytokine production is
enhanced in Con A-stimulated macrophages-derived cells. Significant
increases in IL-6, IL-1β and TNF-α levels were observed in the 50 μg/mL
Con A-treated RAW264.7 cells compared with the vehicle-treated cells
(Fig. 3B). A PCR amplification product for IFN-γ could not be detected
in RAW264.7 cells under the current assay conditions. These data
suggest that the inflammatory cytokine production in hepatic macro-
phage cells is enhanced in Con A-induced hepatitis.

3.4. Suppression of inflammatory cytokine production in RAW264.7 cells
treated with EVs

We examined the effect of EVs on inflammatory cytokine production
in RAW264.7 cells. To examine whether the isolated EVs could be in-
corporated into RAW264.7 cells, RAW264.7 cells were treated with the
fluorescently labeled RAW Con A EVs (EVs from Con A-treated
RAW264.7 cells) or Serum Con A EVs (serum EVs from Con A-treated
mice). The uptake of both EVs types into cells was observed (Fig. 4A).
The RAW264.7 cell viability was not reduced by these EVs treatments
(Fig. 4B). To examine the effect of EVs on inflammatory cytokine pro-
duction in Con A-stimulated RAW264.7 cells, cells were pretreated with
EVs prior to Con A treatment, and inflammatory cytokine expression
was analyzed. IL-6 mRNA levels were significantly suppressed in RAW
Saline EVs (EVs from saline-treated RAW264.7 cells)/Con A-cotreated
cells, and IL-6 and IL-1β mRNA levels were significantly suppressed in
RAW Con A EVs/Con A-cotreated cells (Fig. 4C). The IL-6 protein level
in the culture supernatant was also significantly suppressed in RAW
Con A EVs/Con A-cotreated cells (Fig. 4D). In Serum Con A EVs/Con A-
cotreated cells, IL-6, IL-1β and TNF-αmRNA levels (Fig. 4E) and the IL-6
protein level in the culture supernatant (Fig. 4F) were significantly
suppressed.

3.5. miRNA profiling in EVs-treated RAW264.7 cells and EVs

To search for immunosuppressive factors in EVs, miRNA-seq of EVs/
Con A-cotreated RAW264.7 cells was performed (n = 3/group). The
RNA integrity numbers in all RAW264.7 RNA samples were greater
than 8 (data not shown). The cluster analysis identified three clusters:
1. PBS/Con A-cotreated group, 2. Serum Con A EVs/Con A-cotreated
group, and 3. RAW Saline EVs/Con A-cotreated group and RAW Con A
EVs/Con A-cotreated group (Fig. 5A). In Serum Con A EVs/Con A-co-
treated cells, the expression of 8 miRNAs was significantly increased (q
value<0.1, fold change>2) and the expression of 13 miRNAs was
significantly decreased (q value<0.1, fold change< 0.5) compared
with that in PBS/Con A-cotreated cells (Fig. 5B left panel and Table S2).
In RAW Con A EVs/Con A-cotreated cells, the expression of 4 miRNAs
was significantly increased (q value<0.1, fold change>2) compared
with that in PBS/Con A-cotreated cells (Fig. 5B right panel and Table
S3).

miRNA-seq in the EVs from serum or RAW264.7 cells was also
performed (n = 1/group). For the EVs miRNA analysis, the normalized
read counts divided by the read counts of the spike-in control miRNA
were used. In Serum Con A EVs, the expression of 273 miRNAs was
increased (fold change> 2) and the expression of 1 miRNA was de-
creased (fold change< 0.5) compared with that in Serum Saline EVs
(serum EVs from saline-treated mice) (the top 35 increased miRNAs are
shown in Table S4). In RAW Con A EVs, the expression of 79 miRNAs
was increased (fold change> 2), and the expression of 97 miRNAs was
decreased (fold change< 0.5) compared with that in RAW Saline EVs
(the top 35 increased miRNAs are shown in Table S5).

