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Abstract (300 words)

Environmental contaminants, to which humans are widely exposed, cause or worsen several
diseases, like cardiovascular diseases and cancers. Among these molecules, polycyclic aromatic
hydrocarbons (PAHs) stand out since they are ubiquitous pollutants found in ambient air and diet.
Because of their toxic effects, public Health agencies promote development of research studies
aiming at increasing the knowledge about PAHs and the discovery of biomarkers of exposure and/or
effects.

Extracellular vesicles (EVs), including small extracellular vesicles (S-EVs or exosomes) and large
extracellular vesicles (L-EVs or microvesicles), are delivery systems for multimolecular messages
related to the nature and status of the originating cells. Because they are produced by all cells and
detected within body fluids, EV releases could act as cell responses and thereby serve as biomarkers.
To test whether EVs can serve as biomarkers of PAHs exposure, we evaluate the effects of these
pollutants on EV production using an in vitro approach (human endothelial cell line, HMEC-1) and
an in vivo approach (urine samples from PAHs-exposed rats). Our study indicates that, i) PAH
exposure increases in vitro the EV production by endothelial cells and in vivo the release of EVs in
urine, and that the stimulating effects of PAHs concern both S-EVs and L-EVs; ii) PAH exposure and
more particularly exposure to B[a]P, can influence the composition of exosomes produced by
endothelial cells; iii) the aryl hydrocarbon receptor, a cytosolic receptor associated to most
deleterious effects of PAHs, would be involved in the PAH effects on the release of S-EVs, but not L-
EVs.

These results suggest that EVs may have utility for monitoring exposure to PAHs, and more
particularly to B[a]P, considered as reference PAH, and to detect the related early cellular response
prior to end-organ damages.

Capsule :

Exposure to polycyclic aromatic hydrocarbons, like benzo[a]pyrene, increases, in-vitro and in-vivo,

production of exosomes and microvesicles and modifies their compositions
Keywords :

Polycyclic aromatic hydrocarbons, Aryl hydrocarbon receptor, Endothelial cells, Urine, Extracellular
vesicles, Exosomes, Microvesicles, Large EVs, Small EVs

Highlights

* B[a]P stimulates EV production by endothelial HMEC-1 cells.

e BJ[a]P stimulates production of both S-EVs (exosomes)and L-EVs (microvesicles).
e B[a]P modifies protein cargoes of S-EVs.

* S-EV, but not L-EV, increased production by B[a]P is AhR dependent.

* Invivo exposure to PAHs increases urinary EV amount.
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1. Introduction
Nowadays, there is broad consensus regarding the fact that our environmental health markedly
depends on the impact of environmental contaminants to which humans are widely exposed?,
especially via diet and ambient air. Most of these chemicals, such as heavy metals, persistent organic
pollutants and biocides, come from anthropogenic activities. They are known to cause or worsen
several diseases, like cardiovascular diseases (CVD), immune dysfunctions and cancers?. Among
these molecules, polycyclic aromatic hydrocarbons (PAHs) stand out since they are ubiquitous
pollutants notably found in ambient air and diet. They are involved in the occurrence of human
CVDs, and exhibit immunotoxic, mutagenic, and carcinogenic properties. Most deleterious effects
of PAHs are related to their binding to the aryl hydrocarbon receptor (AhR), a cytosolic ligand-
activated transcription factor. PAH binding to this receptor triggers a canonical genomic pathway
with the nuclear translocation of AhR followed by its interaction with aryl hydrocarbon receptor
nuclear translocator (ARNT), thus allowing its binding to specific genomic elements termed
xenobiotic responsive elements (XREs). XREs are found in the promoter of PAHs-responsive genes,
such as cytochromes P-450 (CYP) 1A1 and 1B1, that are known carcinogen bioactivating enzymes.
AhR activation also triggers several non-genomic pathways, including intracellular calcium signaling
and tyrosine kinase SRC activation*®. The United States Environmental Protection Agency (US-EPA)
as well as the World Health Organization (WHO) consider some of PAHs as priority pollutants due
to their critical effects on human health®. This has led to the development of research studies aiming
at increasing the knowledge about these molecules and the discovery of biomarkers of exposure
and/or effects.

During the last decade, extracellular vesicles (EVs) have drawn an increasing attention in the
field of biomarkers of diseases or exposure to xenobiotics’~*!. Theoretically produced by all cells,
EVs, including small extracellular vesicles (S-EVs or exosomes) and large extracellular vesicles (L-EVs

or microvesicles), are delivery systems for multimolecular messages closely related to the nature
3
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and status of originating cells'>13, These cellular nanostructures are differentiated by their size (S-
EV: less than 200 nm, L-EV: less than 1000 nm), their biogenesis processes (S-EV: generated within
endosomal compartments , L-EV: budding from the plasma membrane) and by their components
(lipids, proteins, DNAs, mRNAs, miRNAs...)**. EVs allow intercellular communication and
consequently are involved in many biological processes such as cell maintenance and proliferation,
tissue repair, angiogenesis... They have been detected within body fluids (i.e. blood, urine, lymph,
saliva...) in healthy humans but also in patients>1®. In this latter case, EV production is exacerbated
and their content altered. Such alterations notably occur during cancer, metabolic,
neurodegenerative or CVDs!718

The EV overproduction is also observed during exposure to xenobiotics. Thus, some drugs or
toxicants (like acetaminophen, alcohol, diclofenac or cigarette smoke) are able to increase in vitro
and/or in vivo EV production, and to change their composition'®?2. As a consequence, EVs could
serve as biological markers of cell responses and possibly even susceptibility to toxicity. They also
offer the possibility of detecting toxicity at the very early stages of development before irreversible
effects occur.

