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Abstract

Extracellular vesicles have created great interest as possible source of biomarkers for different
biological processes and diseases. Although the biological function of these vesicles is not fully
understood, it is clear that they participate in the removal of unnecessary cellular material and act
as carriers of various macromolecules and signals between the cells. In this report, we analyzed
the proteome of extracellular vesicles secreted by primary hepatocytes. We used one- and two-
dimensional liquid chromatography combined with data-independent mass spectrometry.
Employing label-free quantitative proteomics, we detected significant changes in vesicle protein
expression levels in this in vitro model after exposure to well-known liver toxins (galactosamine
and Escherichia coli-derived lipopolysaccharide). The results allowed us to identify candidate
markers for liver injury. We validated a number of these markers /n vivo, providing the basis for
the development of novel methods to evaluate drug toxicity. This report strongly supports the
application of proteomics in the study of extracellular vesicles released by well-controlled /in vitro
cellular systems. Analysis of such systems should help to identify specific markers for various
biological processes and pathological conditions.
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1. Introduction

The qualitative and quantitative analysis of (sub)proteomes is an important step toward
better understanding of diverse biological functions, and is one of the greatest challenges in
the field of proteomics. Mass spectrometry quantitation is already widely applied in
comparative studies of protein expression but the majority of the relative quantitative
methods use isotopic labeling. Such analytical schemas involve multiple sample preparation
steps to incorporate the label either metabolically or chemically [1-5]. One important
limitation of labeling approaches is that the number of available tags might not be sufficient
for the simultaneous discrimination of multiple analytes [6,7]. Recently, label-free LC-MS
quantitation methods have been increasingly employed to compare the levels of various
proteins under different conditions. Some quantitative, label-free LC-MS-based strategies
for the profiling of complex protein mixtures have been reported. These strategies rely either
on spectral counting methods [8,9] or on the direct measurement of signal intensity [10-14].
Label-free LC methods for the quantitative analysis of proteins have been recently reviewed
[15,16]. In contrast to label-based techniques, label-free methods are not restricted by the
number of samples; however, more care has to be taken to minimize experimental variation,
mainly involving the sample preparation stage.

The successful application of quantitative proteomics in biomedicine is difficult because of
the complexity and dynamic range of protein samples derived from various tissues and body
fluids. Recently, extracellular cell-secreted vesicles (EVs) [17] were recognized as a novel
biological material with reduced protein complexity and created interest as a potential source
of disease biomarkers. These vesicles fall mainly into two groups, depending on their size,
origin, and the mechanism of their release: the endosome-derived vesicles named
“exosomes” and the vesicles shed from plasma membranes, referred to as ectosomes or
microparticles (MPs). Exosomes are intraluminal vesicles (40-150 nm) produced by inward
budding of the limiting membrane of multivesicular bodies (MVB), which are the central
organelles of the endocytic and secretory pathways [18]. There is a growing body of
evidence that there are at least 2 different kinds of MVBs. One class that ends up in the
lysosomes and another class that fuses with the plasma membrane. The latter type is
responsible for releasing the exosomes into the extracellular space [19]. As a consequence of
their endosomal origin, exosomes contain proteins involved in membrane transport, fusion,
and MVB biogenesis, including CD9, CD63, CD81, Rab GTPases, annexins, flotillin, Alix
and Tsg101. MPs are a population of vesicles that vary in size (0.1-1.0 ym), and are formed
by outward budding of the cell plasma membranes in response to different stimuli. These
vesicles are shed by different cell types and express a subset of cell surface proteins that
depend on the cells of origin [20,21]. Although the cell biology of these two types of EVs is
different, both types circulate in the adjacent extracellular space and appear in biological
fluids after their release from the cells. They have been identified in human, rodent, and fetal
calf sera [22—-27]. They are released both by the cells of haematopoietic and non-
haematopoietic origin [28,29], quiescent and activated [30], and non-transformed and tumor
cells [31]. Because of their involvement in the intercellular signaling, the examination of
their protein components in the healthy and diseased individuals may provide valuable
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markers for determining the site, type, and an extent of injury in various pathological
conditions.

Our group reported the secretion of EVs by the primary hepatocytes in culture [32]. In the
current report, we identified novel putative markers for liver injury in an /n vitro model. We
used two well-known hepatotoxins, galactosamine (galN), which causes liver injury
resembling acute viral hepatitis [33], and Escherichia coli-derived lipopolysaccharide (LPS)
promoting liver inflammation and damage [34-38]. Finally, by using an animal model for
acute liver injury, we showed that similar protein alterations can be detected in the EVs
isolated from sera. Our results provide the basis for the creation of novel, non-invasive tools
to assess liver toxicity supporting the use of EVs as a biological source of disease
biomarkers.

2. Experimental procedures

2.1. Reagents

All media and reagents for tissue culture were purchased from Invitrogen (Carlshad, CA).
All other reagents were of analytical grade and mainly acquired from Sigma-Aldrich (St.
Louis, MO). Monoclonal antibodies were purchased from the following vendors: anti-
Clusterin (clone 0.T.19) and anti-CPS1 (clone OCH1E5) from Abcam (Cambridge, UK),
anti-Hsp70 (clone BRM-22) from Sigma Chemical Co. (St. Louis, MO), anti-Hsp90 (clone
68) and anti-AlP1/Alix (clone 49) from BD Biosciences (Mountain View, CA). Rabbit
polyclonal antibodies were purchased from the following vendors: anti-FRIL1 (clone D-9)
was purchased from Santa Cruz Biotech. Inc. (Santa Cruz, CA), anti-SLC27A2, anti-SULT1,
and anti-Tsg101 from Abcam (Cambridge, UK). Goat anti-CES3 (clone M-14) and anti-
COMT were from Santa Cruz Biotech., Inc. and Abcam, respectively. Horseradish
peroxidase (HRP)-conjugated secondary antibody was from GE Healthcare
(Buckinghamshire, UK).

