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Exosomes constitute a discrete population of nanometer-sized (30-150 nm) vesicles formed in
endocytic compartments and released to the extracellular environment by different cell types. In this
work we demonstrated by electron microscopic, western blotting and proteomic analyses that primary
hepatocytes secrete exosome-like vesicles containing proteins involved in metabolizing lipoproteins,
endogenous compounds as well as xenobiotics. These new findings contribute to improve our
knowledge about biology's hepatocyte and may have important diagnostic, prognosis and therapeutic
implications in liver diseases

Exosomes represent a discrete population of vesicles that are secreted from various cell types to the
extracellular media. Their protein and lipid composition are a consequence of sorting events at the
level of the multivesicular body, a central organelle which integrates endocytic and secretory
pathways. Characterization of exosomes from different biological samples has shown the presence
of common as well as cell-type specific proteins. Remarkably, the protein content of the exosomes
is modified upon pathological or stress conditions. Hepatocytes play a central role in the body
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response to stress metabolizing potentially harmful endogenous substances as well as xenobiotics.
In the present study we described and characterized for first time exosome secretion in non-tumoral
hepatocytes, and using a systematic proteomic approach, we establish the first extensive proteome
of a hepatocyte-derived exosome population which should be useful in furthering our understanding
of the hepatic function and in the identification of components that may serve as biomarkers for
hepatic alterations. Our analysis identifies a significant number of proteins previously described
among exosomes derived from others cell types as well as proteins involved in metabolizing
lipoproteins, endogenous compounds and xenobiotics, not previously described in exosomes.
Furthermore, we demonstrated that exosomal membrane proteins can constitute an interesting tool
to express non-exosomal proteins into exosomes with therapeutic purposes.

Keywords

Celullar Sub-proteome; Liver Physiology; Hepatocyte Biology; Exosomes; Biomarker Discovery;
CD63; Exosome Display

Introduction

Over the last several years a unique type of secreted subendocytic compartments called
“exosomes” have gained renewed interest from the research community as they unveil
promising potential for human diagnostic and therapeutic applications. Exosomes constitute a
discrete population of nanometer-sized (30-150 nm) vesicles formed in the endocytic
compartments called multivesicular bodies (MVBs) during endosome maturation by inward
budding of their limiting membrane 1-4 Exosome protein and lipid composition is a
consequence of sorting events at the level of these organelles that are known to be important
intermediates of the endocytic and biosynthetic pathways . MVBs are involved in transporting
proteins for degradation in lysosomes, although in many cell types MVBs fuse with the;)lasma
membrane, thus releasing their internal vesicles into the extracellular envrronment '
Exosome secretion has been described for retlculocytes dendr|t|c ceIIs , lymphocytes 10,
11 mast cells 1 12,13 pjatelets 14-16 , intestinal epithelial ceIIs 17,1 adlpocytes
neurolo ical cells 0 4 and cancer ceIls 25-27 , including hepatoma ceIl lines HepGZ 28 and
Huh7 29. Exosomes have also been successfully purified from many body fluids such as
ep|d|dymal fluid and semlnal plasma 30, broncoalveolar fluid 31 , pleural effusions 32, ascites
4 amniotic fluid 35, blood 36 and urine 37

Immunoelectron microscopy, western blot and mass spectrometry analysis of different
exosome preparations have demonstrated the presence of common as well as cell-type specific
proteins. Thus, exosomes from lymphocytes, dendritic cells, masts and intestinal epithelial
cellsare enriched i |n MHC class I and Il proteins whereas exosomes from platelets contain von
Willebrand factor 14, and cytotoxic T cells-derived exosomes contain perforin and granzymes
as specific molecules 38 The common proteins include chaperones, tetraspanlns adhesion
molecules, rab proteins, cytoskeletal proteins and metabolic enz mes 1 . Remarkably, their
protein content is also modified upon mfectlon bﬁ/ mycobacterias 9, several viruses, exposition
to heat stress 40 as well as in tumor cells 4 and in blood sepsis conditions 15 A major
goal in the field of clinical proteomics is to |dent|fy disease biomarkers in biological fluids that
can be measured relatively inexpensively for the early diagnosis of disease. It has been
recognized that exosomes exist in serum 36, providing a potential approach to capitalize on
exosomes as disease biomarkers in readily attained blood samples. The liver is one of the most
vascular organs in the body and its main cellular component, the hepatocyte, plays a central
physiological role metabolizing nutrients, potentially harmful endogenous substances, and
xenobiotics. Hepatocytes are also important in modern drug discovery programs as they
constitute the chosen cellular model for the study of metabolism and pharmacotoxicological
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effects of drugs 43 In addition, in end-stage liver disease hepatocytes are being utilized within
liver devices to “bridge” patients until they either recover or receive a liver transplant 44,
Therefore, a better understanding of the relationship between hepatocytes and their
extracellular enviroment, would contribute critically to search for the identification of
candidate biomarkers, unravel drug clearance processes, and improve bioartificial liver
technology.