Although the molecular mechanisms still remain to be fully clarified, there is evidence
showing that an increase in intracellular calcium concentration ([Ca®']), plasma membrane
remodeling or oxidative stress are involved in the EV release by cells?24. Interestingly, we previously
reported that PAHs and more specifically the prototypical PAH, benzo[a]pyrene (B[a]P), can trigger
such cellular events. Indeed, our team previously demonstrated that cell exposure to various PAHs
can increase the [Ca?*];, via an AhR-independent activation of the B2-adrenergic receptor®®, and that
membrane remodeling (characterized by an increase in fluidity and destabilization of lipid rafts), is
a key mechanism in the B[a]P-associated toxicity?°.

Exposures to xenobiotics or lifestyle factors, such as air pollutants?’ cigarette smoke?3,

alcohol®, or high fat diet?®, would be able to modify EV trafficking, the amount produced and
4
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composition (e.g. proteins, miRNA), notably in biological fluids such as plasma or urine. In this
context, circulating EVs might provide information about both exposure level and toxic responses
of the organism. EVs in blood plasma of healthy humans mainly originate from platelets.
Comparatively, endothelial cells produce few EVs3C. However, while the level of EV production by
these latter cells is low under physiological conditions, it can considerably increase in pathological
situation3C. Thus, the amount of endothelium-derived EVs circulating in the blood stream has been
shown to correlate with the severity of diverse diseases, eg. sepsis, stroke, atherosclerosis and
metabolic syndrome 7. Endothelial cells are also particularly interesting to focus on since they also
participate in the production of EVs detected in urine3%32, It is within this framework that our study
was carried out.

In order to test whether EVs can serve as biomarkers of PAH exposure, the present study was
designed to evaluate the effects of these pollutants on EV production. To this aim, two different
approaches were applied: i) an in vitro approach, using the human endothelial cell ine HMEC-1; and
ii) an in vivo approach, using urine samples obtained from PAH-exposed rats. Urine provides a good
alternative to blood in the field of disease biomarkers because this biological fluid can be collected
noninvasively and in large amounts33. Our present data demonstrate that PAHs can increase EV
production by endothelial cells. This overproduction observed in vitro concerns both S-EVs and L-
EVs probably involving different molecular mechanisms. Indeed, it seems that only the increase of
S-EVs would be AhR-dependent. Moreover, the PAH-related increase in EV production was also
observed in vivo in urine samples from rats exposed to the 16 PAHs listed as “priority” compounds

by US-EPA.
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2. Materials and Methods

2.1. Chemicals and Reagents

Benzo[e]pyrene (B[e]P), pyrene (PYR), benz[alanthracene (B[a]A), benzo[a]pyrene (B[a]P),
dibenz[a,hlanthracene  (DBA), chrysene, benzo[b]fluoranthene, benzo[k]fluoranthene,
benzo[g,h,i]perylene, indeno[1,2,3-c,d]pyrene, naphthalene, fluorene, acenaphthene,
acenaphtylene, anthracene, phenanthrene, fluoranthene, alpha-naphthoflavone (a-NF), dimethyl
sulfoxide (DMSQO) and monoclonal antibody anti-B-actin were obtained from Sigma-Aldrich (St.
Louis, MO, USA). Antibodies against CD63, lamin A/C and Hsc70 were from Santa Cruz Biotechnology
(Santa Cruz, CA, USA), whereas Tsg101 was provided by Abcam and caveolin-1 and flotillin-1 by BD
biosciences. All other chemicals used in this study were purchased from commercial sources at the

highest purity available.

2.2. Cell Culture

The Human Microvascular Endothelial Cell line (HMEC-1) was obtained from the Center for Disease
Control and Prevention (Atlanta, GA). Cells were routinely maintained in MCDB-131 medium
containing hydrocortisone (1 pg/mL), epidermal growth factor (10 ng/mL), penicillin (50 unit/mL),
streptomycin (50 unit/mL), L-glutamine (10 mM), and supplemented with 10% fetal bovine serum
(FBS). At 90% confluence, before each treatment, cells were cultured overnight in serum-free
medium. Chemicals were prepared as stock solutions in DMSO. The final concentration of vehicle
did not exceed 0.2% (v/v); control cultures received the same concentration of DMSO. In all

experiments using chemical inhibitors, cells were pre-treated 1 hour prior to and during exposure.

2.3. Animal experimentation

Long Evans rats (female of 180-200 g, Elevage Janvier, St Berthevin, France) were housed in plastic

cages under controlled environment (12 h light/dark cycle, light on at 7 am, temperature of 22 + 2°C
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and relative humidity of 40 + 5 %). Food and water were available ad libitum. The water, food and
oil were tested according to NF ISO 15302 to confirm that all these matrices were PAH-free down
to a detection limit of 10 ng/L of water and 1 ng/g of fat. Rats were acclimatized to the animal facility
for 2 weeks prior to experiment onset. The mix of PAHs was composed of the 16 compounds pointed
out the US-EPA for their toxicity, and prepared in vegetable oil weekly (I1SI04, Lesieur, Neuilly-sur-
Seine, France). Treatment of animals has been described in a previous study3*. Briefly, four rats were
randomly allocated to each of the experimental group receiving 0.8 mg/kg body weight of each
compound included in the mix, by oral administration, 3 times per week over a 90-day period.
Control rats received only vehicle. At the end of 90 days-experiment, urine fractions were collected
after 24 h in refrigerated tubes and storage at -20°C. All procedures were conducted in accordance
with European Communities Council Directive of 22 September 2010 (2010/63/EU) and approved

by the Ministry of Agriculture, Grand-Duchy of Luxembourg.