2.2. Animal experimentation

All the animal experimentation was conducted in accordance with the Spanish Guide for the
Care and Use of Laboratory Animals (RD 1201/2005 — BOE 21/10/05). Eight male 14-
week-old Sprague—-Dawley rats (body weight 300-400 g) were maintained in an
environmentally controlled room at 22 °C on a 12 h light/ dark cycle and provided with
standard diet (Rodent Maintenance Diet, Harlan Teklad Global Diet 2014) and water ad
libitum. The rats were randomly allocated to two groups. The test group (n = 4) received an
intraperitoneal injection of 1000 mg/kg/5 ml of b(+)-galactosamine (2-amino-2-deoxy-p-
galactose) hydrochloride (Sigma-Aldrich) and the control group animals (n = 4) were
injected with the same volume of saline solution (5 ml/kg of sterile 0.9% NaCl). Individual
urine samples were obtained 6 h after injection; the animals were housed in metabolic cages
for a 12 h period. The animals were sacrificed 18 h after the injection. We obtained blood
and liver samples from each animal. An aliquot of 250 pL of serum from each animal was
used to determine alanine transaminase (ALT) activity using Infinity™ ALT(GPT) Liquid
Stable Reagent (Thermo Electron, Waltham, MA). Carboxylesterase (CES) activity was
examined as previously described by Polsky-Fisher et al. [39]. The remaining serum samples
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were pooled and used to obtain EVs from sera of each experimental group as described
below. Livers were frozen in liquid nitrogen and used to obtain protein extracts for Western
blot analysis.

2.3. Primary cell culture preparation and extracellular vesicle production

Suspensions of primary rat hepatocytes were prepared as described by Seglen [40] from the
livers of 14-week-old male rats, and seeded onto collagen-coated 150-mm dishes, at 20 x
108 cells per dish. Each suspension was split into three equally represented sets to be used
under different conditions. One set was used as a control and incubated in the culture media
(exosome-depleted DMEM, 25 mM HEPES, 10% fetal bovine serum, penicillin-
streptomycin) (condition I). Two other sets were treated with culture media containing 10
mM galN (condition II) or 10 pg/ml LPS (condition I11). Cells were incubated at 37 °C and
5% CO», for 36 h and EVs secreted to the extracellular media were isolated as described
below. MTT assay showed a significant impact on the hepatocytes viability ejected by these
conditions (Supplementary Fig. S1) in agreement with previous reports.

2.4, Extracellular vesicle purification

EVs were isolated from the conditioned media and the rat sera pooled using the
methodology previously described by Conde-Vancells et al. [32]. Briefly, samples were
centrifuged at 500 xg for 10 min and the supernatants were filtered through 0.22 pm pore
filters to enrich the preparation in exosome-like vesicles. The samples were then centrifuged
at 10,000 xgand 100,000 xg for 30 min and 60 min, respectively. While the pellet obtained
after 10,000 xg was discarded, the pellet obtained in the 100,000 x g centrifugation was
resuspended and washed with PBS, and centrifuged again at 100,000 x g for 60 min. The
final pellet of EVs was resuspended in PBS to 1/2000 of the original volume and the
aliquoted solutions were stored at =80 °C. Western-blotting of the obtained EV preparations
showed no significant presence of the proteins Grp78 (endoplasmic reticulum marker) or
prohibitin (mitochondria marker) as reported in Conde-Vancells et al. [32] supporting that
purified vesicles were not produced by cell lysis (data not showed).

2.5. Western blot analysis

Cell lysates were prepared by lysing 106 trypsinized cells for 15 min on ice in 100 pL of
lysis buffer (300 mM NaCl, 50 mM Tris pH 7.4, 0.5% Triton X-100, and protease
inhibitors). After centrifugation at 20,000 x g, the supernatants were transferred to fresh
Eppendorf tubes. To prepare the liver extracts, 50 mg of frozen liver tissue was homogenized
in 1 mL of cold lysis buffer (20 mM Tris pH 7.5; 150 mM NaCl; 10 mM NaH,POy; 2 mM
NaF; 1 mM EDTA; 0.1 mM EDTA pH 8; 1% Triton X-100; 1 uM NazgVOy, and a cocktail of
protease inhibitors) in a Precellys 24 homogenizer (Bertin Technologies, Montigny-le-
Bretonneux, France), using CK14 beads, for 23 s at 6500 rpm.

The protein concentration of the cell lysates, liver extracts, and purified EVs were
determined using Bradford Protein Assay (Bio-Rad, Hercules, CA) with 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% pre-casted acrylamide gels (Invitrogen, Carlsbad,
CA). After transfer to PVDF membranes (Millipore, Bedford, MA) and blocking overnight
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in 5% milk and 0.05% Tween-20 in PBS, the primary antibody was added for 1 h, followed
by PBS wash and the application of the secondary HRP-conjugated antibody.
Chemiluminescence detection was performed with ECL Plus Reagents (GE Healthcare).

