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Abstract

Background & Aims—Exosomes are small membrane vesicles involved in intercellular
communication. Hepatocytes are known to release exosomes, but little is known about their
biological function. We sought to determine if exosomes derived from hepatocytes contribute to
liver repair and regeneration after injury.

Methods—Exosomes derived from primary murine hepatocytes were isolated and
characterized biochemically and biophysically. Using cultures of primary hepatocytes, we tested
whether hepatocyte exosomes induced proliferation of hepatocytes /n vitro. Using models of
ischemia/reperfusion injury and partial hepatectomy, we evaluated whether hepatocyte exosomes
promote hepatocyte proliferation and liver regeneration /n vivo.

Results—Hepatocyte exosomes, but not exosomes from other liver cell types, induce dose-
dependent hepatocyte proliferation /n vitroand in vivo. Mechanistically, hepatocyte exosomes
directly fuse with target hepatocytes and transfer neutral ceramidase and sphingosine kinase 2
(SK2) causing increased synthesis of sphingosine-1-phosphate (S1P) within target hepatocytes.
Ablation of exosomal SK prevents the proliferative effect of exosomes. After ischemia/reperfusion
injury, the number of circulating exosomes with proliferative effects increases.

Conclusions—Our data shows that hepatocyte-derived exosomes deliver the synthetic
machinery to form S1P in target hepatocytes resulting in cell proliferation and liver regeneration
after ischemia/reperfusion injury or partial hepatectomy. These findings represent a potentially
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novel new contributing mechanism of liver regeneration and have important implications for new
therapeutic approaches to acute and chronic liver disease.
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Introduction

Liver regeneration is a compensatory process that replaces functional liver mass lost as a
result of injury or disease. The mechanisms governing this process are highly complex and
have been the focus of investigation for decades. The specific functions of numerous
hormones, growth factors and cytokines have been identified over the temporal course of the
regenerative process [1]. However, whether other forms of intercellular communication, such
as exosomes, may participate in this process has not been investigated.

Exosomes are membrane nanovesicles (30-100 nm) released by cells into the extracellular
environment upon fusion of multivesicular bodies with the plasma membrane [2-4].
Exosomes contain membrane components but also contain proteins, micro-RNAs and
mRNAs [4-7]. A variety of cell types, including hepatocytes, secrete exosomes into body
fluids such as blood and urine [5,8-10]. Previous studies have shown that exosome released
from cells depends on the activity of neutral sphingomyelinase, releasing ceramide from
sphingomyelin and thereby controlling the process of exosome formation and release
[11,12]. An emerging interest in exosomes has focused on their potential roles as a form of
intercellular communication via delivery of exosomal contents and modulation of cellular
activities in recipient cells [5,6,13]. For example, B-lymphocytes and dendritic cells have
been shown to release exosomes that can stimulate T cell proliferation and contribute to a
robust immune response [14]. In contrast, tumor cells have been shown to release exosomes
that promote tumor growth and metastasis [15], and hepatocytes infected with hepatitis C
virus (HCV) have been shown to release exosomes that contain and transmit HCV to other
hepatocytes [16—18]. As such, it appears that exosomes serve as a fundamental mechanism
of cell communication for basic homeostasis that can be hijacked by malignant and virus-
infected cells.

Here, we investigated the role of exosomes as a mode of intercellular communication in the
processes of liver repair and regeneration. We demonstrate that exosomes produced by
hepatocytes, but not other liver cell types, promote hepatocyte proliferation 7 vitro and
induce liver regeneration /in vivo. The mechanism of this effect was found to be due to
sphingosine kinase 2 (SK2), which was contained within hepatocytes exosomes, but was
absent in exosomes from other liver cell types. Delivery of SK2 by exosomes induced
proliferation in target hepatocytes via synthesis of intracellular sphingosine-1-phosphate
(S1P). This represents a novel mechanism by which hepatocytes signal via exosomes in a
paracrine fashion to promote liver repair and regeneration after injury.
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Materials and methods

Mice

Male C57BI/6 mice and SK2-knockout mice were purchased from the Jackson Laboratory
(Bar Harbor, ME). Mice used for experiments were 6-8 weeks of age. All animal use and
procedures described were reviewed and approved by the University of Cincinnati Animal
Care and Use Committee and was in compliance with the National Institutes of Health
guidelines. All animals and resulting samples were assigned a number that did not reveal the
group allocation so that analyses were performed by blinded investigators.