Herein, we examined the delivery of exosomes into two cellular hepatic models; a mouse
hepatic non-tumoral and non-transformed cell line, and in primary cultures of rat hepatocytes.
Electron microscopic analysis revealed that hepatocytes secrete rounded vesicles structures
with a diameter size similar to that of previously described exosomes 11 The identity of these
vesicles was further confirmed as exosomes by western blot and mass spectrometry analysis.
We establish the first extensive proteome of a hepatocyte-derived exosome population. Our
analysis identifies several common exosomal proteins as well as proteins not previously
described in exosomes, such as proteins involved in metabolizing lipoproteins, endogenous
compounds as well as xenaobiotics. Furthermore, we report the use of exosomal marker proteins
as a tool to express non-exosomal proteins into exosomes.

Experimental Procedures

Reagents

All media and reagents for tissue culture were purchased from Invitrogen (Carlsbad, CA). All
other reagents were of analytical grade and primarily acquired from Sigma-Aldrich (St. Louis,
MO). Monoclonal antibodies (mAbs) were purchased from the indicated vendors: anti-early
endosome antigen 1 (Eaal), anti-p1-integrin (clone 18), anti-AlP1/Alix (clone 49), anti-rat
Cd63 (clone AD1), and anti-BiP/Grp78 from BD Biosciences (Mountain View, CA), anti-
ICAML1 (clone 1A29) from Abcam (Cambridge, UK), and anti-GFP (clones 7.1 and 13.1) from
Roche Applied Science (Indianapolis, IN). Rabbit polyclonal antibodies were acquired from
the indicated vendors: anti-Pmp70 from Invitrogen (Carlsbad, CA), anti-MFG-E8 (M-135),
anti-ASGPR % (FL-291) and anti-Prohibitin (H-80) from Santa Cruz Biotech., Inc (Santa Cruz,
CA), anti-Caveolin from BD Biosciences (Mountain View, CA), and anti-Tsg101 from Abcam
(Cambridge, UK). Hamster Armenian anti-mouse Cd81 (clone Eat2) was purchased from
Serotec (Oxford, UK). Goat anti-Apo E was purchased from Santa Cruz Biotech., Inc. (Santa
Cruz, CA). Horseradish peroxidase (HRP)-conjugated secondary antibody was from GE
Healthcare (Buckinghamshire, UK). The vector expressing EGFP protein was pEGFP-N3 (BD
Biosciences, Montain View, CA) and the pPEGFP-N3-derived plasmid encoding the full-length
of human CD63 protein fused to EGFP (CD63-EGFP) was previously described 45,

Cell culture and transfection

Rat hepatocytes (DPK-HCWP-RS, purity >95%) obtained from livers of nine-week-old
healthy Sprague-Dawley male rats were purchased from Dominion Pharmakine (Derio,
Bizkaia, Spain). MLP-29 cells were grown in complete DMEM medium [Dulbecco’s modified
Eagle medium supplemented with 10% (v/v) fetal bovine serum, 0.1 mg/ml streptomycin and
100 units/ml penicillin]. For stable transfection, MLP-29 cells were grown to 60-70%
confluency and transfected with EGFP- or CD63-EGFP-encoding plasmids using FUGENE 6
(Roche Diagnostics, Manheim, Germany) and OptiMEN medium (Invitrogen, Carlsbad, CA)
as described by the manufacte’s datasheet. The medium was changed to complete DMEM 5-
hours post-transfection, and to complete DMEM containing 2 g/liter G418, 24-hours later.
Cells displaying resistance to G418 and expressing EGFP or CD63-EGFP were enriched by
preparative cell sorting on a BD FACSAria flow cytometer (Becton Dickinson).
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Production and Isolation of Exosomes

For exosome production, MLP-29 cells or fresh rat hepatocytes suspension were plated to non-
collagenized (MLP-29) or collagen-coated (rat hepatocytes) 150-mm dishes, at 15-30 million
cells per dish. Cells were cultured in complete DMEM medium for 24-h (MLP-29 cells) or for
4-h (rat hepatocytes) at 37°C and 5% of CO,, washed two times with Dulbecco’s modified
phosphate-buffered saline (PBS) and incubated 48-h (MLP29 cells) or 36-h (rat hepatocytes)
in 25 mM HEPES-containing complete DMEN medium previously depleted of contaminiting
vesicles (ie, exosomes) by overnight centrifugation at 110,000 x g 9 Exosomes were isolated
as previously described 11; briefly, culture supernant was collected and centrifugated at 500
x g for 10 min to remove lifted cells. The resultant supernant was subjected to filtration on 0.22
um pore filters, followed by ultracentrifugation at 10,000 x g and 100,000 x g for 30 min and
60 min, repectively. The resulting pellets were resuspended in PBS, pooled, and again
ultracentrifuged at 100,000 x g for 60 min. The final pellet of exosomes (referred as “EX’’) was
resuspended in PBS to between 1/700™ and 1/2000t" the original volume of the culture
supernant, and the aliquoted solution was stored at -80°C. Mean protein content of exosome
preparations were 0.36+0.18 (n=4) and 4.5£2.1 (n=4) pg/cell for MLP-29 cells and rat
hepatocytes, respectively.

