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Abstract

Extracellular vesicles (EVs) have been growingly recognized as biomarkers and mediators of
alcoholic liver disease (ALD) in human and mice. Here we characterized hepatocyte-derived EVs
(HC-EVs) and their cargo for their biological functions in a novel murine model that closely
resembles liver pathology observed in patients with alcoholic hepatitis (AH), the most severe
spectrum of ALD. The numbers of circulating EVs and HC-EVs were significantly increased by
10-fold in AH mice compared with control mice. The miRNA (miR)-seq analysis detected 20
upregulated and 4 downregulated miRNAs (£ < 0.001-0.05) in AH-HC-EVs. Treatment of murine
primary hepatic stellate cells (HSCs) with AH-HC-EVs induced a-SMA (P< 0.05) and Collal (P
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<0.001). Smad7and Nri1d2 genes, which were downregulated in HSCs from the AH mice, were
predicted targets of 20 miRs upregulated in AH-HC-EVs. Among them were miR-27a and
miR-181 which upon transfection in HSCs, indeed repressed Nr1dZ, the quiescent HSC marker.
AH-HC-EVs were also enriched with organelle proteins and mitochondrial DNA (10-fold, P<
0.05) and upregulated IL-1p and IL-17 production by hepatic macrophages (HMs) from AH mice
in a TLR9-dependent manner. These results demonstrate HC-EV release is intensified in AH and
suggest that AH-HC-EVs orchestrate liver fibrogenesis by directly targeting the quiescent HSC
transcripts via a unique set of miRNAs and by amplifying HSC activation via DAMP-based
induction of profibrogenic IL-1p and I1L-17 by HMs.
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Introduction

Alcoholic liver disease (ALD) is one of the most common forms of chronic liver disease in
the USA and many other countries with the global mortality estimated to exceed 0.7 million
per year [1, 2]. ALD represents a wide spectrum of liver damage ranging from alcoholic
steatosis, alcoholic steatohepatitis (ASH), and to alcoholic cirrhosis. ASH includes alcoholic
hepatitis (AH), which is characterized by intense acute PMN infiltration and may progress to
an acute on chronic liver failure with high morbidity and mortality and limited therapeutic
options [3, 4]. Accumulating evidence indicates that hepatocyte (HC) stress, and eventually
HC death, plays a central role in inflammation and hepatic injury during the progression of
ALD [3-5]. Hepatic macrophages (HMs) and hepatic stellate cells (HSCs) are critical to the
progression of ethanol-induced liver pathology [5-9]. However, the molecular signaling
events involved in the crosstalk between stressed, lipid-loaded HCs and non-parenchymal
cells in AH, are poorly understood. This issue is important, as identifying a factor, or factors,
that communicate stress signals from HCs and initiate and perpetuate inflammatory and
fibrogenic processes in the development of AH may have an obvious biomedical implication
and may allow the identification of individualized therapeutic approaches in the treatment of
patients with different stages of ALD. Moreover, identification of a specific signature, or
“barcode”, from damaged HCs during AH may serve as a mechanism-based liver-specific
and disease-specific biomarker that may revolutionize the way we diagnose and monitor
AH.

Extracellular vesicles (EVs) are cell-derived membrane-bound structures containing a
specific cargo including proteins, microRNAs (miRs), and DNA from the cell or origin and
the stress inducing their biogenesis. EVs can act on the environment they are released via
internalization into target cells and/or be released into the circulation [10]. Indeed, several
groups revealed that determination of EVs and their composition in blood can be useful as
potential biomarkers for ALD and for better understanding of the pathophysiology of ALD
progression through HSC activation, macrophage activation, and neutrophil accumulations
[11]. Furthermore, we previously demonstrated, using an intragastric mouse model of mild
ASH, that specific miRs including let-7f, miR-29a, and miR-340 were enriched in HC-
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derived EVs (HC-EVs) and validated these miRs were also significantly upregulated in the
blood EVs from patients with mild ASH [8]. Recently, a mouse model of hybrid intragastric
and ad libitum feeding was developed which achieves a drastic histologic transition from
chronic ASH to AH and has been utilized to disclose several pathways which are activated in
this transition including pyroptosis pathway [9, 12]. We report herein that another pathway
significantly activated in the chronic ASH to AH transition is EV release and that HC-EVs
in AH mice carry a unique cargo composition which facilitates direct crosstalk to both HSCs
and HMs culminating in profibrogenic signals as revealed by flow cytometry, transcriptomic
and proteomic analyses, and ex vivo cell experiments.

