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Abstract

Bis(monoacylglycero)phosphate (BMP), also known as lysobisphosphatidic acid (LBPA), is a
phospholipid specifically enriched in the late endosome-lysosome compartment playing a crucial role
for the fate of endocytosed components. Due to its presence in extracellular fluids during diseases
associated with endolysosomal dysfunction, it is considered as a possible biomarker of disorders such
as genetic lysosomal storage diseases and cationic amphiphilic drug-induced phospholipidosis.
However, there is no true validation of this biomarker in human studies, nor a clear identification of
the carrier of this endolysosome-specific lipid in biofluids. The present study demonstrates that in
absence of any sign of renal failure, BMP, especially all docosahexaenoyl containing species, are
significantly increased in the urine of patients treated with the antiarrhythmic drug amiodarone. Such
urinary BMP increase could reflect a generalized drug-induced perturbation of the endolysosome
compartment as observed in vitro with amiodarone-treated human macrophages. Noteworthy, BMP
was associated with extracellular vesicles (EVs) isolated from human urines and extracellular medium
of human embryonic kidney HEK293 cells and co-localizing with classical EV protein markers CD63
and ALIX. In the context of drug-induced endolysosomal dysfunction, increased BMP-rich EV release
could be useful to remove excess of undigested material. This first human pilot study not only reveals
BMP as a urinary biomarker of amiodarone-induced endolysosomal dysfunction, but also highlights
its utility to prove the endosomal origin of EVs, also named as exosomes. This peculiar lipid already
known as a canonical late endosome-lysosome marker, may be thus considered as a new lipid marker

of urinary exosomes.
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1. Introduction

Bis(monoacylglycero)phosphate (BMP) is an intriguing polyglycerophospholipid due to its
exclusive subcellular organelle localization, its unusual lipid structure and the still unresolved
enzymatic steps of its de novo biosynthesis pathway [1-7]. It is also known as lysobisphosphatidic
acid (LBPA), a misleading terminology for its structure of two monoacylglycerols linked through one
phosphate group [2, 3]. BMP is found in most mammalian cells and tissues [2]. It is specifically
enriched in the late endosome/lysosome, also referred to as endolysosome, where it participates
actively in the trafficking of lipids and proteins passing through this acidic compartment. BMP
appears progressively during the maturation of the endosome visualized by a multivesicular
appearance due to inward budding of the organelle limiting membrane towards its lumen leading to
the formation of intraluminal vesicles (ILVs). Whereas it represents only 1% of the total phospholipids
in most mammalian tissues, BMP amounts to 15% of the phospholipids of the late endosome and
constituting up to 70% of their internal membrane phospholipids, including ILVs [8]. BMP is a
structural isomer of phosphatidylglycerol (PG) and displays an unusual sn-1-glycerophospho-sn-1’-
glycerol configuration [9]. This unique stereoconfiguration renders BMP more stable in the acidic
organelle environment and resistant to phospholipase potentially explaining its extended lifetime [10].
Several studies from our laboratory and others have demonstrated the role of BMP in the dynamics of
the endolysosome membrane including its hijacking during pathogen infection, in cholesterol transport
and in sphingolipid degradation [1, 2, 4, 11-14]. Interestingly, BMP and other anionic phospholipids
are necessary for RNA virus infection and replication as well as bacterial toxin release as highlighted
by the inhibitory effect of anti-BMP antibodies or drug-induced modification of the acidic endosomal

pH [4, 15, 16].

Noteworthy, the negative charge of BMP and its unsaturated fatty acid enrichment actively
drive ILV formation in endosomes [4, 7, 17, 18]. ILVs are important for the fate of the endocytosed
proteins and lipids not only by mediating their transport to the lysosome for degradation, but also by
being released as extracellular vesicles (EVs) after fusion of the multivesicular endosomes (MVEs)
with the plasma membrane. The name EV refers to a heterogeneous group of membrane vesicles of
variable sizes either originated from the endosome compartment often referred to as “exosomes”
(about 50 to 120nm in diameter) or from shedding of the plasma membrane often referred to as
“microvesicles” (about 50nm to 1pm and even bigger in diameter) [19]. The precise role of BMP to
control exosome biogenesis and secretion is still unclear [4, 20]. In addition, contradictory results were
published about the presence of BMP in EVs with its absence [21], its low content [22] and its
enrichment in case of endolysosomal dysfunction [23]. Such discrepancy could be linked to the lack of

sensitivity of the detection method used as well as the variability of exosome secretion according to



the cell type. EVs are found in various biological fluids and involved in different pathophysiological
processes linked to the release of their protein, lipid and nucleic acid content that can be used for

intercellular communication [19, 24-26].

BMP increase in cells and tissues was reported in various disorders such as cationic
amphiphilic drugs (CAD)-induced phospholipidosis and genetic lysosomal storage diseases (LSDs)
associated with endolysosomal dysfunction characterized by accumulation of undigested material and
secondary metabolites [27-31]. The CAD toxicity, a major concern in drug development, is linked to
this build-up of drug and undigested compounds inside the acidic endolysosomal compartment
visualized by the formation of vacuoles and concentric multi-lamellar inclusions [32, 33]. BMP and
particularly the docosahexaenoic acid (C22:6n-3) containing species such as diC22:6-BMP, was
detected also in extracellular fluids (plasma, urines..) during these disorders and thus, considered as a
possible biomarker to follow disease progression [34, 35]. However, most of these studies were
performed with animal models [36, 37] and are still requiring validation in humans as well as
identification of the BMP carrier in extracellular fluids. We hypothesized that BMP in biological
fluids could be associated with EVs and a valuable biomarker of CAD-induced endolysosomal
dysfunction in humans. With this aim, we performed a first pilot human study with urines of patients
treated with amiodarone (Cordarone®), the most frequently used antiarrhythmic drug and a reference
compound among the CADs. Amiodarone has a long elimination half-life, highly variable among
patients (35 to 110 days). It may require months to reach steady state blood levels (about 0.7 to 3.7
MUM). However, plasma levels do not correlate well with efficacity or adverse effects. The onset of
action occurs within several hours after intravenous administration (primarily given for emergency
treatment of serious arrhythmias) and requires 2 to 3 days after oral administration to outpatients.
Because it is a lipophilic drug, it accumulates extensively in the liver, lung, fat, skin and other tissues
(thyroid) [38-40]. Significant side effects due to tissue accumulation are observed even with low doses
of amiodarone (200 to 300 mg/day) during long-term oral therapy and are not seen with short-term
intravenous therapy (800 to 1600 mg/day). It was estimated that the prevalence of side effects can be
as high as 15% in the first year and as high as 50% with long-term therapy that can go up to several
years. Appropriate follow-up for liver injury or dysthyroidism (usually every 6 months) is essential
during long-term treatment to evaluate the risk-benefit ratio. Fortunately, most of amiodarone’s side
effects are reversible with dose reduction or discontinuation of therapy. Thus, the build-up of
phospholipidosis seems a gradual event and the extent and time course of drug trapping inside the late

endosome/lysosome compartment appears to vary among patients.