2.4. Isolation of EVs from HMEC-1 cells

Cells were cultured using cell culture petri dishes of 151.9 cm? (CorningTM, Thermo Fisher Scientific,
France). After PAH exposure, in order to isolate total EVs, L-EV or S-EV, the serum-free conditioned
medium was first centrifuged at 3650 x g for 10 min to remove cells and cell debris and obtain the
cell-cleared supernatants. Total EVs were pelleted by direct ultracentrifugation of the culture media
at 100,000 x g for 1h45 at 4°C (Beckman Coulter Optima L-90K Series Ultracentrifuges, rotor Sw
28.1); the pellet was then resuspended in sterile phosphate-buffered saline (PBS), followed by
another centrifugation at 100,000 x g for 1h45 min at 4°C. Total EV pellets were finally resuspended

in sterile PBS.

L-EVs were recovered from cell-cleared supernatants following centrifugation at 10 000 x g for 30
min, followed by one washing step in PBS at 10 000 x g for 30 min, and then resuspended in sterile

PBS. S-EVs were further isolated from L-EVs-depleted supernatants following filtration at 0.2 um

7
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and a 100 000 x g ultracentrifugation step for 1h45 at 4°C, followed by one washing step in PBS at

100 000 x g for 1h45, and then resuspended in sterile PBS.

2.5. Isolation of urine EVs

About 9 mL of urine were first diluted half in PBS and centrifuged at 300 x g for 10 min, then 2 000
x g for 10 min to remove cells and cell debris. EVs were pelleted by ultracentrifugation at 100 000 x
g for 2 h at 4°C (Beckman Coulter Optima L-90K Series Ultracentrifuges, rotor Sw 28.1). The pellet
was next resuspended in sterile PBS containing dithiothreitol (DTT; 200 mg/mL) at 37°C for 10
minutes in order to dissociate of uromodulin aggregates3>3%, and then resuspended in sterile PBS,
followed by another centrifugation at 100 000 x g for 2h at 4°C. Total EV pellets were finally

resuspended in sterile PBS.

2.6.  Nanoparticle tracking analysis

EV samples were diluted in sterile PBS before nanoparticle tracking analysis (NTA). Size distribution
and vesicle concentration were determined by NTA using a NanoSight LM14 (Malvern Instruments,
Malvern, UK). A 405 nm laser beam is used to highlight the samples. Three 30 s captures per sample
were recorded at 25°C. Videos were analysed using NanoSight NTA 3.1 software (Malvern, UK) using
a detection threshold set to 3. The presented results correspond at least to an average from three
videos for each of three independent samples of EVs, S-EVs and L-EVs. EV concentrations and
distributions were then normalized to the cell count and expressed as number of EVs released per

cell.

2.7.  Electron microscopy

Transmission electron microscopy (TEM) was performed as described by Théry et al.3’. Briefly, S-EVs
and L-EVs were resuspended in 2% paraformaldehyde (PFA). Formvar-carbon coated copper grids

(Agar Scientific, Stansted, UK) were placed on 5 pL S-EVs or L-EVs suspension for 20 min and washed
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with PBS. Vesicles were fixed in 1% glutaraldehyde in PBS for 5 minutes. After washing with distilled
water, grids were placed on a drop of uranyl-oxalate for 5 min and of ice-cold 2% methyl cellulose/
4% uranyl acetate (1/9; v/v) for 10 min. EVs were visualized using a JEOL JEM-1400 transmission

electron microscope (JEOL, Japan).

2.8. Annexin V binding analysis

Staining by Annexin V-phycoerythrin (annexin V-PE, BD PharmingenTM) has been used to detect
phosphatidylserine at the L-EV surfaces. An analysis window was defined using beads (Megamix,
Stago) of diameters 0.5 um, 0.9 um and 3 um. To determine the Annexin V positivity, L-EVs were
incubated with Annexin V-PE, counting beads (Flow-Count™ Fluorospheres, Beckman) and buffer
(14 mM NacCl, 10 mM Hepes, 2.5 mM calcium). Labelling in the absence of calcium was used as
negative control. L-EVs stained with annexin V-PE were then analyzed by a BD FACSCanto™ Il

cytometer. Data have been exported using BD FACSDiva TM software.

2.9. Western Blotting

Total cellular, S-EV and L-EV protein amounts were estimated by a BCA Protein Assay Kit (Thermo
Fisher Scientific, UK), using BSA as a standard. 5 ug proteins were separated by sodium dodecyl
sulfate—polymerase gel electrophoresis (SDS—PAGE), and electrophoretically transferred onto
nitrocellulose membranes (Merck Millipore). After blocking with a Tris-buffered saline solution
supplemented with 2% bovine serum albumin for 2 h, membranes were hybridized with primary
antibodies overnight at 4°C. Membranes were then incubated with horseradish peroxidase-
conjugated secondary antibodies for 1 h. Immunolabeled proteins were visualized by
chemiluminescence using the LAS-3000 analyzer (Fujifilm) or Molecular Imager ChemiDoc™ XRS+
(Bio-Rad). Image processing was performed using Multi Gauge software (Fujifilm) or Image Lab™

software (Bio-Rad). For protein loading evaluation, a primary antibody against HSC70 was used.
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2.10. Intracellular Calcium Concentration Measurements