To identify the miRNAs transported into RAW264.7 cells by mac-
rophage-derived EVs, we extracted the common miRNAs with increased
expression. In the RAW264.7 miRNAs, there were 2 miRNAs commonly
increased in Serum Con A EVs/Con A-cotreated cells and RAW Con A
EVs/Con A-cotreated cells (Fig. 6A upper left panel). In the EVs
miRNAs, 49 miRNAs were commonly increased in Serum Con A EVs
and RAW Con A EVs (Fig. 6A upper right panel). Then, there were 2
common miRNAs (mmu-miR-122-5p and mmu-miR-148a-3p) in the
commonly increased miRNAs in RAW264.7 cells and EVs (Fig. 6A lower
panel). The normalized read counts of mmu-miR-122-5p and mmu-miR-
148a-3p in the Serum Con A EVs/Con A-cotreated RAW264.7 cells,
RAW Con A EVs/Con A-cotreated cells, Serum EVs and RAW EVs are
shown in Figs. 6B, 6C, 6D and 6E, respectively. These miRNAs were
more abundant in Serum Con A EVs/Con A-cotreated RAW264.7 cells
than in RAW Con A EVs/Con A-cotreated cells (Figs. 6B and 6C). These
data suggest that the two miRNAs may be transported into RAW264.7
cells by macrophage-derived EVs and involved in the immunoregula-
tion observed in the EVs-treated cells (Figs. 4C-4 F).

3.6. Suppression of mmu-miR-122-5p and mmu-148a-3p target gene
expression in RAW264.7 cells by EVs treatment

The prediction analysis of mmu-miR-122-5p and mmu-miR-148a-3p
target genes by miRWalk2.0 identified 592 and 843 genes, respectively
(data not shown). Thereafter, a KEGG pathway enrichment analysis of
the predicted target genes was performed by DAVID. The enriched
pathways (p value<0.05) included the pathways involved in an in-
flammatory response (Table 1).

Among the predicted target genes, the gene expression levels in the
mitogen-activated protein kinase (MAPK) signaling pathway and
phosphatidylinositol-3 kinase (PI3K)/Akt signaling pathway, which
regulate the production of inflammatory cytokines, such as IL-6 (Deng
et al., 2019; Hou et al., 2018; Li et al., 2019), were analyzed in the EVs/
Con A-cotreated RAW264.7 cells. Map2k1, Map3k13 and Akt3 mRNA
levels were significantly decreased or tended to decrease in response to
EVs pretreatment (Figs. 7A and 7B). In addition, we searched the va-
lidated target genes of mmu-miR-122-5p and mmu-miR-148a-3p using
miRTarbase. Among the validated target genes, qPCR was performed on
Rock1 gene related in the Rho/ROCK pathway, which regulates the
production of inflammatory cytokines, such as IL-6 (Cheng et al., 2015;
Gong et al., 2018). Rock1 mRNA levels were significantly decreased by
EVs pretreatment (Fig. 7C). A list of the genes analyzed by qPCR is
shown in Table 2.

Fig. 5. miRNA profiling in the EVs/Con A-cotreated RAW264.7 cells by miRNA-seq analysis.
RAW264.7 cells were pretreated with 6E + 09 EVs/mL for 8 h, followed by 50 μg/mL Con A treatment for 16 h. Total RNA was extracted from the cells, and miRNA-
seq analysis was performed (n = 3/group). PBS/Con A, RAW Saline EVs/Con A, RAW Con A EVs/Con A and Serum Con A EVs/Con A indicate each cotreated cells.
Hierarchical clustering was performed using Spearman’s correlation as a distance and complete linkage as a linkage criterion; a heatmap was generated for the z-
scores of the normalized read counts of miRNAs (A). Differentially expressed miRNA genes (DEGs) compared with those in the PBS/Con A group were identified with
a q value< 0.1 and fold change>2 or< 0.5. MA plots for normalized read counts of miRNAs in Serum Con A EVs/Con A vs PBS/Con A (B, left panel) and RAW Con
A EVs/Con A vs PBS/Con A (B, right panel) show the DEGs and the non-DEGs with red dots and black dots, respectively.
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3.7. Knockdown of the EVs secretion regulator RAB27A exacerbated Con
A-induced hepatitis

To examine the involvement of EVs in Con A-induced hepatitis in
vivo, Rab27a, a positive regulator of EVs secretion from cells (Ostrowski
et al., 2010; Yang et al., 2018), RNA interference was performed in the
model mice using AdV. A significant increase in RAB27A protein levels
was observed in the livers 9 h after Con A administration. The increase
was significantly suppressed in the AdV Rab27a shRNA (Rab sh)-co-
treated group compared with the AdV scrambled shRNA (scr sh)-co-
treated group (Fig. 8A). Contrary to our expectations, there was no
difference in the serum EVs number between the AdV Rab sh/Con A-
cotreated group and the AdV scr sh/Con A-cotreated group 9 h after
Con A administration (Fig. 8B). However, the serum ALT level in the
AdV Rab sh/Con A-cotreated group was significantly higher than that in
the AdV scr sh/Con A-cotreated group 9 h after Con A administration
(Fig. 8C).