Liver cells and exosome isolation and characterization

Hepatocytes and Kupffer cells were isolated from mice as previously described [19], and 2 x
108 cells/5 ml Williams media supplemented with 5% exosome-free FBS (System
Biosciences) were cultured in 50 mm plates. Cells were cultured overnight and then media
was changed. Forty-eight hours later, media was harvested for exosome isolation. Primary
liver sinusoidal endothelial cells from C57BI/6 mice were purchased from Cell Biologics
(Chicago, IL). 1 x 107 cells/10 ml endothelial cell medium (Cell Biologics) supplemented
with 5% exosome-free FBS were cultured in T75 flasks. Media was changed when cells
reached confluence and 48 h later media was harvested for exosome isolation. Exosomes
were isolated using differential centrifugation and sucrose density-gradient methods as
previously described [20,21].

Serum exosomes were isolated with Exoquick according to the manufacturer’s protocol
(System Biosciences). Briefly, blood was obtained by cardiac puncture and 125 pl of serum
was collected and mixed with Exoquick. Samples were centrifuged at 1500 g for 30 min,
followed by incubation overnight at 4 °C. The supernatant was decanted and the exosome
pellet was resuspended in phosphate-buffered saline (PBS).

Exosome size was determined using a Zetasizer Nano (Malvern Instruments, Malvern, UK)
and the number of exosomes was assessed by the CD81-antigen ELISA kit (System
Biosciences). Exosome purity was assessed by electron microscopy and by Western blot of
markers of early endosome (EEA-1), endoplasmic reticulum (Grp78), and exosome
(Tsg101, CD81, and CD63) compartments, respectively.

Electron microscopy

Exosomes in PBS were fixed in 1.5 M sodium cacodylate buffer (pH 7.4) and were absorbed
onto copper-mesh formvar grids (Electron microscopy Sciences, Hatfield, PA) and
negatively stained by 2% uranyl acetate. Samples were observed using a H7650 transmission
electron microscope (Hitachi, Tokyo, Japan) operated at an accelerating voltage of 80 kV.
Images were taken with an AMT digital camera for data acquisition.

Hepatocyte proliferation

Hepatocyte proliferation /n vitrowas determined by DNA incorporation of 5-bromo-2-
deoxyuridine (BrdU). Hepatocytes were treated with hepatocyte-derived exosomes for 24 h
prior to assessing BrdU incorporation. Data were normalized by the amount of viable cells
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and expressed as a ratio compared with medium alone. A commercial BrdU cell
proliferation ELISA system (Abcam, Cambridge, UK) was used for this assay.

For histologic analysis of hepatocyte proliferation, tissue samples were fixed in 10% neutral-
buffered formalin and embedded in paraffin prior to immunohistochemical staining for
proliferating cell nuclear antigen (PCNA) or phosphorylated histone H3 (H3-P). Staining of
PCNA was performed as previously described [22], and staining of H3-P was performed
according to the manufacturer’s instructions (Ser10; dilution of 1:200, Cell Signaling
Technology, Danvers, MA). Sections were counterstained with hematoxylin and quantitation
was performed based on the percentage of positive nuclei of 400-600 hepatocytes from 4-6
positive fields at high power (400x%).

Hepatic ischemia/reperfusion (I/R) injury and partial hepatectomy

Mice were randomly assigned to undergo either sham surgery, I/R, or partial hepatectomy as
previously described [23,24]. For I/R injury, sham mice underwent the same procedure
without vascular occlusion. Mice were injected intravenously with exosomes or saline
(vehicle control) 24 and 48 h after reperfusion. For partial hepatectomy, mice were injected
intravenously with exosomes or saline (vehicle control) immediately after and 24 h after
hepatectomy.

Exosome-hepatocyte fusion

Exosomes were labeled with 2 pM PKH67 (Sigma-Aldrich) for 5 min, washed and
incubated for 24 h with cultured hepatocytes. The samples were washed and counterstained
with DAPI, and analyzed by fluorescence microscopy.

Measurement of sphingolipid substrates and enzymes

Ceramide was quantified by kinase assays exactly as previously described [25].