2. Materials and Methods



2.1. Materials
Unless otherwise indicated, most reagents are from VWR Chemicals. Solvents used for lipid analysis
are HPLC grade or RPE. Ammonium formate, amiodarone hydrochloride (A842) are from Sigma
Aldrich (Saint-Quentin Fallavier, France). Lipid standards are from Avanti Polar Lipids (Alabaster,
Alabama, USA). The mouse monoclonal antibodies, anti-CD63 (Cluster of Differentiation CD63 or
lamp3; sc-5275), anti-CD81 (CD81 or TAPA-1; sc-166028), anti-ALIX (apoptosis linked gene 2
ALG2-interacting protein X; sc-53540), anti-TSG101 (tumor susceptibility gene 101; sc-7964) are
from Santa Cruz Biotechnology (Heidelgerg, Germany). Mouse monoclonal antibody anti-BMP (clone
6C4) is a gift from Dr T. Kobayashi (Univ Strasbourg, France and RIKEN, Japan). Cell culture
reagents are from Gibco (ThermoFisher Scientific, Illkirch, France). Macrophage colony-stimulating

factor (M-CSF) was purchased from BioLegend (London, UK) and phorbol ester PMA from Sigma.

2.2. Human subject study

Twenty-four ambulatory outpatients receiving oral treatment of amiodarone (=amiodarone group;
average oral dose: 200mg/day) were recruited from the outpatient clinic of Endocrinology and
Cardiology of “Hospices Civils de Lyon” (HCL). Among them, six amiodarone-treated patients
displayed amiodarone-induced dysthyroidism. As it is known that amiodarone can induce liver
steatosis [41], we recruited six outpatients from Endocrinology not treated with amiodarone but
suffering from nonalcoholic steatohepatitis (=NASH group) to evaluate the specific effect of hepatic
dysfunction on urinary BMP concentration for comparison. Twelve healthy volunteers (=Control
group) were recruited that matched in age with amiodarone and NASH patients (see Table 1 for
detailed characteristics of subjects). The study was conducted in agreement with the bioethics law
Jarde based on the Biobank INSERM UMR 1060 CARMEN_ministerial agreement N°DC-2010-117
and in accordance to the declaration of Helsinki principles. Written informed consent was obtained
from all control subjects and patients.

Second morning urines were collected and frozen immediately at -80°C until analysis. The total urine
volume was measured and then, an aliquot was centrifuged 10 min at room temperature (800 x g,
Jouan Centrifuge CR 4-12, swinging rotor 11175338). The supernatant devoid of cells and mineral
sediments was processed for lipid extraction. In preliminary experiments, we showed that there was no
significant difference in the BMP content from whole urines and urine supernatants, indicating that

most of urinary BMP is recovered in the soluble and not cellular fraction.

2.3. Animal study
Three month-old male Wistar rats were purchased from Janvier SA (Le Genest- Saint-Isle, France) and
housed in an air-conditioned room with a controlled environment of 21 + 0.5°C and 60-70 %
humidity, under a 12h light/dark cycle with free access to food and water. All experimental procedures

were performed in accordance with the guidelines laid down by the French Ministry of Agriculture
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(n°2013-118) and the European Union Council Directive for the protection of animals used for
scientific purposes of September 22nd, 2010 (2010/63UE). All animal experiments were performed
under the authorization DDPP-DSV n°69-266-0501 (INSA-Lyon, November 2017). They were
divided into 3 groups of 3 rats each. Amiodarone (supplemental Figure S1A) was suspended in an
aqueous solution of 5% (w/v) glucose, 0.1% (v/v) Tween 80 and administered daily for 8 days by oral
gavage of a single dose of 50 mg/kg/day (A50 group, n=3) and 150 mg/kg/day (A150 group, n=3) as
previously used [27, 42]. The control group (n=3) only received the aqueous solution of 5% (w/v)
glucose solution with 0.1% (v/v) Tween 80. After the last gavage, rats were kept for 24h in metabolic
cages (Charles River, L’ Abresle, France) with no food but free access to water. The 24h-urines were
collected in sodium azide-containing vials and the total volume recorded. At the end of the study, rats
were deeply anesthetized with sodium pentobarbital (180mg/kg ip), blood was drawn by direct
intracardiac puncture and collected on ethylenediamine tetraacetic acid (EDTA) tubes. Plasma was
collected after centrifugation at room temperature (1600 x g, 10 min), aliquoted and stored at -80°C
until analysis. Aliquots of the 24h-urines were centrifuged 10 min at room temperature (800 x g, Jouan
Centrifuge CR 4-12, swinging rotor 11175338) then urine supernatants were stored at -80°C until
analysis. Livers were weighted, washed in ice-cold phosphate buffered saline (PBS) and cut in small
pieces. Liver pieces were snap frozen in liquid nitrogen, then crushed and stored at -80° C until
analysis. The clearance of creatinine and BMP expressed in ml/min was calculated according to the
formula: ([Urine concentration pimol/ml or pmol/ml] x Urine flow) / [Plasma concentration pimol/ml

or pmol/ml] with urine flow (ml/min) evaluated after collection of the 24h-urines.