4. Discussion

EVs regulate the development and progression of various types of
liver failure through immunoregulation (Hirsova et al., 2016; Momen-
Heravi et al., 2015; Yang et al., 2018). In this study, we investigated the
immunoregulatory function of EVs in Con A-induced hepatitis, which is
widely used as a relevant model of human autoimmune hepatitis (Xue
et al., 2015).

The liver is composed of parenchymal cells, namely, hepatocytes,
and nonparenchymal cells, such as Kupffer cells (Oda et al., 2018). Con
A treatment significantly increased the number of EVs secreted by
RAW264.7 cells, a macrophage cell line, but not Hepa1-6 cells, a he-
patoma cell line (Figs. 2D and 2E). These data suggest that the in-
creased serum EVs in the Con A-treated mice (Fig. 1E) are derived from
macrophages, such as Kupffer cells, rather than hepatocytes.

In Con A-induced hepatitis, macrophages infiltrate the liver and
play an important role in the induction of injury through inflammatory
cytokine production (Xue et al., 2015; Zheng et al., 2016). IL-6, IL-1β
and TNF-α mRNA expression levels were commonly increased in the
livers of Con A-treated mice and Con A-treated RAW264.7 cells (Fig. 3).
Macrophages are one of the sources of these inflammatory cytokines in
the liver; therefore, macrophages are assumed to produce the cytokines
in the liver of Con A-treated mice.

By intravenous injection, a large number of RAW264.7 cell-derived
EVs can be distributed to the liver (Zheng et al., 2019), and various cell-
derived EVs are taken up by hepatic macrophages (Imai et al., 2015;
Tamura et al., 2016; Willekens et al., 2005); therefore, the increased
serum EVs in the present study (Fig. 1E) are likely to be distributed to
the liver and taken up by hepatic macrophages. Various cell-derived
EVs have been reported to suppress the LPS-induced immune response
in monocytes and macrophages (Holman et al., 2019; Shao et al., 2020;
Zheng et al., 2019). Therefore, we examined the effects of EVs from this
model mouse serum and Con A-treated RAW264.7 cells on in-
flammatory cytokine production in macrophage-derived cells. EVs
pretreatment significantly suppressed inflammatory cytokine expres-
sion in Con A-stimulated RAW264.7 cells (Figs. 4C-4 F). EVs treatment
did not suppress cell viability (Fig. 4B), suggesting that the suppression
of inflammatory cytokine production is not due to cytotoxicity.

In the Con A-administered mice, the mean serum EVs number was
greater than 8E + 09 particles/mL at 3, 6 and 9 h after administration
(Fig. 1E); therefore, the in vivo EVs exposure appears to exceed the in
vitro EVs treatment concentration (6E + 09 particles/mL) from 3 h after
administration (Fig. 1E). These data suggest that the phenomena ob-
served in the in vitro study can be extrapolated to the in vivo model.

IL-6 plays both harmful and protective roles in Con A-induced he-
patitis (Hong et al., 2002; Tagawa et al., 2000). IL-6 mRNA expression
level was most markedly suppressed among the evaluated cytokines in
RAW Con A EVs and Serum Con A EVs-pretreated cells (Figs. 4C-4 F).
These data suggest that macrophage-derived EVs may protect against
Con A-induced hepatitis through the suppression of the production of
inflammatory cytokines, such as IL-6.