Cells used for intracellular calcium concentration ([Ca?*];)) measurements were grown on glass
coverslips. The glass coverslips were sterilized in ethanol of increasing concentrations from 70 to
99%, and then coated with serum proteins using pure FBS prior to cell culture. Variations in [Ca?*];
were analyzed in PAH-exposed HMEC-1 cells by real time fluorescence imaging, using Ca%*-sensitive
probe Fura-2-AM, as previously reported?>38, Briefly, cells were incubated at 37°C (30 min) in cell
suspension buffer supplemented with 1.5 uM Fura-2AM and 0.006% pluronic acid. Changes in [Ca®*];
were monitored using a DMIRB (Leica, Wetzlar, Germany) inverted microscope-based imaging
system equipped with a 40x/1.35 UApo N340 high UV light transmittance oil immersion objective
(Olympus, Waltham, MA, USA), a CoolSnapHQ fast-cooled monochromatic digital camera (Princeton
instrument), a DG-4 Ultra High Speed Wavelength Switcher (Sutter Instruments, Novato, CA, USA)
for fluorophore excitation, and METAFLUOR software (Universal Imaging, Downingtown, PA, USA)
for image acquisition and analysis. The [Ca%*];imaging involved data acquisition every 10 s (emission
at 510 nm) at 340- and 380-nm excitation wavelengths. The ratio of fluorescence intensities
recorded after excitation at 340 nm (F340) and 380 nm (F380) was used to estimate intracellular
calcium concentrations. [Ca%*]; data were expressed as normalized maximum delta ratio, i.e., the
difference between the basal level of [Ca?*];— related fluorescence ratios (F340/F380) before DMSO
or PAH treatment and the maximum level of [Ca%*]; — related fluorescence ratios (F340/F380)

obtained during DMSO or PAH treatment.

2.11. Apoptosis

Cells used for apoptosis analysis were cultivated in 6-well plates. Hoechst 33342/Sytox green
staining was carried out to observe apoptotic cells by fluorescence microscopy. After PAH exposure,
cells were stained with 50 pg/mL Hoechst 33342 and 93.5 nM Sytox green in the dark at 37°C for 30

min. More than 300 cells in randomly selected microscopic fields were analyzed and were scored

10
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under ZEISS Axio Scope Al microscope. Cells with condensed or fragmented chromatin were

counted as apoptotic.

2.12. RNA Isolation and Analysis

Total RNA was isolated from cells using the TRIzol® reagent (Invitrogen, Cergy Pontoise, France) and
then reverse-transcribed using the High-Capacity cDNA Reverse Transcription Kit (Life Technologies,
Carlsbad, CA, USA). Real-time quantitative PCR (RT-PCR) was performed using SYBR Green PCR
Master Mix on the CFX384 Touch™ Real-Time PCR Detection System (Bio-Rad, Hercules, CA, USA).
The mRNA expressions were normalized by means of 18s mRNA levels. The 222 method was used
to express the relative expression of each selected gene. Primers were as follows: CYP1A1-forwards:
5’- CCCACAGCACAACAAGAGACA-3’; CYP1Al-reverse: 5'-CATCAGGGGTGAGAAACCGT-3’; CYP1B1-
forwards: 5-AGCCAGGACACCCTTTCC-3’; CYP1B1-reverse: 5-GAGTTGGACCAGGTTGTG-3’; 18S-
forwards: 5'-CGCCGCTAGAGGTGAAATTC-3’; 18S-reverse: 5’-TTGGCAAATGCTTTCGCTC-3'.

2.13. Statistical analysis

All values were presented as means + SEM from at least 3 independent experiments. Statistical
analysis was performed using Student’s t test and the one-way ANOVA with Dunnett’s post hoc test
(GraphPad Prism5, GraphPad Software, Inc, San Diego, California, USA). Significance was accepted

at p <0.05.
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3. Results

3.1. B[a]P stimulates the production of EVs by endothelial HMEC-1 cells.

Endothelial cells constitute a well-known target for PAHs?>3°, and are part of the cells mainly
producing EVs under physiological conditions®°. We therefore decided to explore effects of B[a]P on
EV production by the endothelial HMEC-1 cells using different concentrations and times of
treatment. NTA revealed that B[a]P significantly stimulated EV production by HMEC-1 cells from 100
nM (Fig.1A) and after 12h of treatment (Fig.1B). After 24h of treatment with 100 nM B[a]P,
observation by NTA of the size distribution profile of EVs (Fig.1C) showed that they exhibited
diameters ranging from 50 nm to 600 nm, and that B[a]P stimulated the production of the entire
population of EVs (regardless of EV size).

3.2. B[a]P stimulates the production of both S-EVs and L-EVs by endothelial HMEC-1 cells

It is known that cells can release an heterogeneous population of vesicles with variable diameters
and different biogenesis processes, including small EVs (i.e. exosomes) formed inside endosomal
compartments and larger EVs (i.e. microvesicles) budding from the plasma membrane. To get more
insight into the characterization of the EV overproduction in treated HMEC-1 cells, we next
evaluated the B[a]P effect by looking at both small (diameter <200 nm) and large (diameter >200
nm) EVs, following differential ultracentrifugation and filtration through 0.22 um filters. Thus, our
experimental procedure allowed us to isolate two populations of EVs: the small EV population (S-
EVs) corresponding to EVs with average diameter of 160.1 + 12.6 nm, and the large EV population
(L-EVs) corresponding to EVs with average diameter of 295.8 + 13.2 nm. Whereas B[a]P exposure
(100 nM, 24h) did not change EV diameters (Fig. S1), it nonetheless increased the production of
both S-EVs and L-EVs (Fig. 2A and 2B respectively), to the same extent (by about 2 fold) as for total
EVs (Fig.1B).