2.4. Cell culture

HEK?293 human embryonic kidney cells (ATCC CRL-1573) were grown in Dulbecco's modified
Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 100U/ml penicillin and
100pg/ml streptomycin in a 5% CO»,-humidified incubator at 37°C. THP-1 human monocytic cells
(ATCC TIB-202) were cultured in RPMI 1640 supplemented with 10% FBS, 100U/ml penicillin and
100pg/ml streptomycin in a 5% COz-humidified incubator at 37°C. They were differentiated into
macrophages by exposure to 50ng/ml phorbol 12-myristate 13-acetate (PMA) for 72h [43, 44].

Human buffy coats from healthy volunteers were purchased with the ethics committee approval of the
Red Cross Switzerland (project P_103 to René Koffel). Primary human monocytes from buffy coats
were isolated as previously described [45] and differentiated to macrophages in RPMI supplemented

with 10% FBS and 1% penicillin—streptomycin with M-CSF (75 ng/ml) for 7 days.

2.5. Lipid extraction and mass spectrometry analysis
Lipid extraction was performed according to the Bligh and Dyer method [46] in acidic conditions as
previously described [6, 8]. Briefly samples (urines 1.6ml; urinary EVs 10ul; plasma 1ml; liver
powder 500mg) containing 2mM EDTA were extracted by a mixture of chloroform/methanol (1:2 v:v)
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containing butylated hydroxytoluene (BHT, 25uM final) and internal standard diC14:0-BMP (urines,
120pmol; plasma, 240 pmol; liver, 600pmol; EVs, 30pmol). The samples were partitioned by addition
of chloroform and a solution of 25mM HCI, 154mM NaCl. The lower chloroformic phase was
collected, then dried under nitrogen flux. This phospholipid extract was reconstituted by methanol for
analysis.

The identification of the molecular species of BMP such as the diC22:6-BMP (supplemental Figure
S1B) by mass spectrometry was done according to references [9] and [28] with modifications. The
analysis was performed by reverse-phase liquid chromatography-tandem mass spectrometry
(RPHPLC-MS/MS) using hybrid triple quadrupole linear ion trap mass spectrometer SCiex 4500
QTRAP LC MS/MS equipped with an HPLC system Shimadzu LC-30AD Nexera and a SIL-30AC.
Samples (10ul) were injected on an Acquity UPLCR BEH C18 column (Waters) equipped with a

d™ precolumn Acquity UPLCR BEH C18. The temperature of the column was maintained at

Vanguar
60°C. Gradient chromatography to separate BMP from PG was performed with a mixture of solvent B
(methanol:acetonitrile: formic acid 70:30:0.1, v/v/v, containing 5 mM ammonium formate) and
aqueous solvent A (water: formic acid 100:0.1, v/v , containing 5 mM ammonium formate) at a flow
rate of 500 pl/min with acquisition during 45 min. Data were acquired in multiple reaction monitoring
(MRM) with positive mode electrospray ionization (ESI). The parameters used for mass spectrometry
of BMP are: DP depolarization potential: 101V; CE collision energy: 41 V; Output potential of the
CXP collision cell: 10 V; Source temperature: 350 © C. Ammonium adducts of di C14:0-BMP and di
C14:0-PG have similar precursor ion [M+NH4]" at mass to charge ratio m/z 684.3 and produced
respectively, a monoacylglycerol MAG fragment (m/z 285.3) and a diacylglycerol DAG fragment
(m/z 495.6) (Supplemental Figure S1C). In the extracted ion LC chromatograms, the triple peaks
observed for BMP are regioisomers with different acylation positions on the glycerol moieties
(successively: sn-2,2°; sn-2,3 or sn-3,2’; sn-3,3’) whereas PG shows a single peak that exhibits a
longer retention time than BMP [9, 28]. Integration of ion peak area was carried out by Analyst 1.6
software. Lipid concentration was calculated by relating the peak area of each species to the area of
the internal standard. Our HPLC-MS/MS analysis allowed us to identify and quantify 20 different
molecular species of BMP. The limit of detection per molecular species was about 0.3 or 1.0 pmol/ml
for urines and plasma, respectively. BMP content in urines was adjusted to creatinine concentration for
sample comparison. Furthermore, the absence of gender difference for urinary BMP secretion allowed
us to pool the data from men and women inside each group. Absence of gender-specificity of diC22:6-

BMP levels in plasma and urine of healthy subjects has already been reported [37].

2.6. Isolation of extracellular vesicles
Isolation of EVs from urines was done as described by Gheinani et al. [47]. Urine was processed by
successive centrifugations as detailed in the summary chart (Supplemental Figure S2A, plain lines).

The final EV pellet (P5) was recovered in PBS and stored at -80°C until Western blot, lipid analysis
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and transmission electron microscopy analysis. In a second set of experiments (Supplemental Figure
S2A, dotted lines), the 10 000 x g-pellet (P3) was resuspended in 200 mg/ml dithiothreitol (DTT) 10
min at 37°C to denature the urinary uromodulin or Tamm-Horsfall protein that can lower the final EV
yield [48]. The resuspended pellet was processed by successive centrifugations as described
(Supplemental Figure S2A, dotted lines). The final EV pellet (P5_DTT) was stored at -80°C until
Western blot and lipid analysis.

Isolation of EVs from conditioned medium of human HEK?293 cells was performed as described in
Forterre et al. [49]. HEK293 cells were plated in 150 cm? flask (10° cells), grown to about 70%
confluence in complete medium (DMEM + 10% FBS). Then, cells were incubated for 48h in DMEM
+ 10% EV-depleted FBS. EV-depleted medium was prepared by ultracentrifugation of DMEM + 20%
FBS at 100,000 x g for 18 h at 4°C. The resulting EV-depleted supernatant was filtered at 0.2 um and
diluted to 10% with sterile DMEM. HEK293-conditioned medium was centrifuged for EV isolation at
4°C as described above for urinary EV isolation (Supplemental Figure S2A, plain lines). The EV

pellet recovered in PBS was stored at -80°C until analysis.