2.6. Tryptic digestion

The proteins were extracted from the isolated vesicles by incubating the samples with 0.1%
SDS in 0.5 M triethyl-ammonium bicarbonate on ice for 30 min; protein solubilization was
aided by gentle pipetting and brief sonication. The insoluble materials were spun down and
the protein concentration was determined using a Bradford Protein Assay kit (Bio-Rad).
Each sample (50 ug of protein) was lyophilized and suspended in 50 mM ammonium
bicarbonate (pH 8.5) with 0.05% RapiGest (Waters Corporation, Milford, MA), to redissolve
the lyophilized peptides. The samples were incubated at 60 °C for 15 min. Each sample was
reduced in the presence of 10 mM dithiothreitol at 60 °C for 30 min. The protein mixture
was alkylated in the dark, with 50 mM iodoacetamide, at room temperature for 30 min.
Proteolytic digestion was initiated by adding modified trypsin at a ratio of 1:10 (w:w) and
incubated overnight at 37 °C. To hydrolyze the RapiGest surfactant, 2 ul of HCI was added
to the sample. The sample was then incubated at 37 °C for 30 min, centrifuged for 30 min at
13,000 rpm, and the supernatant recovered.

2.7. One- and two-dimensional LC-DIA-MS proteomic analysis

The principle of a DIA acquisition is briefly explained since it is primarily used for the
quantitative interpretation of LC-MS data. Post-acquisition, the peak detection program
interrogates both low and elevated functions, giving a chromatographic precursor and
product ion apices. This forms the basic premise of the applied DIA (LC-MSE) acquisition
method; namely, the top peaks of the product ions within the elevated collision energy
function have exactly the same retention time as their corresponding precursors within the
low collision energy function. Moreover, the combination of high-peak capacity
chromatographic separation and high-sampling rate orthogonal acceleration ToF MS
maximizes the detection of all eluting species across the complete chromatographic space.
An example precursor and product ion mass from extracted DIA chromatograms and the
annotated elevated energy MS spectrum for the identification of a peptide from glutathione-
S-transferase are shown in Supplementary Fig. S2. As mentioned-previously, the duty cycle
of the mass spectrometer is maximized in a DIA strategy which increases the dynamic range
of this approach in comparison with DDA-based methods [41].

Proteins were identified and quantified by direct analysis of the tryptic digest samples
described above. All analyses were performed using a nanoAcquity system (Waters
Corporation) and Q-ToF Premier mass spectrometer (Waters Corporation, Manchester, UK).
Dried samples were resuspended in 0.1% formic acid, spiked with 50 fmol of yeast enolase
digest, and analyzed by reverse-phase LC. For the one-dimensional LC-MS experiments,
tryptic peptides were focused and desalted on a 5 um Symmetry C18, 180 um x 2 cm
trapping cartridge (Waters Corporation) and further separated on a 1.7 um BEH C18 (75 pm
ID x 15 c¢m) analytical column (Waters Corporation). Peptides were eluted at a flow rate of
300 nL/min from the analytical column directly coupled to an electrospray ionization emitter
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tip (New Objective, Woburn, MA) using a 90 min gradient from 3 to 50% solvent B [99.9%
acetonitrile (ACN), 0.1% FA].

Two-dimensional chromatography was performed using a 5 um Xbridge BEH130 C18 (300
pum ID x 50 mm) first dimension column. Peptides were loaded in 20 mM ammonium
formate (pH ~ 10) in water containing 0.1% FA and eluted by injecting solvent plugs of
ACN (11.1, 14.5, 17.4, 20.8, 45 and 65%) [42]. After injection of a buffer plug, the peptide
fraction was eluted from the SCX column and subsequently retained on a 5 pm Symmetry
C18 (180 um x 2 cm) reversed-phase trap column by dilution with water at pH 2. The
second dimension separations were performed in a manner identical to 1D-LC reversed-
phase separation described in the previous paragraph.

Peptides were analyzed in the positive ion mode using a Q-ToF Premier mass spectrometer,
which was operated in v-mode with the resolving power of 10,000 FWHM. Prior to
analyses, the ToF analyzer was calibrated using the fragment ions of [Glul]-Fibrinopeptide
B. After calibration, the data were lock mass-corrected using the doubly charged precursor
ion of [Glu]-Fibrinopeptide B (785.8426 m/Z), which was acquired with sampling
frequency of 30 s. Accurate LC-DIA-MS mass data were collected in a data-independent
acquisition mode by alternating the energy applied to the collision cell between low and
elevated collision energy state. The time of each elevated/low acquisition was 1 s with 0.1 s
inter-scan delay. Low energy data were acquired at constant collision energy of 4 eV;
elevated collision energy acquisitions were obtained using a 15-40 eV ramp. The RF applied
to the quadrupole mass analyzer was adjusted so that the ions from /2320 to about 2400
Da were efficiently transmitted, ensuring that any ion with a mass below /2 300 only arose
from the dissociation in the collision cell [43]. For each assayed condition seven technical
1D-LC-DIA-MS replicates and two 2D-LC-DIA-MS technical replicates were obtained.

2.8. Data processing, database searching, and quantitation analysis

ProteinLynx Global Server version 2.4 (Waters Corporation) was used to process all
acquired data. The lock mass-corrected spectra were centroided, deisotoped, and charge-
state-reduced to produce a single, accurately measured monoisotopic mass for each detected
precursor and product ion. The correlation of a precursor and a potential fragment ion is
initially achieved by means of time alignment. Further correlation is obtained during the
database searches based on the physicochemical characteristics of peptides when they
undergo collision induced fragmentation [44]. Protein identifications were obtained by
searching reviewed Rattus norvegicus UniProt database entries (2012_03, 7769 entries). The
sequence of Saccharomyeces cerevisiae enolase internal standard was appended to the
database. Protein identifications from the low/high collision spectra for each sample were
filtered after the search. The matching process required more than three fragment ions per
peptide, seven fragment ions per protein and more than two peptides per protein. Single-
peptide protein identifications were not considered. Peptide and fragment ion tolerances
were determined automatically by the program (approximately 10 and 25 ppm,
respectively). The allowed number of missed cleavages was 1; the fixed modification chosen
was carbamidomethy| cysteine, and variable modifications, oxidation of methionine and N-
terminal acetylation. The initially set maximum false discovery rate (FDR) at the protein
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level of the identification algorithm was 4%. However, the final FDR is minimized by
applying the replication filter since false positive identifications tend to be random and as
such are not reproduced in all injections. Final reporting and statistical analysis of the
qualitative results was conducted with Scaffold v4.0.3 (Proteome Software, Inc., Portland,
OR).