3.3. S-EV and L-EV populations isolated from HMEC-1 cells correspond respectively to

exosomes and microvesicles
12
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In order to test whether S-EVs and L-EVs isolated under our experimental conditions correspond
respectively to exosomes or microvesicles, we next examined their morphology and composition.
As expected, TEM images revealed structures with expected cup-shaped appearance and diameters
(Fig. 3A). By western blotting (Fig. 3B), using total cell lysates as positive controls, we failed to detect
any lamin A/Cinisolated S-EVs and L-EVs, thus ruling out a possible contamination of our EV samples
by nucleus material. In contrast, proteins traditionally observed in both exosomes and microvesicles
such as caveolin-1, flotillin-1, B-actin, Tsg101 and HSC70 (used as loading control), were detected in
both S-EVs and L-EVs. Finally, a protein described to be more specific to exosome, that is CD63, was
only detected in S-EVs (Fig. 3B) and cell lysates. It is known that microvesicles expose
phosphatidylserine on their outer leaflet of the membrane®®*!; therefore we next used the
fluorescently labeled annexin V to analyze its presence in L-EVs (Fig. 3C). By flow cytometry, we
found that 69 * 3.6 % of isolated L-EVs were annexin-V positive.

Altogether, these observations indicated that our technical procedure allowed the isolation of S-EVs
and L-EVs corresponding respectively to exosome- and microvesicle-enriched populations produced
by HMEC-1 cells.

3.4. B[a]P would modify the protein cargoes of EVs produced by HMEC-1

In parallel to the characterization of S-EVs et L-EVs produced by HMEC-1 cells, we also investigated
whether the EV composition and characteristics studied were affected by B[a]P exposure. At first,
we found that no significant modification was observed in presence of B[a]P when looking at EV
morphologies (Fig. 3A) or annexin V labeling (Fig. 3C). To analyze the protein cargoes of EVs, 5 ug of
total proteins were subjected to SDS-PAGE western blotting to compare protein composition of S-
EV or L-EVs produced by cells in presence or not of B[a]P (Fig. 3B). Cell lysates were used as positive
control. Among the studied proteins, the levels of caveolin-1, flotillin-1 or [3-actin appeared to be

increased in EVs produced upon B[a]P exposure, especially in S-EVs. The densitometric analysis thus
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revealed that caveolin-1 and flotillin-1 inductions were significant in the presence of this PAH
(Fig.S2).

3.5. The increased production of S-EVs, but not L-EVs, upon B[a]P exposure would be AhR-

dependent and calcium-independent

PAHs are known to trigger numerous interconnected cellular phenomena, associated or not to AhR
activation, among them the induction of xenobiotic-metabolism enzymes, intracellular calcium
signaling, membrane remodeling or apoptotic signaling>#?%. Interestingly, several of them are also
implicated in the production of EVs by cells. Thus, upon cell activation or apoptosis, the increase of
[Ca?*]; underlies the initiation of cell signaling pathways, remodeling of cytoskeleton and the
redistribution of membrane phospholipids associated to the intracellular processing for exosome
and/or microvesicles release®. To get further insight into the possible mechanisms involved in the
EV production upon B[a]P exposure, we decided to focus our attention on AhR activation, calcium
signal and apoptosis.

Only AhR ligands can increase EV production by HMEC-1 cells. In order to test the possible
involvement of AhR, we first decided to evaluate the potential of several PAHs with different AhR
affinities, to increase EV production in HMEC-1 cells. To this aim, benzo[e]pyrene (B[e]P), pyrene
(PYR), benz[a]anthracene (B[a]A) and dibenzo[a,h]anthracene (DBA) were chosen because they are
part of the 16 U.S EPA priority pollutant PAH compounds; they are present in diet and possess
different levels of affinity for AhR, therefore resulting in different potencies in terms of genomic
AhR activation as compared to B[a]P (Fig. S3). The amount and size distribution of EVs produced by
HMEC-1 cells were thus studied after 24 h of treatment with 100 nM of each PAH. Before focusing
on EVs, we first evaluated the potential for AhR activation of our PAHs by studying the induction of
known AhR-target genes, i.e. CYP1A1 and 1B1 (Fig. 4A). As expected, only B[a]A, B[a]P, and DBA
(AhR ligands) induced CYP1A1 and 1B1 mRNA levels. The other PAHs tested (B[e]P and PYR), known

to exhibit a very low affinity for AhR, failed to modify the expression of CYP1A1 and 1B1 in our cell
14
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model. Interestingly, like B[a]P, B[a]A and DBA were both capable of increasing the EV production
by HMEC-1 cells in contrast to B[e]P and PYR which were ineffective (Fig. 4B). Note that, whatever
the PAH tested, analysis of the size distribution profile of EVs (Fig. 4C-F) indicated that isolated EVs
had diameters ranging from 50 to 600 nm and that, when PAHs exhibited an effect on EV production,
this concerned the entire population of EVs (whatever the size of EVs) (Fig.4E, 4F). To determine if
a higher concentration of PAHs with low affinity for AhR was able to stimulate EV production by
HMEC-1 cells, we decided to expose cells to 1 uM of PYR for 24h. Even at this high concentration,
PYR failed to modify the EV production by HMEC-1 cells (Fig. S4A). This result thus confirms our data
with 100 nM, and is concordant with recent publication from our group®. Indeed, we have recently
demonstrated that PYR was able to increase S-EV production by hepatocytes independently of AhR,
and through a Constitutive Androstane Receptor (CAR)-dependent mechanism. Interestingly, unlike
hepatocytes, mRNAs of CAR were not detected in HMEC-1 cells (Fig. S4B).

