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ARTICLE INFO ABSTRACT

Keywords: Chronic hepatic diseases often compromise liver function and are directly responsible for up to two million
Extracellular vesicles yearly deaths world-wide. There are yet no treatment options to solve this global medical need.

SPA_RC Experimental drugs elafibranor (Ela) and obeticholic acid (OA) appeared promising in numerous earlier
gf:’t?crﬁzgz acid studies, but they recently struggled to show significant benefits in patients. Little is known on the drugs’ impact
Phospholipids on hepatic stellate cells (HSCs), key players in liver fibrogenesis. We recently reported a beneficial effect of

polyenylphosphatidylcholines (PPCs)-rich formulations in reverting fibrogenic features of HSCs, including dif-
ferences in their extracellular vesicles (EVs).

Here, we newly formulated Ela and OA in PPC liposomes and evaluated their performance on the LX-2 (human
HSC) cell line through our rigorous methods of EV-analysis, now expanded to include lipidomics. We show that
direct treatments with Ela and OA increase EV-associated secreted protein acidic and cysteine rich (SPARC), a
matricellular protein overexpressed in fibrogenesis. However, our results suggest that this potentially damaging
drugs’ action to HSCs could be mitigated when delivering them with lipid-based formulations, most notably with
a PPC-rich phospholipid inducing specific changes in the cellular and EV phospholipid composition. Thus, EV
analysis substantially deepens evaluations of drug performances and delivery strategies.

Polyenylphosphatidylcholines

1. Introduction cells undergo transdifferentiation from a quiescent into an activated,

fibrotic status to promote wound healing. This becomes medically

Liver fibrosis is a major global health concern because its evolution
into liver cirrhosis is followed by the death of over a million of people
every year worldwide [1-3]. The progressive deposition of collagen rich
extracellular matrix often develops into cirrhosis, which predisposes
patients to hepatocellular carcinoma. At present, at least a third of pa-
tients with non-alcoholic steatohepatitis (NASH)-induced cirrhosis die
as a result of liver-associated issues within 10 years of their onset [4,5].

The pivotal role of hepatic stellate cells (HSCs, the main collagen-
producing cells) in hepatic fibrogenesis makes them interesting from
both a therapeutic and a diagnostic perspective. Upon liver insults, these

dangerous when exacerbated by chronic diseases, steadily advancing to
a cirrhotic state and culminating in organ failure [6,7]. There is
currently no pharmacological treatment specifically approved for liver
fibrosis, and the available options for its management are only
addressing the underlying cause [8,9]. For example, viral hepatitis is
treated with antiviral agents, such as entecavir [10], and excessive he-
patic inflammation in autoimmune hepatitis can be successfully
managed with steroids [11,12]. When the fibrosis is linked to primary
biliary cholangitis (PBC), the use of ursodeoxycholic acid (UDCA) can
help delaying the need for liver transplantation, although reports on its
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benefits are conflicting, and the exploration of novel PBC treatments is
underway [13]. Cenicriviroc has been emerging as a candidate drug for
patients with NASH, due to its dual antagonism of the chemokine re-
ceptors CCR2 and CCR5 (involved in monocyte chemotactic recruit-
ment) [14-16]. Most recently, its application for NASH is being tested
along with tropifexor, a highly potent, non-bile acid, farnesoid X re-
ceptor (FXR) agonist (regulator of bile acid signaling) [15,17]. Other
drugs under investigation include elafibranor (Ela) and obeticholic acid
(OA) [18-26]. Numerous studies optimistically explored the potential of
both drugs alone and in combination in relieving hepatic fibrogenesis
[27,28]. Ela is a peroxisome proliferator-activated receptor PPAR-o and
PPAR-8 dual agonist. PPARs are fatty-acid activated transcription factors
belonging to the nuclear hormone receptor superfamily, playing a
pivotal role in regulating metabolic and energy homeostasis, immune-
inflammation, and differentiation [25,29]. PPAR agonists, typically
having an amphiphilic structure with a polar head linked to a hydro-
phobic tail [30], are a class of drugs used for the treatment of metabolic
syndrome symptoms (i.e., lowering triglycerides and blood sugar) [31].
Ela has shown high potency in PPAR-a/8 agonism, enhancing fatty acid
transport and oxidation, with half maximal effective concentrations
(ECsp) of 45 nM and 175 nM, respectively [25]. OA, on the other hand, is
a semi-synthetic analogue of bile acid, a potent agonist (EC5o = 99 nM)
of the FXR, a nuclear hormone receptor of key importance in the regu-
lation of bile acid homeostasis and hepatic metabolism [32], and the
first such drug used in human clinical studies [33,34]. It has been shown
that, besides its beneficial action on hepatocytes, OA contributed to the
reduction of liver fibrosis hallmarks such as a-smooth muscle actin
(@SMA) and collagen (collal) in rodent models of fibrosis and cirrhosis
[35,36]. However, both Ela and OA have struggled in phase 3 clinical
trials. Genfit has accordingly decided to refocus Ela approval for PBC
alone for now, while revisiting their previous experimental findings
[37]. For OA, Intercept Pharmaceuticals was recently denied accelerated
approval for the treatment of NASH-related hepatic fibrosis by the Food
and Drug Agency [38].

