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ARTICLE INFO ABSTRACT

Keywords: Intracellular cholesterol metabolism is regulated by the SREBP-2 and LXR signaling pathways. The effects of
Blood-brain barrier inflammation on these molecular mechanisms remain poorly studied, especially at the blood-brain barrier (BBB)
gg}és[:elrols level. Tumor necrosis factor a (TNFa) is a proinflammatory cytokine associated with BBB dysfunction. Therefore,

the aim of our study was to investigate the effects of TNFa on BBB cholesterol metabolism, focusing on its un-
derlying signaling pathways. Using a human in vitro BBB model composed of human brain-like endothelial cells
(hBLECs) and brain pericytes (HBPs), we observed that TNFa increases BBB permeability by degrading the tight

Inflammation
Brain pericytes
Vascular biology

25-hydroxycholesterol
TNFa

LXR

SREBP-2

junction protein CLAUDIN-5 and activating stress signaling pathways in both cell types. TNFa also promotes
cholesterol release and decreases cholesterol accumulation and APOE secretion. In hBLECs, the expression of
SREBP-2 targets (LDLR and HMGCR) is increased, while ABCA1 expression is decreased. In HBPs, only LDLR and
ABCA1 expression is increased. TNFa treatment also induces 25-hydroxycholesterol (25-HC) production, a
cholesterol metabolite involved in the immune response and intracellular cholesterol metabolism. 25-HC pre-
treatment attenuates TNFa-induced BBB leakage and partially alleviates the effects of TNFa on ABCA1, LDLR,
and HMGCR expression. Overall, our results suggest that TNFa favors cholesterol efflux via an LXR/ABCA1-
independent mechanism at the BBB, while it activates the SREBP-2 pathway. Treatment with 25-HC partially
reversed the effect of TNFa on the LXR/SREBP-2 pathways. Our study provides novel perspectives for better
understanding cerebrovascular signaling events linked to BBB dysfunction and cholesterol metabolism in neu-
roinflammatory diseases.

1. Introduction

integrity, cell signaling and the regulation of the inflammatory response
(1). In the central nervous system (CNS), cholesterol plays an essential

Cholesterol is the main component of the mammalian cell membrane role in myelin sheath formation, synaptogenesis, and membrane repair
and is a precursor for steroid hormone production, thus playing a pivotal (2). The main source of CNS cholesterol is provided through de novo
role in several biological processes such as bilayer fluidity, membrane synthesis by astrocytes, since the exchange of cholesterol between the
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brain and the periphery is highly restricted by the blood-brain barrier
(BBB), a physical and metabolic barrier that isolates the brain from the
bloodstream (3). Endothelial cells (ECs) that form a monolayer at the
brain microvessel level are the central component of the BBB, and act as
a physical barrier due to the presence of tight junctions (TJs) between
adjacent ECs and the absence of fenestration and pinocytic activity (4,5).
In addition, the delivery of essential nutrients to the brain parenchyma is
strictly regulated by specific enzymes, receptors, and efflux pumps
expressed on the apical side of BBB ECs (5,6). The specific features of
BBB ECs are finely regulated by their interaction with perivascular
structures, such as brain pericytes, the basal lamina, and astrocytic end-
feet and neurons (7). The impaired communication among such com-
ponents may result in BBB dysfunction, which is an underlying mecha-
nism of the onset and progression of several neurodegenerative diseases
(7). Although it is well accepted that BBB dysfunction is among the
earliest events in neurodegenerative disorders, few studies have
addressed strategies to understand the mechanisms underlying BBB
impairment or proposed therapeutic interventions to prevent BBB
dysfunction.

In parallel, it was suggested that an imbalance in CNS lipid homeo-
stasis might be linked to the onset and progression of neurodegenerative
disorders, such as Alzheimer’s disease (AD) (8), Huntington’s disease
(9), Parkinson’s disease (9), and multiple sclerosis (MS) (2). For
example, in AD, very long-chain fatty acids are involved in peroxisomal
dysfunctions, and phospholipid levels might constitute interesting bio-
markers for detecting the disease at the prodromal stage (10). Further-
more, the expression levels of the CNS cholesterol transporter ABCA1
are closely associated with p-amyloid deposition in AD (11-13), and
single polymorphisms of this gene have been recently linked to disease
onset and progression (14). The expression of ABCA1 is tightly
controlled by liver X receptors (LXRa and f) (15), therefore the LXR/
ABCAL axis represents a very promising therapeutic target for AD and
other neurological disorders (16). Several studies have demonstrated
that ABCA1 is the major cholesterol transporter involved in cholesterol
release to apolipoproteins at the BBB and that its expression is regulated
by the liver X receptor (LXR) pathway (17-19). On the other hand, the
rate-limiting enzyme of cholesterol biosynthesis, 3-hydroxy-3-methyl-
glutaryl-coenzyme A reductase (HMGCR), and the low-density lipopro-
tein receptor (LDLR), which is responsible for the lipoprotein uptake, are
both regulated by the sterol response element-binding protein 2 (SREBP-
2) pathway (20-23). In this way, the balance between LXR and SREBP-2
activation plays a key role on the regulation of cholesterol metabolism in
the brain.

Despite the body of evidences highlighting the involvement of
cholesterol on the CNS homeostasis and onset of brain diseases, the
mechanisms underlying the associations among SREBP-2, LXR/ABCA1,
and inflammation at the BBB level and its link with the onset and pro-
gression of neurological disorders are not fully understood. In recent
years, oxysterols, a subset of oxidized cholesterol metabolites, including
24S-hydroxycholesterol (24S-HC) and 25-hydroxycholestherol (25-HC),
have received increasing attention (10,24,25). Some of these oxysterols
are LXR ligands and control ABCA1l expression (26). In particular,
studies have highlighted the potential involvement of 25-HC. For
instance, recent findings have demonstrated that 25-hydroxycholes-
therol (25-HC) inhibits SREBP-2 function and plays a key role in the
regulation of inflammatory processes in the brain (reviewed in (26)).
Further studies demonstrated that 25-HC levels increased in plasma of
MS patients in a 5-year follow-up study (27) but is decreased in
relapsing-remitting MS patients compared to controls (28). In parallel,
Meffre et al. (2015) demonstrated that activation of LXR by 25-HC
upregulated myelin expression and remyelination in organotypic cere-
bellar slice cultures (29). Moreover, the step-limiting enzyme respon-
sible for 25-HC production, namely cholesterol 25 hydroxylase
(CH25H), was found to be overexpressed in brains of AD patients, as well
as in mouse models of f-amyloidosis deposition and tau-mediated neu-
rodegeneration (30). Finally, 25-HC levels are increased in the brains
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tissue and cerebrospinal fluid (CSF) of late-stage AD patients (31).

Taken together, these previous findings strongly support a key role
for 25-HC in CNS homeostasis, both in the regulation of brain cholesterol
metabolism and in the control of neuroinflammatory processes (26).
However, the interactions between TNFa, SREBP-2, the LXR/ABCA1
axis and 25-HC remain to be clarified, especially at the level of endo-
thelial cells and pericytes of the BBB.

Therefore, the present study was designed to investigate the effects of
inflammation on the cholesterol metabolism, with focus not only on BBB
ECs but also on brain pericytes. For this purpose, we employed a well-
established in vitro human BBB model consisting of CD34"-derived
endothelial cells cocultured with human brain pericytes (HBPs) to
induce BBB properties (32). After induction of the BBB properties, the
BBB ECs are named brain-like endothelial cells (hBLECs). Tumor ne-
crosis factor a (TNFa) a proinflammatory cytokine with well-described
involvement in chronic neurological disorders and BBB dysfunction
(33-35), was used to induce an inflammatory response in the in vitro BBB
model. Herein, we demonstrated first that TNFa induces BBB disruption
via CLAUDIN-5 degradation and alters cholesterol metabolism at the
hBLEC and HBP levels via activation of the SREBP-2 pathway. Secondly,
our data suggested that TNFa increases 25-HC bioavailability. At last,
pretreatment with 25-HC, which inhibits the SREBP-2 pathway, atten-
uated the TNFa-induced BBB breakdown. Overall, our study provides
new evidence highlighting the potential role of oxysterols in the regu-
lation of BBB homeostasis and pinpoints such molecules as promising
therapeutic targets for treating neurodegenerative disorders.