For rat hepatocyte derived-exosomes a further purification step was performed as previously
described 46. Briefly, the PBS-suspended “Ex” preparation was diluted in 30 ml of PBS and
underlayered on top of a density cushion composed of 20 mM Tris/30% sucrose/deuterium
oxide (D,0) pH 7.4 (4 ml) forming a visible interphase. The samples were ultracentrifuged at
100,000 x g and 4°C for 75 min in a SW-32 Ti swinging bucket rotor (Beckman Coulter,
Fullerton, CA). The ultracentrifuged-tubes were pierced on the side with an 18-gauge needle
and 3.5 ml were withdrawn from the bottom. Exosomes contained in the 30% sucrose/D,0
cushion were colllected, diluted a minimum of 10 times with PBS and centrifuged at 100,000
x g and 4°C for 60 min. The final exosome pellet of higher purity (referred as “Eh”) was
resuspended in PBS to half of the initial “Ex”-volume, aliquoted and stored at -80°C.

Western blot analysis

To prepare cell lysates (referred as “C”), 106 trypsinated-cells were lysed during 15 min on ice
in the presence of 100 pl of lysis buffer [300 mM NaCl, 50 mM Tris pH 7.4, 0.5% Triton X-100
and proteases inhibitors]. After clarification of the samples by centrifugation at 20.000 x g, the
supernant was transfered to a fresh eppendorf tube. The protein concentration of the cell lysates
“C”, purified “Ex” (MLP29 cells) and “Eh” (Rat hepatocytes) exosomes were determined by
means of Bradford protein assay (Bio-Rad, Hercules, CA) using BSA as the standard. SDS-
sample buffer was added and samples were incubated for 5 min at 37°C, 65°C and 95°C and
separated on 4-12% precasted acrylamide gels (Invitrogen, Carlsbhad, CA). After transfer to
PVDF membranes (Millipore, Bedford, MA) and blocked overnight (5% milk and 0.05%
Tween-20 in PBS), primary antibody was added for 1 hour, followed by PBS washing and the
application of secondary HRP-conjugated antibody. With the exception of Cd63, Cd81, Icam-1
and Mfg-E8, all proteins were detected under reducing conditions. Chemioluminiscence
detection of bands was performed with ECL Plus reagent (GE Healthcare, Buckinghamshire,
UK).

Electron Microscopy

For cryo-electron microscopy, exosome preparations were directly adsorbed onto glow-
discharged holey carbon grids (QUANTIFOIL, Germany). Grids were blotted at 95% humidity
and rapidly plunged into liquid ethane with the aid of VITROBOT (Maastricht Instruments
BV, The Netherlands). For negative staining, 2.5 ul drops of purified exosomes were adsorbed
onto glow-discharged carbon-coated copper grids, washed with distilled water, and stained
with freshly prepared 2.0% uranyl acetate in aqueous suspension. Samples were imaged using
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a JEM-1230 transmission electron microscope (JEOL, Japan) equipped with a thermionic
tungsten filament and operated at an acceleration voltage of 120 kV. Images were taken with
a pixel size of 0.34 nm using the ORIUS SC1000 (4008x2672 pixels) cooled slow-scan CCD
camera (GATAN, UK).

Proteomic nanoLC-MS/MS analysis and Database search

Proteins (between 2 and 40 ug) rat hepatocytes-derived exosomes were separated on 4-12%
SDS-PAGE gels, fixed and stained with Coomassie blue (Bio-Rad, Hercules, CA). Each gel
lane was trimmed in pieces and each was subjected to trypsin digestion. The recovered peptides
were subsequently vacuum-dried. Nanoflow LC-MS/MS analysis was performed using a
nanoflow UPLC system coupled to a QTOF Premier mass spectrometer (Waters, Manchester,
UK). Samples were loaded in 1% aqueous formic acid (FA) and analyzed by reverse phase
LC-MS/MS in a UPLC reverse phase chromatography system (Waters). Tryptic peptides were
desalted on a Symmetry C18 trapping cartridge (Waters) and further separated on an analytical
column (Atlantis C18, 75 um id x 3 um, Waters) with an integrated electrospray ionization
emitter tip (SilicaTips for Micromass ZSpray NanoFlow, 10 um diameter, New Objective).
Peptides were eluted at a flow rate of 250 nL/min from the analytical column directly to
electrospray ionization emitter tip by using a 30 min gradient from 0 to 30% solvent B (solvent
A: 1% aqueous FA and solvent B: 100% acetonitrile, 1%FA). Data was acquired in the data
dependent acquisition mode (DDA), in which a full scan mass spectrum (m/z: 300-1500) was
followed by MS/MS (m/z: 50-1995) in the three most abundant multi-charged ions (+2 and
+3) every 4 s. Argon was used as the collision gas. Collision energies were interpolated linearly
as a function of a charge state and m/z of each peptide. Dynamic exclusion was incorporated
for 30 seconds. A scan of the reference compound (Glufibrinopeptide B) was acquired every
ten scans of the analyte through the entire run. Raw data was processed using ProteinLynx
Global Server v2.2.5 (Waters). The resulting pkl file was searched against v52 of SwissProt
sequence database (Rattus: 5830 sequences) with rat as taxonomy using an in-house Mascot
server (Version 2.2.03, Matrix Sciences, London, UK). One miss cleavage was allowed;
carbamidomethyl was chosen as fixed modification and oxidation as variable modification. A
peptide mass tolerance of 20 ppm and 0.1 Da of fragment mass tolerance were allowed. The
data converted to XML file by using PrideConverter tool
(http://code.google.com/p/pride-converter/) are accessible through the PRIDE database
(http://www.ebi.ac.uk/pride/). The search against the decoy database gave a false-discovery
rate (FDR) on protein level of 4.9% when using a protein threshold score of 30, so for this
study just proteins with scores greater than 30 were considered (Table S1, supplemental
data). Furthermore, only proteins with at least one specific peptide (with a Mascot colour code
of red and bold) were included in the study. The sequences of all peptides considered and the
percentage coverage for the identified proteins are provided in Table S2 (supplemental data).
An additional file is provided for those proteins identified based on a single peptide containing
infomation about precursor mass, charge and tandem mass spectrum associated to them (Figure
S1, supplemental data).