Essential phospholipids (EPLs, purified soy bean extracts) are
enriched in polyenylphosphatidylcholines (PPCs), and they have a long
history of being used as supportive therapy for fatty liver disease due to
their supposed anti-inflammatory effect [39,40]. Even though many
questions about their mechanism of action remain open, we have pre-
viously reported on the beneficial effect of PPC-rich (>75 %) lipid S80 in
particular in deactivating perpetuated HSCs [41-43].

The diagnosis of liver fibrosis is equally challenging because the
progression of the disease is mostly asymptomatic in its initial stages
[42,43]. The current diagnostic gold standard is histopathological
assessment upon tissue biopsy, a highly invasive and painful approach
[44,45].

Extracellular vesicles (EV) is a collective term referring to a diverse
group of small membrane vesicles virtually released by all cell types
[46,47]. Given EVs’ role in intercellular communication, they have
sparked considerable scientific interest into their diagnostic potential
[48-50]. For some pathological dispositions, EVs can be applied as
liquid biopsies as they are enriched in selected biomolecules and they
are intrinsically equipped to protect their cargo from degradation.
Despite their complexity of characterization, they are still easier to
analyze than total blood or serum samples [51-53].

We aimed to thoroughly analyze EVs shed by a human cell line of
HSCs, the LX-2 cells, in different phenotypical states, potentially paving
the way to non-invasive and less painful methods for the evaluation of
liver fibrosis therapy. In recent work, we have documented the suc-
cessful establishment of rigorous methodological practices for the
isolation, purification and characterization of LX-2 EVs [54]. These
included extensive proteomic analysis, which also led to the develop-
ment of a user-friendly fluorescence nanoparticle tracking analysis (f-
NTA) method for the assessment of treatment effect by EV-analytical
evaluation. The relative abundance of one biomarker we selected, the
secreted protein acidic and cysteine rich (SPARC), associated to EVs was
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greatly reduced upon treatment with S80, while pro-fibrotic treatment
with transforming growth factor f1 (TGF) did the opposite [54]. With
the present study we extend our portfolio of EV-analytical methodolo-
gies to lipidomics profiling. With this expanded arsenal we aimed to
evaluate the response of HSCs to pharmacological treatments. We
selected Ela and OA to look into their impact specifically on HSCs and
HSC-derived EVs, about which still very little is known [55], thus
shedding new light on previous enthusiastic reports about the two drugs.
Our results indicate negative effects of direct treatments with Ela and OA
on HSCs, as seen through our novel, EV-based screening method.
However, this also enabled us to evaluate a possible strengthening of the
drugs’ otherwise reported antifibrotic action, by means of a coformu-
lation with the phospholipid S80. To better investigate in vitro their ef-
fect on HSCs, we decided here to load the drugs in S80 liposomes. We
could thus effectively use EV-analysis to provide novel perspectives into
the performance of experimental therapeutic agents, and also to assess
improvements provided by the co-treatment with PPCs.

Overall, our findings suggest that PPC-rich bioactive phospholipids
such as S80 could be considered as excipients in solid dosage forms to
improve the therapeutic efficacy of investigational antifibrotic drugs
such as OA or Ela in the long-term treatment of chronic liver diseases.