For the quantitative analysis, intensity measurements were obtained by integrating the total
ion volume of each extracted, charge-state-reduced, deisotoped and mass-corrected ion
across the mass-spectrometric and chromatographic space. If a particular component exists
as more than a single charge-state, the corresponding area for any given monoisotopic ion is
reported as the summed area from all contributing charge-states and isotopes. For relative
protein quantitation, the intensity of each peptide is normalized against the intensity value of
peptides of the internal standard added to the sample (50 fmol of enolase). Quantitative
analyses were only performed with the 1D-LC- DIA-MS data, comparing peak area/
intensity of each peptide from the control to the values for the treated samples using
ProteinLynx Global Server v2.4 [44]. The quantitative results were additionally filtered. We
considered only the protein identifications with good technical replication rate (at least 3 out
of 7 technical replicates). The relative abundances of these proteins in controls and treated
samples had to be significantly different (expressed as an upregulation probability value)
[44]. Moreover, the variance of regulation, expressed as a 95% credible interval, had to be
smaller than 0.05. To filter out any non-significant, non-regulated proteins, a single standard
(2) score was used as a final reporting filter. This filter was derived from the mean and
eighty-fifth percentile of the regulation distributions of the control vs. GalN and control vs.
LPS experiments; its value was approximately +1.3.

Condition-unique protein identifications were only considered when the estimated amount
was more than 10 times the amount of the 10% percentile of the complete experimental data
set comprising twenty-one LC-DIA-MS runs [45,46].

2.9. Gene Ontology analysis and networks, functional and pathway mapping

The functional annotations of the identified proteins were initially assigned using Protein
Center software (http://proteincenter.proxeon.com, Proxeon Bioinformatics, Odense,
Denmark). Three main types of annotations were obtained from the Gene Ontology
Consortium website: cellular components, molecular functions, and biological distribution.
GO Slim mapping defined specifically for Protein Center helped to reduce the multiple GO
annotations to a manageable set of approximately 20 high-level terms; these were used for
filtering the information into percentage estimates. The Ingenuity Pathway Analysis program
(IPA) (Ingenuity Systems, Redwood City, CA) was used to find the pathways associated
with the proteins identified in the mass spectrometry analysis. The program uses
computational algorithms to identify local networks that are particularly enriched in the data
sets. Such local networks contain the most highly connected focus proteins that specifically
interact with other proteins in the network. The filters and general settings for the core
analysis were set to consider all the molecules as well as direct and indirect relationships.
All data sources, tissues and cell lines were taken into account and a stringent filter for
molecules and relationships was chosen. Networks of focus genes were then algorithmically
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generated on the basis of their connectivity and ordered by the score. This score reflects the
relevance of the network based on a p-value calculation, i.e., the probability that the
network-eligible molecules have been found in a network by chance alone. Networks were
also associated with biological functions (and/or diseases) that were most significant for the
proteins in the network. Fisher’s exact test was used to calculate a p-value determining the
probability that the assignment of each biological function and/or disease to that network
was due to chance alone.

3. Results

3.1. Qualitative analysis of EVs released from hepatocytes

Previously, we reported an overview of proteins from rat hepatocyte EVs [32]. In that study,
we used SDS-polyacrylamide matrix to increase the resolving power of the overall analysis.
Each gel slice was subjected to LC-MS/MS analysis; eventually, 234 proteins were
successfully identified. In the current work, we used gel-free proteomics and only 8% of the
proteins detected in our previous study were not detected in the current. In our 1D-LC-DIA-
MS and 2D-LC-DIA-MS analyses, we identified 412 and 557 proteins listed in
Supplementary Tables S1 and S2, respectively. To maximize the power of the method we
used three biological replicates and seven technical replicates were used to assess technical
LC-MS variation [47].

The qualitative 1D-LC-DIA-MS and 2D-LC-DIA-MS analyses (summarized in
Supplementary Tables S1 and S2) typically exceeded an identification probability of 95%,
while maintaining a protein and peptide FDR of 4% and 1%, respectively. The coverage of
the characterized proteins ranged from 2 to 89%, with 2 to 147 peptides per protein
(Supplementary Tables S1 and S2).

In order to gain an insight into the functional roles of hepatocyte-derived EVs, clustering on
molecular function GO-based categories was performed for the 557 identified proteins
detected in these vesicles (Fig. S3). A significant enrichment in proteins involved in energy
production and lipid, amino acid, carbohydrate, and drug metabolism was revealed. These
results suggested the participation of hepatocyte-derived EVs in those processes, in
agreement with the fact that hepatocytes play a central role in the metabolism of essential
and harmful substances. We also observed enrichment in molecules belonging to protein
synthesis, folding, modification, trafficking, and degradation categories, suggesting that EVs
have a role in extracellular protein homeostasis.