Materials and methods

Animal studies

The use and care of the animals was reviewed and approved by the /nstitutional Animal Care
and Use Committee at the University of Southern California. The AH mouse model using
intragastric infusion was generated as previously described and produced by the Animal
Core of the Southern California Research Center for ALPD and Cirrhosis [9]. Male C57B/6
mice were fed solid Western diet high in cholesterol and saturated fat (HCFD) for 2 weeks
followed by implantation of a long-term gastrostomy catheter (iG) and iG feeding of ethanol
and a high fat liquid diet (corn oil as 36% Cal) at 60% of total daily caloric intake. As a
unique hybrid feeding model, mice consumed the remaining 40% Cal via ad libitum intake
of HCFD. The ethanol dose was increased to 27 g/kg/day over an 8-week period.
Additionally, hybrid HCFD+Alc mice were subjected to alcohol binge at a weekly interval
from the 2nd week of iG feeding. For this binge, ethanol iG infusion was withdrawn for 5~6
h and a bolus dose (3.5~5 g/kg) of ethanol equivalent to what was withdrawn, was given.
Following 8 weeks of intragastric alcohol feeding plus weekly binge, mice were sacrificed
for isolation of liver cells and plasma EVs.

Liver and blood sample preparation

A part of liver was collected from the right lobe before liver perfusion for HC or HM
isolation performed by the Integrative Liver Cell Core of the University of Southern
California as described below. Liver tissue was fixed in 10% formalin for 24 h and
embedded in paraffin, placed in RNAlater Solution (Thermo Fisher Scientific, Carlsbad, CA,
USA) for RNA isolation, or snap-frozen in liquid nitrogen and stored in — 80 °C. Blood was
collected with or without anticoagulant following centrifugation at 12,000 rpm for 15 min.
The serum or plasma was stored in — 80 °C.

Real-time PCR

Total RNA was isolated from cells using Trizol and Rnase-free Dnase | (Thermo Fisher
Scientific) or Quick-RNA MiniPrep (Zymo Research). The reverse transcripts (the cDNA)
were synthesized from 1 pg of total RNA using the iScript cDNA Synthesis kit (Bio-Rad,
Irvine, CA). Real-time PCR quantification was performed using SYBR-Green and CFX96
Thermal Cycler from BioRad. Briefly, 10 pL of reaction mix contained the following:
cDNA, KAPA SYBR® FAST qPCR master mix, and primers at final concentrations of 200
nmol. The sequences of the primers used for quantitative PCR were as follows: for HSC
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experiments, a-SMA 5’-GTC CCA GAC ATC AGG GAG TAA-3" and 5'-TCG GAT ACT
TCA GCG TGA GGA-3"; Colal; 5 -GCT CCT CTT AGG GGC CAC T-3" and 5'-CCA
CGT CTC ACC ATT GGG G-3’; microglobulin 5"-CCC CAC TGA GAC TGA TAC ATA
CG-3" and 5"-CGA TCC CAG TAG ACG GTC TTG-3’; for HM experiments, pro
interleukin 1-beta (IL-1p) 5’-ACT CCT TAG TCC TCG GCC A-3" and 5'-TGG TTT CTT
GTG ACC CTG AGC-3"; IL-17a5’-TTT AAC TCC CTT GGCGCA AA-3” and 5°-CTT
TTC CCT CCG CAT TGA CAC-3"; M36B4 5"-AGA TTC GGG ATA TGC TTG GG-3’
and 5"-TCG GGT CCA AGA CCA GTG TTC-3".

Cell isolation, culture, and miRNA transfection

Liver cells were isolated as previously described [8, 13, 14]. Briefly, AH or pair-fed control
mouse liver was digested with collagenase perfusion through superior vena cava and HCs
were isolated by centrifugation at 50xg for 1 min. HCs were cultured for 30 min in
Dulbecco’s Modified Eagle Medium (DMEM; Gibco, Camarillo, CA) containing 3% EV-
free fetal bovine serum (FBS) (System Biosciences), gently washed, and cultured with fresh
DMEM with 2% EV-free serum for 3 h for collection of EV released by HCs. HMs were
isolated by discontinuous gradient centrifugation of a non-parenchymal cell fraction with
OptiPrep (Axis-Shield PoC AS, Oslo, Norway) and purified by adherence method in DMEM
with 3% FBS as described before [8]. HMs were then cultured (0.45 x 108 cells per well) in
DMEM with 3% EV-free FBS and immediately tested for the effects of HC-EV. The purity
exceeded 97% HCs and 96% for HMs for both groups after the initial washing in primary
cultures. For HSC experiments, HSCs were isolated from B6 mice with Nicodenz and
cultured in DMEM supplemented with 10% FBS (Cellgro, Manassas, VVA), and penicillin
and streptomycin (Gibco) at 37 °C in a 10% CO, incubator. HSCs were serum starved for 24
h, were transfected with 1 and/or 10 nM of miRNA-lipofectamine RNAIMAX (Thermo
Fisher Scientific) for 48 h, and collected for gene expression (1 or 10 nM miRNA) and
immunoblot analysis (1 nM miRNA). miR-27a-3p, miR-181a-5p, and negative miRNA
(control) (Thermo Fisher Scientific) were used for miRNA transfection. For HM
experiments, HEK-Blue-mTLR9 cells were cultured in DMEM with 3% EV-free FBS
(Cellgro, Manassas, VA), penicillin and streptomycin (Gibco), and sodium pyruvate (Gibco)
at 37 °C in a 10% CO, incubator.