2. Materials and methods

Formulation and characterization of drug-loaded PPC-based liposomes.
Liposomal formulations were prepared by the thin film hydration
method as previously described [41]. Briefly, suitable aliquots of S80 or
DOPC were dissolved with CHCl3, the organic solvent was removed with
a nitrogen stream, and left under vacuum overnight. The resulting lipid
film was hydrated with 10 mM HEPES buffer pH 7.4 and, for drug-
loaded liposomes, the appropriate amount of Ela or OA (purchased
from MedChem Express, United States; from 100 mM stock solution in
MeOH) was added. The resulting multilamellar vesicles subjected to six
freeze—thaw cycles. The liposomes were then extruded 10 times through
a 200 nm polycarbonate membrane at room temperature with a Lipex®
extruder (Evonik Health Care). Lipids (final concentration 50 mM) and
drugs (up to 150 pM) concentrations were quantified chromatographi-
cally, as previously reported [41,56]. Briefly, samples were diluted with
MeOH 1:49 (v/v) to destroy lipid vesicles prior to injection in an Ulti-
mate 3000 HPLC system (Thermo Fisher Scientific), equipped with a
charged aerosol detector (CAD, Corona Veo RS, Thermo Fisher Scienti-
fic). The column was a MN Nucleosil (C18, 3.0 x 125 mm, 5 pm,
Macherey Nagel), used at 30 °C. Samples were run with a flow rate of
0.5 mL/min. For the mobile phase, solvent A was ACN:H30 90:10 (v/v)
with 0.05 % TFA (v/v), and solvent B was MeOH with 0.05 % TFA (v/v).
The method was isocratic (Solvent A:Solvent B, 60:40) for 25 min, fol-
lowed by a linear gradient of solvent B over 15 min (from 40 to 100 %).
The analysis was carried out with Chromeleon 7.2 software (Thermo
Fisher Scientific).

The hydrodynamic diameter and the size distribution (polydispersity
index, PDI) of the liposomes were measured with a Litesizer 500 (Anton
Paar), and their stability at 4 °C was tested for up to 28 days.

Cell culture and treatments. LX-2 cells (passage number 7-16) were
grown as previously described in high glucose (4’500 mg/L) DMEM
(Carl Roth) supplemented with 200 mM 1-Glutamine (Sigma), 10’000
units/L of penicillin and streptomycin (Gibco), and 2 % (v/v) of sterile
filtered (0.2 pm, cellulose acetate membrane) fetal bovine serum (FBS,
Merck Millipore). For experiments, 0.8-1 x 10° LX-2 were seeded in
T175 cell culture flasks and cultured for 120 h, or 1 x 10° cells/well
were seeded in 12-well microtiter plates, or 1 x 10* cells/well microtiter
plates, and cultured for 24 h. Cells were then washed with phosphate
buffered saline (PBS, pH 7.4) and treated for 24 h with different solu-
tions prepared in serum free cell culture media (DMEM): ROL/PA (10/
300 pM), TGF (10 ng/mL), HEPES pH 7.2 (10 % v/v), Ela or OA
(0.025-75 pM in DMEM), liposomal formulations of S80 or DOPC (al-
ways freshly prepared, 5 mM lipid concentration in DMEM with 10 % v/
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Fig. 1. Average size, PDI and EE% for the different liposomal formulations immediately after preparation. Mean + SD, n = 3-6.

v HEPES pH 7.2) with or without 150 nM of either Ela or OA.

Cell metabolic activity assay. The CCK-8 assay was used following the
manufacturer’s instruction, with cells seeded in 96-wells plates (10*
cells/well). Briefly, cells were washed twice with PBS after treatment
with different amounts of Ela and OA (0.025-75 pM); controls for the
highest DMSO concentrations (0.088 % and 0.075 % v/v in DMEM, for
Ela and OA respectively) were performed as well. A volume of 90 pL
DMEM and a volume of 10 pL of CCK-8 were added to each well. LX-2
were incubated for further 2 h at 37 °C, 5 % CO,. Afterwards, the
absorbance was measured at 450 nm using an Infinite® 200 PRO (F
Plex) Tecan plate reader at 37 °C.

Analysis of lipid droplet content upon treatment with drug-loaded PPC-
based formulations. ORO/DAPI staining was performed in 12-wells plates
as described [54], but with an initial seeding density of 1 x 10° cells/
well (as previously reported) [41]. Two concentrations of Ela and OA
could be tested (either alone or with S80 and DOPC). The first was a final
concentration of 150 nM on the cells (around both drugs’ ECsg values)
and the second one was a final concentration of 50 pM (the lowest
quantifiable by HPLC). Since the liposomes were not prepared under
sterile conditions, all treatment solutions in DMEM were sterile filtered
(CA, 200 nm).