2.7. Immunofluorescence

Primary human monocytes or human THP-1 cells were plated on glass coverslips in RPMI 1640
supplemented with 10% FBS and differentiated into macrophages as indicated above. They were not
treated (=control cells) or treated with 10 uM amiodarone for 24h. At the end of the treatment, Lyso
Tracker DND99 Red (Invitrogen Molecular Probes, ThermoFisher Scientific, Illkirch, France) (67nM)
was added in the medium for 30 min to label the acidic organelles. Then, cells were fixed with 4%
(w/v) paraformaldehyde for 15 min at room temperature and blocked in 1% (w/v) bovine serum
albumin BSA-PBS for 30 min. They were incubated with primary antibody: anti-BMP (6C4) 1/10 in
0.1% (w/v) saponin, 1% (w/v) BSA-PBS for 2h, then with secondary antibody labeled with Alexa488
(Jackson ImmunoResearch Labs, ThermoFisher Scientific, Illkirch, France) in 1% (w/v) BSA-PBS for
1h at room temperature. They were mounted in Prolong Gold antifade medium (Invitrogen Molecular
Probes P36935) and analyzed with a Zeiss LSM 880 confocal scanning microscope (objective Plan-
Apochromat 63x/1.4 oil DICM27).

2.8. Transmission electron microscopy (TEM)
Purified EVs from human urines or from conditioned medium of human HEK293 cells were imaged
by TEM after immunogold staining as previously described [49, 50]. Briefly, purified EVs (5ul) were
absorbed on 200 mesh nickel grids coated with formvar-C for 2 min at RT. Immunogold labeling
performed by flotation of grids on drops of reaction media. Non-specific labeling was blocked with
1% (w/v) BSA and 1% (v/v) normal goat serum in 50mM Tris-HCI, pH 7.4 for 10min at RT. Primary
antibody incubation was performed for 1h at RT in a wet chamber with mouse monoclonal antibodies

against BMP or CD63 diluted 1/10 or 1/50, respectively in 1% BSA, 50mM Tris-HCI, pH 7.4. Grids
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were successively washed at RT with 50mM Tris-HCI, pH 7.4, and then pH 8.2. Then, they were
incubated in a wet chamber in 1% BSA, 50 mM Tris-HCI, pH 8.2 for 10 min at RT and labeled for
45min in a wet chamber with goat anti-mouse 1gG gold-conjugated (10 nm) (Tebu-Bio, Le Perray-en-
Yvelines, France) diluted 1/50 in 1% (w/v) BSA, 50mM Tris-HCI, pH 8.2. Grids were successively
washed at RT with 50mM Tris-HCI pH 8.2, and pH 7.4.

For immune-double labeling after blocking nonspecific labeling as above, grids with EV suspensions
were first incubated with primary antibody against EV protein marker CD63 (diluted 1/50), then with
secondary goat anti-mouse IgG antibody labeled with 5Snm gold particles (1/50) as described above.
After blocking nonspecific labeling as above, grids were incubated with mouse primary antibody
against BMP (diluted 1/10), then with 15 nm gold-conjugated goat anti-mouse IgG antibody (1/50).
The immunocomplex was fixed with 2% (w/v) glutaraldehyde for 2min. Then grids with EV
suspensions were colored with 2% (w/v) phosphotungstic acid for 2 min and observed with TEM (Jeol
1400 JEM, Tokyo, Japan) equipped with a Gatan camera (Orius 600) and Digital Micrograph
Software. Gold particle was assigned to a vesicle when lying within a distance of 20 to 40 nm from its

limiting membrane.

2.9. Western Blot analysis
Western Blot analysis was performed as previously described [14, 49]. Proteins were electrophoresed
on 11% SDS-PAGE gels and transferred on PVDF membranes. Unspecific binding was blocked with
5% (w/v) fat-free powdered milk in Tris-buffered saline containing 0.03% (v/v) Tween 20 (TBST).
Then, primary antibody was incubated overnight at 4°C in blocking buffer (4% (w/v) BSA in TBST).
Mouse monoclonal antibodies against ALIX, CD81, CD63 and TSG101 were used at 1:5000, 1:2000,
1:500 and 1:2000 dilution, respectively. They were detected with peroxidase-conjugated anti-mouse
IgG (Jackson ImmunoResearch Labs), revealed with ECL system (Immobilon Forte, MerckMillipore,
Molsheim, France) and observed with an Image Master VDS-CL bio-imaging system (GE Healthcare

Life Sciences_Amersham Biosciences, Little Chalfont, England).

2.10. Biological and biochemical analyses

Creatinine was quantified in urine supernatants and plasma using the Multigent Creatinine kit
(Enzymatic_ B8L242, Abbott) on Architect® Analyzer (Abbott, Wiesbaden, Germany). Plasma
alanine aminotransferase (ALT) and aspartate aminotransferase (AST) were analyzed by routine
methods on Architect® Analyzer (Wiesbaden, Germany). Two different assays were used for protein
quantification with bovine serum albumin as standard: Bradford Reagent (ref B6916) from Sigma-
Aldrich (MERCK/Germany) for urine samples and urinary EVs; and Pierce™ BCA Protein assay kit
(ref 23225) from Thermo Fisher Scientific (Massachusetts, USA) for cell samples.

2.11. Statistical analysis
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Unpaired two-tailed Student’s ¢ test was used to determine significant differences between patients

versus controls. Significant change was set at p <0.05.

3. Results

3.1 Increase of diC22:6-BMP in the urine of amiodarone-treated rats without any change in renal
function

We first explored the link between urinary BMP and the renal function using rats treated with
amiodarone as previously reported [51] and quantified selectively the diC22:6-BMP species in liver,
urine and plasma. After 8 day-treatment with amiodarone, diC22:6-BMP a major BMP molecular
species of rat liver [52] was barely increased in the liver of both amiodarone-treated groups compared
to the control group (Figure 1A). However, amiodarone treatment induced a dose-dependent increase
of the hepatic transaminases AST and ALT in the plasma as well as of the liver weight compared to
the control group (Figure 1A) suggesting that oral administration of amiodarone induced a toxic dose-
dependent hepatitis. DiC22:6-BMP content displayed a two-fold and seventeen-fold increase,
respectively in the urine of rats treated with 50 and 150 mg/kg of amiodarone compared to the control
group (Figure 1B). In addition, plasma diC22:6-BMP levels showed a two to three-fold increase in
both amiodarone-treated groups compared to the control group (Figure 1C) suggesting a systemic
effect of amiodarone associated with phospholipidosis as previously reported [51].