For isolation of HSCs from AH vs. control mice, Col/lal-GFP mice subjected to the AH or
control regimen were used. This is because isolation of pure HSCs from C57/B6 AH mice
by the standard gradient centrifugation technique is impossible due to lost buoyancy of AH
HSCs and contamination with fat-laden HCs and HMs. Following the two-step pronase-
collagense in situ digestion and gradient ultracentrifugation using Opti-Prep™ (Millipore
Sigma), the cells between 1.034 and 1.054 density were collected and subjected to FACS.
GFP fluorescence was excited at 488 nm by an argon laser and measured at 530 nm while
the vitamin A in HSC was excited at 350 nm by a krypton laser and measured at 450 nm. A
dominant vitamin A+;GFP- population from the control Co/la1-GFP mice was collected as
quiescent control HSCs while a vitamin A+;GFP+ population from the AH mice was
collected as activated AH HSCs.
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Immunoblot analysis

For immunoblot analysis HSC lysate was resolved by a 4-20% gradient gel, transferred to a
PVDF membrane (Bio-rad), and blotted with the appropriate primary antibody, anti-Nr1d2
(Abnova, Taiwan) followed by peroxidase-conjugated secondary antibody (GE Healthcare
Life Sciences, Pittsburgh, PA, USA). Protein bands were visualized using enhanced
chemiluminescence reagents (Thermo Fisher Scientific) and digitized using a CCD camera
(LAS4000 mini; Fuji film, JAPAN). Expression intensity was quantified by Multi Gauge
(Fuji). Protein load was verified using p-actin (GeneTex) antibodly.

Cell-derived EV isolation

Isolated HCs or HMs from AH or pair-fed control mice were cultured for 3 h to collect
conditioned media which were subsequently centrifuged at 2000x g (4800 rpm) for 8 min at
10 °C to clear cell debris and at 16,000xg (11,400 rpm) for 30 min at 10 °C to remove
mitochondria. EVs were isolated from the supernatant by centrifugation at 110,000xg
(30,000 rpm) for 60 min at 10 °C (Beckman L7-65, Beckman-Coulter, Palo Alto, CA) and
washed with PBS by centrifugation at 110,000 g for 45 min. Pelleted EVs were
resuspended in PBS and stored at — 80 °C.

Measurement of EVs

Conditioned medium or plasma was incubated with calcein-AM (Thermo Fisher Scientifics)
for 30 min at room temperature. The number of EVs was determined using 2.5-um
Alignflow alignment beads (Thermo Fisher Scientifics) as the size standards for flow
cytometry, BD LSRII Flow Cytometer System (BD Biosciences, San Jose, CA). The data
were analyzed using FlowJo software (TreeStar Inc., Ashland, OR).

EV size determination

For dynamic light scattering analysis, entire size was measured by Zetasizer nano ZS90
(Malvern). For transmission electron microscopy, EVs were adhered to 100 mesh Formvar
and carbon-coated grids for 5 min at room temperature. Grids were washed once with water,
stained with 1% uranyl acetate (Ladd Research Industries, Williston, VT) for 1 min, dried,
and viewed using a JEOL 1200 EXII transmission electron microscope. Images were
captured using a Gatan Orius 600 digital camera (Gatan, Pleasanton, CA).

miRNA sequencing in purified HC-EVs and data analysis

The miRNA sequencing work was carried out in the UCSD IGM Genomics Center. Quality
and quantity of purified total RNA from purified HC-EVs using the method described above
was assessed using an Agilent Tapestation and a NanoDrop ND-1000, respectively. Libraries
were generated from 100 ng of total RNA, using the TruSeq SmallRNA Sample Prep Kit
(IMumina, San Diego, CA) following manufacturer’s instructions. Library quality was
assessed using a High Sensitivity DNA kit (Agilent, Santa Clara, CA). Libraries were
multiplexed and sequenced at 13 pM to an average depth of 7.5 million reads with 50
basepair (bp) single end (SE) reads on an Illumina HiSeq2500 using V4 chemistry. One
sample from AH-HC-EVs was not able to read miR sequencing due to technical reason.
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The raw sequencing reads in FASTQ format went through preprocessing first to trim 3’
adapter and next to keep only reads whose length is between 17 and 27 bases. Using bowtie,
the survived reads were aligned to reference resources such as mouse genome, miRNA
precursor sequence, and non-coding RNAs, allowing only up to two mismatches. Only the
reads mapped to both genome and precursor, but not to small RNAs other than miRNA,
were selected for expression level quantification. Then, miRNA expression counts were
quantified, normalized, calculated for fold-change between the treated and the control
groups, and tested for significance of differential expression using negative-binomial model
[15]. Benjamini-Hochberg method [16] was applied to adjust for multiple testing on the raw
Pvalues of differential expression test. MAGI, a web service for fast miRNA-seq analysis in
a graphics processing unit (GPU) infrastructure, was used for a pipelined analysis of
sequencing data [17].