Quantification of S1P in hepatocytes was determined by ELISA and mass spectrometry. An
S1P ELISA (Echelon Biosciences) was performed according to the manufacturer’s
instructions. For mass spectrometry, S1P was extracted by a modified two-step lipid
extraction. Briefly, cells were transferred into a glass tube and resuspended in 1 ml of
medium. Then, 100 pmol C17-S1P as internal standard, 100 pul of a 3N NaOH solution, 1 ml
of chloroform and 1 ml of methanol/HCI (99.8:0.2 v/v) were added. After separation, the
aqueous phase was acidified with 100 pl concentrated HCI and extracted with 1.5 ml
chloroform. The organic phase was evaporated and the dried lipids were resolved in 200 pl
methanol. Sample analysis was performed by rapid resolution liquid chromatography/
tandem mass spectrometry using a quadrupole time of flight 6530 mass spectrometer
(Agilent Technologies, Waldbronn, Germany) operating in the positive electrospray
ionization mode. Chromatographic separations were performed by an X-Bridge column
(C18, 4.6 x 150 mm, 3.5 um particle size, 138 A pore size, Waters GmbH, Eschborn,
Germany). Elution was performed using a gradient consisting of eluent A (water/formic acid
100:0.1 v/v) and eluent B (acetonitril/tetrahydrofuran/for mic acid 50:50:0.1 v/v/v). The
precursor ions of S1P (m/z 380.2560) and C17-S1P (m/z 366.2404) were cleaved into the
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fragment ions of m/z 264.2700 and m/z 250.2529 respectively. Quantification was
performed with Mass Hunter Software.

Neutral sphingomyelinase activity was measured by incubation of samples with 0.05 uCi per
sample [*4C]sphingomyelin in 100 mM Tris-HCI (pH 7.4), 5 mM MgCl,, 2.5 mM DTT,
0.2% Triton, 10 pg/ml each of aprotinin and leupeptin for 60 min at 37 °C. The
[14C]sphingomyelin was dried prior to analysis, resuspended in the assay buffer, sonicated
for 10 min and an aliquot was added to the samples. The reactions were analyzed as above.

Neutral ceramidase activity was measured by incubating samples in 100 mM Tris-HCI (pH
7.4), 5 mM MgCly, 2.5 mM DTT, 0.2% Triton, 10 pg/ml each of aprotinin and leupeptin and
0.1 uCi micellar [*4C16]-ceramide (ARC0831, 55 mCi/mmol). The substrate was dried prior
to use, resuspended in the assay buffer and bath-sonicated for 10 min. Samples were
extracted after 60 min in 200 pl H,O and CHCI3:CH30H:HCI (100:100:1, v/v/v). The lower
phase was dried, samples were resuspended in CHCI3:CH30OH (1:1, v/v) and separated by
thin-layer chromatography (TLC) using CHCIl3:CH30H:ammoniumhydroxide (90:20:0.5,
v/viv) as the developing solvent. The plates were analyzed using a Fuji-Imager and
ceramidase activity was determined by conversion of radioactive ceramide into sphingosine
and radioactive fatty acid.

To determine SK activity, samples were incubated with 500 pmol sphingosine in the
presence of 50 mM HEPES (pH 7.4), 250 mM NaCl, 30 mM MgCl,, 1 mM ATP and 10 uCi
[32P]yATP for 60 min at 30 °C. Samples were extracted by addition of 20 pl 1N HCI, 800 pl
CHCI3/CH30H/IN HCI (100:200:1, v/v/v), 240 pul CHCI3 and 2 M KCI. Phases were
separated, the lower phase was collected, dried, dissolved in 20 ul of CHCI3:CH30H (1:1,
v/v) and separated on Silica G60 TLC plates using CHCIl3/CH30H/acetic acid/H,0
(90:90:15:5, v/viviv). The TLC plates were analyzed employing a phosphoimager.
Sphingosine was quantified by comparison with a standard curve of C18-sphingosine and
SK activity was calculated from the conversion of the standards to S1[32P].

Western blot studies

For Western blots of Tsg101, CD81, CD63, EEA-1, Grp78, a-actin, neutral ceramidase and
SK in exosomes as well as SK in hepatocytes, the samples were resuspended in 5x SDS
sample buffer, separated by 4-20% SDS-PAGE and developed using anti-TSG101 (ab83,
Abcam Inc.), anti-CD81 (Eat2, Abd Serotec, Oxford, UK), anti-CD63 (AD1, BD
Biosciences, Mountain View, CA), anti-EEA-1 (EEA-1, BD Biosciences Inc.), anti-Grp78
(BiP, BD Biosciences Inc.), a-actin (ab8227, Abcam Inc.), anti-neutral ceramidase (H300,
Santa Cruz Inc.), anti-SK1 (M209, Santa Cruz Inc.), and anti-SK2 (ab37977, Abcam Inc.)
antibodies followed by ECL.

siRNA-knockdown and inhibition of SK2 in exosomes

SK2 siRNA sequences was 5-GGCUGCUCAUAUUGGUCAATT-3 and non-targeting
SiRNA was the control siRNA (both from Qiagen). The siRNA duplexes were introduced
into primary hepatocytes according to the manufacturer’s instructions. Briefly, hepatocytes
were distributed onto 6-well plates at a concentration of 2 x 10° cells/well and incubated
overnight to allow cell adherence. Transfection of siRNA was performed in the presence of
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Lipofectamine RNAIMAX (Invitrogen). Aliquots of siRNAs (25 pmol) and 5 pl
Lipofectamine RNAIMAX per well were applied in Opti-MEM® | Reduced Serum Medium
(Gibco). After 48 h, cells were then lysed and prepared for Western blot analysis. For
exosome study, the medium was renewed with Williams media supplemented with 5%
exosome-depleted FBS (System Biosciences) and incubated for 48 h.