2. Materials and methods
2.1. Reagents

Endothelial Cell Growth Medium MV2 (ECGMV2) and supplement
(ref C22022) were purchased from PromoCell GmbH (Heidelberg, Ger-
many), fetal bovine serum (FBS) from Thermo Fisher Scientific (Illkirch,
France), and penicillin-streptomycin from ScienCell Research Labora-
tories Inc. (Carlsbad, CA, USA). Dulbecco’s modified Eagle medium
(DMEM), bovine serum albumin (ref A3311), TNFa (ref SRP3177), 25-
HC (ref H1015), APOA-I (ref 178,452), HDL (ref 437,641), Interferon
vy (IFNy, ref. IF002), Matrigel™ (ref 354,230), the LXR inhibitor
GSK2033 (ref SML1617), the SREBP inhibitor PF-429242 (ref
SML0667), 1-glutamine (ref G8540), and the LXR agonist T0901317 (ref
T2320) were all purchased from Sigma-Aldrich (Merck KGaA, Saint-
Quentin-Fallavier, France). Gentamycin sulfate (ref L0011-100) added
to the PromoCell culture medium at 0.5 % was purchased from VWR
International LLC (Radnor, PA, USA).

2.2. Cells

Human brain pericytes (HBPs) were kindly provided by Dr. Fumitaka
Shimizu and Pr. Takashi Kanda from the Department of Neurology and
Clinical Neuroscience, Graduate School of Medicine, Yamaguchi Uni-
versity, Ube, Japan. HBPs were isolated from a patient who had sud-
denly died from a heart attack (36). The study protocol for human tissue
was approved by the ethics committee of the Medical Faculty (IRB#:
H18-033-6), University of Yamaguchi Graduate School, and was con-
ducted in accordance with the Declaration of Helsinki, as amended in
Somerset West in 1996. For the CD34"-hematopoietic stem cells, written
informed consent was obtained from the family of the participant before
enrollment in the study. The collection of human umbilical cord blood
requires that infants’ parents signed consent forms in compliance with
French legislation. The protocol was approved by the French Ministry of
Higher Education and Research (CODECOH, Number DC2011-1321).
All experiments were carried out in accordance with the approved
protocol. HBPs and CD34'-hematopoietic stem cells were regularly
checked for mycoplasma contamination, and short tandem repeat (STR)
analysis confirmed the absence of cross-contamination. According to
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French legislation, human cells were handled in the laboratory under
agreement number L2-1235.

CD34"-hematopoietic stem cells were isolated from human umbili-
cal cord blood and differentiated into ECs (CD34"-ECs) as previously
described (37). CD34"-ECs were seeded in 100 mm 1 % gelatin-coated
dishes containing complete ECGMV2 supplemented with 0.5 % genta-
micin. The HBPs were grown in DMEM supplemented with 4.5 g/L p-
glucose, 10 % FBS, 1 % r-glutamine, and 1 % penicillin-streptomycin, as
previously described (36).

2.3. Invitro BBB model with human brain-like endothelial cells (hBLECs)

The BBB model was reproduced as previously published (32,38).
Briefly, CD34"-ECs (8 x 10* cells/insert) were seeded into Matrigel™-
coated filters (Costar Transwell inserts, pore size 0.4 pm, Corning SAS,
Avon, France). Then, the inserts were placed in collagen-coated 12-well
plates containing HBPs (5 x 10 cells/well). After 5 days of coculture,
CD34"-ECs acquire the major BBB properties observed in vivo and
reproduce a suitable model to for investigating BBB permeability and
physiology (39,40). These cells are therefore referred to as human brain-
like ECs (hBLECs). HBPs were also deeply characterized in our previous
studies (18,38,41). The upper compartment represents the apical side of
the model (blood), and the lower side, represents the basolateral
compartment (brain). Once differentiated, hBLECs were treated, and
permeability studies and sample collection were subsequently per-
formed as described below.

2.4. Treatments

All experiments were performed in the absence of serum or other
commercial growth factors. All treatments were diluted in serum-free
ECGMV2 containing 0.1 % BSA. For inflammatory conditions
mimicking CNS inflammation, TNFa (1 and 10 ng/mL) or interferon y
(IFNy, 1 and 10 ng/mL) were added to the basolateral compartment of
the BBB model. For the coincubation of 25-HC with TNF«, 25-HC was
added to the basolateral compartment 15 min prior to the addition of
TNFa to the media. For the coincubation of T0901317 (10 pM),
GSK2033 (1 pM) and PF-429242 (SREBP inhibitor, 1 pM) with TNFa,
these compounds were added to both the basolateral and apical com-
partments 15 min before the TNFa treatment.

2.5. Permeability assay

Permeability assays were performed as previously described (42).
Ringer-HEPES (RH buffer) buffer (150 mM NacCl, 5.2 mM KCl, 2.2 mM
CaCly, 0.2 mM MgCly, 6 H,O, 6 mM NaHCO3, 5 mM HEPES, pH 7.4) at
37 °C was added to empty wells in a 12-well plate (Costar). Filter inserts
containing hBLECs were subsequently transferred to a 12-well plate and
filled with RH containing the fluorescent integrity marker sodium
fluorescein (NaFlu; 10 pM; Life Technologies, Carlsbad, CA, USA), which
poorly crosses the BBB. After 1 h, the filter inserts were withdrawn from
the receiver compartment. Aliquots from the donor solution were taken
at the beginning and end of the experiments, and the fluorescence was
quantified using a microplate reader (Synergy H1 multiplate reader,
BioTek Instruments SAS, Colmar, France) at an excitation wavelength
(A) of 490 nm and an emission wavelength of 525 nm. The permeability
coefficient was then calculated as previously described (42). Briefly,
both the insert permeability (PSf, for inserts only coated with Matri-
gel™) and the permeability of inserts containing hBLECs (PSt, for inserts
with Matrigel™ and cells) were considered according to the following
formula: 1/PSe = 1/PSt — 1/PSf. The permeability value of the hBLEC
monolayer was then divided by the surface area of the insert (1.12 cm?)
to obtain the permeability coefficient (Pe) of each molecule (at 10 3 cm/
min).
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2.6. Transendothelial electrical resistance (TEER) measurements

The resistance of the seeded or coated (empty) inserts was measured
using an EVOM2 device (with a chopstick, World Precision Instruments,
Friedberg, Germany) following the manufacturer’s instructions and
immediately after the inserts were removed from the incubator. For the
calculation of the TEER values, the resistance of the coated inserts
without cells was subtracted from the resistance obtained with cells and
multiplied by the surface area of the insert (1.12 cmz). TEER measure-
ments were performed on triplicate inserts of two independent
differentiations.