We then evaluated the renal function after amiodarone treatment. The urinary creatinine concentration
as well as the proteinuria were not significantly changed in both amiodarone-treated groups compared
to the control group (Figure 1C). In addition, the creatinine clearance was not modified by
amiodarone treatment (Figure 1C), indicating that the renal function was maintained. Interestingly
whereas the diC22:6-BMP clearance was barely detectable in the control group and the lower dose of
amiodarone group, its clearance increased in the higher dose of amiodarone group reaching levels
close to the creatinine clearance (Figure 1C). These results suggest that high dose or accumulation of
amiodarone is favoring the secretion of diC22:6-BMP into urine without apparent modification of the

renal function.

3.2 Specific increase of all the docosahexaenoyl BMP species in the urine of amiodarone-treated
patients

We then analyzed the BMP molecular species variations in urine of human patients treated with

amiodarone. All the selected subjects had urinary creatinine concentrations in the normal range

without statistically significant difference to the control subjects (Table 1, Supplemental Figure

S3A) indicating a normal renal function. A significant four fold-increase of the diC22:6-BMP species

as well as the total BMP content was found in urine of amiodarone-treated patients compared to the

control subjects (Figure 2A). Interestingly, detailed analysis of the BMP molecular species showed
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that all the docosahexaenoyl species of BMP increased significantly in the urine of amiodarone-treated
patients compared to the controls (Table 2). The docosahexaenoyl species represented about 33% of
the BMP molecular species of the controls and increased to 42% in the amiodarone-treated patients.
Besides this enrichment in unsaturated species, diC16:0-BMP species was also present. Significant
amounts of diC16:0-BMP were previously reported in human plasma [28]. Interestingly, diC16:0-
BMP species represented approximately 41% of the BMP molecular species of the control subjects
and decreased to 22% in the amiodarone-treated patients. The schematic representation of the overall
amiodarone-induced increase of BMP polyunsaturation is displayed in the Figure 2B.

This observation led us to seek for a possible link with a tissue origin of the amiodarone-induced
dysfunction focusing on the well-reported side effects of the drug on thyroid [40] as well as on liver
[41]. We first compared the urinary BMP content of patients displaying or not an amiodarone-induced
dysthyroidism (see Table 1, n=6 and n=18, respectively). DiC22:6-BMP species as well as total BMP
content were significantly increased in amiodarone-treated patients regardless of their dysthyroidism
compared to control subjects (Supplemental Figure S3B). These results suggest that the urinary
increase of BMP was not selective for the amiodarone-induced thyroid dysfunction. To evaluate the
role of hepatic dysfunction, we quantified BMP content in urine of NASH patients not treated with
amiodarone (see Table 1, n=6). Both diC22:6-BMP and the total BMP amounts displayed only a mild
insignificant increase in urine of NASH patients compared to control subjects whereas they were
significantly different between amiodarone-treated patients and NASH patients (Figure 2A).
Furthermore, detailed analysis of the BMP molecular species showed a significant increase of BMP
monounsaturated species in NASH patients compared to control subjects whereas change in the BMP
docosahexaenoyl species was insignificant (Table 2 and Figure 2A). These results indicate that
modification of hepatic function linked to a liver metabolic disorder does not significantly increase
diC22:6-BMP as well as total BMP content in the urine. All these results suggest that amiodarone
treatment specifically increases diC22:6-BMP as well as all the docosahexaenoyl species of BMP in
human urine, results in good agreement with previously reported results in rat including those from

our present rat study (Figure 1).

3.3 Urinary extracellular vesicles contained the late endosome lipid marker BMP

In order to characterize the carrier of BMP in urine, we purified urinary EVs and analyzed their BMP
content. In preliminary experiments, we successfully isolated EVs from urine after successive
centrifugations coupled with 0.2um filtration and use of the reducing agent DTT (see Supplemental
Figure S2A for purification procedure). The last ultracentrifugation pellet (P5) contains vesicles
characterized by Western blot analysis with antibodies against classical EV protein markers CD63,
CD81 and ALIX (Supplemental Figure S2B) and by Zetasizer Nano analysis displaying an expected
size around 77 nm (data not shown). We also confirmed that DTT treatment used to increase the EV

yield did not modify BMP detection by LC-MS/MS analysis (data not shown).
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We then purified EVs from the urine (50 ml) of 3 control subjects and 3 amiodarone-treated patients
previously analyzed for their BMP content (Figure 2 and Table 2). Interestingly, amiodarone
treatment induced a significant 2-fold increase of total EV proteins released into the urine compared to
control subjects (Figure 3A). Western blot analysis using antibodies against CD63, ALIX and
TSGI101 detected these classical EV markers in the urinary EVs in both types of samples and
confirmed the increased release of EVs after amiodarone treatment (Figure 3B). Noteworthy, LC-
MS/MS analysis of the EV lipid extracts showed that diC22:6-BMP was present in EVs with a 6-fold
increase in amiodarone-treated patients compared to control subjects. Similar fold increase of diC22:6-
BMP was observed in the 200 x g-urine supernatants (Figure 3A). Despite the small number of
samples and the quite large variations between them for statistically significant difference, we
observed a diDHA-BMP enrichment of EVs in amiodarone-treated patients that displays an average of
2.7 pmol/pg proteins compared to 0.35 pmol/pg proteins in EVs of control subjects.

To confirm the presence of BMP in urinary EVs, we performed immuno-electron microscopy analysis.
Figure 4 shows that urinary EVs were nanovesicles at the expected size between 50 to 120 nm and
contained the EV protein marker CD63 (Fig 4A) as well as the late endosome lipid marker BMP (Fig
4B). Furthermore, these vesicles were co-labeled by BMP and CD63 (Fig 4C). Then, we used human
embryonic kidney 293 cells (HEK293) known to release EVs in cultured medium as a model of renal
cells [24, 53]. Interestingly, immuno-electron microscopy analysis performed on vesicles purified
from the conditioned medium of HEK293 cells showed nanovesicles at the expected size for EVs and
labeled with the EV protein marker CD63 and BMP (Figure 5). Furthermore, co-labeling for BMP
and CD63 was seen in the same vesicles as observed previously with EVs from human urine. Similar
results were observed with EVs isolated from the conditioned medium of HEK293 treated for 24hr
with 10uM Amiodarone (data not shown). Therefore, our results confirm that a substantial amount of
BMP is associated with EVs isolated from human urine as well as culture medium of human
embryonic kidney cells. Our co-labelling results as well as the concomitant increase of Alix and CD63

with BMP suggest an endosomal origin of these EVs.