EVisolation. EVs were purified as previosly detailed [54]. Briefly, LX-
2 cells were treated with different solutions in serum free conditions for
24 h, after which they were washed once with PBS and supplied with
fresh, serum free, cell culture medium regardless of previous treatment.
After 24 h more, the EV-containing medium was collected to undergo
two rounds of differential centrifugation. The first was 300 x g for 3 min
at 4 °C, discarding the pellet; the second was 9’000 x g for 30 min at 4 °C
(again, discarding the pellet). This was followed by an ultracentrifuga-
tion step (120’000 x g for 2.5 h at 4 °C), after which the EV-containing
pellet was re-suspended in 0.5 mL of PBS and purified by size exclusion
chromatography (SEC) for further analysis.

Sample preparation for lipidomic analysis. LX-2 cells were treated with
DMEM, ROL/PA (10/300 pM in DMEM), TGF (10 ng/mL in DMEM),
HEPES buffer pH 7.2 (10 % v/v in DMEM), Ela (150 nM in DMEM), OA
(150 nM in DMEM), S80 (5 mM in DMEM with 10 % v/v HEPES pH 7.2),
S80 + Ela (5 mM + 150 nM respectively, in DMEM with 10 % v/v HEPES
pH7.2), S80 + OA (5 mM + 150 nM respectively, in DMEM with 10 % v/
v HEPES pH 7.2), DOPC (5 mM in DMEM with 10 % v/v HEPES pH 7.2),
DOPC + Ela (5 mM + 150 nM respectively in DMEM with 10 % v/v
HEPES pH 7.2) and DOPC + OA (5 mM + 150 nM respectively in DMEM
with 10 % v/v HEPES pH 7.2) at 37 °C and 5 % CO,. After 24 h, cells
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were washed with PBS pH 7.4 and supplemented with fresh serum free
DMEM regardless of previous treatment. After 24 h, cells and EVs were
harvested and phospholipids and FFA were extracted on ice as previ-
ously described [54]. In brief, the internal standards PC(14:0/14:0)
(DMPC), PE(14:0/14:0) (DMPE), PG(14:0/14:0) (DMPG) and
(15,15,16,16,17,17,18,18,18-d9)oleic acid (d9-18:1) (0.2 nmol, each;
Avanti Polar Lipids) were given to samples in 1 mL aqueous PBS pH 7.4.
Methanol (2.43 mL), CHCI3 (2 x 1.25 mL), saline (1.25 mL) were suc-
cessively added and each step was accompanied by vigorous mixing.
After centrifugation (6500 x g, 5 min, 4 °C), the lower phase was
recovered, concentrated under nitrogen, and stored at —20 °C. Lipids
were dissolved in methanol and subjected to UPLC-MS/MS analysis. For
SEC-purified samples, 1 mL of column eluent was collected prior to EV-
pellet loading and extracted and analyzed as quality control.

Targeted lipidomics by UPLC-MS/MS. Chromatographic separation of
phospholipids and fatty acids was achieved using an Acquity UPLC BEH
C8 column (1.7 pm, 2.1 x 100 mm, Waters, Milford, MA) and an
ExionLC™ AD UHPLC system (Sciex). The mobile phase was composed
of A (acetonitrile/water, 95/5, 2 mM ammonium acetate) and B (water/
acetonitrile, 90/10, 2 mM ammonium acetate) and delivered at a flow
rate of 0.75 mL/min. Starting from A/B = 75/25, the gradient raised to
85 % of mobile phase A within 5 min and was followed by isocratic
elution at 100 % mobile phase A for 2 min. The column temperature was
adjusted to 45 °C. LC-separated lipids were ionized in an electrospray
ionization (ESI) source and detected by multiple reaction monitoring
(MRM) (glycerophospholipids) or multiple ion monitoring (free fatty
acids) in the negative ion mode using a QTRAP 6500" Mass Spectrom-
eter (Sciex) [57,58]. Both fatty acid anion fragments were determined
for the analysis of glycerophospholipids, and the average of both tran-
sitions was used for quantitation. The system was operated with
following settings: curtain gas at 40 psi, collision gas set to medium and
an ion spray voltage of 4500 V in the negative mode. The temperature of
the heated capillary ranged from 350 °C (PC) to 650 °C (PE), the sheath
gas pressure was set to 55 (PC, PE, PG, PI) or 60 psi (FFA) and the
auxiliary gas adjusted to 75 — 80 psi.