To irreversibly block SK in exosomes, 20 ug isolated exosomes were treated with 1 mM 5-p
fluorosulfonylbenzoyladenosine (FSBA) for 60 min at 22 °C and for a further 16 h at 4 °C
consisting of 50 mM HEPES (pH 7.4), 150 mM NaCl, 5 mM MgCl, and 10% glycerol. The
reaction was stopped by the addition of 1 mM dithiothreitol, exosomes were washed by
ultracentrifugation, resuspended in Williams media supplemented with 5% exosome-
removed FBS and primary hepatocytes were treated for 24 h to determine cell proliferation
via BrdU incorporation.

Statistical analysis

Results

Sample size was calculated with the two-sided Wilcoxon-Mann-Whitney test (software:
G+«Power Version 3.1.7). Data are expressed as the mean + standard deviation (SD). Data
were analyzed with a one-way analysis of variance, with a subsequent Student test.
Differences were considered significant when p <0.05.

Hepatocyte exosomes, but not exosomes from Kupffer cells or sinusoidal endothelial
cells, promote hepatocyte proliferation in vitro and liver regeneration in vivo

To characterize exosomes released by hepatocytes, primary murine hepatocytes were
cultured in exosome-free media. The exosomes released into the culture media were isolated
and subjected to biochemical and biophysical analyses. Analysis of exosomes by electron
microscopy revealed the expected cup-shaped morphology (Fig. 1A). Quantitation of
exosome size was determined using a Zetasizer Nano and revealed a mean vesicle diameter
of 79 nm (Fig. 1B). While there were particle sizes identified above 100 nm, none of the
exosomes observed via electron microscopy were greater than 100 nm, yet we did observe
some aggregates of exosomes which may have resulted in the larger particles identified by
the Zetasizer Nano. Biochemical analysis of exosomes demonstrated expression of the
exosomal proteins Tsg101, CD81, and CD63, and lack of expression of proteins associated
with early endosomes (EEA-1), or endoplasmic reticulum (Grp78) (Fig. 1C). All of these
analyses are fully consistent with previous characterizations of hepatocyte exosomes [5].

To determine if hepatocyte exosomes had any modulatory effect on hepatocyte proliferation,
hepatocyte exosomes were added to primary hepatocytes in culture. The addition of
hepatocyte exosomes resulted in a dose-dependent increase in hepatocyte proliferation (Fig.
2A). This was not an effect of exosomes in general, as treatment of primary hepatocytes with
exosomes derived from Kupffer cells (Fig. 2B) or liver sinusoidal endothelial cells (Fig. 2C)
did not induce proliferation. Interestingly, Kupffer cell exosomes actually decreased
hepatocyte proliferation (Fig. 2B). Exosomes from Kupffer cells and sinusoidal endothelial
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cells were also analyzed biochemically and biophysically to confirm their exosome
characteristics (Supplementary Fig. 1).

Because we found that hepatocyte exosomes induced hepatocyte proliferation /in vitro, we
next sought to determine whether hepatocyte exosomes could induce hepatocyte
proliferation /n vivo. 1/R injury to the liver occurs within the first 24 h after injury, after
which the liver begins a reparative process characterized by the clearance of dead
hepatocytes and increased hepatocyte proliferation [22]. Therefore, mice were injected
intravenously with hepatocyte-derived exosomes 24 and 48 h after reperfusion and
hepatocyte proliferation was assessed 72 h after reperfusion. Administration of hepatocyte
exosomes dose-dependently increased hepatocyte proliferation, assessed by both PCNA and
H3-P staining (Fig. 3A), and had no effect on serum ALT (control: 92.3 £ 23.9, n = 6;
exosomes (200 pg): 89.1 +£49.0, n = 3).

To determine if these /in vivo effects contributed to liver regeneration, mice undergoing 70%
hepatectomy were injected with hepatocyte exosomes immediately after hepatectomy and
again 24 h later. Administration of hepatocyte exosomes dose-dependently increased
hepatocyte proliferation (Fig. 3B) and liver mass (Fig. 3C) 48 h after hepatectomy.