GO slim categorization

Gene ontology (GO) annotations for proteins in UniProt knowledgebase
(http://www.ebi.ac.uk/GOA/index.html) was used for categorization of the proteins identified
by mass spectrometry. In order to calculate the statistical significance of enrichment or
depletion of specific GO categories all rat proteins from the UniProt knowledgebase were
extracted from the same database used for the mass spectrometry data search. The probabilities
were calculated using the binomial distribution. The probability to observe x proteins in a
specific category of K random proteins from the list consisting of all proteins in UniProt
knowledgebase is given by:
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DI (0[S

(1)

Where N is the total number of rat proteins the UniProt knowledgebase. M is the number of
genes belonging to a specific category. The P-value (significance) for over-represented
categories can be calculated as:

S b B

i=0 (2)

This can be interpreted as the probability to obtain x proteins when redrawing a list of K proteins
randomly from the whole database.

KEGG pathways Analysis

Results

The KEGG webservice APl was used to extract KEGG pathways for rat proteins. All rat
proteins from UniProt knowledgebase were used as reference and equation (2) was used to test
for pathways that have significantly enriched or depleted number of proteins.

Exosome-like vesicles secreted by the cell line MLP-29

First, we examined the capacity to release exosome to the extracellular medium of the murine
hepatic cell line MLP-29, which is an epithelial homogeneous cellular clone obtained by
limiting dilution from a mouse embryonic liver cell line. We chose this cell line because besides
displaying hepatocyte-like features such as albumin production, they can be propagated
indefinitely in vitro, but are not transformed as measured by the soft agar assay and do not
form tumors in immunocompromised mice?’» 48, MLP-29 cells were cultured in conditioned
medium and the vesicles that were secreted during a 48-hour incubation period were isolated
as described in the Experimental Procedures. Cryo-electron microscopic analysis revealed that
the isolated extracellular particles consisted primarily of rounded membrane vesicles (Figure
1a), with a mean diameter of 40.6+11.2 nm (n=116), which was compatible with the size
previously reported for exosomes 1 Subsequently, equal amounts of protein extracts from cells
or secreted-vesicles were analyzed by western blotting using antibodies specific for Tsg101 (a
well-defined exosomal marker) and Grp78 (endoplasmic reticulum marker) proteins. This
latter protein was clearly detected in cell lysates, but was barely detected in the vesicles (Figure
1b). On the contrary, under conditions in which Tsg101 was undetectable in cell lysates, a
specific, clear band was obtained in the secreted-vesicles (Figure 1b), indicating that this
exosomal marker is highly enriched within these vesicles arguing positively for the exosomal
definition of these vesicles.

To further examine the presence of exosomes in this mouse hepatic cell line we generated
stably MLP-29 cells ectopically-expressing either the exosomal marker CD63-tagged
enhanced green fluorescent protein (EGFP), or the EGFP protein alone. As previously reported
for others cell lines, EGFP protein presented a cytosolic distribution (Figure 2a) whereas CD63-
EGFP protein presented a perinuclear-localized vesicular staining pattern (Figure 2b)
compatible with late endosomal and lysosomal intracellular distribution, as previously reported
for this fusion protein 49 As shown in Figure 2c, GFP-positive cells represented 72% of the
cellular line expressing EGFP protein whereas in the case of the CD63-EGFP-transfected cell
line, positive cells represented only 16%. Median fluorescence intensities of EGFP and CD63-
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EGFP expressing cells were 605 and 477, respectively. Thus, the control cell line which was
expressing cytosolic EGFP alone has more positive cells, and the positive-cells express a
greater quantity of the ectopic protein than does the CD63-EGFP-expressing cell line.
Subsequently, exosomes secreted during a 48-h incubation period for each of the cell lines
were isolated and the presence of EGFP and CD63-EGFP proteins were tested by Western blot
analysis using an antibody against the GFP tag (Figure 2d). A unique band of the expected size
was detected in cellular extracts prepared from cells expressing EGFP alone (Figure 2d). In
the case of CD63-EGFP-expressing cells the majority of the GFP signal corresponded to a
band of the expected size, however, we also detected a band at the level of EGFP alone (Figure
2d, asterisk) that we believe was due to the still present translational start point from the EGFP
portion of the fusion protein. In the exosome preparations, CD63-EGFP protein was clearly
detected in preparations from cells expressing the fusion protein supporting the existence of
this secreted subcellular compartment (ie. exosomes) in this mouse hepatic cell line. On the
contrary, we failed to detect any band of the EGFP protein size, either in cells expressing EGFP
alone, or fused to CD63, indicating that this protein is unable to reach that compartment by
itself, and excluding cell lysis as a major contributing factor. The purity of the exosome
preparation was examined by using antibodies against proteins Tsg101, Grp78, and Pallidin
(Pldn), a cytosolic and early endosomal membrane-associated protein 50, 51 While the
presence of these two latter proteins was undetectable (Figure 2d) indicating at most a limited
level of cytosolic, endoplasmic reticulum and early endosomal contamination, the presence of
Tsg101 was highly enriched in the exosome preparations. Furthermore this result supports that
CD63 could be a useful tool to target a desired protein to secretion into this subendocytic
compartment (ie. exosomes).