An AhR antagonist (alpha-naphthoflavone) inhibits the production of S-EVs but not that of L-EV's
induced by B[a]P. It is noteworthy that the PAH capacity to increase the mRNA levels of CYP1A1 and
1B1 dovetail with their capacity to increase the EV production by HMEC-1 cells. These observations
led us to hypothesize an implication of AhR in the increased EV production upon B[a]P exposure. To
test this hypothesis, we next investigated the effects of a-NF (antagonist of AhR and inhibitor of
CYP1) on the B[a]P-triggered induction of S-EVs or L-EVs. As shown in Fig. 5, a-NF (10 uM)
counteracted the up-regulation of S-EVs observed in presence of B[a]P (Fig.5A), while it failed to
reduce the L-EV production (Fig. 5B). Interestingly, treatment by 6-formylindolo[3,2-b]carbazole
(FICZ, 100 nM, 24h), a potent high affinity ligand of AhR, further supported this finding. Indeed, FICZ
was able to increase the production of S-EVs but not that of L-EVs (Fig. S5). Therefore, AhR activation
would be involved in the B[a]P-induced production of S-EVs but not of L-EVs, thus suggesting

differential mechanisms.
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PAH capacities to induce intracellular calcium concentration do not overlap their capacities to
induce EV production. Knowing that calcium can be involved in EV production®** and that B[a]P
can increase [Ca?*];in HMEC-1 cells?®>, we next decided to monitor the early [Ca?*]; changes in
response to our test PAHs. To do so, we used a real-time-fluorescence imaging method and the
calcium-sensitive probe Fura2-AM. As previously described?®, B[a]P (100 nM) was able to increase
[Ca?*]iin HMEC-1 cells (Fig. 6A). The maximum of increase occurred after about 20 min of exposure
to B[a]P (Fig. S6). We then analyzed the effects of 100 nM of all other tested PAHs, on [Ca%*];in order
to determine the maximum level of [Ca?*]; increase upon exposure to each molecule. Except for
DBA, despite differences in terms of kinetics (Fig. S6), all PAHs were able to increase [CaZ*];in HMEC-
1 cells, to the same extent as B[a]P (Fig. 6A). It is noteworthy that there was no correlation between
PAH capacities to elevate [Ca?*]; and those to increase EV production (Fig. 4B). Thus, B[e]P and PYR
were found to induce [Ca®*];but failed to modify EV production by HMEC-1 cells; DBA stimulates EV
production but did not modify [Ca%*];; and B[a]P or B[a]A induced both [Ca?*]; and EV production.
Therefore, the early calcium signal triggered by PAHs would likely not be involved in the increased
EV production, whatever the type of EVs considered.

PAH capacities to induce apoptosis do not overlap their capacities to induce EV production. As
induction of CYP1A1 et 1B1 following AhR activation by PAHs could lead to apoptotic signaling®®, we
then decided to evaluate apoptosis following PAH exposures (100 nM, 24 h). This was performed
using fluorescence microscopy and Hoechst/Sytox green staining (Fig.6B). Consistent with literature,
100 nM B[a]P slightly (around 5%) but significantly increased the percentage of apoptotic cells. In
contrast, the other tested PAHs, i.e. B[e]P, PYR, B[a]A and DBA, did not affect the apoptosis level.
As for [Ca®*]; induction, we therefore noted that there was no correlation between PAH capacities
to induce apoptosis and PAH capacities to increase EV production by HMEC-1 cells.

3.6. Invivo exposure to a mixture of PAHs increases urinary EV amount
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EVs are widely found in all body fluids including blood, saliva or urine*. Urine appears as non-
invasive source for information reflecting the physio-pathological state of urinary system but also
of other physiological systems. Based upon the fact that endothelial cells are part of kidney intrinsic
cells producing urinary EVs (UEVs) and that humans are widely exposed to PAH mixture, we finally
decided to test the in vivo effect of a mixture of the 16 PAHs listed as “priority” compounds by US-
EPA, onthe amount of EVs in rat urine samples. Thus, we evaluated uEVs amounts in urines collected
during 24 h from rats exposed through diet for 90 days to 0.8 mg/kg of PAH mixture in comparison
to control rats receiving only vehicle (vegetal oil). After isolation, uEV amounts were analyzed by
NTA. As shown in Fig. 7A, rat exposure to PAH mixture led to an increase of uEVs number
(2.39.10°/mL vs 1.30.10°/mL) without any significant modification of renal functions, as determined

by measuring urinary creatinine concentration and urinary volume (Fig. 7B and C).
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4. Discussion

The growing interest for EVs originates (1)-from works demonstrating that EVs carry a plethora of
bioactive molecules (i.e. nucleic acid, lipids, carbohydrates, proteins...) that play roles in cell-to-cell
communication, and (2)-from works revealing the clinical interest of EVs as non-invasive diagnostic
biomarkers in some human pathologies including cancer?’. In this context, our study was performed
in order to evaluate the capacity of PAHs to increase EV production both in vitro and in vivo with the
aim of determining if these entities could represent potential biomarkers of exposure and/or effects
of PAHs.

The present study highlights for the first time the capacity of PAHs to increase in vitro the EV
production by endothelial HMEC-1 cells. Interestingly, only PAH ligands for AhR (i.e. B[a]P, B[a]A,
DBA) led to this EV overproduction. Indeed, B[e]P and PYR, that are known weak AhR ligands, failed
to modify such a production. Besides AhR activation, several PAHs can induce an intracellular
calcium signaling® and trigger apoptosis?®, two cellular phenomena previously related to EV
biogenesis?®?4. Regarding influence of B[e]P, PYR, B[a]P, B[a]A, or DBA on intracellular calcium
concentration, cell apoptosis and CYP1A1/1B1 mRNA levels, our results do support an AhR
implication. Indeed, in contrast to the capacities to trigger an early [Ca?*]; increase (as observed in
presence of B[e]P, PYR, B[a]P, B[a]A) and apoptosis (as observed only in presence of B[a]P), the PAH
capacity to induce mRNA levels of CY1A1 and 1B1 overlaps that to increase the EV production. These
metabolism enzymes are well recognized as being under AhR control® and key actors in B[a]P
induced apoptosis®®, and, like EVs, are induced in our cell model only by strong AhR ligands.
Interestingly, only the increase of S-EV production was significantly counteracted by a—NF (AhR
antagonist and inhibitor of CYP1), thus indicating that only the S-EV overproduction by B[a]P-treated
HMEC-1 cells would be AhR dependent. These results therefore strengthen the fact that S-EV and L-
EV biogenesis processes would differ, as previously proposed by other groups®It remains to