2.7. Toxicity and viability assays

Cell viability was evaluated by a WST-1 assay (Roche, Bale,
Switzerland), a water-soluble tetrazolium salt, according to the manu-
facturer’s instructions. ATP levels in hBLECs and HBPs were measured
with a luminescent kit (Merck KGaA) following the manufacturer’s in-
structions. The lactate levels in the supernatant were measured using a
homemade kit, as previously reported (43). Briefly, the supernatants
were collected after treatment and frozen. Then, 10 pL of the superna-
tant was incubated with 90 pL of the lactate assay mixture, which was
composed of 86 mM triethanolamine HCI, 8.6 mM EDTA.Na, 34 mM
MgCl.6H20, 326 pM N-methylphenazonium methyl sulfate, 790 pM p-
iodonitrotetrazolium violet, 7 % ethanol, 0.4 % Triton-X-100, 3.3 mM
B-nicotinamide adenine dinucleotide and 4 U/mL lactate dehydroge-
nase. All reagents were purchased from Merck KGaA. After 9 min of
incubation, the absorption was measured using a Synergy H1 microplate
reader at 490 nm, and the lactate concentration in the supernatant was
calculated according to a standard lactate curve.

Mitochondria activity of living cells was assessed by MTT cell pro-
liferation assay. Briefly, after 24 h treatment with 10 ng/mL TNFa +/—
10 pM 25-HC, cell medium was changed with complete medium sup-
plemented with 1 mg/mL 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-
2H-tetrazolium Bromide (MTT, ref. 475,989, Sigma-Aldrich) for 1 h.
MTT medium was then removed, and intracellular formazan crystals
were dissolved in pure DMSO to measure the absorbance at 570 and 630
nm for cell proliferation rate and background subtraction respectively.
To allow the cell proliferation evaluation, cells were previously counted
to refer to the precise number of cells per well.

2.8. Immunofluorescence and confocal analysis

hBLECs were fixed with ice-cold methanol (20 s) for CLAUDIN-5
labeling or cold paraformaldehyde (PFA) 4 % (10 min) for the other
targets and rinsed twice with cold calcium and magnesium free PBS
(PBS-CMF; 8 g/L NaCl, 0.2 g/L KCl, 0.2 g/L KHyPO4, 2.86 g/L
NaoHPO4-12 Hy0; pH 7.4). A step of 10 min-permeabilization (10 min at
room temperature (RT)) with 0.1 % Triton X-100 in PBS-CMF was
required for PFA-fixed samples. For the colabelling of CLAUDIN-5 and
endomembrane markers (RAB7A and HSP90B1), cells were fixed with
cold PFA (2 %). Unspecific binding was blocked (30 min, RT) using a sea
block buffer solution (SBBS, Thermo Fisher Scientific). Then, the cells
were incubated (60 min, RT) with primary antibodies against CLAUDIN-
5(1:100, Invitrogen, 34-1600), ZO-1 (1:200, Invitrogen, 61-7300), VE-
CADHERIN (1:400, Abcam, Ab33168), RAB7A (1:100, Cell Signaling,
95746S), HSP90B1 (1:100, Sigma-Aldrich, AMAB91019) and Ki-67
(1:200, Abcam, Ab16667) in PBS-CMF containing 5 % (v/v) SBBS
(PBS-SBBS). After rinsing, the cells were incubated (30 min, RT) with a
secondary polyclonal antibody (Life Technologies, A-11034) and 10 ng/
mL DAPI (Invitrogen, D1306) for nuclear staining in PBS-SBBS. For F-
ACTIN staining, the cells were incubated (30 min, RT) with phalloidin
(1:40, Bodipy — 588/568 — Thermo Fisher Scientific, B3475) during the
secondary antibody step. After rising, the cells were mounted using
ProLong Gold Antifade Mountant (Thermo Fisher Scientific). Images
were acquired using a Leica microscope (DMi8, Leica Microsystems SAS,
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Nanterre, France) and processed using ImageJ software (National In-
stitutes of Health, Bethesda, MD, USA).

For Ki-67 labelling, HBPs were then analyzed using ImageJ and re-
sults were reported to the total number of nuclei per condition.

Confocal analysis was made using the confocal microscope LSM780
(Zeiss, Oberkochen, Germany). Pearson’s correlation coefficient were
then calculated using 10 fields per condition in 3 independent
experiments.

2.9. FACS-like Ki-67 positive cell measurement

Non-treated and treated cells were rinsed twice with PBS-CMF, and
then resuspended in Accutase® (Sigma-Aldrich) at 37 °C, 5 % CO._ After
10 min, action of Accutase® was stopped by the addition of complete
medium. Cells were then counted, and 2.5 to 3 x 10° cells were then
processed for Ki-67 immunostaining. Briefly, suspended cells were fixed
10 min in 4 % PFA and permeabilized in PBS-CMF/0,1 % Saponin (PBS-
S). Cells were then saturated in SBB solution/0,1 % Saponin and labeled
with Anti-Ki-67 antibody (same reference used in IF) in PBS-S 2 % SBB
for 1 h on a rotary agitator. After 3 cycles of washing in PBS-S/pelleting
at 1000 xg for 5 min, cells were labeled with secondary goat anti-Rabbit
AF488 (Thermo Fisher Scientific) in PBS-S 2 % SBB for 1 h on a rotary
agitator. After 3 cycles of washing in PBS-S/pelleting at 1000 xg for 5
min, the fluorescence was measured using a Synergy H1 multiplate
reader (Ex: 475 nm, Em: 509 nm). Results were reported to the cell
number initially counted.

2.10. RT-qPCR

After treatment, mRNA from hBLECs and HBPs were extracted using
a NucleoSpin® RNA/protein kit (Macherey-Nagel, Dueren, Germany).
cDNA were obtained from 250 ng of mRNA using IScript™ Reverse
Transcription Supermix (Bio-Rad, Hercules, CA, USA), following the
manufacturer’s instructions. For CYP7B1 mRNA expression in hBLECs,
cDNA were obtained from 250 ng to 1 pg of mRNA, but no signal was
detected. qPCR reactions (10 pL) were prepared using SsoFast™ Eva-
Green® Supermix (Bio-Rad), primers (100 nM), deionized water, and
cDNA. gPCR amplification was carried out for 40 cycles with an
annealing temperature of 60 °C in a CFX96 thermocycler (Bio-Rad). Ct
data were obtained using Bio-Rad CFX Manager software. Gene
expression levels of the targets (please see Table 1) were calculated
using the 224 method relative to the housekeeping gene glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH). The specificity and effi-
ciency of all the target genes primers were evaluated before performing

Table 1
Primers sequences for qPCR. Primer pairs: F: forward primer and R: reverse
primer.

Target Sequence (F/R) Accession Number
o EOTSCTNTIGGCE u osons
avoz R COTTCAACTOCTTOATGGTCT  NML0013026%0.2
s RACACGCTIONNSEN g s
cre7e: R AMGTICAGGACCACTCCAGAT 0103942
AMGCR R GeTOTCTICTIGGTGMGe NML.001130996.2
FTIGTECTIONTTSAS o owsars
DXRs RIS Gricencaotererace NML.00%69a
YNmmy  rreerccremmcacoatcrag  NMO07IZL7
GAPDH F: GATGACATCAAGAAGGTGGTGA NM_001357943.2

R: GCTGTTGAAGTCAGAGGAGACC
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2.11. Western blotting (WB)

Cells were collected with RIPA lysis buffer containing protease and
phosphatase inhibitors (Sigma-Aldrich). Cell lysates (10-20 pg) were
prepared, separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and then transferred to nitrocellulose
membranes (GE Healthcare, Little Chalfont, UK). Nonspecific binding
was blocked using Tris-buffered saline containing 0.1 % Tween 20 (TBS-
T) with 5 % skim milk (1 h, RT). The membranes were incubated (4 °C,
overnight) with primary antibodies (Table 2), washed extensively, and
then incubated (1 h, RT) with a horseradish peroxidase-conjugated
secondary antibody (Dako, Lostrup, Denmark). After rinsing, the mem-
branes were developed with a chemiluminescence reagent (GE Health-
care), and images were acquired using the Azure c600 WB Imaging
System (Azure Biosystems, Dublin, Ireland). TotalLab TL 100 1D gel
analysis software was used for quantification of the relative immunoblot
densities (Gosforth, UK). For APOE detection, supernatants were
collected, centrifuged, and stored at —20 °C. Soluble proteins were
precipitated by diluting the supernatants (1:5 v/v) with pure acetone
(Sigma Aldrich) followed by overnight incubation at —20 °C. Then, the
samples were centrifuged (14,000 rpm for 10 min), and the supernatant
was discarded. The remaining acetone air-dried pellet was resuspended
in RIPA lysis buffer (Sigma-Aldrich) supplemented with anti-proteases
and anti-phosphatases (Sigma-Aldrich). A BCA assay (Sigma-Aldrich)
was performed for protein quantification, and immunoblotting was
performed as described above. The immunoblots of APOE were then
normalized by staining the membranes with Red Ponceau (Thermo
Fisher Scientific) as previously described (18,44).