3.2. Quantitative analysis of EVs released by hepatocytes

We also performed a quantitative proteomic study of EVs released by primary hepatocytes
challenged with model hepatotoxins galN and LPS to detect candidate markers of liver
injury. The quantitative analysis was performed using three biological replicates as described
in the Experimental procedures section, using exclusively the 1D-LC-DIA-MS data and
three independent preparations of primary rat hepatocytes. The quality of the DIA data was
checked in terms of reproducibility as a first step in our quantitative analysis. The biological
replicates allowed assessing the similarity between the animals and the reproducibility of the
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EVs isolation procedure, while the seven technical LC—-MS replicates helped to evaluate the
experimental variation during the 1D-LC-DIA-MS procedures. First, the intensity variations
for all matched peptide components were evaluated by comparing the corresponding values
from replicate injections of one of the biological replicas for each sample. Under ideal
conditions, a binary comparison between technical replicates should provide a 45-degree
diagonal intersecting the origin and displaying minimal signal variation. The resulting
distribution between the first and seventh injection from each sample showed minor intensity
variation (Fig. 1A). The control and galN- and LPS-treatment samples all show a high
degree of technical reproducibility maintained during the 42 h of instrument operating time.
The measurement statistics of the accurate mass—retention pairs (AMRT), i.e., a
deconvoluted mass eluting at a given retention time, were also evaluated. The reproducibility
of the retention time assigned to AMRT components across replicate injections was high,
with an average centering on 2% (left panel in Fig. 1B). In addition, the median mass
precision within any given AMRT bin was overall less than 2 to 3 ppm (middle panel in Fig.
1B). The median intensity variation within an AMRT bin was approximately 15% (right
panel in Fig. 1B).

Although they were only used indirectly to justify thresholds for condition-unique proteins,
the quantitative (molar) values of the control sample were plotted against the number of
proteins to assess the technical LC-MS variation; the estimated amounts also reflect the
consistency of intensity measurement. The three most abundant ions identified in a protein
were used for quantitation purposes and normalized against a known concentration of a
standard (50 fmol of enolase). Using this method [43], it was possible to quantify protein
amounts over almost three orders of magnitude (from 0.05 ng to 50 ng), even though the
majority were within two specific orders (from 0.4 ng to 40 ng) (Supplementary Fig. S4A).
Furthermore, a comparison of these quantitative values and the relative values of the binary
comparisons showed a linear regression trend in both instances (Supplementary Figs. S4B
and C).

Binary comparisons of the confidence levels for the intensity measurements in all the
experiments and technical replicas were made to calculate the total experimental variance.
Fig. 2A and B show the confidence levels of control versusgalN and control versus LPS
treatment, respectively. The red bars represent all experiments, including technical and
biological variability; the blue, yellow, and black bars stand for the technical variability for
the first, second and third test animal, respectively. The true biological variation plus the
variation due to protein extraction, sample processing, and LC-MS analysis was
approximately 16% (average), with the majority of the data below 12% (median).
Consequently, for the label-free quantitative data, the significance of regulation threshold
was assumed to be at least 30%, to increase the likelihood that the variation was due to
differences among samples and not to technical variations. Following these criteria of
selection for the 412 proteins identified by 1D-LC—- DIA-MS, 63% and 47% of the EVs
proteins show significant regulation after galN or LPS treatment, respectively (Fig. 2C and
D). This observation agrees with the degree of the toxicity of the treatment; galN treatment
is more severe than LPS, leading to more profound expression level changes in the EV
proteome. The relative number of substantially regulated proteins (fold-change greater than
1.5) was also greater after galN treatment (Fig. 2C). The higher number of proteins regulated
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in EVs in comparison with the cellular or tissue proteome itself [48-52] might be explained
by the fact that EV proteome, with its lower complexity, is more sensitive to environmental
changes. This phenomenon supports the hypothesis that EVs are a suitable source of
biomarkers.

An overview of the regulated proteins identified and quantified in the control, galN-treated,
and LPS-treated samples are shown in Fig. 3 and detailed in Tables S3 and S4
(supplementary data), with their relative fold-changes and a probability of regulation values.
When a protein was only identified in one of the samples (“sample- or condition-unique
identifications™) no fold-change could be calculated. For these particular protein
identifications to be included in the final report, the estimated amount had to be at least 10
times greater than the 10% amount percentile of the complete dataset, otherwise, the protein
would have been identified in the other conditions/samples.