3.4 Amiodarone modifies the endolysosomal compartment of human macrophages

To investigate a possible link between the amiodarone effect on EV secretion and the endosomal
compartment, we studied the drug effect in human macrophages. This type of cells are known to be
enriched in BMP [7], to secrete EVs [54] and to be sensitive to cationic drugs such as amiodarone [15,
36]. Primary human monocytes and cultured human monocytic THP-1 cells were differentiated into
macrophages and treated with 10 UM amiodarone for 24h. In Figure 6A, fluorescent confocal
microscopy analysis showed that primary human macrophages treated with amiodarone (lower panels)
displayed an enlargement of BMP-positive and LysoTracker-positive structures, as compared to

control cells (upper panels). A similar size increase of BMP-positive and LysoTracker-positive
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organelles was observed after incubation of human THP-1 macrophages with amiodarone (Figure 6B,
lower panels). Interestingly, amiodarone induced not only the enlargement of the acidic organelles but
also a change in their intracellular distribution from a more juxtanuclear to a peripheral distribution.
These results suggest that amiodarone interferes with the acidic endosomal compartment and might

thus impact EV formation.

4. Discussion

Here we demonstrated that the endolysosomal phospholipid BMP is increased in the urine of
amiodarone-treated patients and is associated with endosome-derived EVs characterized as exosomes.
To our knowledge, this is the first human study that evaluated the occurence of BMP in the urine of
amiodarone-treated patients and analyzed its different molecular species. Our LC-MS/MS method
allowed us to identify 20 different molecular species of BMP. Interestingly, all the docosahexaenoyl-
containing species and particularly the diC22:6-BMP were increased in the urine of amiodarone-
treated patients as observed also in urine and plasma of amiodarone-treated rats. This di-
polyunsaturated species exhibits two advantages for quick and reliable detection, due to its early
elution time on C18 column before the bulk of the other lipid species and its specific MAG fragment
species. This is an important criterion for considering diC22:6-BMP as a convenient biomarker of

drug-induced endolysosomal storage disorder.

4.1 BMP, an urinary biomarker of amiodarone-induced endolysosomal dysfunction in humans without
renal dysfunction

Amiodarone is one of the reference compound among the CADs inducing phospholipidosis
characterized by drug and lipid accumulation in the endolysosome leading progressively to liver,
kidney or lung failure [41, 51, 55]. Previous studies in rodents identified BMP and especially the
diC22:6 BMP species as a potential biomarker of phospholipidosis induced by various CADs such as
amiodarone, chloroquine or azithromycin [27, 36, 37, 51]. In rat, urinary diC22:6-BMP was
considered as a better predictor of CAD-induced phospholipidosis compared to other phospholipid
species that are increased in urine in case of nephrotoxicity [33]. On the other side, serum levels of
diC22:6-BMP in rats displayed a higher correlation with a generalized phospholipidosis, especially in
case of amiodarone-induced liver necrosis [27]. In mice, amiodarone treatment increased the total
BMP content in liver without significant change of diC22:6-BMP, whereas this species as well as total
BMP were increased in plasma [56]. In agreement with those studies, we also found that diC22:6-
BMP increased in both plasma and urine, but not in liver of amiodarone-treated rats. Nonalcoholic
fatty liver is considered as a risk factor for drug-induced hepatotoxicity [57]. However, our results
with NASH patients suggest that modification of hepatic function linked to metabolic syndrome did
not significantly increase diC22:6-BMP nor total BMP content in the human urine. This is consistent

with recent results reporting unchanged BMP concentration in the serum of NASH patients [56].
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Overall, urinary diC22:6-BMP appears useful to monitor the onset and the progression of amiodarone-
induced phospholipidosis in rats before any nephrotoxicity or liver necrosis. From our present human
pilot study, this may be extrapolated to humans as the increase of diC22:6-BMP in the urine of
amiodarone-treated patients was observed in absence of renal dysfunction while this increase was not
detected in the urine of NASH patients with hepatic dysfunction and without amiodarone treatment.

Since we did not have access to the blood of the amiodarone-treated patients, we can only speculate on
the possible link between the amiodarone-induced increase of BMP in the circulation and in the urine.
Presence of BMP in high density lipoproteins (HDLs) was recently demonstrated in mice plasma [56].
In human plasma, BMP was detected partly (40% of plasma BMP in control subjects) or primarily
(80% in certain LSDs such as Gaucher disease) associated with lipoproteins (HDLs and very low
density lipoproteins VLDLs) [28]. This suggests that BMP found in the circulation may be released by
macrophages and liver cells. As a lipophilic cationic drug, amiodarone is sequestered after multiple
cycles of macroautophagy in the acidic organelles, especially in macrophages possessing numerous
endolysosomes [32, 58, 59]. Our in vitro observations that amiodarone modifies the endolysosomal
compartment of human primary macrophages suggest that the BMP increase in urine of amiodarone-
treated patients could reflect the drug-induced perturbation of this compartment involved in EV
biogenesis. Whatever the BMP carrier in the blood (lipoproteins, albumin or perhaps EVs), we know
that filterability of molecules through the glomerular capillary wall is mainly based on their size and
their electrical charges [60]. We can thus assume that in basal conditions, circulating BMP should not
be filtered through the glomerular filtration barrier thus explaining the lower BMP renal clearance
compared to that of creatinine, observed in our control rats. After amiodarone treatment and before
any kidney damage, BMP increase in the circulation would favor its renal secretion explaining the

increased BMP renal clearance noticed in our rat study.