Hepatocyte exosomes contain specific sphingolipids and sphingolipid enzymes that are
delivered to target hepatocytes

To investigate the mechanism by which exosomes induce hepatocyte proliferation, we first
examined if treatment of hepatocytes with exosomes resulted in direct transfer of exosome
components. Primary hepatocytes were treated with exosomes that had been labeled with
PKHG67, a cell membrane marker. Fig. 4 shows that exosome membranes are directly
incorporated into the hepatocyte plasma membrane as well as membranes of intracellular
organelles — most likely endosomes.

The sphingomyelin-ceramide pathway is critical for the generation of exosomes [11].
Furthermore, one of the end products of this pathway, S1P has been linked to proliferation in
cell types other than hepatocytes [26—29]. Hepatocyte exosomes were analyzed for their
content of sphingolipids and sphingolipid enzymes. We found that exosomes contained
abundant amounts of ceramide, but no detectable S1P (Table 1). There was no detectable
neutral sphingomyelinase activity, but neutral ceramidase and SK activity was abundant
(Table 1). The presence of neutral ceramidase and SK2 were confirmed by Western blot
(Fig. 5A), but SK1 was undetectable (data not shown). Exosomes from Kupffer cells or
sinusoidal endothelial cells, which lacked proliferative effects, contained no detectable SK
activity or SK2 protein (data not shown).

Because we had evidence of direct transfer of exosome contents into target hepatocytes (Fig.
4), we next measured the content of sphingolipids in hepatocytes after treatment with
hepatocyte exosomes. Ceramide levels were not changed by exosome treatment (Fig. 5B).
However, intracellular levels of S1P were significantly increased after treatment with
exosomes (Fig. 5C). The increase in S1P levels was completely abrogated by co-treatment of
hepatocytes with the SK inhibitor, SPHK 12 (Fig. 5C). Furthermore, treatment of
hepatocytes with the SK inhibitor also completely inhibited the proliferation of hepatocytes
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induced by hepatocyte exosomes (Fig. 5D). These results suggest that the delivery of SK2
by exosomes results in the generation of S1P within target hepatocytes resulting in cell
proliferation.

In order to test this hypothesis, we examined whether treatment with exosomes resulted in
increased expression and activity of SK2 in target hepatocytes. Treatment of hepatocytes
with exosomes increased SK2 expression by Western blot (Fig. 5E) and nearly doubled the
level of SK2 activity within the hepatocytes (Fig. 5F).

Hepatocyte exosomes transfer S1P synthetic machinery to promote hepatocyte

proliferation

To directly test the hypothesis that delivery of SK2 by exosomes is the mechanism
associated with the increased S1P levels and subsequent proliferative effects, we conducted
three complementary experiments. First, we transfected hepatocytes with scrambled control
SiRNA or siRNA targeting SK2, the latter which effectively knocked down the expression of
SK2 (Fig. 6A). We then isolated exosomes from these cells and measured their ability to
induce hepatocyte proliferation. Treatment of hepatocytes with SK2-deficient exosomes
resulted in no cellular proliferation (Fig. 6B). Second, we isolated exosomes from
hepatocytes from SK2-knockout mice and measured their ability to induce hepatocyte
proliferation. Treatment of hepatocytes with exosomes from SK2-knockout hepatocytes
resulted in no cellular proliferation (Fig. 6B). The third approach directly blocked the
activity of SK2 in exosomes by treating normal hepatocyte exosomes with FSBA, an
irreversible inhibitor that binds covalently to the ATP binding site of sphingosine kinases
[30]. Biochemical inhibition of exosome SK2 with FSBA completely abrogated the
proliferative effect of exosomes on hepatocytes (Fig. 6C). These data prove that exosomes
deliver SK2 to the target hepatocytes resulting in intracellular generation of S1P which
promotes cell proliferation.

Next, to demonstrate that SK2 contained within exosomes was responsible for hepatocyte
proliferation /n vivo, we isolated exosomes from hepatocytes in which SK2 had been
knocked down with siRNA as well as exosomes from SK2-knockout hepatocytes. Similar to
previous experiments, mice were injected with exosomes 24 and 48 h after I/R. As expected,
treatment of mice with exosomes from hepatocytes treated with control, scrambled siRNA
(Fig. 7A), or with exosomes from wild-type hepatocytes (Fig. 7B), resulted in significant
hepatocyte proliferation. In contrast, treatment with exosomes from hepatocytes in which
SK2 had been knocked down with siRNA (Fig. 7A) or from SK2-knockout hepatocytes (Fig.
7B) failed to induce hepatocyte proliferation.