Overall, 88 proteins displayed a common quantitative trend in EVs released by galN- or
LPS-treated hepatocytes (Fig. 3). This set of proteins possibly reflects a general response of
hepatocytes to an external injury, independently of the etiology of the insult. A significant
number of these proteins are structural and regulatory cytoskeletal proteins such us keratins,
actins, tubulins, actin-related protein 2 (ARP2), and small GTPases (RAP1B, RAB10 and
15). This group also includes coatomer subunit beta” (COPB2) and ADP-ribosylation factor
3 (ARF3), involved in the regulation of vesicular trafficking. Ribosomal proteins, tRNA
synthases and peptidases involved in protein synthesis and degradation, enzymes involved in
carbohydrate (ENOB, ENOG, PGM1, PGAM1, C1TC, PYGL, AL1B1, ADH6, APT), lipid
(ACADS, ACSL5, VIGLN, NLTP) and xenobiotic (CES3, SULT1) metabolism, and proteins
involved in iron (ferritin) and redox (GSTs, PRDX5, PRDX6) homeostasis were similarly
affected by both hepatotoxins. These results suggest that reorganization of the cellular
morphology, vesicular trafficking, protein synthesis and degradation as well as adjustments
in carbon, lipid, iron, and redox metabolisms take place in response to hepatotoxins. A
number of 18 proteins were found to be regulated as an effect of both treatments, although in
opposite directions and include histones, ribosomal, metabolic enzymes (GPDA, PCCA) and
regulatory (14-3-3 eta) proteins (Fig. 3). There were some proteins regulated only in
response to galN or LPS treatment (155 and 77, respectively). These events might represent
the tuning of the cellular response to the more significant lesions generated by the two
toxins; i.e., cell death (gaIN) and inflammation (LPS) (Fig. 3, Table S3 and S4). A GO-based
enrichment IPA analysis carried out for these treatment-specific responses revealed that
galN-treatment induced enzymes associated with xenobiotic metabolism. This treatment also
affected a significant number of proteins involved in glutathione metabolism (Fig. S5); this
result supports the mechanism described for galN-mediated cellular toxicity involving severe
oxidative stress [53]. Proteasomal proteins and those involved in cell movement were more
affected by LPS treatment (Fig. S6). Together, these results reflect the expected
reorganization taking place in the cells in response to an external insult. The data support the
suggestion that the analysis of the released EVs is a suitable non-invasive way to infer the
events taking place within the living cells.
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3.3. Biochemical validation of up- & down-regulated proteins in EVs from rat hepatocytes

An independent suspension of primary rat hepatocytes was subjected to galN and LPS
treatments, and EVs released to the medium were purified and analyzed by Western blotting,
in parallel with cellular extracts (Fig. 4A). Using immunoblotting, we established that, in
agreement with the proteomics data, the levels of heat shock protein Hsp90 and its partner
Hsp70, ferritin (FRIL1), carboxylesterase 3 (CES3), SLC27A2, SULT1, and MAT increased
in EVs after galN treatment. Also in agreement with the proteomics data were the levels of
clusterin, drastically reduced by the treatment with galN. For EVs released by hepatocytes
exposed to LPS an agreement between proteomics data and immunaoblotting was also
obtained; we observed a reduction in the levels of clusterin and increased levels of FRIL1.
Western blot analysis detected significant changes in the levels of other proteins in EVs
released by galN-exposed hepatocytes: ALIX, CPS1 and COMT; these changes were not
detected by our quantitative proteomics approach.

One question arising when an increase in the levels of a protein is observed is whether there
is a concomitant increase in the protein activity. To establish this, we asked whether the
augmented protein level of the carboxylesterase CES3 observed in EVs released by
hepatocytes exposed to galN translates into an increased activity of this enzyme (Fig. 4B).
Indeed, the carboxylesterase activity in these EVs was significantly higher than in the EVs
released by untreated or LPS-treated hepatocytes (although a slight increment was observed
in EVs from LPS-treated hepatocytes). This result suggests that EVs released by hepatocytes
in response to an insult carry active proteins that might have a function in the extracellular
space.

3.4. “in vitro” regulation of EV proteins are also observed using an “in vivo” model

In order to evaluate whether the /n vitro model used in this study reflects the /in vivo
situation, we analyzed EVs purified from the sera in an induced acute liver injury rat model.
In this model, we tested, using Western blotting, some of the candidate markers for
hepatotoxicity obtained in our proteomics approach /n vitro. A group of four rats was treated
with saline (control) while another group of four rats was treated with galN, as described in
Experimental procedures. After 18 h, ALT activity in the sera of both groups was
determined. Saline- and galN-treated rats showed ALT activity of 23.3 = 5.3 and 6936.8

+ 1636.0 U/L, respectively, reflecting the acute liver injury induced by the galN treatment.
Next, sera from same treatment groups were pooled to purify a sufficient amount of serum
EVs to perform the Western blot and enzymatic analyses. Equal protein amounts from EVs
of saline- or galN-treated animals were analyzed by Western blotting in parallel with
representative liver extracts (Fig. 5A) prepared from these animals. CES3, SLC27A2,
HSP90, HSP70 and FRIL1 were more expressed in the pooled EVs isolated from galN-
treated rats, in clear agreement with the data obtained in the /in vitro system. We also
observed increased levels of the liver-specific proteins CPS1, MAT and COMT. The reduced
amount of clusterin in EVs isolated from sera of galN-treated rats was also in agreement
with /n vitroresults. These data indicate that the levels of these EVs-associated proteins
could be used as serological indicators of liver toxicity. It is also clear that quantitative
proteomics results obtained for /in vitro primary hepatocyte-based models reflect the in vivo
state. Remarkably, while some of the protein levels were augmented in EVs isolated from
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the sera, they showed no significant alterations in liver extracts (proteins CES3, HSP90, and
CPS). The levels of other proteins such as SLC27A2, ALIX, MAT1A, and COMT were
reduced in liver extracts (Fig. 5A), suggesting that different regulation processes apply to
different proteins in response to galN-induced liver damage. Confirming our /n vitro
observations, the increased level of CES3 in the serum EVs from injured animals was
accompanied by a significant increase in the activity of this enzyme (Fig. 5B). Finally, we
evaluated the possibility of detecting an increase in the CES3 activity in the sera without
purifying EVs. As shown in the box plots of Fig. 6A, the sera of the four galN-treated rats
showed significantly increased activity compared to the saline-treated rats. Interestingly, we
consistently detected this injury-associated augmented activity of carboxylesterase in the
samples of urine collected from the animals (Fig. 6B). These results suggest that the analysis
of this enzymatic activity could be used as a non-invasive indicator of drug toxicity.