4.2 Amiodarone-induced increase of BMP-containing EVs in human urine

Our human study shows for the first time that amiodarone treatment increased the urinary release of
EVs identified by the canonical EV protein markers CD63, ALIX and TSG101 [61, 62]. Noteworthy,
part of BMP was associated with EVs in the urine. Urinary EVs have recently gained increasing
interest using them as disease biomarkers, mainly in the context of kidney diseases [47, 63-66]. They
seemed released by all the epithelial cells lining the urinary tract [64, 67]. Although presence of
diC22:6-BMP in urines was already reported in rodents [27, 36, 37, 51], the carrier of BMP has never
been identified. EVs are reported in various biological fluids but they represent a heterogeneous group
of membrane vesicles of variable sizes (nano to micrometer of diameter) and origins (from endosome
or plasma membrane origin) [19]. However, this nomenclature was recently questioned since their
biogenesis may differ according to cell type and common intracellular mechanisms and sorting
machineries are shared for the formation of the different EV subpopulations [68]. Classically, the term

“exosomes” refers to extracellular ILVs released after MVE fusion with the plasma membrane.
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Whereas intensive research was performed to identify the various EV protein markers, less work was
done on their specific lipid analysis [69, 70]. Based on the specific endolysosomal localization of
BMP and its absence in plasma membrane, we can speculate that BMP could be used as a new
exosome lipid marker discriminating their endosomal origin. This will require further analysis in EVs
isolated from various extracellular biofluids. The role of BMP in EV biogenesis and secretion was
already suggested mainly due to its interaction with the endosomal sorting complexes required for
transport (ESCRT)-associated protein ALIX [4, 71] and its specific localization in ILVs [8, 72].
Furthermore, the amiodarone-induced enrichment of urinary BMP with docosahexaenoyl species
suggests that such polyunsaturation could participate in the BMP secretion. Phospholipids with C22:6
render membrane more flexible and facilitate membrane fission participating in the formation of
vesicles [73, 74]. The BMP polyunsaturation coupled to its cone-shape structure is considered to be
crucial for the dynamic of endolysosomal membranes and the formation of ILVs [18]. All these
elements could explain the increase of BMP docosahexaenoyl species in urinary endosome-derived

EVs of our study.

5. Conclusions

In summary, current knowledge on the unconventional lipid BMP outlines its crucial
intracellular role to control the trafficking and degradation of proteins and lipids through the acidic
endolysosomal compartment. Its accumulation in cells and tissues appeared as a cellular adaptation of
the endosomal system to compensate for the increase of undigested material during various drug-
induced and genetic LSDs such as Niemann Pick diseases, neuronal ceroid lipofuscinoses,
mucopolysaccharidoses as well as recently with atherogenic-inducing diet [56, 75-78]. In addition,
BMP release in biological fluids suggested its importance as a diagnostic biomarker of endolysosomal
dysfunction during these diseases [28, 37, 56, 79]. Our present work confirmed this role for the first
time in amiodarone-treated patient urines. Furthermore, the increased release of BMP-containing
exosomes in urines could appear as an alternative to remove quickly excess of undigested material
before irreversible toxicity as it was recently suggested for the clearance of toxic aggregates in
neurodegenerative diseases [23]. Finally due to its ubiquitous distribution in most mammalian cells
and its selective subcellular localization in the endolysosome, it can be speculated that BMP could be
a specific lipid marker of endosome-derived EVs. However, this will require further analysis in EVs
isolated from various extracellular biofluids. Thus, our present data could have implications not only
in the field of all the disorders associated with endolysosomal dysfunction, but also in the growing

field of EV research.
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Figure legends

Figure 1: Amiodarone increases diC22:6-BMP in rat urine and modifies its renal clearance. Male
Wistar rats were treated or not with amiodarone (A50 and A150, 50 and 150 mg/kg/day, respectively)
and lipid extracts of liver, urine and plasma were analyzed by LC-MS/MS. A) the effect of
amiodarone on liver was evaluated by diC22:6-BMP liver content (expressed in pmol/mg proteins);
levels of hepatic transaminases AST, ALT in plasma (expressed in UI/L) and liver weight (expressed
in percentage of body weight); B) diC22:6-BMP content was analyzed in urine and plasma and is
expressed in pmol corrected to pmol of creatinine for urine and in pmol/ ml of plasma; C) the effect
of amiodarone on kidney was evaluated by the content of creatinine and proteins in the 24hr-urine.
The renal clearance of creatinine and diC22:6-BMP was calculated as described in Material and
Methods and is expressed in ml/min. All values are mean + sem of n=3 for control (white bars) and
amiodarone-treated (A50, grey bars; A150, black bars) rats. * p<0.05 of unpaired Student’s t test

compared to control.

Figure 2: Amiodarone increases BMP content in human urine. Lipid extracts of urine from control
subjects, amiodarone-treated patients and NASH patients were analyzed by LC-MS/MS. diC22:6-
BMP species (A) and total BMP (B) content is expressed in pmol corrected to pmol of creatinine and
is mean + sem of n=12, control subjects (white bars); n=24, amiodarone-treated patients (black bars)
and n=6, NASH patients (without amiodarone treatment; grey bars). * p<0.05 of unpaired Student’s t
test compared to control subjects and to NASH patients. C) Schematic representation of unsaturation
degree of BMP molecular species with significant increase of polyunsaturated species after
amiodarone treatment content. Saturated species correspond to species with fatty acid without double
bond, monounsaturated species to species with fatty acid containing one double bond and
polyunsaturated to species with fatty acid containing 2 or more double bonds. Values are expressed as
mole% and are mean of the data presented in Table 2. * p<0.05 of unpaired Student’s t test compared

to control subjects.

Figure 3: Amiodarone increases the secretion of BMP-containing extracellular vesicles into
human urine. Extracellular vesicles (EVs) were purified from 50ml urines of control subjects (n=3)
and amiodarone-treated patients (n=3) as described in Material and Methods and recovered by 100 ul
PBS. A) The total protein content (quantified by Bradford assay) of EVs and diC22:6-BMP content
(analyzed by LC-MS/MS) in the 200 x g-urine supernatant and urinary EVs from amiodarone-treated
patients (black bars) are expressed in fold increase of the control subjects (white bars) (mean + sem,
n=3). * p<0.05 of unpaired Student’s t test compared to control subjects. B) Equal volume of each
purified EV corresponding to 2 to 5 ug of EV proteins was analyzed by Western blot with antibodies
against classical EV protein markers ALIX, CD63 and TSG101: EVs from three control subjects (lane
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2 to 4) and three amiodarone-treated patients (lane 5 to 7). Human embryonic kidney HEK293 cell

extract (lane 1) corresponding to 24 png proteins was used as positive standard.