The total amount of lipid classes (PC, PE, PG, PI, FFA) was calculated
as sum of the individual signal intensities of the lipid species analyzed
for the indicated lipid class. Lipid species were normalized to the in-
ternal standard d9-18:1, and class-specific differences were corrected by
external calibration using lipid class specific standards [i.e., PC(14:0/
14:0), PE(14:0/14:0), and PG(14:0/14:0)]. The proportions of individ-
ual lipids [e.g., PC(18:0/18:2)] were instead calculated as percentage of
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Fig. 2. Cell metabolic activity normalized to DMEM, measured with CCK-8 assay on 10’000 cells/well, after 24 h treatment as function of Ela and OA concentration
(from 0.025 pM to 75 pM). Controls for the highest DMSO concentrations (0.088 % and 0.075 % v/v in DMEM, for Ela and OA respectively) were performed as well

(DMSO ctrl). Mean + SD, n = 3-6.

the summarized total signal intensity of a given lipid class (e.g., PC).

Detection of EV-associated SPARC by fluorescence nanoparticle tracking
analysis. EVs were incubated with AlexaFluor®488 conjugated anti-
human SPARC antibody (AF488-SPARC, mouse IgG1 Clone #122511,
Biotechne) as reported before [54]. Briefly, EV-pellets were incubated
with 8 ng/mL of AF488-SPARC for 5 h at 24 °C, and they were subse-
quently purified by SEC. The different treatments the cells were sub-
jected to prior to EV-harvest were the following: DMEM, ROL/PA (10/
300 pM), TGF (10 ng/mL), HEPES buffer (10 % v/v in DMEM), Ela (150
nM in DMEM), OA (150 nM in DMEM), S80 (5 mM in DMEM with 10 %
v/v), S80 + Ela (5 mM + 150 nM), S80 + OA (5 mM + 150 nM) DOPC (5
mM), DOPC + Ela (5 mM + 150 nM) and DOPC + OA (5 mM -+ 150 nM).

Statistical analysis. All experiments were performed in at least three
independent replicates, and samples were always freshly prepared.

One-way ANOVA analysis of variance was used to compare means of
independent experiments. Significant differences in lipid droplets
quantification following the various treatments were compared by
Tukey’s multiple comparisons test (**** p < 0.0001, *** p < 0.001, ** p
< 0.01, *p < 0.05). Data are presented as mean +/- S.D.

3. Results and discussion
3.1. Formulation of drug-loaded liposomes and cell toxicity assay

The formulation of drug-loaded liposomes with Ela and OA under-
went a stepwise assessment of its feasibility. OA and Ela were shown to
be stable to freeze-thaw (FT) cycles, required for the production of
unilamellar liposomes (Fig. S1,2), and quantified by HPLC coupled to a
charged aerosol detector (CAD, retention time tg Ela: 1.036 min; tg OA:
1.308 min) (Fig. S3). Choosing 50 pM as our lowest, quantifiable, final
drug concentration, we evaluated drug encapsulation efficiency (EE%)
to be > 83 % (Fig. 1). Upon extrusion, the average size of the produced
lipid vesicles was around 150 nm and monodisperse, as evidenced by the
measured PDI values.

Cell metabolic activity was determined by measuring mitochondrial
dehydrogenase activity, and the results showed no visible effect in the
tested concentration range (Fig. 2). Thus, for further experiments on
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cells, we chose to test a final concentration of drugs of 150 nM (around
both drugs’ ECsg values [25]).

3.2. Analysis of lipid droplet content

In a previous study we screened the concentrations of S80 and the
hepatoprotectant silymarin on LX-2 cells by monitoring the progressive
increase of cytoplasmic lipid droplets within them [41]. This approach
could work for Ela and OA if they have a synergistic effect directly
related to the eventual accumulation of lipids in HSCs’ cytoplasm, as
proven for silymarin. However, though PPARs have been proposed to
modulate HSC activation, this hypothesis still needs to be confirmed in
steatohepatitis-mediated fibrosis [59]. Similarly, the putative effect of
farnesoid X receptor agonist on HSC activation, either direct or indirect,
has been justified only by a reduced expression of a-1 type 1 collagen in
farnesoid X receptor deficient mice [60].

In our previous work [41], we also reported that the combination of
retinol and palmitic acid (ROL/PA) stimulates the formation of lipid
droplets by an upregulation of the adipose differentiation-related pro-
tein, indicating LX-2 cell quiescence. We also showed that the PPC-
containing S80 liposomes, in presence and absence of silymarin, are
able to deactivate LX-2 to a non-fibrogenic status.