The 20 significantly (raw Pvalue less than 0.05) upregulated miRs were chosen for further
analysis to predict target genes. For each miRNA, a set of target genes was created with a
threshold of prediction score 0.7 against micro CDS target prediction database using DIANA
TOOLS [18]. The union set comprising all 20 sets of target gene was mapped to Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathways to derive significantly enriched
pathways using Fisher’s exact test. Two heatmaps, miRNA-by-sample and miRNA-by-
pathway, were drawn with Heatmapper and DIANA-miRPath, respectively.

Proteomic and mtDNA analysis in purified HC-EVs

Samples, EVs isolated from AH vs. control HC using the method described above, for
proteomics analysis were prepared using the trifluoroethanol (TFE)-based protocol
previously described [19]. Digested peptides were dried in a vacuum centrifuge, and the
concentration was adjusted to 0.1 pg/uL before liquid chromatography—tandem mass
spectrometry analysis (LC-MS/MS). Each experimental condition was represented by
biological quadruplicates. All samples were block randomized before analysis by LC-
MS/MS. A total of 500 ng was loaded into a trap column (5 cm by 360-um outer diameter
[OD] by 150-um inner diameter [I1D] fused silica capillary tubing [Polymicro, Phoenix, AZ])
packed with 3.6-um Aeries C18 particles (Phenomenex, Torrance, CA). LC separation was
performed in a capillary column (70 cm by 360-um OD by 75-um ID) packed with 3-um
Jupiter C18 stationary phase (Phenomenex) with a 100-min gradient of acetonitrile (ACN) in
water containing 0.1% formic acid. Eluted peptides were analyzed online in a quadrupole-
Orbitrap mass spectrometer (Q-Exactive Plus; Thermo Fisher Scientific, San Jose, CA) with
settings previously described [20]. Mass spectrometry files were searched against Mus
musculus Uniprot database (UniprotKB, downloaded in 2015) using MS-GF+. Identified
peptides were filtered to 1% FDR and protein identifications required two peptides. Semi-
quantitative analysis of protein abundance was performed using the spectral counting
approach [21, 22].

DNA was extracted from EVs with a QIAmp DNA mini-kit (Qiagen) according to the
manufacturer’s instructions, and qPCR was performed using SYBR Green master mix
(Applied Biosystems) and mouse mt-ATP6 primers and mouse B-actin primers as previously
described [23].
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EV biological function assay in vitro

For demonstration of EV internalization by HSC, HC-EVs from AH were labeled with
PKH26 kit (Sigma-Aldrich) according to manufacturer’s instruction and purified to remove
free dyes via ultracentrifugation, 100,000x g (30,000 rpm) for 60 min at 10 °C. After 4 h
labeled HC-EVs addition, HSCs were fixed with 4% PFA, stained with FITC-phallotoxins
(Thermo Fisher Scientifics) according to manufacturer’s protocol, and sealed with mountain
medium with DAPI (Mector). The image of HC-EV internalization was taken using confocal
laser scanning biological microscope (Olympus, FVV1000). For HSC activation, isolated
mouse HSCs were incubated with AH-HC-EVs, Con (pair-fed control)-HC-EVs, medium as
negative control, and TGF-B as a positive control for 2 days. The image of HSC morphology
was taken at day 0, 1, and 2 using microscopy (Olympus). For HM activation, isolated
mouse HMs were incubated with AH-HC-EVs, Con-HC-EVs, and medium as negative
control for 24 h. Total MRNA was extracted from HMs for the assessment of IL-1f and
IL-17a mRNA levels by gPCR described above. IL-1p and IL-17A protein levels in medium
were measured using Luminex kit (R&D Systems, Minneapolis, MN) according to
manufacturer’s instruction. For TLR9 reporter activity assay, HEK-Blue-mTLR9 reporter
cells (InvivoGen, San Diego, CA) were incubated with LPS (500 ng/mL), ODN1826 as
TLR9 agonist (InvivoGen), ODN2088 as TLR9 antagonist (InvivoGen), AH-HC-EVs, Con-
HC-EVs, or medium as negative control for 24 h. TLR9 reporter activity was measured in
the supernatant in a plate reader at 630 nm.

Statistical analyses

All data are expressed as mean + SEM unless otherwise noted. Non-parametric Mann-
Whitney U'test was used to assess the difference between two data sets from AH mice and
pair-fed control mice with different distributions. Otherwise, one-way ANOVA was used to
compare the group means of the experimental variable including EV functional assay data.
Graph Pad (Graph Pad Software Inc., CA, USA) for comparison of continuous variables
using Bonferroni’s multiple comparison test. Differences were considered to be significant
at P<0.05.