Characterization of exosomes secreted by rat hepatocytes

To further characterize exosomes of hepatic origin in a more physiological model; we examined
their production by primary cultures of rat hepatocytes. Exosomes secreted to the media over
a 36-h period by these cells were isolated as described in Experimental Procedures. The
isolated-material was analyzed by electron microscopy, western blotting and LC-MS/MS.
Negative staining- and cryo-electron microscopy of this material revealed the presence of
multiple rounded vesicles-like particles (Figure 3). Quantitative analysis of cryo-electron
micrographs (Figure 3c), illustrates that the mean diameter of these vesicles in two independent
preparations were 57.6£23 nm (n=101) and 49.5+17 nm (n=73), consistent with the size of
exosomes isolated from MLP-29 cells and from other sources-.

Western blot analysis (Figure 4) shows the enrichment of numerous exosomal protein markers
in these vesicles. Equal protein amounts of extracts prepared from cells or exosomes were
subjected to western blot analysis using antibodies specific for known exosomal proteins
including: Tsg101, Aipl/Alix, B1-Integrin, Cd81, Cd63, Icam-1 and Mfg-E8, or specific to
other subcellular compartments like caveolae (Caveolin-1), early-endosome (Eaal),
endoplasmic reticulum (Grp78), peroxisome (Pmp70) or mitochondria (Prohibitinl and
mtPmp70). As despicted in Figure 4, while the presence of the non-exosomal markers in
cellular extracts was clearly detected at the expected sizes, their presence in the exosome
preparations was undetectable under the same conditions, meaning that the contamination of
material derived from these compartments was minimal. However, the clear enrichment of
exosomal proteins in the latter preparation supports the exosome definition for these secreted
vesicles. Similar results were obtained in the western-blot analysis of exosomes isolated from
three additional preparations of primary rat hepatocytes (data not shown). These results along
with those obtained from MLP-29 cells strongly suggest that hepatocytes are in the group of
cell-types that deliver exosomes to the extracellular environment.
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For proteomic analysis, protein extracts of exosomes isolated from four independent
preparations of rat hepatocytes were separated on SDS-PAGE gels and stained using
Coomassie Blue. As expected the pattern of bands obtained for exosome preparation was
different from that of cell lysates as is shown in Figure 4b for one of the preparations. To further
refine the analysis of the proteins, gel lanes were sliced into pieces which were subsequently
subjected to in-gel trypsinization, and the extracted peptides were analyzed by nano-spray LC-
MS/MS. Overall, 251 unique proteins were identified (Table S1, supplemental material). A
list of those proteins identified in at least two independent preparations or described in
exosomes from other sources is provided in Table 1. These included transmembrane proteins,
such as tetraspanins Cd63, Cd81 and Cd82, transporters and receptors such as the
asialoglycoprotein receptor (Asgr). The exosomal enrichment of this hepatic-specific receptor
was further confirmed by western-blot analysis (Figure 4c). In addition, the LC-MS/MS
analysis identified multiple proteins known to be involved in the endosomal pathway, such as
annexins, small GTP-binding proteins and several cytoskeletal (actin, tubulin), cytoskeletal
binding-proteins (moesin, ezrin, cofilin-1) and motor proteins (myosins). We identified
numerous cytosolic proteins that were presumably trapped in the lumina of forming exosomes
during their biogenesis. Furthermore we identified many proteins such as cytochromes and
UDP-glucuronosyltransferases involved in detoxification processes of both exogenous and
endogenous compounds, such as hormones, ammonia and pharmaceutical agents. A significant
group of identified proteins were secreted proteins, such as coagulation-related proteins, serum
albumin and apolipoproteins which are released to the blood stream mainly by the liver. The
presence and enrichment of apolipoprotein E (ApoE) in hepatic exosomes was further
confirmed by western blot analysis (Figure 4c).

Of the 251 proteins identified from hepatic exosomes 244 could be assigned to Genome
Ontology (GO) categories which are defined by the GO consortium 52 'We found that some
functional activities such as oxidoreductase, GTPase, hydrolase, iron ion and lipid binding
were significantly over-represented suggesting that these activites may be essential for the
hepatic exosomes in order to perform their functions (Figure 5). Furthermore, there was a
significant enrichment in proteins associated with intracellular transport, protein folding, stress
response, cellular homeostasis and lipid metabolism (Figure 5), supporting a possible role of
exosomes in those processes. An additional KEGG pathway analysis where 214 proteins from
our exosome proteome were mapped to the Kyoto Encyclopedia for Genes and Genomes
(KEGG) pathway database supported the implication of hepatic exosomes in the lipid
metabolism. When we used this approach a significantly higher number of proteins than
randomly expected fall into the fatty acid metabolism pathway, whose function are to modulate
lipid homeostasis in the body. There was a lower than expected number of hepatic-derived
exosomal proteins falling into GO categories related to translation, transcription, cell cycle or
apoptosis (Figure 5), suggesting that the role of hepatic exosomes in those processes is not
significant.