The control treatments validated in the current project are shown
(Fig. 3): native LX-2 (treated either with DMEM or HEPES 10 %);
quiescent-like HSCs (LX-2 treated with ROL/PA); perpetuated HSCs (LX-
2 treated with TGF); liposome-treated LX-2 (S80 liposomes: positive
control, antifibrogenic; DOPC: negative control, expected to be as
DMEM or HEPES 10 %). These images were then quantitatively analyzed
and used as a baseline to evaluate the antifibrogenic effect of the
candidate hepatoprotectors OA and Ela.

As expected, cells treated with ROL/PA and S80 display significantly
more lipid droplets than with any other treatment group, as evidenced
by Oil Red O (ORO) staining (Fig. 3). PPC formulations that were loaded
with OA or Ela showed a remarkable increase in the amount of lipid
droplets, while none with DOPC. However, we could not detect a syn-
ergistic effect between S80 and either drug in terms of lipid droplets
formation when using 150 nM.
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Fig. 3. Representative fluorescence images upon
ORO staining (visualized as red spots; nuclei
stained in blue with DAPI) of differently treated
cells (a). Total lipid concentration was 5 mM, Ela
or OA concentration 150 nM. Quantitative analysis
of stained lipid droplets, whereby the fluorescent
area (correlating to a quiescent-like status) was
normalized to cell count (b) (mean + SD, n = 3).
PPC-based formulations were used either on the
day they were produced or up to 3 days after being
HEPES 10% S80 SmM DOPC 5mM kept at 4 °C for the lipids alone, since we had
already established their stability [41]. P values (p
< 0.05 (%), p < 0.01 (**)) were determined by one-
way ANOVA on ranks and Tukey’s multiple com-
parison. The complete statistical evaluation is
available as Table S1. (For interpretation of the
references to colour in this figure legend, the
reader is referred to the web version of this article.)

a DMEM ROL/PA 107300 uM TGF 10 ng/mL

Ela 150 nM S80+Ela (SmM+150nM) DOPC+Ela (SmM+150nM)
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Fig. 4. Phosphatidylcholine (PC) content and fatty acid profile of differently treated cells and their EV fractions. Heatmaps showing fold changes in the proportion of
individual PC species (calculated as percentage of total PC) relative to the DMEM control (a). Absolute amount of PC as sum of the PC species analyzed (b). Data are
presented as means + S.E.M. of 3 (DMEM, HEPES, ROL + PA, TGF, Ela, DOPC + Ela, S80 + Ela, OA, DOPC + OA, S80 + OA) or 5 (DOPC, S80) independent ex-
periments. Total lipid concentration for liposomal treatments was 5 mM, Ela or OA concentration 150 nM. #P < 0.05, student unpaired t-test; *P < 0.05, mixed-type

ANOVA + Dunnett's test with DMEM as control group.

3.3. Lipidomic analysis of LX-2 cells and EVs

We recently optimized our in vitro LX-2 cell model by developing a
robust methodological approach that includes the isolation and analysis
of EVs [54]. When compared with parental LX-2 cells, EVs have a higher
proportion of PC and phosphatidylglycerol (PG) and lower proportion of
phosphatidylethanolamine (PE) and phosphatidylinositol (PI) (Fig. S5).
Strongest enriched in EVs are fully saturated species, i.e., PC(palmitic
acid (16:0)/16:0), PI(myristic acid (14:0)/16:0), PI(16:0/16:0), PG
(stearic acid (18:0)/18:0), and phospholipids containing poly-
unsaturated fatty acids (PUFAs), i.e., PC(18:0/arachidonic acid (20:4)),
PC(18:0/docosapentaenoic acid (22:5)), PC(16:0/docosahexaenoic acid
(22:6)), PI(16:0/20:4), PI(palmitoleic acid (16:1)/20:4) (Fig. S6a), as
well as free 20:4 (Fig. S6b).