determine the precise role for AhR in the S-EV production by HMEC-1 cells, notably in presence of
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B[a]P. Many hypotheses could be considered. Thus, a possible involvement of the sphingolipid
pathway would be particularly interesting to evaluate since, in epithelial cells, several AhR ligands,
including PAHs, are able to promote the generation of sphingosine-1-phosphate, a bioactive
intermediate of sphingolipid metabolism*>°°, Indeed, sphingolipids and the enzymes related to their
biosynthesis have been associated to EV biogenesis and release, especially by shaping membrane
curvature®l. Another hypothesis might involve a change in the physicochemical characteristics of
lipid raft microdomains. Indeed, these entities, that are detected in EV membranes?3, represent
assemblies of proteins and lipids within the plasma membrane that are notably enriched in
cholesterol and sphingolipids*’; most interestingly, they are elements of the regulatory mechanisms
associated to the vesicle formation and structure?®. As we have previously demonstrated that B[a]P
alters the composition of the plasma membrane lipid microdomains notably through AhR
activation?®, it could be interesting to test a role for such a membrane remodeling in the production
of S-EVs by Hmec-1 cells. Of note, the present results indicate that B[a]P exposure could modify EV
protein cargoes, notably leading to an enrichment of caveolin-1 and flotillin-1 contents in S-EVs.
Interestingly, caveolin-1 and flotillin-1 are well-known markers of lipid rafts. Although studies of
greater extent (i.e. proteomics) are needed to conclude, besides stimulating EV production, it seems
that PAHs would moreover be able to modify the messages carried by the vesicles by modifying the
composition of EVs.

Stimulating effects of PAHs, and more particularly B[a]P, towards EV production, concern the
two main populations, namely S-EVs and L-EVs, as demonstrated by our EV characterization. As
described in the literature, L-EV population (presently observed whatever the treatment applied),
is relatively heterogonous as compared to the S-EV population. Looking only at their amount, L-EVs
represent less than 20% of total EVs produced by HMEC-1 cells, whereas S-EVs represent more than
50%. Note that B[a]P treatment did not significantly affect this distribution (data not shown). Thus

in terms of amount, S-EVs would represent the main type of EVs produced by HMEC-1 cells.
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Nevertheless, considering averaged diameters (160 nm versus 300 nm for S-EVs and L-EVs
respectively) and the corresponding averaged membrane surface area (0.08 um? and 0.28 um? for
S-EVs and L-EVs respectively), it seems that L-EVs would not be a marginal population considering
all EVs produced by HMEC-1. Since PAHs are environmental contaminants with numerous toxic
effects on human cells, it could be interesting to determine if the observed L-EV overproduction is
an attempt of exposed cells to remove B[a]P. Indeed, the microvesicle trafficking has been
previously proposed as a biological process that helps cells to extrude potentially toxic xenobiotics>?,
thus affording them a means of protection against an intracellular stress. This phenomenon is
notably exploited by cancers cells as a mechanism of resistance. Indeed, microvesicles released from
cancer cells, after drug treatment (i.e. doxorubicin), contain high levels of the chemotherapeutic
agent®3. Regarding the mechanisms involved in L-EV biogenesis upon B[a]P exposure, they yet
remain to be determined. However, it seems that neither early calcium signal triggered by PAHSs,
neither AhR would be involved in their production.

Regarding the effects, notably carcinogenic, of PAHs on human health, the monitoring of the
populations likely exposed to these pollutants is currently performed through the measurement of
urinary PAH metabolites (i.e. 1-hydroxy pyrene, 3-hydroxy B[a]P), or by evaluation of DNA-adducts
in blood cells®*. The use of these biomarkers is difficult since their presence does not necessarily
reflect the level of PAH mixture humans are exposed to >*. Moreover, these biomarkers are related
to the capacity of cells to metabolize PAHs but not to the cellular reaction towards these pollutants.
Considering these aspects, it therefore seems that studying EVs in body fluids as urine would be a
good alternative. Indeed, EV production can be correlated to cellular response, to disease, to drug
exposure®®, Our present results indicate that B[a]P, B[a]A and DBA are each able to up-regulate
production of EVs from endothelial cells. This induction effect was also observed in vivo upon
exposure to a mixture of PAHs. Thus, our data show that rat exposure (90 days) to the mixture of

16 US-EPA PAHSs, was capable of increasing the EV disposal from urine without influencing renal
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activity. These results therefore suggest that EVs in urine may have particular utility for monitoring

exposure to toxicants and to detect the related early cellular response prior to end-organ damages.