Figure 4. BMP co-localizes with exosome protein marker CD63 in EVs isolated from human
urine: EVs purified from urine of control subject were analyzed by immunogold electron microscopy
with primary antibodies against the exosome protein marker CD63 (A, both panels) or the
endolysosomal lipid BMP (B, both panels), then with 10nm gold-conjugated secondary antibodies.
Immuno-double labeling (C, both panels) was performed with CD63 (5nm-conjugated secondary
antibody) and BMP (15nm gold-conjugated secondary antibody). Scale bar, 100 nm (red values

indicate the vesicle diameter in nm).

Figure 5: BMP co-localizes with exosome protein marker CD63 in EVs isolated from conditioned
medium of HEK293 cells: EVs purified from the conditioned medium of human embryonic kidney
HEK?293 cells were labeled with primary antibodies against the exosome protein marker CD63 (upper
panel) or with BMP (middle panel), then with 10nm gold-conjugated secondary antibodies. Co-
labeling (lower panel) was performed with CD63 (Snm-conjugated secondary antibody) and BMP
(15nm gold-conjugated secondary antibody). Scale bar, 100 nm (red values indicate the vesicle

diameter in nm).

Figure 6: Amiodarone modifies the acidic endolysosomal compartment of human macrophages.
Primary human monocytes (A) and human THP-1 cells (B) differentiated into macrophages were non-
treated (=control) or treated with 10uM of amiodarone (=Amio) for 24hr. At the end of the treatment,
they were incubated with LysoTracker DND99 (red) to label the acidic organelles. After fixation, they
were successively incubated with the primary antibody against the late endosomal lipid, BMP and
A488-conjugated secondary antibody (green). Slides were analyzed by fluorescent confocal

microscopy. Bar = 10um.
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Table 1: Characteritics of the human subjects

Control subjects Amiodarone patients NASH patients
number (n) 12 24 6
age (years) 61 £2 71 £2 61 +7
women/men (n) 6/6 10/14 3/3
Amiodarone: average
treatment length (months) ; no 5_12; 200mg no
oral daily dose (mg)
Cardiomyopathy (n) no 15 no
dysthyroidism (n) no no
hypothyroidism (n) - 4 -
hyperthyroidism (n) - 2 -
Biological parameters
urinary creatinine 92+19 74 £0.8 93 219
(mmol/L)
BMI
d 27 £1°? +
(keg/m?) n 39 #£3
plasma AST
d 40 £13° +7
(UIIL) n 0 3 36
plasma ALT d
d 50 +23 43 +11
(UI/L) !
plasma HbAlc n.d 6.9 £03¢ 7.6 +0.4
(%)
1 HDL cholesterol
plasia HAo% cholestero nd 0.45 0.04¢ 0.34 +0.05
(g/L)
plasma LDL cholesterol 0d 0.97 +0.09" 10 +02
(g/L)

Values are mean + sem for n=12, control subjects; n=6, NASH patients; n=24, amiodarone-
treated patients except %, n=22; b 1=20; ¢, n=19 and ¢, n=17. n.d, not determined. AST
aspartate aminotransferase; ALT, alanine aminotransferase; BMI, body mass index; HbAlc,

glycated hemoglobin.



Table 2: Variation of BMP molecular species in urine of control, amiodarone-treated
and NASH patients.

BMP molecular species

(pmol / pmol creatinine)]  cope01 (n=12) Amiodarone (n=24) NASH (n=6)
C16:0,C16:0 3.40 + 0.49 3.89 + 0.68 3.24 + 0.62
C18:1n-9,C20:1n-9 0.06 + 0.01 0.24 + 0.06 * 0.14 + 0.04 *
C16:0,C18:1n-9 0.08 + 0.01 0.34 + 0.09 * 0.14 + 0.05
C18:1n-9,C18:1n-9 0.99 + 0.19 4.49 + 1.18 * 1.57 + 0.51
C18:0,C18:1n-9 0.27 + 0.05 0.90 + 0.21 * 0.49 + 0.07 *
C16:0,C18:2n-6 0.02 + 0.004 0.13 + 0.04 * 0.04 + 0.01
C18:2n-6,C18:2n-6 0.08 + 0.02 0.66 + 0.22 * 0.10 + 0.03
C18:1n-9,C18:2n-6 0.54 + 0.11 3.17 + 0.95 * 0.75 + 0.28
C18:0,C18:2n-6 0.05 + 0.01 0.20 + 0.06 * 0.06 + 0.01
C18:2n-6,C22:6n-3 0.36 + 0.06 1.90 + 0.48 * 0.44 + 0.12
C18:1n-9,C22:6n-3 1.05 + 0.16 4.66 + 1.13 * 1.66 + 0.50
C18:0,C22:6n-3 0.10 + 0.02 0.31 + 0.07 * 0.17 + 0.04
C16:0,C20:4n-6 0.03 + 0.01 0.14 + 0.03 * 0.05 + 0.01
C20:4n-6,C22:6n-3 0.07 + 0.01 0.43 + 0.10 * 0.09 + 0.02
C22:6n-3,C22:6n-3 1.01 + 0.14 4.23 + 1.13 % 1.38 + 0.44
C16:0,C22:6n-3 0.38 + 0.07 1.28 + 0.34 * 0.50 + 0.15
C18:1n-9,C20:4n-6 0.06 + 0.01 0.36 + 0.10 * 0.07 + 0.02
C16:0,C22:5n-3/6 0.01 + 0.004 0.05 + 0.01 * 0.03 + 0.01
C18:1n-9,C20:3n-6/9 0.06 £ 002 035 £ 0.10* 0.09 + 0.03
C18:1n-9,C20:2n-6 0.03 + 0.01 0.15 + 0.04 * 0.05 + 0.02
BMP TOTAL 8.64 + 1.12 27.88 + 6.13 * 11.05 + 2.60
saturated (species mole%) 41.7 + 4.1 22.2 + 3.0 31.9 + 5.0
monounsaturated(species mole%) | 15.3 + 1.1 20.1 + 1.4* 21.0 + 1.9 *
polyunsaturated (species mole%) | 43.0 gt 34 57.1 dk 3.1* 47.1 gt 3.8

Data analyzed by LC-MS/MS are expressed in pmol/ pmol creatinine and are mean + sem .
*indicates significant difference with the control subjects by Student’s t test p<0.05.
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