Using a targeted phospholipidomics approach, we investigated the
impact of S80 and PC(oleic acid (18:1)/18:1) (DOPC) on the phospho-
lipid profile of cells and EVs. Supplementation of S80 substantially
increased the levels of the major components PC(16:0/linoleic acid
(18:2)) and PC(18:0/18:2) in both systems (Fig. 4a and S7) and elevated
the total PC content, reaching significance for EVs (Fig. 4b). Neither
other phospholipid classes than PC nor free fatty acids (FFA) were
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enriched following treatment with S80 in cells (Fig. S8). More pro-
nounced were the cellular changes in the relative composition of species
throughout lipid classes (Fig. S9-11), with S80 increasing the avail-
ability of free PUFAs relative to saturated fatty acids (Fig. S12). DOPC
also elevated the PC amount of EVs but less pronounced than S80
(Fig. 4b). The already high proportion of PC(18:1/18:1) in cells was
instead hardly further increased by DOPC (Fig. 4a), and also free 18:1
levels were not raised (Fig. S12). Despite this apparent lack of cellular
availability, PC(18:1/18:1) was incorporated into EVs to a substantial
extend (Fig. 4a).

Our data suggest that 18:2 and 18:3 are released from excess S80 by
phospholipases Ay, converted to 20:3, 20:4, 22:5, and 22:6 by desa-
turases and elongases [61], and incorporated into phospholipids by
acyltransferase isoenzymes [62,63]. Along these lines, the increased
availability of PUFAs (20:4 > 22:4 > 20:3 > 22:6 > 22:5 > 18:2 > 20:5)
in S80-treated cells (Fig. S12) is associated with a higher proportion of
multiple PUFA-containing PE, PI and PG species (Fig. S9-11). S80 also
increased the PUFA ratio of phospholipids in EVs but with a different
profile as compared to cells (Fig. S9-11), and only in EVs, S80 (but not
DOPC) elevated the total amount of PE and, by trend, of PI, and PG
(Fig. S8). Thus, PE(16:0/18:2) was strongest upregulated in EVs upon
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Fig. 5. Detection of SPARC via fNTA on EVs isolated from differently treated LX-2 cells (mean + SD, n = 3). Total lipid concentration for liposomal treatments was 5
mM, Ela or OA concentration 150 nM. Asterisks indicate data sets we have previously published [54] and are reporting here with permission.

treatment with S80, whereas elongated/desaturated 18:2 metabolites
(20:4, 22:4, 22:5, 22:6) were the dominating fatty acids that accumulate
in cellular PE (Fig. S9). As expected from the failure of DOPC to raise free
18:1 levels (Fig. S12), the proportion of 18:1-derived PE, PI and PG
species was hardly elevated or even decreased (Fig. S9-11).

Treatment with either OA or Ela lowered the content of PG, PI and
less PE in LX-2 cells (Fig. S9) and decreased the abundance of major
phospholipid classes, including PC, in LX-2-derived EVs (Fig. 4b and S7),
with PC(16:0/18:2) being one of the phospholipid species strongest
depleted (Fig. 4a). Remarkably, S80 and DOPC failed to elevate the PC
content in OA- or Ela-treated cells (Fig. 4b), but compensated for the OA-
and Ela-induced drop of PC in EVs (Fig. 4b) as well as, in case of S80, the
depletion of PC(16:0/18:2) in LX-2 cells (Fig. 4a). The latter was
accompanied by an accumulation of PUFA-containing PC species that is
characteristic for S80 (Fig. 4a). Taken together, the PC fatty acid profile
of EVs is shaped by the supplemented phospholipid rather than the drug
candidate, when the two are combined. Thus, 18:2-containing PC spe-
cies preferentially increased in EVs upon treatment with S80, and PC
(18:1/18:1) was strongest upregulated by addition of DOPC (Fig. 4a).

OA and Ela also influenced the PE, PI and PG fatty acid composition
of LX-2 cells, and both S80 and DOPC further modulated these changes
(Fig. S9-S11). For example, OA and Ela substantially lowered cellular PG
(18:1/18:1) levels, which was diminished by co-treatment with S80
(Fig. S12). The consequences of OA and Ela on the phospholipid fatty
acid composition of EVs were even more diverse, as were the combi-
natory effects of S80 and DOPC (Fig. S9-511). For instance, OA and Ela
upregulated the ratio of PE(16:1/22:4), which was prevented by S80 or
DOPC, whereas the proportion of other PUFA-containing PE species was
hardly affected or even reduced by the combined treatment (Fig. S9).

Total FFA levels tend to increase in EVs only when cells were co-
treated with either S80/0A or ELA/DOPC (Fig. S8), primarily by upre-
gulating distinct PUFA species, among them 18:2 (Fig. S12). However,
an increase in the PUFA ratio does not (necessarily) elevate the total FFA
content in EVs, as can be seen from the co-treatment with S80/Ela,
which raised the proportion of free PUFAs (Fig. S12) without affecting
the total FFA concentration (Fig. S8).