In the miRNA-seq analysis, the expression of mmu-miR-122-5p and
mmu-miR-148a-3p was significantly increased in the Serum Con A EVs,
RAW Con A EVs and the EVs-treated cells (Fig. 6). miR-122-5p in he-
patocyte-derived EVs is reported to enhance inflammatory cytokine
production through the suppression of heme oxygenase-1 expression

Fig. 6. Upregulation of mmu-miR-122-5p and mmu-miR-148a-3p expression in EVs from the serum of Con A-treated mice and from Con A-treated RAW264.7 cells and the
EVs-treated cells.
miRNA-seq in EVs/Con A-cotreated RAW264.7 cells (n = 3/group) and EVs (n = 1/group) was performed, and Venn diagrams were generated. The number of
upregulated miRNAs in Serum Con A EVs/Con A-cotreated RAW264.7 cells and RAW Con A EVs/Con A-cotreated cells compared with PBS/Con A-cotreated cells is
shown (A, upper left panel). The number of upregulated miRNAs in Serum Con A EVs compared with Serum Saline EVs and RAW Con A EVs compared with RAW
Saline EVs is shown (A, upper right panel). The number of each commonly upregulated miRNAs in the RAW264.7 samples or the EVs samples is shown (A, lower
panel). In the RAW264.7 samples, upregulated miRNAs were identified with a q value<0.1 and a fold change>2. In the EVs samples, upregulated miRNAs were
identified with a fold change>2. The normalized read counts of mmu-miR-122-5p and mmu-miR-148a-3p in the Serum Con A EVs/Con A-cotreated RAW264.7 cells
(B), the RAW Con A EVs/Con A-cotreated cells (C), the Serum EVs (D) and the RAW EVs (E) are shown. The data are shown as the mean value± S.D.

Table 1
Top 30 enriched KEGG pathways of the predicted target genes of mmu-miR-
122-5p and mmu-miR-148a-3p

Pathways Count % p value

mmu04150: mTOR signaling pathway 18 30.51 1.22E-07
mmu04910: Insulin signaling pathway 27 19.29 1.02E-06
mmu04919: Thyroid hormone signaling pathway 21 18.42 4.30E-05
mmu04068: FoxO signaling pathway 23 17.16 5.19E-05
mmu04722: Neurotrophin signaling pathway 21 17.21 1.15E-04
mmu04360: Axon guidance 21 16.28 2.52E-04
mmu05200: Pathways in cancer 45 11.39 3.20E-04
mmu04660: T cell receptor signaling pathway 17 16.83 8.06E-04
mmu05221: Acute myeloid leukemia 12 21.43 8.59E-04
mmu04510: Focal adhesion 27 13.04 9.75E-04
mmu04130: SNARE interactions in vesicular

transport
9 27.27 1.04E-03

mmu05211: Renal cell carcinoma 13 19.12 1.37E-03
mmu05215: Prostate cancer 15 17.05 1.61E-03
mmu05220: Chronic myeloid leukemia 13 18.06 2.28E-03
mmu05212: Pancreatic cancer 12 18.46 3.03E-03
mmu05223: Non-small cell lung cancer 11 19.64 3.09E-03
mmu04350: TGF-β signaling pathway 14 16.47 3.34E-03
mmu05205: Proteoglycans in cancer 25 12.32 3.40E-03
mmu04931: Insulin resistance 16 14.55 5.19E-03
mmu05231: Choline metabolism in cancer 15 14.85 5.89E-03
mmu05213: Endometrial cancer 10 19.23 6.07E-03
mmu04810: Regulation of actin cytoskeleton 25 11.74 6.26E-03
mmu04010: MAPK signaling pathway 28 11.16 7.19E-03
mmu04917: Prolactin signaling pathway 12 16.44 7.51E-03
mmu04151: PI3K-Akt signaling pathway 36 10.26 7.98E-03
mmu05222: Small cell lung cancer 13 15.48 8.21E-03
mmu05230: Central carbon metabolism in cancer 11 17.19 8.21E-03
mmu04550: Signaling pathways regulating

pluripotency of stem cells
18 13.04 8.51E-03

mmu05214: Glioma 11 16.92 9.15E-03
mmu04070: Phosphatidylinositol signaling system 14 14.43 1.03E-02

The top 30 enriched KEGG pathways in the predicted target genes of mmu-miR-
122-5p and mmu-miR-148a-3p are listed. The enriched pathways were identi-
fied using a p value< 0.05. “Count” indicates the number of predicted target
genes in each pathway. “%” indicates the proportion of predicted target genes
among the genes in each pathway.
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(Momen-Heravi et al., 2015; Zhao et al., 2020), which is the opposite
tendency found in the present study. On the other hand, miR-148a-3p is
reported to suppress inflammatory gene expression through the sup-
pression of nuclear factor-kappa B (NF-κB) and MAPK pathways in
human aortic valve interstitial cells and Huh-7.5.1 cells, respectively
(Deng et al., 2019; Patel et al., 2015). Our data suggest that these
miRNAs are involved in the immunoregulation observed in EVs-treated
cells.