Exosomes released after liver injury have hepatocyte proliferative effects

To test whether liver injury results in a release of exosomes /n vivo, we measured the
number of exosomes in serum before and after hepatic I/R injury. Exosomes were present in
the serum of untreated mice and increased after I/R with maximum levels 24 h after
reperfusion and returning to baseline levels 96 h after reperfusion (Fig. 8A). Exosomes
isolated from serum 24 h after I/R injury were characterized biophysically and
biochemically. Electron microscopy showed the cup-shaped morphology of exosomes (Fig.
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8B). Western blot analyses demonstrated that the isolated exosomes expressed the exosome
proteins, Tsg101, CD81, and CD63, but lacked the early endosome protein, EAA-1, and the
endoplasmic reticulum protein, Grp78 (Fig. 8C). Similar to hepatocyte-derived exosomes,
the presence of SK2 was confirmed by Western blot, but SK1 was undetectable (Fig. 8C).
Zetasizing of serum exosomes showed a mean diameter of 74 nm (Fig. 8D), which was
consistent with our electron micrographs (Fig. 8B). We next determined if serum exosomes
induced by I/R injury could stimulate hepatocyte proliferation. Primary hepatocytes treated
with exosomes isolated 24 h after I/R injury displayed a dose-dependent increase in cell
proliferation (Fig. 8E).

Discussion

Here we describe a novel and highly significant function of hepatocyte exosomes. Our
studies show that exosomes released by hepatocytes fuse with, and promote the proliferation
of target hepatocytes, both /n vitroand in vivo. We found that hepatocyte exosomes transfer
the synthetic machinery to produce S1P and that intracellular generation of S1P is required
for exosome-induced proliferation. Our findings greatly extend our current understanding of
the function of hepatocyte-derived exosomes and suggest they may function to restore
homeostasis after liver injury, dysfunction or disease. Furthermore, our data suggest that
hepatocyte exosomes may represent a novel therapeutic modality.

A previous study has suggested that hepatocyte-derived exosomes function as potential
biomarkers of liver disease [10]. Our data support that concept as we found increased
circulating levels of exosomes after hepatic I/R injury. However, our current data reveal that
hepatocyte exosomes do much more than simply signal an injury, but may represent a novel
mechanism to facilitate tissue repair and regeneration. By packaging specific cargo,
hepatocyte exosomes appear to function as an important form of paracrine intercellular
communication. The fact that exosomes from other liver cell types lacked the key cargo,
SK2, and were unable to induce hepatocyte proliferation demonstrates a specific
characteristic of hepatocyte exosomes.

Another report has shown that exosomes isolated from mesenchymal stem cells have
proliferative effects on hepatocytes after liver injury induced by carbon tetrachloride [31].
While that study is similar to ours in that exogenously-applied exosomes triggered liver
repair, our data suggests that hepatocytes produce exosomes in response to injury as a
physiological feedback mechanism to trigger homeostatic liver regeneration. The dose-
dependent proliferative effects of hepatocyte exosomes suggests that the increased number
of hepatocyte exosomes released after liver injury contribute to liver repair and regeneration.
Further, we have identified the mechanism and components by which exosomes induce
hepatocyte proliferation allowing the rational design of lipid particles that do not contain
other potentially antigenic molecules and could be repeatedly applied to patients with acute
and/or chronic liver diseases.

Our studies demonstrate that the proliferative effects of hepatocyte exosomes are mediated
by intracellular generation of S1P. It is important to note that our results suggest it is
intracellular S1P and not extracellular S1P that mediates these proliferative effects. We show
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that exosomes fuse with hepatocytes and deliver their contents intracellularly. Furthermore,
treatment of hepatocytes with extracellular S1P results in cell death (data not shown). This
effect has been confirmed in hepatocytes /n vitro and on liver regeneration /in vivo by other
investigators [32,33]. In contrast, intracellular S1P has been shown to promote cell
proliferation in a variety of cell types [26-29]. By delivering both a substrate (ceramide) and
modifying enzymes (neutral ceramidase and SK2), exosomes deliver the synthetic
machinery required to produce S1P in target hepatocytes resulting in their proliferation.