Proteins identified in this study include at least 109 proteins (Table S1) that have previously
reported to be present in exosomes derived from other sources, further supporting the
conclusion that the vesicles secreted to the extracellular medium by hepatocytes consist largely
of exosomes.

Discussion

In this study, we were able to isolate vesicles from the extracellular media of two hepatic non-
tumoral and non-transformed cellular models, a mouse liver cell line MLP29 and primary rat
hepatocytes. The data is strongly supportive of the notion that these vesicles correspond to

bona fide exosomes. Their round morphology and size distribution (30-150 nm) match those
seen in exosomes from other sources, and conforms not only to the size criterion for exosomes
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proposed by Thery and colleagues 53 but is also consistent with biophysical properties (e.g.
flotation at a cushion of 30% sucrose) that are a specific attribute of exosomes. Finally, we
determined that their protein composition is also in agreement with an exosomal origin. The
size variability found among the exosome population could indeed reflect the existence of
exosomes with different composition or grade of maturation, alternatively some of the variation
could be artificially generated during the purification process.

Besides the 109 proteins already known to be present in these vesicles, we have detected many
proteins not previously described in exosome from other origins that could be considered as
specific of hepatocyte-derived populations. We have detected the ASGR receptor which
mediates uptake and intracellular degradation of desialylated glycoproteins, and remarkably,
this protein is expressed exclusively in hepatocytes 2= Its enrichment in our exosome
preparations (Figure 4c) provides a specific marker for exosomes of hepatic origin what may
be useful to discriminate and purify hepatocyte-derived exosomes in complex biological
samples like the blood in which a mixed population of exosomes secreted by different cell-
types are present. We have also identified proteins involved in the metabolism of atherogenic
lipoproteins such as apolipoproteins (ApoE and ApoAV) and paraoxonases (PON1 and PON3).
The present model for lipoproteins removal from blood and lymph involves the receptor-
mediated endocytosis pathway 55, In this process ApoE associates with the lipoprotein
molecule in the extracellular space and binds the ApoE-containing lipoprotein to specific
membrane receptors mediating its endocytosis and posterior intracellular metabolism 56,
Several studies demonstrate that apoE is internalized within hepatocytes, and then it is either
targeted for degradation, or routed out of the cell 56-58 |t has also been shown that some
apolipoproteins such as apo[Ags and apoC can be assembled extracellularly by a mechanism
still incompletely understood 9,60 Further studies are required to determine the role of
hepatic exosomes in lipoprotein metabolism, although our proteomic data suggests that they
may act as a vehicle for secretion to the extracellular space of the recycled lipoprotein-
associated proteins.

Our proteomic analysis also identified members of several protein families such as
cytochromes P450, UDP-glucuronosyltransferases and glutathione S-transferases (Tables 1
and S1), that serve important roles in the cellular detoxification process 61 The presence of
these enzymes in hepatic exosomes suggests that it might be possible to transfer these activities
in an encapsulated-membrane structure (ie. exosomes) to other cell-types of the body. In
agreement with this hyphothesis, the extra-hepatic detection of many cytochrome P450
enzymes has been reported in the respiratory and gastrointestinal tracts including the lung,
stomach, small intestine and colon 82, as well as in brain tissues 63.

During exosome formation cytoplasm is included into the vesicle and many cytosol-localized
metabolic enzymes are engulfed. As a result, exosome secretion delivers discrete packets of
cytosol, providing a potential means for non-invasive detection and analysis of alterations in
protein-expression during pathological conditions. Hepatocytes are exceptionally active in fat
and carbohydrate metabolism, thus it was not surprising to detect in our proteomic analysis
multiple enzymes involved in these processes. The phenomenon of increased expression of
glucose transporters and glycolitic enzymes in tumor cells was described as the Warburg effect

4 and is one of the most universal characteristic of solid tumours 65. Thus, increased amounts
of glycolytic enzymes in exosomes could reflect an ongoing tumoral process.

Although no attempt was made in this study to investigate abnormalities, our analysis identified
several homologues of human proteins involved in specific diseases. By searching in Genetic
Association Database (GAD), 32 proteins out of the 251 proteins detected in hepatic exosomes
have been associated with diseases (Table 2). Proteins identified in our analysis such as catechol
O-methyltransferase, prothrombin, annexins A2 and A5, insulin receptor protein 1, aldolase
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B, fatty acid synthase, alcohol dehydrogenase 1, dimethylaniline monooxygenase 3,
ERGIC-53, cystathionine beta-synthase, glutathione S-transferase Mu 1, paraoxonase 1 and 3
and apopoliproteins A and A5 have been associated among others with metabolic and
cardiovascular diseases. In addition, two of the proteins found in our study, CD81 and
Regucalcin, have been reported to be differentially expressed between healthy individuals and
patients with non-alcoholic steatohepatitis 66_ Further characterization of these exosome-
detected proteins under normal and pathological conditions could help to define new
biomarkers for specific disorders.