The expression of inflammatory cytokines such as IL-6 is regulated
by the NF-κB pathway and MAPK pathways: extracellular signal-regu-
lated kinases (ERK), c-Jun-N-terminal kinase (JNK) and p38 pathways
(Deng et al., 2019; Hou et al., 2018; Zhuang et al., 2016). In addition,

Fig. 7. Suppression of miRNA target gene expression in Con A-stimulated RAW264.7 cells by EVs pretreatment.
RAW264.7 cells were pretreated with 6E + 09 particles/mL various EVs for 8 h, followed by 50 μg/mL Con A treatment for 16 h.Map2k1,Map3k13 (A), Akt3 (B) and
Rock1 (C) mRNA levels in the cells were analyzed by qPCR (n = 3/group). The mRNA levels were normalized to those of Gapdh. The data are shown as the mean
value± S.D. Differences in comparisons with the PBS/Con A-cotreated group were considered significant at *p<0.05, **p< 0.01 and ****p<0.0001.

Table 2
Predicted or validated mmu-miR-122-5p and mmu-miR-148a-3p target genes

Target genes miRNAs Number of algorithms
in miRWalk2.0

miRTarbase

Map2k1 mmu-miR-148a-3p 8 -
Map3k13 mmu-miR-148a-3p 8 -

Akt3 mmu-miR-122-5p 8 -
Rock1 mmu-miR-148a-3p 8 Validated
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the PI3K/Akt pathway (Li et al., 2019; Vergadi et al., 2017) and Rho/
ROCK pathway regulate these pathways (Cheng et al., 2015). The ex-
pression of the mmu-miR-122-5p and mmu-miR-148a-3p target genes
in these pathways (MAPK pathway, PI3K/Akt pathway and Rho/ROCK
pathway) was suppressed by EVs treatment (Fig. 7). MAP2K1 activates
the ERK pathway through the phosphorylation of ERK1/2 (Hou et al.,
2018). MAP3K13, also known as leucine zipper-bearing kinase, acti-
vates the JNK and NF-κB pathways (Ikeda et al., 2001; Masaki et al.,
2003). The Akt family in the PI3K/Akt pathway consists of three iso-
forms: AKT1, AKT2 and AKT3. Li et al. reported that AKT3 knockdown
inhibits the JNK and NF-κB pathways and suppresses inflammatory
cytokine expression in LPS-treated A549 cells (Li et al., 2019). ROCK, a
serine/threonine kinase, is the first downstream effector of RhoA. ROCK

enhances inflammatory cytokine production through the activation of
the JNK and ERK pathways in RAW264.7 cells (Cheng et al., 2015).
Taking these reported data into account, in the present study, we sug-
gest that miR-122-5p and miR-148a-3p may suppress inflammatory
cytokine production by suppressing the expression of the target genes in
these pathways.

In the present in vitro EVs treatment study in which all groups were
treated with the same number of EVs, pretreatment with RAW Saline
EVs, as well as RAW Con A EVs, suppressed the mRNA expression of IL-
6 and the miRNA target genes in RAW264.7 cells (Figs. 4C and 7). In
addition, the two groups showed similar miRNA profiles by cluster
analysis (Fig. 5A), indicating that miRNA profiles per EV particle are
similar between the two groups. However, the secreted EVs number in

Fig. 8. Exacerbation of Con A-induced hepatitis by RAB27A knockdown.
Three days after the intravenous administration of AdV mRab27a shRNA (Rab sh) or AdV scrambled shRNA (scr sh), the mice were administered Con A. Liver
RAB27A protein levels were analyzed 9 h after the administration of Con A by Western blotting. GAPDH was used as a loading control. Representative blot images
and the RAB27A levels relative to those of the PBS/Saline-coadministered group are shown (n = 4/group) (A). The serum EVs numbers 9 h after administration of
Con A are shown (n = 4-6) (B). The serum ALT levels just before or 9 h after the administration of Con A are shown (n = 5-9) (C). The data are shown as the mean
value± S.D. Differences in comparisons with the PBS/Saline-coadministered group were considered significant at *p< 0.05, ***p<0.001 and ****p<0.0001.
Differences in comparisons with the scr sh/Con A-coadministered group were considered significant at #p<0.05.
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the culture supernatant of Con A-treated RAW264.7 cells was sig-
nificantly increased (Fig. 2D). In the present study, the EVs miRNAs
analysis was performed by the normalization method using a spike-in
control; therefore, the analysis results likely account for the difference
in the EVs number between samples. In the EVs miRNAs analysis, the
normalized counts of miR-122-5p and miR-148a-3p in RAW Con A EVs
were much higher than those in RAW Saline EVs (Fig. 6E), suggesting
that changes in the EVs number rather than in the EVs cargo may play
an important role in Con A-induced hepatitis.