2.12. Cellular cholesterol efflux assay

To prepare the radiolabeled medium, 0.5 pCi/mL [°H]-cholesterol
(Perkin Elmer, Waltham, MA, USA) was added to the FCS of the
ECGMV2 supplement and incubated at 37 °C for 3 h. Then, radiolabeled
serum was added to ECGMV2 to prepare complete medium for the in
vitro BBB model. The cells were maintained for 24 h in radiolabeled
complete medium to promote the uptake of radiolabeled cholesterol by
hBLECs and HBPs. Afterwards, the cells were rinsed twice with basal
ECGMV2 medium and incubated with basal ECGMV2 medium supple-
mented with 0.1 % BSA in the absence or presence of 10 ng/mL TNFa or
the LXR agonist T0901317 (10 pM). After 24 h of treatment, the cells
were rinsed once with ECGMV2 + 0.1 % BSA and incubated for 4 h with
ECGMV2 + 0.1 % BSA containing 50 pg/mL of high-density lipoproteins
(HDL) or 20 pg/mL of apolipoprotein A-I (APOA-I). After incubation
with the lipid acceptors, the supernatants were collected, and the
hBLECs and HBPs were rinsed 4 times with cold RH buffer before being
lysed with 1 % Triton X-100 (Sigma Aldrich). The supernatants and cell
lysates were then centrifuged (4 min at 4000 rpm), and the radioactivity
was quantified using an HIDEX 300SL scintillation counter (Sciencetec,

Table 2
Antibodies used for the immunoblot experiments.

Target References and providers Antibody dilution
ABCA1 ab18180 (Abcam) 1/500
CLAUDIN-5 GTX49370 (Genetex) 1/1000
COox2 AF4198 (R&D system) 1/1000
HMGCR AMAB90619 (Sigma) 1/1000
ICAM-1 ab53013 (Abcam) 1/2000
LDLR ab52818 (Abcam) 1/1000
NLRP3 ab263899 (Abcam) 1/1000
APOE ab1906 (Abcam) 1/1000
CYP7B1 TA807549 (Origene) 1/1000
CH25H ABS562 (Merck) 1/1000
VCAM-1 PA5-80213 (Thermo Fisher) 1/1000
ACTIN A5441 (Sigma) 1/10000
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Villebon-sur-Yvette, France). The intracellular cholesterol content was
determined by measuring the disintegration per minute in the cell ly-
sates. The relative cholesterol efflux was calculated as we previously
described (17,18) according to the following formula:

BBA - Molecular Basis of Disease 1870 (2024) 167479

Analysis of 25-HC was performed using a quadrupole time-of-flight
Triple TOF 5600 + mass spectrometer with electrospray ionization
interface (ESI) coupled with an Eksigent Ekspert nanoLC 425 system
(Sciex, Redwood City, USA). Five pL of standards or samples were

Relative Cholesterol Efflux (%) = (Supernatant radioactivity [Bq]” 100 )/(Supernatant radioactivity [Bq] + Lysate radioactivity [Bq] ).

2.13. Dosage of total cell cholesterol

Cells of the human BBB model were treated with vehicule (ECGMV2
supplemented with 0.1 % BSA) or with 10 ng/mL of TNFa for 24 h.
hBLECs and HBPs were then rinsed twice with RH buffer and resus-
pended in Accutase® for 10 min at 37 °C 5 % COs. Cells were then rinsed
and pelleted 3 times in PBS-CMF at 300 xg for 5 min at 4 °C. To extract
the lipids, pellets were then lysed in chloroform/isopropanol/NP-40
(7:11:0.1, v/v) and lysates were centrifuged for 10 min at 13,000 xg
at room temperature. Supernatants were heated at 50 °C for 20 min and
were subsequently dried in the vacuum for 30 min (rotavapor, Thermo
Fisher Scientific). The samples were then assayed using a Cholesterol
Quantitative Kit (Sigma-Aldrich, MAK043). Briefly, this assay uses a
coupled enzyme giving a colorimetric (570 nm)/fluorometric (Aex =
535 nm/Aem = 587 nm) product, proportional to total cell cholesterol
and more precisely free cholesterol and cholesteryl esters. Briefly, dried
lipids were resuspended and sonicated in Cholesterol Assay Buffer and
50 pL per condition were incubated with 50 pL of reaction mix (22v.
Cholesterol Assay Buffer, 1v. Cholesterol Probe, 1v. Cholesterol Enzyme
Mix and 1v. Cholesterol esterase) for 1 h at 37 °C, 5 % CO,. Total
cholesterol per condition was quantified at 570 nm, and reported to the
total quantity of proteins dosed by the Bradford protocol. The mea-
surement of the total cell cholesterol was normalized by ug of proteins in
each hBLEC and HBP sample.

2.14. Oxysterol extraction and 25-HC analysis by LC-MS/MS

To generate enough materials to dose the oxysterols, the human BBB
model was set up in dishes of 100 mm diameter (Corning). Two days
after thawing and growth in petri dishes, 6.25 x 10° HBPs were seeded
in 100 mm dishes coated with rat tail collagen (type I) (BD Biosciences,
Franklin Lakes, NJ, USA), cultured in ECGMV2 supplemented with
supplement mix, and 0.5 % gentamicin and kept for 3 h at 37 °C as
described above. Then, 3.1 x 10° CD34"-derived ECs were seeded on
0.4 pm transwell inserts (Corning ref. 7910) coated with diluted 1/48
(v/v) Matrigel™. HBPs and ECs were cultured together for 6 days in a
humidified 5 % CO, atmosphere to induce the hBLEC phenotype as
described above. The medium was renewed every 2 days.

Then, TNFa or IFNy (resuspended in basal ECGMV2 supplemented
with 0.1 % BSA) was added to the abluminal compartment of the BBB
model at a concentration of 10 ng/mL for 24 h. Then, oxysterol
extraction from the medium was performed using methanol (CH3OH),
chloroform (CHCl3) and 2,6-ditertiarybutyl-4-methylphenol (BHT) ac-
cording to method of Bligh and Dyer (45). To summarize, 4 mL of 5 pM
CH30H/BHT (1:0,09, v/v) was added to 2 mL of culture media. Then, 2
mL of CHCl; was added to each sample. The mixture was shaken
vigorously for 30 min and then centrifuged for 10 min at 1200 rpm. The
CHCI3 fraction was recovered, and the process was repeated. CHCl3
fractions were pooled and evaporated using rotavapor. The samples
were stored at —80 °C until analysis.

For oxysterol extraction from cell lysates, cell lysis was performed
with 4 mL of 5 pM CH3OH/BHT (1:0.09, v/v) and 2 mL of water was
added after cell scraping. The samples were frozen at —80 °C overnight
and then sonicated for 30 min. The samples were treated as described
above.

injected into an Eksigent Halo C18 column (50 x 0.5 mm; 2.7 pm, 90 A).
Samples were diluted in methanol/water/formic acid (20:80:0.1).