Results

Murine AH is associated with a marked increase in circulating EVs and HC-EVs

The AH mouse model develops several features of liver pathology that characterize human
AH including hepatocellular damage with balloon cell degeneration, PMN inflammation,
fibrosis, and ductular reaction [9]. This AH model is established by superimposing weekly
alcohol binge administration to iG mice which otherwise develop chronic ASH (cASH)
characterized by mononuclear cell infiltration and pericellular and perisinusoidal fibrosis,
but not PMN infiltration or ductular reaction [9]. Using these two models, we searched for
potential drivers which facilitate the shift from cASH to AH by performing RNA-seq
analysis on liver RNA [12]. Ontology/pathway analysis for differentially regulated genes in
AH vs. cASH, revealed activated pathways such as chemokines, inflammasome, and fibrosis
which were expected from the histologic phenotype of AH mouse livers [12]. Another
pathway activated uniquely in AH vs. cASH liver was EV-related pathway as suggested by
differentially regulated genes directly or indirectly associated with EV biology per Ingenuity
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Ontology and Pathway Analysis (Table 1). The upregulated genes involved in EV biogenesis
in the AH liver included tetraspanin-8, and annexin-3 and —4. These data suggested a
potential role of EVs in the cASH to AH transition in our models.

We firstly assessed whether circulating EV number was changed in AH mice via flow
cytometry. Indeed, the stained circulating EVs had a distinct peak in histogram with a 10-
fold higher intensity of dye positivity compared with un-stained blood EVs via flow
cytometry analysis (not shown). The quantification showed that the number of circulating
EVs was increased more than 20-fold (£ < 0.01) in AH mice compared with control mice
(Fig. 1a). The characterization of circulating EVs via dynamic light scattering (Fig. 1b)
identified two subpopulations of EVs: small and large EVs as described before [24].

Hepatocyte-derived EVs contain specific miRNAs associating with fibrosis in the AH liver

Our previous finding that hepatocyte-derived EVs (HC-EVs) were released in a stress-
specific manner containing a pathogenic miRNA signature [8] led us to further investigate
the miRNA profile in HC-EVs in the AH mice. We isolated primary HCs and HMs from AH
or pair-fed control mice and cultured them to determine the number of HC-EVs (HC-EVs)
and the HM-derived EVs (HM-EVs) released into the media. We minimized the
contamination of dead or dying cells, by culturing for 30 min, removing the media, gently
washing the cells with PBS, and replenishing with fresh media containing 2% EV-free
serum. This process improved the viability of cultured HCs to > 93% in both groups, and the
conditioned medium was collected after 3 h of culture. The viability of purified HMs from
the two groups after the adherence method exceeded 95%. HC-EVs or HM-EVs were
analyzed using flow cytometry. The number of HC-EVs from AH was significantly
increased by 15-fold compared with HC-EVs from pair-fed control animals (P < 0.01) (Fig.
1 c and d). Furthermore, the number of HC-EVs was 24 times higher than HM-EVs in AH
mice (HC-EV or HM-EV number per 1 x 10° cells), suggesting that HCs are the main
source of EVs (Fig. 1e). HC-EV morphology was characterized via electron microscopy
(Fig. 1f).

We next performed miR-seq analysis on HC-EVs from AH (AH-HC-EVSs) vs. pair-fed
control mice (Cont-HC-EVs) to assess whether of differential levels of encapsulated miRs
are associated with the liver pathology. The extracted RNA from HC-EVs contained
predominantly small RNAs with a similar pattern in control and AH mice (Supplementary
Fig. 1). A total of 633 known miRs were quantified by alignment with at least 5 reads in
either group, and we found 24 miRs were significantly up- or downregulated in AH-HC-EVs
compared with Cont-HC-EVs (P < 0.05) (Fig. 2a, b, and supplementary Table 1). All except
Let-7f were uniquely upregulated in AH-HC-EVs as compared with HC-EVs from mild
ASH mice previously studied [8], suggesting they may serve as potential novel biomarkers
for AH, as well as possible drivers for the cASH-AH transition. The heatmap of miRNA
expression showed high within-group similarity and clear differences between groups
among 24 differentially expressed miRs (Fig. 2c and supplementary Table 2). A heatmap of
miRs by pathways is shown in Fig. 2d. The row enlists top 24 differentially expressed miRs,
and the column contains 18 enriched KEGG pathways. ECM receptor interaction and

J Mol Med (Berl). Author manuscript; available in PMC 2021 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Eguchi et al. Page 9

mucin-type O-glycan biosynthesis appeared activated, supporting the notion of pro-
fibrogenic effects (Fig. 2d).

HC-EVs from AH mice activate hepatic stellate cells

The upregulation of profibrogenic miRs in AH-HC-EVs via miR-sequencing let us to further
investigate HSCs as a potential target cell type of HC-EVs. HC-EVs from AH mice were
labeled with red fluorescence and added to primary culture of mouse HSCs which were
stained for F-actin (green) and nucleus (blue) (Fig. 3a). Labeled HC-EVs with red
fluorescence were internalized into HSCs, while there was no red fluorescence in HSCs
without addition of HC-EVs (control) (Fig. 3a). HSC morphology was unchanged in four
groups incubated with AH-HC-EVs, Cont-HC-EVs, the medium as a negative control, or
TGF-p as a positive control, at day 0, but showed an activated phenotype with AH-HC-EVs
or TGF-B at day 1 and day 2 (Fig. 3b). The levels of fibrogenic genes, Acta2 (a-SMA) (P<
0.001), Col1a1 (P<0.05), and Timp1 (P< 0.001), were significantly induced in HSCs
incubated with AH-HC-EVs compared with Cont-HC-EVs or the medium (Fig. 3c).