In conclusion, the current study is the first to describe the manner in which hepatocyte-
derived exosomes induce proliferation in hepatocytes /n vitroand in vivo. We have
delineated the mechanism of this proliferative effect by discovering that exosomes contain
components of the sphingolipid pathway that are delivered intracellularly to target
hepatocytes leading to intracellular generation of S1P. Knockout, knockdown, or inhibition
of the terminal enzyme for S1P synthesis, SK2, in exosomes abrogates their proliferative
effect. Collectively, these findings suggest a novel contributory mechanism of liver
regeneration, as well as a potential therapeutic application for a variety of liver diseases and
transplantation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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SK sphingosine kinase

S1P sphingosine-1-phosphate

BrdU 5-bromo-2-deoxyuridine

I/IR ischemia/reperfusion

ELISA enzyme-linked immunosorbant assay
PCNA proliferating cell nuclear antigen
H3-P phosphorylated histone H3

FSBA fluorosulfonylbenzoyladenosine
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Fig. 1. Characterization of exosomes secreted by hepatocytes
(A) Analysis of exosomes by electron microscopy (bars 100 nm). (B) Size of exosomes

isolated from primary hepatocytes (mean: 79 nm). (C) Western blot analysis of cell extracts
prepared from primary hepatocytes (C) and exosomes isolated from primary hepatocytes
(Ex) shows expression of Tsg101, CD81, CD63, early endosomes (EEA-1), or endoplasmic

reticulum (Grp78) and a-actin. Shown are Western blot studies representative for three

independent experiments.
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Fig. 2. Hepatocyte-derived exosomes induce hepatocyte proliferation in vitro
Exosomes isolated from primary hepatocytes (A), Kupffer cells (B), or sinusoidal

endothelial cells (C), were added to primary hepatocytes and proliferation measured 24 h
later by BrdU incorporation. Exosomes from primary hepatocytes dose-dependently
increased hepatocyte proliferation. Kupffer cell exosomes reduced hepatocyte proliferation
and exosomes from sinusoidal endothelial cells had no effect on proliferation. For all panels,
data are mean + SD with n = 8 (A, B) or n = 6-8 (C) per group. “p <0.05 compared to media
control (0 exosomes), #p <0.05 compared to all other groups.
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Fig. 3. Hepatocyte-derived exosomes induce hepatocyte proliferation and liver regeneration in

vivo

(A) Mice were injected intravenously with saline (control) or hepatocyte exosomes 24 h and
48 h after I/R. Ischemic lobes were taken for immunohistochemical and quantitative analysis
of PCNA and H3-P staining 72 h after reperfusion. Original magnification was 400x%. (B)
Mice were injected intravenously with saline (control) or hepatocyte exosomes immediately
after and 24 h after hepatectomy. Liver samples were taken for immunohistochemical and
quantitative analysis of PCNA and H3-P staining 48 h after hepatectomy. Original
magnification was 400x%. (C) Liver regeneration was determined 48 h after hepatectomy by
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liver to body weight ratio. For all panels, data are the mean + SD withn=3-4 (A)orn=14
(B, C) *p<0.05 compared to control (0 exosomes) mice. (This figure appears in colour on
the web.)
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] & T
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Fig. 4. Exosomes directly fuse with and are internalized by target hepatocytes
Hepatocyte-derived exosomes were fluorescently labeled with the cell membrane marker,

PKH67, prior to incubation with primary hepatocytes for 24 h. After incubation, hepatocytes
were washed and counterstained with DAPI to stain the nuclei. Control hepatocytes were
treated with PBS vehicle. Shown is a representative result from four independent
experiments. (This figure appears in colour on the web.)

J Hepatol. Author manuscript; available in PMC 2017 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Nojima et al. Page 18

kDa 5

:l Neutral ceramidase

kDa [ L8| Sphingosine kinase 2

Ceramide
(pmolipg protein)

65—
& &
N
& &
<
C ELISA Spectromelry
704 70+
604 60
fa o
°
o 404 404
5
304 an
s
o 20 204
w #
104 104
Exosomes — + +
SK-Inhibitor - - 4
D
1
2
g
c
S
£ 11
8
£
=
2 A
w
SK-Inhibitor (pM) 0 5 10 20 0 10 20
Exosumas (100 pg/mi)
Sl T —— 0
201N [—————— 3
Exosomes (ug/ml) Control 1 10 100 £
80 . =
5 g 00
€. s
>
8 £ 2w
w =
[+
€ 40 3
z X 100
H ]
¢ 20
0
S &
0 1 10 100 S
Hepatocyle exosomes (ug/ml) Q,‘»'o

Fig. 5. Hepatocyte-derived exosomes deliver SK2 to target hepatocytes and induce hepatocyte
proliferation via generation of S1P