In summary, our lipidomic analysis shows similarities in the phos-
pholipid composition of EVs and the cells they are originating from, but
there are also substantial differences, both in the abundance of
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phospholipid classes as well as in their composition. We further
demonstrate that supplementation of specific phospholipids to the
parental cells via liposomes allows to adjust the phospholipid compo-
sition of EVs. Note that the consequences of exogenous phospholipids on
the lipid composition depend on the cellular lipid metabolism and
strongly differ between EVs and cells. Marked changes in the EV phos-
pholipid pattern emerge also upon treatment with experimental drugs
directed against non-alcoholic fatty liver disease, with supplementation
of S80 more than DOPC partially preventing or redirecting the effects.

3.4. Detection of EV-associated SPARC after treatment with Ela and OA

To date, studies on Ela and OA focused on their biological activity
and therapeutic role played on hepatocytes, their primary target, and
little is known on their effect on HSCs. Specifically, how these two active
principles may affect the intercellular communication in the HSC-
mediated fibrogenic process and correspondingly protein and lipid
composition of EVs was, to our knowledge, never investigated [59].

We previously evaluated the protein profiles of EVs isolated from
different HSCs and successfully optimized an immunolabeling protocol
for detecting rationally selected proteins on single EVs by f-NTA [54].
SPARC was chosen as a model protein given its known role in wound
healing and ECM production, and we observed that its relative abun-
dance associated to EVs varied upon different cell treatments. Here, we
used this non-destructive approach to evaluate the performance of OA
and Ela, either as free drugs or delivered with drug-loaded PPC-based
liposomes, with the aim to explore a possible synergistic effect.

Incubating the parent cells with 150 nM of either Ela or OA caused a
3- and 4-fold increase in the relative amounts of SPARC-positive EVs,
which was countered by DOPC, and even more efficiently by S80
(Fig. 5). It is now also evident that even 150 nM concentrations of Ela
and OA elicit a significant response from the HSCs, measurable by
analysing their EVs. We could show a deactivation of HSCs’ trans-
differentiation by S80 as it correlates to SPARC abundance on EVs, thus
providing new insights into its mode of action. Moreover, our data
provide a putative explanation for the underperforming clinical
outcome of the experimental drugs Ela and OA, which is seemingly tied
to the relative presence of SPARC on HSC-EVs, warranting further
exploration.
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4. Conclusion

After establishing the compatibility of Ela and OA with our liposome-
production methods we showed that lipid-vesicles could successfully be
loaded with Ela and OA. A reliable quantification can be achieved. Lipid
vesicles were all monodisperse, around 150 nm in size, and stable at 4 °C
for 28 d.

The drugs’ effect alone and in combination with PPC-liposomes was
explored by ORO/DAPI-staining of cytoplasmic lipid droplets and cell
nuclei. There was little toxicity shown in a cell viability assay based on
the measurement of mitochondrial dehydrogenase activity up to con-
centrations of 75 pM.

Any beneficial effect on HSCs of drugs such as OA and Ela on HSCs
will have to be determined by screening the functional cell response and
including all the known quiescence hallmark for this cell type. However,
there is also the possibility that there is no antifibrotic effect to detect
from Ela and OA in our in vitro model. Both drugs have failed to meet
recent expectations in phase 3 clinical trials [37,38], and it is possible
that significant improvements for certain cells in the liver are countered
by a fibrogenic response from HSCs. With our analytical tools to evaluate
LX-2-EVs [54] we can now offer novel scientific evidence on the effect of
Ela and OA on HSCs and derived EVs, and propose these methods for in
vitro screening of antifibrotic drug candidates.

Indeed, we quantitatively assessed the performance of drugs and
anti-fibrotic PPCs, while also providing novel insights into the effects
they exert on HSCs, especially for S80, Ela and OA, tracking the presence
of SPARC. SPARC-positive EVs are here used to estimate the efficacy of
drugs/phospholipids on HSC transdifferentiation that correlates with
disease. The increased SPARC presence on HSC-EVs upon drug treat-
ments was substantially mitigated by co-formulation with phospho-
lipids, suggesting that their delivery in PPC-based dosage forms could
reignite or potentiate their clinical success. All these protocols and in-
sights should be further tested on primary cells, as well as on ex vivo
biological fluids from patients and healthy volunteers, possibly
extending them to include other candidate biomarkers.
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