A multistep solvent gradient applied was set to 0 min at 20 % B; 3
min 20 % B; 4.5 min 80 % B and was held at 80 % up to 7.5 min where
solvent A was water, 0.1 % formic acid and solvent B was methanol, 0.1
% formic acid. Flow rate was set to 10 pL/min. The column temperature
was set to 25 °C. Mass spectrometer parameters were previously
described by Madlen Reinicke et al. (46). Briefly, precursor ion was m/z
385.3 [M + H - H20]+, quantifier ion was m/z 367.3 and qualifier ion
was m/z 147.1. Source temperature was set to 300 °C, lonspray Voltage
set to 5500 V, Collision Energy to 30 V and Declustering Potential set to
100 V. Nebulizing gas and curtain gas were set to 20 and 10 psi
respectively. External calibration curve was redone every 20 samples
and shown linearity from 1 nM to 500 nM with a retention time at 3.8
min for 25-HC. Representative chromatograms and mass spectrum of 25-
HC are shown in Supplementary Fig. 1.

2.15. Statistical analysis

The number of independent experiments for each figure is indicated
by “n” in figure legends. All data were analyzed using GraphPad Prism®
software version 8.0 (Dotmatics, Boston, MA, USA). The normality of
continuous variables was assessed using the Shapiro-Wilk test (n < 30)
or Kolmogorov-Smirnov test (n > 30). For variables that were not nor-
mally distributed, Mann-Whitney or Kruskall-Wallis tests were per-
formed and the values are expressed as medians (interquartile ranges,
25-75). For variables that were normally distributed, Student’s t-test or
one-way ANOVA was performed, and the values ware expressed as the
mean =+ standard deviation (SD). The thresholds for statistical signifi-
cance were set as p < 0.05 (*), p < 0.01 (**) and p < 0.001 (***)
compared with the control (or untreated) conditions, or with the other
treated conditions for Figs. 7 and 9.

3. Results

3.1. TNFa triggers inflammation in cells of the human blood-brain barrier
(BBB) and promotes BBB opening

To understand the effect of TNFa from the cerebral compartment on
the BBB, the in vitro model was exposed to two concentrations of TNFa (1
and 10 ng/mL) in the basolateral (corresponding to brain) compartment,
followed by a time-curve evaluation of BBB features (4-48 h). TNFa
quickly induces a stress response at the level of hBLECs and HBPs since
the upregulation of inflammatory markers is quickly observed (Fig. 1).
The inflammasome molecule NOD-like receptor family, pyrin domain-
containing 3 (NLRP3, Fig. 1A), vascular cell adhesion molecule-1
(VCAM-1, Fig. 1B), and intercellular adhesion molecule 1 (ICAM-1,
Fig. 1C) were significantly upregulated in hBLECs after 4, 8, 24 and 48 h
of treatment with various concentrations of TNFa. Similar results were
observed for HBPs (Fig. 1D), confirming that the inflammatory process is
induced by TNFa in both cell types of the human BBB model.

We then investigated the effects of TNFo on BBB permeability and
observed the TNFa-induced BBB disruption started after 8 h of treat-
ment, as highlighted by a marked increase of the permeability to sodium
fluorescein (NaFluo), a small paracellular fluorescent marker (Fig. 2A)
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f inflammatory markers in hBLECs and HBPs. Western blotting was performed on cell

lysates from the in vitro BBB model treated for 4, 8, 24 or 48 h with 1 or 10 ng/mL TNFa to detect the protein expression of the inflammasome NRLP3 (A), adhesion
molecule VCAM-1 (B) and intercellular adhesion molecule 1 (ICAM-1) in hBLECs. (D) NLRP3, VCAM-1 and ICAM-1 expression in HBPs after 24 h of treatment with

10 ng/mL TNFa. The data are presented as medians with interquartile ranges

and a decrease of the trans-endothelial electrical resistance (TEER)
(Fig. 2B).

BBB disruption was more evident after 24 and 48 h of treatment,
when 10 ng/mL TNFa was able to further increase the BBB permeability.
In addition, even 1 ng/mL TNFa induced BBB breakdown after 24 and
48 h, but to a lesser extent than 10 ng/mL TNFa. We therefore chose to
use 24 h and the 10 ng/mL TNFa concentration for subsequent experi-
ments in our study. The TNFa-induced BBB breakdown was further
confirmed by immunofluorescence analysis, that revealed that TNFa-
treated cells presented disabled junction proteins, such as CLAUDIN-5,

(n = 3).

Z0-1, and VE-CADHERIN (Fig. 2C). Cell border presence of these junc-
tion proteins is disturbed (white arrows) whereas cytosolic presence is
increased, thus suggesting location changes of these proteins, particu-
larly CLAUDIN-5 that is an essential component for BBB integrity (47).
To further investigate the effect of TNFu on TJ localization, a co-staining
of claudin 5 and RAB7A (late endosomal marker) or HSP90B1 (endo-
plasmic reticulum marker) was performed. We then adapted our
immunofluorescence protocol to focus on intracellular CLAUDIN-5
localization after TNFo treatment and observed that CLAUDIN-5 signal
superposes with RAB7A but not with HSP90B1 (Fig. 2D). It is well-
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Fig. 2. Effect of the addition of 1 or 10 ng/mL TNFa to the basolateral compartment on the tightness of the human in vitro BBB model. Time-curve response of TNFu
on paracellular permeability to the fluorescent marker sodium fluorescein (NaFlu) (A) or relative transendothelial electric resistance (TEER) (in %) (B). The basal
TEER was 80.4 + 6.8 Q.cm? The data are presented as means + SDs, n = 6-16. C, Representative images and magnifications of immunofluorescence staining for the
detection and localization of tight junction (CLAUDIN-5 and ZO-1) and adherens junction (VE-CADHERIN) proteins following 24 h of treatment with 1 or 10 ng/mL
TNFa. White scale bar: 10 pm, yellow scale bar: 5 pm. Loss of cell border cohesion was shown by white arrows. The immunofluorescence protocol was then adapted
to investigate the intracellular location of the tight junction protein CLAUDIN-5 (in green) within hBLECs after 24 h of treatment with DMSO (control) or 10 ng/mL
TNFa (D). RAB7A, a marker of late endosomes, was stained in red and nuclei were labeled with 10 ng/mL DAPI (blue). The pictures are representative of three
independent experiments. Scale bar: 2.5 pm. (E) Calculation of Pearson’s correlation coefficient from confocal pictures shows an increase of CLAUDIN-5 and RAB7A
colocalization after 24 h of TNFa treatment. (F) Protein levels of CLAUDIN-5 were decreased 48 h after TNFa treatment. For (E) and (F), data are presented as
medians with interquartiles, n = 3. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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described that RAB7A-positive late endosomes will then fuse with ly-
sosomes (48), suggesting that it will likely lead to CLAUDIN-5 degra-
dation. We therefore performed confocal analysis of CLDN5-RAB7A
colocalization and assessed CLDN5 protein expression after TNFa-
treatment. We observed a significant increase of Pearson’s correlation of
CLDN5-RAB7A colocalization at 24 h after TNFa treatment (Fig. 2E) and
a significant decrease of CLDN5 protein level at 48 h (Fig. 2F). Taken
together, these results suggest that TNFa disrupts the tight junctions of
the hBLEC monolayer and promotes the translocation of CLAUDIN-5 to
the late endosomes to be subsequently degraded by the lysosomal
system.

Furthermore, we evaluated the effect of TNFa on cell viability to
identify putative toxic effects at the BBB level. TNFa (10 ng/mL) slightly
decreased hBLEC viability (Fig. 3A) and ATP content (Fig. 3B) and
increased lactate production (Supplementary Fig. 2), while 1 ng/mL
TNFo had no effect. Interestingly, TNFa had no effect on HBP viability
and ATP production at any tested concentration, suggesting that HBPs
are less sensitive to the deleterious effects of TNFa than are hBLECs.