4. Discussion

Response to drug toxicity and differentiation between various types of hepatic injury has
been based primarily on the determination of hepatic enzymes in the blood, most notably
alanine aminotransferase (ALT)/aspartate aminotransferase (AST) and alkaline phosphatase
(ALP)/gamma-glutamyl transpeptidase (GGT), as indicators of liver injury (reviewed in
[54]). In the present study, we performed a qualitative and quantitative label-free LC-DIA-
MS proteomic analysis of EVs released by primary hepatocytes exposed to well-
characterized hepatotoxins as an approach to detect novel and complementary candidate
markers for liver injury. We generated an extensive protein catalog of more than 550 proteins
associated with hepatocyte-released EVs. This work complements our previous research on
these extracellular vesicles [32]. The enrichment in proteins involved in the pathways related
to energy production, lipid and xenobiotic metabolism, and protein homeostasis points to
these vesicles as important enzymatic machines providing energy, and metabolizing
proteins, lipids, and drugs outside the cell. It is clear that these vesicles play an important
role in the extracellular homeostasis.

In this work, one of our aims was the identification of candidate low invasive markers for
liver damage. Some existing /n vitroand in vivo studies using toxins such as LPS and/or
galN, in combination with proteomics provided the identification of proteins and molecular
mechanisms involved in the development of liver damage [48-52]. In this study, we
investigated for the first time the proteome of EVs released by primary hepatocytes
challenged with these two toxins. E. coli-derived lipopolysaccharide (LPS)is an activator of
Nalp3 inflammasome complex [55], taking part in the key event in the development of liver
inflammation [56,57]. It has been shown that LPS is mostly captured and removed from the
circulation by hepatocytes in a process that activates p38 MAPK [58] and Toll-like receptor
[59], both involved in inflammation-related pathways. In our study, LPS treatment affected
the abundance of 165 proteins detected in EVs, including many structural and regulatory
cytoskeleton-related proteins and vesicle-mediated trafficking proteins, such as actin,
tubulin, small GTPases (RAB7A, RAB10, RAB13, RAB15, RAP1B, ARF2 and ARF3),
coatomer subunits of COPII complex, and syndecan-4 protein, reflecting cellular changes in
morphology and intracellular protein trafficking in response to this bacterial product.
Interestingly, a deficiency in syndecan-4 causes high mortality in mice injected with LPS
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[60], confirming an important role of this protein in the response to endotoxins. Our
proteomics results indicate that the levels of this protein in EVs are elevated, pointing to a
possible role of these EVs in the syndecan-4-dependent response mechanism. Other proteins
whose levels were significantly altered in EVs released by hepatocytes exposed to LPS were
regulatory subunits of the proteasome machinery, PSMD2, PRS6B, and PRS7. It was
reported that, in macrophages and glial cells, LPS induces the activity of
immunoproteosome [61,62] an inducible form of the proteasome complex with a reported
role in the regulation of proinflammatory cytokine production [63]. Our results indicate that
a similar regulation of the proteasome complex could also apply to hepatocytes, although, to
confirm this, further investigation would be necessary.

The other toxin used in this work was the amino sugar galN, which induces acute liver injury
resembling human viral hepatitis [33] by a mechanism involving depletion of UTP and
glutathione cellular reservoirs [64]. After the treatment of the hepatocytes with galN,
significant abundance changes were detected in more than 240 proteins in the released EVs;
the changes were mostly associated with redox and xenobiotic metabolism, affecting
glutathione transferases, sulfotransferases, and cytochromes. Using Western blotting (Fig.
4), we validated some of these changes and observed a concordance between the quantitative
label-free LC-DIA-MS data and the amount of protein established by immunodetection.
Using quantitative LC—MS proteomics, we found that the levels of the enzyme CES3 were
induced 3- and 1.5-fold after galN and LPS treatments, respectively. Similar trends were
observed using immunoblotting (Fig. 4). The highest levels of the protein were found in the
galN lane, followed by the LPS and control lanes. Similar result was obtained after
analyzing ferritin light chain (FRL1) protein, whose levels, based on the proteomics results,
were induced 5- and 1.5-fold after galN and LPS treatments, respectively. This was
confirmed by immunoblotting results. In case of clusterin, a drastic level reduction (15-fold)
in EVs released by galN-treated hepatocytes was also validated by the results obtained by
immunodetection. A clear band for clusterin was observed for the control and LPS
treatments; this protein was undetectable in galN-treated EVs. In summary, a good
correlation was found between the quantitative label-free proteomics data and biochemical
analysis results, supporting the application of this high-content technology in identifying
candidate markers for the response to a specific stimulus.

Remarkably, we have observed increased levels of some liver-specific proteins such as the
enzymes carbamoy! phosphate synthetase 1 (CPS1), S-adenosyl methionine synthetase 1
(MAT), and catechol-O-methyltransferase (COMT) in hepatocyte-derived EVs and serum-
isolated EVs from liver-injured animals. In agreement with these results, up-regulation of
MAT enzyme has been previously shown to be required for the proper liver regeneration in
hepatectomized mice [65]. Although the biological significance of these proteins in
hepatocyte-derived EVs remains unclear, our results suggest that the study of these proteins
in plasma-circulating EVs could help to determine liver-specific damage or monitor the
recovery, in a non-invasive manner. Brodsky and collaborators have isolated plasma-
circulating EVs enriched in liver-origin proteins using an antibody specific to CPS1 [66,67].
They showed that in HCC, the levels of these plasma-circulating hepatic-derived EVs
correlate positively with the size of liver tumors. They proposed that these hepatic EVs
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might be used in clinical practice as markers of the functional status of transplanted livers
[66].