The expanding role in biological functions and relevance of exosomes remain unclear at this
time. Data from different laboratories indicates that exosome release is a mechanism capable
of transferring material and signals to other cells, and it could also be a mechanism to remove
metabolic by-products of enzymatic and signalling events, which must ultimately be disposed
of by other cells. Further studies are required to define the physiological role of hepatocyte-
derived exosomes, although data from GO and KEGG pathways databases points to an
important role of these exosomes in lipid metabolism.
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Figure 1.

Characterization of exosome-like vesicles from murine hepatocytes. (a) Cryo-electron
micrograph of extracellular vesicles secreted by MLP-29 cells. Bar, 100 nm. (b) Western blot
analysis of protein extracts prepared from MLP-29 cells (“C”) or from MLP-29-secreted
vesicles (“Ex”). Proteins (10 pg) were analyzed by western blotting using antibodies against
Tsgl101 (exosome marker) or Grp78 (endoplasmic reticulum marker) proteins.
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Figure 2.

Targeting of Enhanced Green Fluorescent Protein (EGFP) to exosomes mediated by fusion to
CD63 protein. (a) EGFP- or (b) CD63-EGFP-expressing MLP-29 cells were grown on glass
coverlips, fixed using 2% (w/v) formaldehyde, washed two times with PBS and mounted on
glass slides using Fluoromount-G (Southern Biotech, Birmingham, AL) containing 0.7 mg/
liter of DAPI. Fluorescent samples were examined on a Leica TCS SP multiphoton confocal
microscope. Images from GFP (green) and DAPI (blue) fluorescence were acquired using a
40X objetive and the Leica Confocal Software. Note the cytosolic distribution of EGFP versus
the vesicular localization around the nucleus of CD63-EGFP protein. Bars, 40 um. (c) MLP-29
cellular clones expressing EGFP or CD63-EGFP proteins were cultured in 150-mm dishes,
trypsinized and washed two times with ice-cold PBS. GFP fluorescence was acquired using
BD FACSDiva flow cytometry software version 5.0 in a FACScanto Il flow cytometer. A
threshold for GFP fluorescence was established based on the fluorescence observed for the
parental cell line MLP-29. Between parentheses are indicated both the percentage of cells with
GFP fluorescence above the threshold and the median GFP fluorescence intensity determined
in this percentage of cells. (d) Protein extracts prepared from cells (“C”, 12ug protein) and
exosomes (“Ex”, 3 ug protein) of MLP29 cellular clones expressing EGFP- or CD63-EGFP
proteins were electrophoretically separated on 4-12% SDS-PAGE gel and analyzed by western
blotting using antibodies against the following proteins: EGFP tag, Tsg101 (exosomal marker),
Grp78 (endoplasmic reticulum marker) and Pallidin (“Pldn”, cytosolic and early-endosomal
protein).
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Figure 3.

Ultrastructural analysis of vesicles secreted by rat hepatocytes. Representative (a) negative
stainning- and (b) cryo- electron micrographs of vesicles secreted by primary culture of rat
hepatocytes. Bars, 200 nm. (c) Quantitative analysis of vesicle diameter was performed in cryo-
electron micrographs acquired and processed by using Digital Micrograph Software.
Distributions of percentage of cells, number of vesicles analyzed (n), and mean and standard
deviation of two independent preparations are indicated.
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Figure 4.

Western blot analysis and Coomassie Blue staining of exosomes secreted by rat hepatocytes.
(a) Protein extracts (10 ug) prepared from rat hepatocytes (“C”) or from exosomes-derived
from those cells (“Eh”) were analyzed by western blotting using antibodies against either
exosomal markers (Tsg101, Aip1/Alix, B1-Integrin, Cd81, Cd63, Icam-1, Mfg-E8) or protein
markers from other subcellular compartments; caveolae (Caveolinl), early endosome (Eaal),
endoplasmic reticulum (Grp78), peroxisome (Pmp70), mitochondria (Prohibitin-1, mtHsp70).
Note the enrichment of exosomal markers in the exosome preparation compared to the cellular
lysate. (b) Coomassie staining pattern of protein extracts (10 pg) prepared from rat hepatocytes
(“C™) or from exosomes-derived from those cells (“Eh”). Notice that the pattern of bands
presents in both samples is different. (c) Protein extracts (10 pg) prepared from rat hepatocytes
or from exosomes-derived from those cells were loaded on a 4-12% SDS gel followed by
western blotting using antibodies against ApoE and Asgr proteins.
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Genome Ontology (GO) Analysis. 244 exosomal proteins identified in this study were
classified in molecular function and biological process categories defined by GO consortium.
GO categories with a higher or lower number of proteins assigned than expected by random
were identified by stadistical analysis. The enrichment and depletion statistics was calculated
according to the equation (2), described in Experimental Procedures, using all entries in Swiss-
Prot rat protein database as reference set. We represented the [-log(P)], where P is the
significance calculated according to the mentioned equation, for the categories indicated. A
threshold (discontinued line) was established as P=0.001. Categories with significance above
the threshold have significantly greater number of identified protein than expected by random.
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Table 1
Proteins identified by LC-MS/MS in rat hepatocytes-derived exosomes”