3.2. TNFa modulates cholesterol metabolism in cells of the human BBB
model

To determine whether TNFo modulates cellular cholesterol meta-
bolism, we analyzed the mRNA and protein expression of key players
involved in cholesterol release (ABCA1 and APOE), cholesterol synthesis
(HMGCR) and cholesterol uptake (LDLR).

Surprisingly, 10 ng/mL TNFa downregulated the mRNA and protein
expression of ABCA1 in hBLECs, but upregulated ABCA1 expression in
HBPs (Fig. 4A and B). However, 1 ng/mL TNFa, which had a mild effect
on BBB permeability and did not induce hBLEC toxicity, had no effect on
ABCA1 expression. Because ABCA1 expression is regulated by LXRa and
LXRp, we measured the mRNA expression of these nuclear receptors
after TNFa treatment. LXRa is highly expressed in hBLECs and in HBPs
when compared with LXRp (Supplementary Fig. 3) and TNFa down-
regulates LXRa expression in hBLECs and upregulates LXRp expression
in HBPs (Fig. 4C). We can therefore hypothesize that TNFa differentially
modulate LXRa and LXRf expression in hBLECs and HBPs that subse-
quently might lead to different regulation of the ABCA1 expression in
these two cell types.

Other ABC transporters (ABCG1, ABCG4, and ABCA7) known as
cholesterol transporters were also investigated but TNFa had no effect
on their protein expression (Supplementary Fig. 4). RT-qPCR analysis of
APOE mRNA showed downregulation 24 h after treatment with TNFa
10 ng/mL in hBLECs (Fig. 4A) and this result was confirmed by analysis
of cell supernatants from the basolateral compartment (brain) of the
human BBB model (Fig. 4D). Interestingly, we were not able to detect
any secretion of APOE protein on the apical side of the model (blood).
TNFa upregulated the expression of LDLR in hBLECs and HBPs (Fig. 4A
and E) and increased the expression of HMGCR only in hBLECs (Fig. 4A

A
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and E). Taken together, our results suggest that TNFo treatment mod-
ulates the levels of proteins involved in cholesterol efflux, production
and uptake.

To further investigate the effect of 10 ng/mL TNFx on cholesterol
metabolism, we evaluated the effect of TNFa treatment for 24 h on
cholesterol efflux. For this purpose, we used two different cholesterol
acceptors, namely, APOA-I and HDL. In addition, T0901317, a potent
agonist of the LXR signaling pathway that controls ABCA1 expression,
was used as a positive control for LXR activation and cholesterol efflux
(17,18,49). As shown in Figs. 5A and B, 10 ng/mL TNFa increased
cholesterol efflux to both acceptors (APOA-1 and HDL) only in hBLECs,
and reduced the intracellular cholesterol content in hBLECs (Fig. 5C and
D). These latter results were confirmed by analysis of total cellular
cholesterol content using a dosage cholesterol kit as we performed in our
previous study (41). Fig. 5E and F confirm that treatment of cells with
10 ng/mL of TNFa decreases the total cholesterol concentration in
hBLECs, but not in HBPs.

Interestingly, increased cholesterol efflux was observed in both
compartments of the human BBB model. These results were unexpected
since ABCA1, the major cholesterol transporter involved in APOA-I and
HDL efflux, was downregulated in hBLECs after TNFa treatment (Fig. 4A
and B). The results observed after T0901317 (10 pM) treatment
confirmed that activation of the LXR signaling pathway leads to
cholesterol efflux. No changes in cholesterol efflux were detected in
HBPs treated with TNFa, while T0901317 increased cholesterol efflux,
suggesting that TNFu triggers a different cellular response in HBPs than
in hBLECs. Taken together, these results suggest that the increase in
cholesterol efflux observed in hBLECs after TNFa treatment is not
mediated by the LXR/ABCA1 axis. Despite alterations in LDLR and
ABCAL1 expression, no cholesterol efflux is triggered in HBPs. Given we
have observed a significant upregulation of LDLR and HMGCR in HBPs
and hBLECs after TNFa treatment, we hypothesize that TNFu is a potent
activator of the SREBP-2 pathway.

3.3. The 25-HC concentration in increased by TNFa

Since there is no evidence in the literature showing a direct effect of
TNFa on LXR/SREBP-2 pathways in hBLECs and HBPs, we investigated
whether TNFa-mediated BBB disruption could involve the regulation of
25-HC availability, which modulates the activity of these pathways.
Indeed, several studies have demonstrated that 25-HC is a potent LXR
agonist and inhibits the SREBP-2 pathway by sequestering SREBP pro-
teins into the endoplasmic reticulum (26). Cholesterol is converted to
25-HC by cholesterol 25 hydroxylase (CH25H) (Fig. 6A). Afterwards, 25-
HC can be subsequently converted by the enzyme CYP7B1 to 7a,25-
dihydroxycholesterol (7a,25-DHC), an agonist of Epstein-Barr receptor 2
(EBI2), which elicits a strong inflammatory response. Therefore, we
investigated the effect of TNFa on the expression of enzymes involved in
the production of 25-HC (CH25H) and the oxidation of 25-HC to 7a,25-
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Fig. 3. Toxicity of TNFa (1 or 10 ng/mL for 24 h) on hBLECs and HBPs. TNFa effect on hBLECs and HBPs was assessed by a WST-1 assay (A) and ATP content in cell

lysates (B). The data are presented as medians with interquartile ranges (n = 3-8).
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Fig. 4. Time- and concentration-dependent effects of TNFa on the expression of key players in cellular cholesterol homeostasis. RT-qPCR was performed on cell
lysates from an in vitro BBB model (hBLECs and HBPs) treated for 4, 8 or 24 h with 1 or 10 ng/mL TNFa« to detect the mRNA expression of ABCA1, APOE, LDLR and
HMGCR (A). The corresponding protein expression levels of ABCA1 (B), secreted APOE (D), LDLR and HMGCR E) were quantified after 24 h of TNFa treatment at 1
and 10 ng/mL. C, LXRa and LXR/ expression was studied by RT-qPCR. The data are presented as medians with interquartile ranges (n = 3-8).

DHC (CYP7B1). TNFa treatment decreased CH25H mRNA (Fig. 6B) in
hBLECs but strongly upregulated its expression in HBPs (Fig. 6B).
CYP7B1 expression was not detected in hBLECs but was increased by
TNFa in HBPs (Fig. 6B). However, further immunoblot studies did not
confirm these increases or decreases and suggested that the protein
levels of CH25H and CYP7B1 were not affected by TNFa (Fig. 6C and D).

To further investigate whether TNFa modulates 25-HC production,
we determined 25-HC levels by carrying out a LC-MS/MS analysis in
hBLEC and HBP lysates, as well as in cell culture supernatants. Once
CH25H, which is responsible for 25-HC production, is known to be an
interferon y stimulated gene (50), we first showed that IFNy upregulates
25-HC production in our BBB model (Supplementary Fig. 5), and then,
we included this control in our LC-MS/MS experiments. Fig. 6E and F
show that both TNFa and IFNy increased 25-HC production in both cell
types. In addition, 25-HC release was increased in the two cell culture
supernatants contained in the two compartments (basolateral and api-
cal) of the human BBB model (Fig. 6G). These data strongly suggest that
despite no measurable variations in CH25H and CYP7B1 expression, the
levels of 25-HC are upregulated by TNFa.