Specific miRNA cargo in HC-EV modulates HSC activation after EV internalization

To identify genes which are targeted by the miRs carried by AH-HC-EVs and responsible
for HSC activation, we screened genes that were shown to be differentially regulated by > 2-
fold (P<0.001) in either direction in HSCs from AH mice (AH-HSCs) compared with
control mice (Cont-HSCs). The detailed data are reported in a separate study [25]. Using
these data and the DIANA-miRPath software, we predicted target genes from 1020 down or
upregulated gene in the AH-HSCs vs. Cont-HSCs DEG list which can be regulated by
significantly up- or downregulated 24 miRs in AH-HC-EVs. This analysis revealed that 149
out of 360 downregulated genes in AH-HSCs were predicted targets of 20 miRNAs
upregulated in AH-HC-EVs and 95 out of 660 upregulated genes in AH-HSCs as predicted
targets of 4 miRNAs downregulated in AH-HC-EVs (Fig. 4a, Supplementary Table 3). The
network analysis of targets in AH-HSC regulated by miRNAs in AH-HC-EVs, demonstrates
a core network involving negative regulation of transcription (green color), gene expression
(blue color), and cellular process (red color) (Fig. 4b). Notably, SMAD family member 7
(Smad?), which inhibits HSC activation, is a predicted target of miR-25, miR-100, and
miR-181a which are all upregulated in AH-HC-EVs. Moreover, nuclear receptor subfamily
1 group D member 2 (Nr1d2), which is a quiescent HSC marker [26], is a presumed target of
miR-101b, miR-27a, and miR-181a encapsulated in AH-HC-EVs (Fig. 4b). These results
suggested that HSC activation in AH may be mediated by these upregulated miRs in AH-
HC-EVs repressing quiescent HSC target genes. To test this notion, we examined Arid2
expression in primary HSCs transfected with miR-27a and miR-181a. Indeed, transfection of
miR-27a and miR-181a in HSCs dose-dependently reduced NrZdZ mRNA level and
inhibited NR1D2 protein expression (Fig. 4c—e). These results suggest that AH-HC-EVs
contribute to HSC activation by the ability of their cargo miRs to target and repress the
quiescent HSC genes.
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DAMPs in HC-EVs from AH mice mediate hepatic macrophage activation through TLR9

activation

EVs have multiple mechanisms of action to mediate biologic effects on target cells based on
their specific cargo content that includes not only miRs but also proteins, DNA, and DAMPs
such as mitochondrial DNA (mtDNA) [27, 28]. We analyzed the protein content in AH-HC-
EVs vs. Cont-HC-EVs by proteomic analysis. This analysis revealed that 142 proteins were
significantly changed in AH-HC-EVs compared with Cont-HC-EVs (P < 0.05 and fold
change>|2|) and 60 proteins out of 142 were significantly upregulated in AH-HC-EVs
(Supplementary Table 4). The sub-cellular origins of 60 upregulated proteins were
mitochondrial (46.7%), endoplasmic reticulum (ER) (25.0%), peroxisomes (8.3%), lipid
droplets (3.3%), nucleus (1.7%), extracellular vesicles (3.3%), and cytosol/secretary
compartment (11.7%) (Fig. 5a). These proteomic results suggested damaged organelles such
as mitochondria and ER may constitute the major EV cargo content. Next we tested the
presence of mtDNA by analyzing by qPCR the mitochondrial gene A#pé6. As predicted, A{p6
was increased 60-fold (P< 0.001) in AH-HC-EVs compared with Cont-HC-EVs (Fig. 5b).
mtDNA has been recognized as an EV-derived DAMP for macrophage activation via TLR9
activation. Thus, we tested the effects of AH-HC-EVs on proinflammatory cytokine
expression by HMs isolated from AH (AH-HM) or pair-fed control mice (C-HM). AH-HC-
EVs, but not Cont-HC-EVs, increased //26 mRNA in both AH-HMs and C-HMs albeit the
magnitude of the induction by the former was substantially greater (both < 0.05) (Fig. 5c).
/117amRNA levels were already elevated in AH-HMs (P < 0.05) vs. C-HMs without EV
treatment but further induced by the treatment with AH-HC-EVs but not with Cont-HC-EVs
(P<0.05) (Fig. 5¢). //177amRNA in C-HMs was not significantly increased by Cont-HC-
EVs or AH-HC-EVs (Fig. 5¢), suggesting the differential sensitivity of AH-HMs vs. C-HMs
to AH-HC-EVs. Furthermore, the production of IL-1p and IL-17A proteins by AH-HCs but
not C-HMs was significantly increased by AH-HC-EVs but not Cont-HC-EVs (both P<
0.05) (Fig. 5¢). To test the role of TLR9 in the observed stimulatory effects of AH-HC-EVs,
we used HEK-Blue-mTLR9 reporter cells and found that the reporter activity was
significantly elevated by AH-HC-EVs but not by Cont-HC-EVs (P < 0.05) to the similar
level seen with treatment with LPS plus the TLR9 agonist OND1826 (< 0.01 vs. PBS
vehicle treatment). Further, the TLR9 activity stimulated with AH-HC-EVs was completely
abrogated with the TLR9 antagonist OND2088 (£ < 0.05) (Fig. 5d). In addition, IL-17A
production stimulated by AH-HC-EVs was significantly attenuated with the TLR9
antagonist (P < 0.05 vs. AH-HC-EVs) (Fig. 5e). IL-1p protein upregulation by AH-HC-EVs
was only modestly (~ 20%) and insignificantly (£= 0.15) reduced with the TLR9 antagonist
(date not shown). These results suggest that AH-HC-EVs enriched with DAMPs such as
mitochondrial proteins and DNA, stimulate AH-HM expression of IL-17A in a manner
dependent on TLR9 activity.