Although we focused on miRNAs and target genes as the EVs im-
munoregulatory factors in the present study, previous studies showed
that EVs regulate various diseases by transporting ligand proteins
(Hirsova et al., 2016), long noncoding RNAs (Takahashi et al., 2014)
and oxidized phospholipids (Yang et al., 2018) between cells. Thus,
various types of molecules other than miRNAs may also be involved in
the hepatitis. The Serum Con A EVs-treated cells, in which the miR-122-
5p and miR-148a-3p read counts were much higher than those in the
RAW Con A EVs-treated cells (Figs. 6B and 6C), showed more potent
suppression of inflammatory cytokine production than the RAW Con A
EVs-treated cells (Figs. 4C-4 F). However, there was no difference in the
degree of suppression of the target gene expression between the groups
(Fig. 7), suggesting that other factors are also involved in this phe-
nomenon. Further studies will be needed in the future.

In the present in vitro study, we analyzed using a macrophage cell
line, RAW264.7 cells. Further studies using primary cells, hepatic
macrophages, will also be needed in the future.

Hepatic RAB27A knockdown exacerbated the Con A-induced he-
patitis (Fig. 8C). RAB27A protein, a small GTPase, promotes EVs se-
cretion from cells through the regulation of multivesicular endosome
docking at the plasma membrane (Ostrowski et al., 2010). Hepatic
RAB27A regulates EVs secretion in hepatic ischemia/reperfusion injury
(Yang et al., 2018), and EVs secretion is suppressed in bone marrow-
derived macrophages from RAB27A-deficient mice (Smith et al., 2017).
Since AdV mainly accumulates in the liver and infects hepatocytes and
hepatic macrophages after intravenous administration (Wheeler et al.,
2001), we assumed that hepatic macrophage RAB27A was knocked
down in the present experiment. The suppression of EVs production in
hepatic macrophages may have caused the exacerbation of hepatitis.

We evaluated the effect of RAB27A knockdown on IL-6 levels in Con
A-administered mice. However, the IL-6 protein levels in the serum and
the IL-6 mRNA levels in the whole liver tissues of the mice 9 hours after
the Con A administration were not affected by RAB27A knockdown
(data not shown). Further in vivo study are needed to make the EVs
immunoregulatory function clearer.

Contrary to our expectation, hepatic RAB27A knockdown did not
reduce the serum EVs numbers in the model mice (Fig. 8B). It appears
that the source of the increased serum EVs in Con A-administered mice
is not only hepatic macrophages because Con A administration to mice
causes tissue damage and macrophage infiltration in the spleen and
kidney as well as the liver (Liu et al., 2015; Yang et al., 2019). This may
be a reason why RAB27A knockdown using AdV, which mainly accu-
mulates in the liver, did not reduce the serum EVs number.

While RAB27A protein is a known EVs secretion regulator, RAB27A
also positively regulates cytotoxic granule exocytosis in cytotoxic T-
lymphocytes, natural killer cells and neutrophils. Due to disorder of the
function, Rab27a mutants cause severe immunodeficiency known as
Griscelli syndrome (Menasche et al., 2003). In the present study, Con A-
induced hepatitis was exacerbated but not attenuated by RAB27A
knockdown (Fig. 8C), suggesting that this phenomenon is dependent on
EVs release regulation rather than granule exocytosis regulation.

In summary, we found that macrophage-derived EVs suppress cy-
tokine expression in macrophages by transporting miRNAs and regulate
Con A-induced hepatitis. EVs treatment or the improvement of EVs
secretion might be a therapeutic strategy for immune-mediated hepa-
titis.
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