3.4. 25-HC alleviates the TNFa-mediated BBB disruption

To determine whether 25-HC affects BBB permeability, we

pretreated the BBB model with 10 pM 25-HC before TNFa treatment. As
shown in Fig. 7A, the pretreatment with 25-HC attenuated TNFa-
induced BBB disruption after 24 h of treatment, which further supports
the hypothesis that 25-HC has protective effects on the BBB under in-
flammatory conditions. In addition, Fig. 7B confirms that pretreatment
with 25-HC improved the cell border localization of CLAUDIN-5, ZO-1
and VE-CADHERIN, and decreased CLAUDIN-5 localization with
RAB7A-positive late endosomes (Fig. 7C), that is further confirmed by a
decrease of Pearson’s correlation coefficient obtained by confocal
analysis (Supplementary Fig. 6).

We also investigated the F-ACTIN expression and localization in
hBLECs. TNFa treatment induces a significant change in hBLEC
morphology, as highlighted by F-ACTIN labelling that appears stronger.
This trend is partially reversed by 25-HC pretreatment (Fig. 7B). Finally,
25-HC pretreatment restored hBLEC survival after TNFo treatment
(Fig. 7D) and promoted HBP proliferation, as showed in Fig. 7E. The
positive proliferative effect of 25-HC on TNFa-treated HBPs was further
confirmed by a metabolic activity test (MTT assay) as well as by pro-
liferative marker Ki-67 incorporation assays (Supplementary Fig. 7A and
B, respectively).

To determine whether LXR activation or SREBP-2-inhibition is
responsible for the decrease in permeability after 25-HC treatment, we
pretreated the human BBB model with T0901317 (an LXR agonist),
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Fig. 5. Effect of 24 h of treatment with TNFa (10 ng/mL) and T0901317 (10 pM) on APOA-I- and HDL-mediated cholesterol efflux by hBLECs and HBPs. T0901317
(10 uM), a potent agonist of the LXR pathway, was used as a positive control. The efflux of cholesterol radiolabeled with the lipid acceptors APOA-I (A) and HDL (B)
was determined for 8 h after 24 h of TNFa or T0901317 treatment. The corresponding intracellular cholesterol accumulation is shown in (C), with APOA-I and in (D),
with HDL. The data are presented as the medians with interquartile ranges, n = 6. Total cholesterol concentration was measured in hBLECs (E) and HBPs (F), as
indicated in the material and methods part. The data are presented as the medians with interquartile ranges, n = 3.

GSK2033 (an LXR inhibitor) and PF-429242 (that prevents SREBP-2
cleavage by inhibiting the site-1-protease (51)). As shown in Fig. 8,
only pretreatment with 25-HC and with SREBP-2 inhibitor partially
restored the BBB permeability since there was no significant difference
between these 2 conditions and the control condition. We can therefore
conclude that the beneficial effect of 25-HC on the TNFa-induced BBB
breakdown increase is possibly mediated by SREBP-2 inhibition.

3.5. Cholesterol metabolism is restored by 25-HC pre-treatment

To better understand how 25-HC imbalance could be linked to LXR
or SREBP-2 activation under inflammatory conditions, we investigated
the effects of 25-HC pretreatment on the levels of key targets associated
with both pathways. In this regard, pretreatment with 25-HC partially
abolished the TNFa-induced overexpression of LDLR and HMGCR, while
it inhibited the TNFa-induced ABCA1 downregulation (Fig. 9). In com-
bination, these results suggest that 25-HC attenuates TNFa-induced LXR
downregulation and SREBP-2 activation.

Finally, to determine whether 25-HC has a beneficial effect on the
general inflammatory response, we evaluated the expression of key
markers of inflammation under 25-HC pretreatment conditions. Despite
the beneficial effect observed on BBB permeability, 25-HC pretreatment
did not alleviate NRLP3, VCAM-1 or COX-2 expression (Supplementary
Fig. 8).
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4. Discussion

The BBB isolates the brain from the whole body and strictly controls
cholesterol exchange between the central nervous system (CNS) and the
bloodstream. The brain is the most cholesterol-rich organ of the body,
and its metabolism is altered in neurodegenerative disorders (2,9). It is
therefore necessary to better characterize the role of the BBB in CNS
cholesterol homeostasis, particularly in the inflammatory context,
which systematically occurs in these disorders. The aim of our study was
thus to better understand the role of the inflammatory stimulus tumor
necrosis factor a (TNFa) on BBB permeability and cholesterol homeo-
stasis using a human in vitro model. This model is composed of human
endothelial cells derived from hematopoietic stem cells, cocultured with
human brain pericytes (HBPs). Endothelial cells then acquire a BBB
phenotype, as previously described (32,39), are named human brain-
like endothelial cells (hBLECs), and is used to study molecular path-
ways involved in inflammation and lipid metabolism (34,52,53). In turn,
we also previously reported that hBLECs modulate HBP physiology,
particularly cholesterol metabolism (41). This model thus represents a
unique opportunity to simultaneously investigate the effects of TNFa on
different cell types involved in the BBB, as well as to understand better
the crosstalk between HBPs and hBLECs in the course of inflammation.

Our results suggest that, when added to the basolateral compartment
of the human BBB model, TNFa quickly triggers an inflammatory
response in HBPs and hBLECs via the activation of the inflammasome
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Fig. 6. Effects of TNFa and IFNy on 25-HC production. (A) Schematic of 25-HC metabolism. Cholesterol is converted into 25-HC by the 25 hydroxylase (CH25H)
enzyme located in the endoplasmic reticulum. 25-HC is subsequently converted into 7a,25-dihydroxycholesterol (7a,25-DHC) by the cytochrome P450 family 7
subfamily B member 1 (CYP7B1) enzyme. The effects of TNFa and IFNy on the mRNA and protein levels of CH25H (B and C) and CYP7B1 (B and D) were determined
by RT-qPCR in hBLECs and HBPs. Intracellular 25-HC production in HBPs (E) and in hBLECs (F) after TNFa and IFNy treatments was measured by LC-MS/MS. (G)
25-HC levels were also quantified in the medium of the BBB model. The data are presented as medians with interquartile ranges (n = 3-5).

protein NLRP3, followed by the upregulation of ICAM-1 and VCAM-1,
adhesion molecules that play a key role in immune cell infiltration. At
the highest tested dose (10 ng/mL), TNFa did not affect HBP viability
but provoked a slight decrease in BLEC viability. TNFo dose-
dependently increases BBB permeability by modulating hBLEC tight
junctions, as recently suggested (34,52). However, these studies suggest
a decrease of CLAUDIN-5 localization at the cell border after a TNFa
treatment but did not further investigate this mechanism. In this work,
we observed that the tight junction protein CLAUDIN-5 moves, after
TNFa treatment, in an intracellular compartment expressing the late
endosomal markers (RAB7A). It has been demonstrated that RAB7A-
positive late endosomes are able to fuse with lysosomes (48), and we
report a decrease in CLDN5 expression in TNFa-treated cells. Taken
together, these results suggest that CLAUDIN-5 is relocalized from the
cell border to late endosomes and subsequently degraded, thus
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explaining the loss of permeability observed after TNFo treatment. TNFa
treatment also changes the hBLEC morphology, as observed with the
ACTIN labelling. This effect was already reported after organophos-
phorous component (OPs) exposition (54). OPs are toxic molecules used
as pesticides or as warfare nerve agents, and toxicological effects of OPs
on BBB permeability and cell survival were previously reported in the
literature (54). Authors have investigated hBLEC morphological changes
after OPs treatment and suggested that it may be attributed to a
morphological coping mechanism for preventing the formation of
meaningful intercellular gaps and maintaining barrier integrity. We can
therefore suggest that the morphological changes observed in our ex-
periments, after TNFa exposition, is a cellular mechanism that would
help to compensate the cell loss and would allow to avoid a total barrier
disruption.