Discussion

The key finding of this study is the demonstration that in AH mice there is a conspicuously
increased release of HC-EVs with a specific cargo containing a signature set of miRs and
DAMPs that are involved in proinflammatory and pro-fibrogenic regulation of HSCs and
HMs. We identified AH-HC-EV-derived specific miRs (e.g., miR-27a and miR-181a)
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targeting selective HSC mRNAs which are involved in HSC quiescence and repressed in
AH-HSCs (e.g., Nr1d2), and hence most likely contributing to HSC activation in AH. AH-
HC-EVs TLR-9 dependently stimulated AH-HM production of IL-17A which is implicated
in HSC activation and liver fibrosis [29, 30]. Thus, these findings together support the notion
that AH-HC-EV-mediated dual cross-talk with HSCs and HMs closes their loops to amplify
HSC activation and liver fibrosis which are intensified in AH vs. chronic ASH mice [9].
TLR9 dependence of IL-17A expression has previously been reported in lung macrophages
and blood monocytes [31, 32], but our results are the first to show it in HMs in the context of
AH.

We have previously reported on the microRNA cargo of EVs in a murine model of mild
alcoholic steatohepatitis that primarily shows severe steatosis but mild mononuclear cell
(MNC) infiltration and no fibrosis [8]. In the current study we extended these findings by
assessing the role of EVs and their cargo in a model that resembles human alcoholic
hepatitis (AH) with features that include balloon cell degeneration, liver fibrosis, and PMN
infiltration. We believe this is the consequence of heightened stress that AH-HCs experience
in AH, releasing the markedly increase number of EVs. This notion is supported by the
abundant protein derived from organelles such as mitochondria and ER known to undergo
the pathogenic levels of stress [14, 33, 34]. Indeed, AH-HC-EVs released into the media
doubled that of mASH-HC-EVs (data not shown), corroborating the RNA-seq finding on
induced EV-related genes in AH livers. In our previous study, we identified 13 miRs, nine
upregulated and four downregulated, in HC-EVs from mASH mice. Among them are three
upregulated miRs, let-7f, miR-29a, and miR-340 which were also increased in the blood of
patients with mild ambulatory ALD [8]. Current miR-seq analysis detected 20 upregulated
and 4 downregulated miRs in AH-HC-EVs. All except let-7f were uniquely upregulated in
AH-HC-EVs but not in mASH-HC-EVs, thus considered to be potential novel biomarkers
for AH. They included profibrogenic miR-221, miR-126, and miR-27 [35, 36]. Indeed,
functional studies using primary mouse HSCs demonstrated HSC morphologic and gene
activation with AH-HC-EVs. We integrated this putative miR profile of AH-HC-EVs with
RNA-seq data in HSCs from AH mice to identify potential targets. This effort eventually has
led to the identification of novel regulation of the quiescent HSC gene Arid2by miR-27a
and miR-181a, although we need a future study to confirm direct NR1D2 regulation by
miR-27a and miR-181a using a reporter construct.

The increased mtDNAs in AH-HC-EVs likely result from mitochondrial damage in AH
livers and serve as a driver for proinflammatory activation of HMs via TLR9. Our results
show the increased responsiveness of AH-HMs to this mode of activation as compared with
C-HMs, suggesting the priming of AH-HMSs which has taken place in vivo. Although both
IL-17 and IL-1p mRNA and protein expressions were upregulated by AH-HC-EVs, the
quantity of IL-17 protein released under the AH-HC-EV stimulation, was x 100 greater than
IL-1B. Further, the TLR-9 antagonist clearly repressed IL-17 production stimulated with
AH-HC-EVs but not IL-1p, highlighting the relative importance of TLR-9-dependent I1L-17
regulation and its profibrogenic action augmented by AH-HC-EVs. Recent reports revealed
that mtDNA circulates in blood inside EVs serving as potential biomarker of liver damage
[37] and contributes to liver inflammation via activation of TLR-9 [23, 38]. Our results also
support this paradigm. What is yet to be investigated is the roles of the organelle-derived
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proteins abundantly contained in AH-HC-EVs in HM and HSC activation. Proteomic
analysis of oxidized and covalently modified proteins and their functional analysis are
required to address this question. Growing evidence support the concept that cell to cell
communication mediated by EVs contributes to the pathogenesis and progression of liver
diseases [27, 39, 40]. While HC-EVs play a central role, non-parenchymal cells of the liver
also release EVs that exert paracrine and autocrine effects in micro- and macro-environment
[27, 39] and deserve further exploration related to AH pathogenesis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Key messages