5. Conclusion

Taken together, our data indicates that, i) PAH exposure increases in vitro the EV production by
endothelial cells and in vivo the release of EVs in urine, and that the stimulating effects of PAHs
concern both S-EVs (or exosomes) and L-EVs (or microvesicles); ii) PAH exposure and more
particularly, exposure to B[a]P, might influence the composition of the S-EVs produced by
endothelial cells; and finally, iii) AhR would be involved in the PAH effects on the release of S-EVs,
but not L-EVs. The inability of AhR weak ligands, like PYR or B[e]P, to increase the EV production in
HMEC-1 cells, along with the inhibitory effects of d—NF, an AhR antagonist, towards the B[a]P effect
on the S-EV production strongly support this assumption. In total, our results therefore point to EVs

as possibly useful biomarkers of exposure for PAHs.
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Figure legends

Figure 1. B[a]P stimulates the extracellular vesicle release from endothelial HMEC-1 cells. Total
EVs were isolated by ultracentrifugation and analyzed by Nanoparticle Tracking Analysis (NTA). (A)
EVs released per HMEC-1 cells exposed to vehicle (DMSO) or 1 nM to 10 000 nM B[a]P for 24 h, and
(B) exposed to 100 nM B[a]P from 2 h to 24 h. (C) Size distribution profile by NTA of EVs produced
by endothelial cells during 24h at 100 nM B[a]P. Data are the means + SEM of three or more
independent assays. *p < 0.05; **p < 0.01; ***p < 0.001 significantly different from unexposed
control.

Figure 2. B[a]P stimulates the production of both small vesicles (S-EVs) and large (L-EVs) vesicles
from endothelial HMEC-1 cells. HMEC-1 cells were exposed to vehicle (DMSO) or 100 nM B[a]P for
24 h. S-EVs and L-EVs were isolated by differential ultracentrifugation, as described in Material and
Methods section. Size distribution profile, determined by Nanoparticle Tracking Analysis (NTA) and
amount (inserts) of S-EVs (A) and L-EVs (B) released per endothelial cell. Data are the means + SEM
of three or more independent assays. *p < 0.05; **p < 0.01 significantly different from unexposed
control.

Figure 3. Characterization of S-EV and L-EV populations isolated from endothelial HMEC-1 cells.
HMEC-1 cells were exposed to vehicle (DMSO) or 100 nM B[a]P for 24 h. S-EVs and L-EVs were
isolated by differential ultracentrifugation, as described in Material and Methods section. (A)
Transmission electron microscopy pictures of S-EV and L-EV pellets (scale bars = 200 nm). (B)
Western blot analysis of EV markers in S-EVs and L-EVs obtained from HMEC-1. Cell lysates were
used as positive control for each marker studied. Lamin A/C was used to evaluate nuclear sample
contamination; caveolin-1, flotillin-1, TSG101and [-actin were used as markers of both S-EVs and L-
EVs. CD63 was used as S-EV specific markers, and Hsc70 was used as loading control. (C)
Measurement of annexin V positivity of L-EVs by flow cytometry. Annexin V was used as marker for

phosphatidylserine. Results are expressed as a percentage of isolated L-EVs.
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Figure 4. Effects of PAHs on the EVs released from endothelial HMEC-1 cells. (A-F) HMEC-1 cells
were exposed to vehicle (DMSO) or 100 nM of B[e]P, PYR, B[A]A, B[a]P or DBA for 24 h. (A) mRNA
expression of CYP1A1l and CYP1B1 was analyzed using RT-qPCR. Data are expressed relatively to
MRNA levels of CYP1A1 and CYP1B1 found in corresponding control cells (DMSO), arbitrarily set to
1 unit. (B-F) Total EVs were isolated by ultracentrifugation and analyzed by Nanoparticle Tracking
Analysis (NTA). (B) EV production released per HMEC-1 cells exposed to different PAHs for 24 h. (C-
F) Size distribution profile by NTA of EVs produced by endothelial cells during a 24 h exposure with
different PAHs compared to control (DMSQ). Data are the means + SEM of three or more
independent assays. *p < 0.05; **p < 0.01; ***p < 0.001 significantly different from unexposed
control.

Figure 5: Involvement of AhR in the production of S-EVs, but not of L-EVs, produced upon B[a]P
exposure of endothelial HMEC-1 cells. HMEC-1 cells were exposed to vehicle (DMSQO) or 100 nM
B[a]P in presence or not to AhR antagonist a-NF (10 uM). S-EVs and L-EVs were isolated by
differential ultracentrifugation, as described in Material and Methods section. S-EV (A) and L-EV (B)
concentrations released per endothelial cell were determined by Nanoparticle Tracking Analysis
(NTA). Data are the means + SEM of three or more independent assays. *p < 0.05 significantly
different from unexposed control. #p < 0.05 significantly different from B[a]P-treated cells.

Figure 6. PAH effects on intracellular Ca?* concentrations ([Ca%*];) and on the apoptosis in HMEC-
1 cells. HMEC-1 cells were exposed to vehicle (DMSO) or 100 nM of B[e]P, PYR, B[A]A, B[a]P or DBA.
(A) [Ca?*]iin cells was analyzed by real time fluorescence imaging, using Ca?* -sensitive probe Fura2-
AM (acetoxymethyl ester). Data were expressed as normalized maximum delta ratio as described in
Materials and Methods. HMEC-1 cells were treated by B[e]P, PYR, B[A]A, B[a]P or DBA at 100 nM or
untreated (DMSO) during 24 h for the evaluation of cytotoxicity by (B) counting apoptotic cells. Data
are the means + SEM of three or more independent assays. *p < 0.05; **p < 0.01; ***p < 0.001

significantly different from unexposed control.
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Figure 7. In vivo PAH exposure increases EV amount in urine. Rats received 0.8 mg/kg of a 16 PAH
mixture or only vehicle for control rats during 90 days. At the end of 90 days-experiment, urine
fractions were collected over a 24 h period. EVs were isolated by differential ultracentrifugation. (A)
EV concentrations released per mL of urine were assessed by Nanoparticle Tracking Analysis. (B)
Creatinine concentration (mg/mL) in urine of rats. (C) Urinary volume produced during the last 24
hours of PAH exposure. Data are the means + SEM of four rats. ***p < 0.001 significantly different

from unexposed control.
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