Secreted proteins
Serum albumin
ApoEJr
Serum paraoxonases -1 and -3
Fibronectin precursor
Fibrinogen beta chain precursor
Complement C4
Coagulation factor 11 / Prothrombin
Hemoglobin subunits o-1/2
Clusterin, Kininogen-1 and Serotransferrin
Polymeric-immunoglobulin receptor
Dipeptidyl peptidase 4 / CD26
Transmembrane Proteins
coes’, cos1' and cps2
Lamp-1
Membrane-associated progesterone receptor
Receptor expression-enhancing protein 6
Sodium/bile acid cotransporter
Sodium/potassium-transporting ATPase 1o
Asialoglycoprotein receptor / ASGRT
Cytoskeleton-related proteins
Tubulins: a-2, a-6, B-2A, p-2C, p-3, p-5
Actin, cytoplasmic 2 and Actin-like protein 2
Myosin-9, -11
Moesin and Ezrin
Cofilin-1
Dynein heavy chain, cytosolic
Small GTPases
Ras-related protein: Rab-1A, -1B, -2A, , -7, -11A, -12, -13, -14, -35
Ras-related protein Rap-1b precursor
ARF-1, -3, GTPase HRas precursor
Signal transduction
Guanine nucleotide-binding protein sub beta 2-like 1
Guanine nucleotide-binding G(I)/G(S)/G(T) beta 2
Guanine nucleotide-binding G(s) o ,and G(i) -a2
14-3-3 proteins: plo, €, v, /8
Major vault protein
Adhesion, Membrane transport and fusion
Lactadherin / Milk fat globule-EGF factor 8T
Annexins: A2, A4, A5, A6
Clathrin heavy chain

Coatomer subunits beta and beta’
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Transmembrane emp24 domain-containing protein 2
PDCECI / AIPY/ AlixT
Cation-dependent mannose-6-phosphate receptor
Transitional endoplasmic reticulum ATPase
Protein synthesis and post-traductional
40S ribosomal protein SA, S3, S4(X), S6
60S ribosomal protein L6 and L7
EFlal, EFla2 and EF2
Protein Folding
Heat shock proteins: HS70L, HSP71, TRAP1, HSP90-a and -B
Grp78
Calnexin
T-complex protein 1 subunits a, B, 8, €, y
Protein disulfide-isomerase A3
Calregulin / Calreticulin
Protein Processing and degradation
Aminopeptidase N / CD13
Ubiquitin
Lipid Metabolism
Fatty acid synthase and ATP-citrate synthase
Long-chain specific acyl-CoA
Long-chain-fatty-acid-CoA ligase -1 and -6
Peroxisomal bifunctional enzyme
Acyl-coenzyme A oxidase 2, peroxisomal
Hydroxymethylglutaryl-CoA synthase, mito.
Fatty aldehyde dehydrogenase
Carbohydrate and Amino-acid Metabolism
Alpha-enolase
Fructose-1,6-bisphosphatase 1, aldolase A
Glyceraldehyde-3-phosphate dehydrog.
Pyruvate kinase isozymes R/L
Pyruvate carboxylase, mitochondrial
Phosphoglycerate kinase 1
4-trimethylaminobutyraldehyde
L-lactate dehydrogenase A chain
Malate dehydrogenase, cytoplasmic
Cystathionine gamma-lyase
C-1-tetrahydrofolate synthase, cytoplasmic
10-formyltetrahydrofolate dehydrogenase
Formimidoyltransferase-cyclodeaminase
Adenosylhomocysteinase
Betaine--homocysteine S-methyltransferase
Cysteine sulfinic acid decarboxylase
Arginase-1

Argininosuccinate synthase and lyase
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Carbamoyl-phosphate synthase
Hormone Metabolism
3-0x0-5-beta-steroid 4-dehydrogenase
Corticosteroid 11-beta-dehydrogenase isozyme 1
Retinol dehydrogenase -2, -3
All-trans-retinol 13,14-reductase precursor
Xenobiotics / Endogenous compounds Metabolism
Cytochromes P450: 2A1, 2B3, 2C11, 2D1 2D3, 2D10, 2D18, 2D26
UDP-glucuronosyltransferases: 2B2, 2B3 and 2B5
NADPH-cytochrome P450 reductase
Alcohol dehydrogenase 1 and Epoxide hydrolase 1
Microsomal glutathione S-transferase 1
Sulfotransferase 1A1
Thiosulfate sulfurtransferase
Dimethylaniline monooxygenase [N-oxide-forming]
Nuclear Proteins
Histones: H2A-1, H2B-1, H2B-1A, H4
Importin beta-1 subunit
Miscellaneous
ATP synthase subunits a and f§
Cytochrome b5
Ferritin heavy chain

Ferritin light chain 1

*
Proteins listed appear at least in two independent exosomes preparations or in exosomes from other sources previously reported (see Table S1 for details).

7LPresence detected also by western blotting (see Figure 4).
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