TNFa also strongly affects cellular cholesterol homeostasis in hBLECs
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localization of the tight junction (associated) proteins CLAUDIN-5 and ZO-1 and
the adherens junction proteins VE-CADHERIN and F-ACTIN (phalloidin stain-
ing, yellow) was assessed in hBLECs after 24 h of treatment with DMSO
(vehicle, 25-HC, control condition), 10 pM 25-HC, 10 ng/mL TNFx or 10 pM 25-
HC + 10 ng/mL TNFa. Nuclei were stained with 10 ng/mL DAPI (blue). Dis-
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rows. The pictures are representative of three independent experiments. Scale
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the Materials and Methods section to specifically study the intracellular loca-
tion of CLAUDIN-5. TNFa treatment promoted the localization of CLAUDIN-5 in
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Scale bar: 2.5 pm. 25-HC also alleviated the toxicological effects of TNFa on
hBLECs (D) and promoted HBP viability (E). The results are presented as me-
dians with interquartile ranges, n = 8. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of
this article.)

and HBPs via different mechanisms. Indeed, whereas the intracellular
cholesterol content was significantly affected in hBLECs, no changes
were detected in HBPs. In addition, the expression of ABCA1, which is
the major cholesterol efflux transporter, is increased in HBPs but
decreased in hBLECs. However, cholesterol efflux to APOA-I and HDL is
promoted only in hBLECs. These results support the hypothesis
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Fig. 8. Effect of LXR and SREBP-2 regulation on TNFa-induced BBB break-
down. Cells were pretreated with GSK2033 (an LXR inhibitor), T0901317 (an
LXR agonist), or PF-429242 (a SREBP-2 inhibitor) 15 min prior to TNF«
treatment. NaFlu permeability was measured after 24 h of treatment. The data
are presented as the medians with interquartile ranges (n = 11) and results are
compared to the control condition.

suggesting that TNFa-mediated cholesterol efflux is not mediated by
ABCAL. Recent studies reported the same observations in red blood cells
(55) or in solocultured HBPs since ABCA1-inhibition was not able to
decrease cholesterol efflux after TNFa treatment (18). However,
whether another transporter is involved remains to be determined.
Another possible explanation is that cholesterol diffusion to apolipo-
proteins or lipoproteins might be a passive mechanism that does not
require the involvement of a transporter, as suggested by Lee et al. (56).
In all cases, this cholesterol release to APOA-I and HDL might display
anti-inflammatory and antioxidative properties, as reported in periphery
(57,58). The role of ABCA1 on cholesterol metabolism at the BBB level in
the inflammatory context needs further investigation because this
transporter is upregulated in HBPs but downregulated in hBLECs and is
ultimately not involved in cholesterol efflux processes.

In addition, we observed that TNFa treatment increases the expres-
sion of LDLR and possibly promotes cholesterol production by hBLECs
via upregulation of the enzyme HMGCR. These upregulations might
compensate for the exacerbated cholesterol efflux, which possibly leads
to a decrease in the intracellular concentration, particularly in hBLECs.
Since LDLR and HMGCR are regulated by the SREBP-2 pathway, we may
conclude that TNFa-induced inflammation activates this signaling
pathway. Taken together, these findings support a major role for
cholesterol in the response to inflammation triggered by TNFa via the
SREBP-2 pathway in both cell types.

Several recent studies revealed changes in oxysterol levels in patients
and in animal models mimicking human brain neurodegenerative dis-
orders. In particular, 25-hydroxycholesterol (25-HC) is a cholesterol
metabolite that is mainly produced during inflammatory or infectious
situations and that in turn contributes to the immune response, CNS
disorders, atherosclerosis, macular degeneration, and cancer develop-
ment (26). In multiple sclerosis (MS) patients, a demyelinating disease,
BBB breakdown is reported, and 25-HC levels are altered in CSF and in
plasma (27,28). In a mouse model of MS, the experimental autoimmune
encephalomyelitis (EAE) model, the levels of Ch25h, 25-HC, and 7a,25-
DHC are increased in the CNS (59,60), including at the level of the
endothelial cells composing the BBB (61). We therefore investigated the
effects of TNFo on the mRNA and protein levels of CH25H and CYP71,
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which are responsible for conversion of cholesterol to 25-HC and its
subsequent metabolization to 7u,25-DHC, respectively. We observed
that CYP7BI is expressed only by HBPs and not by hBLECs and that its
expression is significantly increased after TNFa treatment. TNFa also
provoked a decrease in CH25H expression in hBLECs but an increase in
HBPs. However, these transcriptional modifications were not confirmed
at the protein level at 24 h suggesting that other transcriptional or
translational mechanisms could be involved in CYP7B1 and CH25H
expression. Another possible explanation is that, after 24 h of TNF«
treatment, CYP7B1 and CH25H protein expression levels were retourned
to their basal levels, as previously reported in LPS-treated mouse as-
trocytes (62).

Afterwards, detection of 25-HC in the cell culture supernatant and in
the cell lysates by mass spectrometry demonstrated that 25-HC levels are
markedly increased in both cell types after TNFa treatment. Notably, we
also assessed the 7a,25-DHC levels, but we were not able to detect this
lipid with or without TNFa treatment. Again, differences in lipid meta-
bolism between HBPs and hBLECs are underlined since basal 25-HC
production in HBPs is 7.5-fold greater than that in hBLECs. These re-
sults confirm that inflammation modulates 25-HC production, as already
reported in other neural cells (59), but to our knowledge, this is the first
time that oxysterol production has been directly observed in BBB human
cells.

The effects of 25-HC on CNS are not well elucidated so far, with
conflicting data on literature. For instance, a study reported a protective
role for 25-HC in an EAE mouse model (63), whereas another suggested
a deleterious role (60). In addition, Fellows Maxwell et al. measured a
25-HC increase in plasma of progressive MS patients (27), while Crick
et al. reported a decrease in relapsing-remitting MS patients (28). To
provide further information, we investigated the effects of 25-HC
treatment on TNFa-induced inflammation using our human BBB
model. When 25-HC was coincubated with TNFa, BBB breakdown was
alleviated, cytoskeleton remodeling was attenuated, and CLAUDIN-5 no
longer colocalized to late endosomes. In addition, 25-HC pretreatment
partially alleviated the effects of TNFa on cholesterol metabolism in
hBLEGCs. Indeed, 25-HC restored the ABCA1l expression, which was
downregulated after TNFa treatment. Interestingly, we did not observe
ABCAL1 upregulation in the presence of 25-HC alone thus suggesting that
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this oxysterol does not act via the canonical LXR signaling pathway as it
is observed in other cell types. TNFa strongly upregulates LDLR and
HMGCR expression, and we observed that 25-HC impedes this TNFa-
dependent upregulation. These data suggest that 25-HC essentially acts
via the SREBP-2 pathway and not the LXR pathway in hBLECs and HBPs.
Indeed, it has been widely described that LDLR and HMGCR expression
is regulated by SREBP-2. When the intracellular cholesterol content is
high, a constant outflow of cholesterol ensures an increase of this lipid in
ER (64). Since CH25H is present in ER, it leads to the conversion of
cholesterol into 25-HC (26). Then, this oxysterol production leads to
SREBP-2 trapping in the ER, which abolishes LDLR and HMGCR tran-
scription and decreases cholesterol synthesis and uptake (26).
Results of this study are summarized in Fig. 10.

5. Conclusions

Our results suggest that TNFa affects BBB integrity and cholesterol
metabolism via activation of the SREBP-2 pathway and promotes 25-HC
production. In turn, this oxysterol alleviates the effects of TNFa by
inhibiting the SREBP-2 pathway. The molecular events leading to the
down- and upregulation of ABCA1 expression in hBLECs and HBPs,
respectively, remain to be elucidated but likely involve LXRa/LXRf
down- and upregulation. Taken together, our findings suggest that 25-
HC may have protective effects at the BBB after TNFu treatment and
provides new perspectives for the development of therapeutic ap-
proaches to counteract vascular dysfunctions in neuroinflammatory
contexts.
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