We also identified another protein whose levels were altered in rat hepatocyte-derived EVSs:
the enzyme carboxylesterase 3, with 89% homology to the human liver carboxylesterase 1.
These enzymes belong to a class of esterases that are ubiquitously expressed from bacteria to
man, and, as their name implies, they cleave carboxyl esters into the corresponding alcohols
and carboxylic acid. However, these enzymes can also hydrolyze thioesters and carbamates
[68,69]. Due to this diverse substrate specificity, these proteins are frequently referred to as
‘promiscuous’ enzymes [70]. The exact function of these enzymes is unknown since no
endogenous substrate has been definitively identified. In general, it is thought that CES
might play a protective role, detoxifying xenobiotics by cleaving these compounds to less
toxic hydrolysis products [71]. Numerous compounds can be hydrolyzed by CES activity.
This includes the illegal recreational drugs heroin and cocaine [72,73], the anticancer agents
capecitabine and CPT-11 [74,75], the pyrethroid class of pesticides [76] as well as a whole
host of widely used therapeutic molecules [77,78]. Pharmaceutical companies frequently
add methy! or ethyl groups to candidate drug molecules v/ an ester linkage to improve
water solubility and/or bioavailability. As a consequence, frequently prescribed medicines
such as Plavix, Tamiflu, Demerol, and Ritalin all contain ester moieties and,
correspondingly, are metabolized by CES activity /n vivo [77-80]. Our study shows that
CES3 protein is localized in extracellular vesicles and in liver injury its abundance is
significantly increased in this extracellular compartment; this is accompanied by an increase
in its enzymatic activity. This activity is also increased in serum and liver samples from mice
treated with high doses of carbon tetrachloride but remains unchanged after acetaminophen
treatment [81]. These results indicate that different modes of hepatotoxicity may be
associated with different hepatotoxins, and finding specific markers could help to classify
liver damage. Testing for the increase in CES activity observed in EVs isolated from serum
samples, and even directly in serum and urine samples, could help to evaluate and classify
chemically induced toxicity, in a low invasive manner.

In conclusion, this report strongly supports the application of proteomics in the study of
extracellular vesicles released by well-controlled /n vitro cellular systems to obtain novel
non-invasive markers for different stimuli and diseases. In a pharmaceutical context this
report also highlights the importance of the studies of the hepatocyte-released circulating
EVs for the development of new drugs and to understand and minimize idiosyncratic drug
toxicity.
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Abbreviations

EV extracellular vesicle

LC-MS liquid chromatography coupled to mass spectrometry

MP microparticle

ALT alanine transaminase

CES carboxylesterase

MVB multivesicular body

LPS lipopolysaccharide

galN p-galactosamine

AMRT accurate mass measurement retention time pair

GO Gene Ontology

DDA data-dependent analysis

DIA data-independent analysis

ACN acetonitrile

RFU relative fluorescence unit
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Biological significance

Identification of low invasive candidate marker for hepatotoxicity. Support to apply
proteomics in the study of extracellular vesicles released by well-controlled /n vitro
cellular systems to identify low invasive markers for diseases.
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Fig. 1.
(A) Comparison of intensity measurements of the matched accurate mass—retention time

components for the first and last technical replica of one of the biological replicas of each
sample type: control, galN, and LPS. (B) Left: The average retention time coefficient of
variation (CV) centered at 0.5%; Middle: The mass precision measurements (ppm) from all
detected accurate mass-retention time clusters were within +5 ppm, with the median mass
measurement precision of approximately 2 ppm; Right: The relative standard deviation of
the measured signal intensity of the clusters.
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Fig. 2.

(A?J & B) Confidence levels for galN vs. control (A) or LPS vs. control (B). The red bars
represent all replicas including biological and technical variation, the blue bars, the
biological variance for subject A (first test animal), the yellow bars, the biological variance
for subject B (second test animal), and the black bars, biological variance for subject C
(third test animal). Frequency corresponds to the number of counts in the indicated interval
of variance. (C & D) Percentage of the up- or down-regulated proteins after treatment with
galN (C) and LPS (D). Annotation diagram (D): “not significantly regulated” stands for the
proteins whose ratio is between 1 and 1.3, “slightly regulated” for the proteins with a ratio
between 1.3 and 1.5, and “substantially regulated” for those with a ratio higher than 1.5.
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Proteins called “unique” are the proteins that were identified only under one of the
conditions (control, galN, or LPS).
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Regulation by galN or LPS treatments of hepatic EV-associated proteins. Numbers of
common and treatment-specific up- or down-regulated proteins are indicated along with
their IDs. A more detailed information including fold change, significance and description of

the proteins are indicated in Tables S3 and S4.
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Fig. 4.

Bi%chemical analysis of EVs released by primary cultures of rat hepatocytes exposed to
galN or LPS. (A) Western blot analysis of indicated proteins was performed for cellular
extracts and EVs that were secreted by these cells. Normalization was based on the amount
of protein determined by Bradford assay. (B) Carboxylesterase activity of EVs secreted by
primary culture of rat hepatocytes untreated (filled circles), treated with LPS (empty
triangles), or galN (empty squares).
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Fig. 5.
Biochemical analysis of /nn vivo model for drug-induced toxicity. (A) Western blot analysis

of indicated proteins was performed using liver extracts and pooled sera-EVs obtained from
saline (ctrl)- or galN-treated rats. (B) Carboxylesterase activity of pooled EVs isolated from
the sera of saline (ctrl)- and galN-treated rats.
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Carboxylesterase activity in serum (A) and urine (B) samples from saline- and galN-treated

rats.
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