. Circulating EVs and HC-EVs were increased in AH mice compared with
control mice
. AH-HC-EVs were enriched in miRNAs, organelle proteins, and

mitochondrial DNA

. AH-HC-EVs increased cytokine production by AH-HMs in a TLR9-
dependent manner
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migRNA profile in HC-EVs. a A fold change of 24 significantly upor downregulated
miRNAs in AH-HC-EVs compared with miRNAs in pair-fed control HC-EVs. b Relative
mMiRNA expression level in 24 significantly up- or down regulated miRNA. ***£ < 0.001,
**P<0.01, and *P< 0.05. ¢ Heatmap clusters of 24 significantly up- or downregulated
miRNAs by both rows and columns. d Target genes in KEGG cancer pathway in each 24
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Fig. 4.

Primary HSC activates by miRNAs in HC-EVs. a Pie chart of specific 344 genes (fold
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change > 2) in HSCs from AH mice and 67 down- or 21 upregulated with miRNAs in HC-
EVs as prediction. b Protein interaction of 67 downregulated genes in HSCs from AH mice
regulated by 17 upregulated miRNA in AH-HC-EVs as prediction using STRINGS. ¢ Fold
change of Nr1d2 mRNA expression in primary HSCs with negative miRNAs (Cont), and
miR-27 plus miR-181. d Immunoblotting of Nrld2 protein expression in primary HSCs with
negative miRNAs (Cont), and miR-27 plus miR-181. e Quantification of Nr1d2 protein
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expression from immunoblotting in primary HSCs with negative miRNAs (Cont), and
miR-27 plus miR-181. *~ < 0.05. Values are mean = SEM
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Fig. 5.

DzMPs in HC-EVs mediate hepatic macrophage activation through TL9 pathway. a Pie
chart of upregulated protein composition in AH-HC-EVs (fold change >2). b Fold change of
mitochondrial Atp6 (encoding the ATP synthase Fo subunit 6) DNA expression in AH-HC-
EVs and Cont-HC-EVs. ***P< 0.001. ¢ Fold change of IL-1p or IL-17a mRNA levels and
protein production in hepatic macrophages (HMs) from pair-fed control or AH mice. *P<
0.05 vs. non-EVs. #P< 0.05 vs. C-HMs non-EVs. d TLR9 reporter activity in HEK-Blue-
mMTLR9 reporter cells incubated with LPS, ODN1826 (TLR9 agonist), LPS plus ODN1826
(TLR9 agonist), Cont-HC-EV, AH-HC-EVs, AH-HC-EVs plus ODN2088 (TLR9
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antagonist). **P< 0.01 and *P< 0.05 vs. PBS. #P< 0.05 vs. AH-HC-EVs alone. e IL17A
production in supernatant of AH-HMs incubated with Cont-HC-EVs and AH-HC-EVs
without or with ODN2088. *P< 0.05 vs. Cont-HC-EVs. #P< 0.05 vs. AH-HC-EVs alone.
Values are mean = SEM. C-HMs, control HMs; ER, endoplasmic reticulum; LD, lipid
droplets; EV, extracellular vesicle; Serc, secretary compartment
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Table 1

Upregulated genes as EV pathway in AH liver compared with chronic ASH liver

TSPANS: Tetraspanin-8

ITGB2: Integrin beta 2

ITGB6: Integrin beta 6

SPP1: Osteopontin

ANXAZ3: Annexin 3

ANXAA4: Annexin 4

LTBP2: Latent Transforming Growth Factor Beta Binding Protein 2
TESC: Tescalcin

SVEP1: Sushi, Von Willebrand Factor Type A, EGF And Pentraxin Domain Containing 1
FCER1G: Fc Fragment Of IgE Receptor Ig

VCAN: Versican

S100A4: S100 calcium-binding protein A4

TGFBRL1: Transforming Growth Factor Beta Receptor 1
PLAT: Plasminogen Activator, Tissue Type

SERPINE2: Serpin Family E Member 2

MSN: Moesin

FGF21: Fibroblast growth factor 21

FGFR2: Fibroblast growth factor receptor 2

STMN1.: Stathmin 1

GOLML1: Golgi Membrane Protein 1

CD53: CD53 molecule

PLAU: Urokinase plasminogen activator

CXCL5: C-X-C motif chemokine 5

AKR1B10: Aldo-Keto Reductase Family 1 Member B10
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