(A) Western blot analysis of hepatocyte-derived exosomes shows expression of neutral
ceramidase and SK2 proteins. Shown are Western blot studies representative for four
independent experiments. (B) Primary hepatocytes were treated with media (control) or 100
ug/ml hepatocyte exosomes and cellular levels of S1P and ceramide were determined.
Ceramide levels in hepatocytes were not changed by treatment with exosomes. (C)
Exosomes induced S1P as determined by ELISA and mass spectrometry. The induction of
S1P in hepatocytes by exosomes was prevented by pre-incubation with the SK inhibitor
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SPHK 12 (20 uM). For A—C, data are mean + SD, n = 4; *p <0.05 compared to control
group; #p <0.05 compared to exosome only group. (D) Exosome-induced proliferation of
hepatocytes is abrogated by the SK inhibitor, SPHK 12. Cell proliferation was determined
via BrdU corporation. Data are mean + SD, n = 3. *p <0.05 compared to control group (0
exosomes, no SK inhibitor); #p <0.05 compared to exosomes only group. (E) Hepatocyte-
derived exosomes deliver SK2 to target hepatocytes. Western blot analysis of SK2 in
hepatocytes treated with media (control) or increasing amounts of hepatocyte-derived
exosomes. SK2 expression was measured 24 h after treatment and normalized to a-actin and
quantitative analysis performed. Data are mean + SD with n = 4 per group. *p <0.05
compared to control (0 exosomes) hepatocytes. (F) SK activity in target hepatocytes was
measured by kinase assays 24 h after treatment with media (control) or 100 pg/ml
hepatocyte exosomes. Data are mean + SD with n = 4 per group. *p <0.05 compared to
control hepatocytes.
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Fig. 6. SK2 mediates the proliferative effects of hepatocyte exosomes
(A) Transfection of hepatocytes with siRNA targeting SK2 downregulates SK2 expression,

while a control scrambled (scr) siRNA has no effect. Shown are Western blot studies
representative of three independent experiments. (B) Exosomes derived from hepatocytes in
which SK2 had been knocked down or SK2-knockout (KO) hepatocytes have no
proliferative effect on target hepatocytes /n vitro. (C) Biochemical inhibition of SK with
FSBA prevents the proliferative effects of exosomes on hepatocytes. For all panels, data are
the mean + SD with n = 4; *p<0.05 compared to control group; #p <0.05 compared to scr
SiRNA group.
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Fig. 7. SK2 mediates the proliferative effects of hepatocyte exosomes in vivo
Mice were injected intravenously with saline (control) or hepatocyte-derived exosomes 24 h

and 48 h after I/R. (A) Treatment with exosomes isolated from hepatocytes that had been
transfected with a scrambled, control siRNA (scr siRNA) or siRNA targeting SK2 (SK2
SiRNA). (B) Treatment with exosomes isolated from wild-type (WT) or SK2-knockout (SK2
KO) hepatocytes. Hepatocyte proliferation was determined by immunohistochemical and
quantitative analysis of PCNA and H3-P staining 72 h after reperfusion. Original
magnification was 400x. For all panels, data are the mean + SD with n = 4 (A), 4-5 (B); *p
<0.05 compared to control group; #p <0.05 compared to scr SiRNA group (A). #p <0.05
compared to hepatocyte-derived exosomes group (B). (This figure appears in colour on the

web.)
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Fig. 8. Hepatic I/R injury induces release of exosomes into the serum
(A) Serum exosome levels over a 96 h time course of reperfusion. Data are mean + SD with

n = 7 per group (sham group) and n = 7 per group (I/R groups). *p <0.05 compared to sham
control. (B) Characterization of serum exosomes isolated 24 h after I/R injury by electron
microscopy (bars, 100 nm). (C) Western blot analysis of control hepatocyte lysates (C) and
exosomes isolated from serum 24 h after I/R injury (EX) for expression of Tsg101, CD81,
CD63, early endosomes (EEA-1), endoplasmic reticulum (Grp78), a-actin, SK1, and SK2.
(D) Size of exosomes isolated from serum (mean: 74 nm). (E) Exosomes isolated from
serum 24 h after I/R injury were added to primary hepatocytes and proliferation measured 24
h later by BrdU incorporation. Data are the mean = SD with n = 8; *p <0.05 compared to
control group (0 exosomes); #p <0.05 compared to all other groups.
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Table 1

Expression of S1P and ceramide and activity of neutral sphingomyelinase, sphingosine kinase, and neutral
ceramidase in hepatocyte exosomes.

Exosomes
Ceramide [pmol/ug] 2.81+0.97
S1P [pmol/ug] n.d.

Neutral sphingomyelinase activity [pmol/hr/ug]  n.d.

Neutral ceramidase activity [pmol/hr/ug] 0.30 £0.08

Sphingosine kinase activity [fmol/hr/ug] 125.8+43.0

n.d., not detectable. Data are mean + SD, n = 4.
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