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Abstract:

Endothelial cells are main components of the Blood-Brain Barrier (BBB) and form a tight
monolayer that regulates the passage of molecules, with the ATP-Binding Cassette (ABC)
transporters efflux pumps. We have developed a human in vitro model of HBEC-5i endothelial
cells cultivated alone or with human astrocytes conditioned medium on insert. HBEC-5i cells
showed a tight monolayer within 14 days, expressing ZO-1 and claudin 5, a low apparent
permeability to small molecules, with a TEER stability during five days. The P-gp, BCRP,
MRPs transporters were well expressed and functional. Accumulation and efflux ratio
measurement with different ABC transporters substrates (Rhodamine 123, BCECF AM,
Hoechst 33342) and inhibitors (verapamil, Kol143, probenecid and cyclosporin A) were
conducted. At barrier level, the functionality of ABC transporters was three-fold enhanced in
astrocyte conditioned medium. We validated our model by the transport of pharmacological
substrates: caffeine, rivaroxaban, and methotrexate. The rivaroxaban and methotrexate were
released with an efflux ratio >3 and were decreased by more than half with inhibitors. HBEC-
5i model could be used as relevant tool in preclinical studies for assessing the permeability of

therapeutic molecules to cross human BBB.

Keys words: Blood-Brain Barrier; ABC transporters, efflux ratio, human in vitro models,

astrocyte conditioned medium.



1. Introduction

The Blood-Brain Barrier (BBB) is a protective barrier between the blood and the Central
Nervous System (CNS)(Eigenmann et al., 2013). The BBB is composed of endothelial cells,
pericytes, astrocytes, and neurons, the whole forming the neurovascular unit. Endothelial cells
are the main components of the BBB because they restrict and control the passage of molecules
inside and outside the brain. Barrier property of endothelial cells is mainly provided by tight
junction proteins (TJs), and ATP Binding Cassette (ABC) transporters (Abbott, 2013).

ABC transporters are a large family of transporters, the most involved in BBB are P-
glycoprotein protein (P-gp), Breast Cancer Resistance Protein (BCRP) and Multidrug
Resistance associated Proteins (MRPs). They are responsible for active efflux of therapeutic
agents. It has been estimated that less than 2% of small molecule drugs are able to cross the
BBB (Eigenmann et al., 2013; Pardridge, 2005; Ronaldson and Davis, 2015). The prediction of
drug passage through BBB and involvement of ABC transporters represent major issues in drug
development.

The evaluation of drug transport through the BBB mediated by ABC transporters
requires an in vitro human barrier model which must fulfil different criteria to be considered as
a functional and adequate model for drug research development. These criteria include: the
permeability to several compounds, the presence of TJs, and the expression of functional ABC
transporters with bidirectional studies and efflux ratio (ER) measurement (Food and drug
administration, 2012; Puech et al., 2018). This latter is possible only with a monolayer of
endothelial cells cultivated on a filter. Currently, no standard human BBB model to study
interactions of drugs with ABC transporters correspond entirely to these criteria. There is a need
to develop models that form an adequate monolayer on filter.

Several human cell lines were investigated in the literature i.e. TY08 (Sano et al., 2010),
TY10 (Eigenmann et al., 2013), HCEC (Muruganandam et al., 1997), HMEC-1 (Ades et al.,

1992), BB19 (Prudhomme et al., 1996), HBMEC (Eigenmann et al., 2013), hCMEC/D3
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(Weksler et al., 2005). In the literature, the major human endothelial cell lines that have been
well characterized are human Cerebro Microvascular Endothelial Cells (hCMEC/D3) (Weksler
et al., 2013) and Human Brain Microvascular Endothelial Cells (nBMEC)(Eigenmann et al.,
2016b). However, these models are grown in a medium containing a cocktail of adjuvants
(Eigenmann et al., 2016b; Kulczar et al., 2017; Weksler et al., 2013) and it is known that
adjuvants have an impact on the expression of ABC transporters (Eisenblatter and Galla, 2002;
Maines et al., 2005; von Wedel-Parlow et al., 2009).

In this work, we have chosen another human brain endothelial cell line: HBEC-5i (Jiang
etal., 2017) that can grow in monolayer on inserts without adjuvants. Furthermore, this cell line
was cultivated in presence of human astrocyte medium as the barrier properties are mostly
induced and maintained by the close links between brain endothelial cells and astrocytes
(Abbott et al., 2006; Janzer and Raff, 1987). In the literature, it has been described that the
soluble factor released by the astrocytes can induce modifications in the expression of
functionality of the P-gp (Abbott et al., 2006; Berezowski et al., 2012; Dohgu et al., 2005). We
have compared the monoculture in standard medium with a model with astrocyte conditioned
medium. ABC transporters functionality was evaluated with accumulation and bidirectional
studies as well as ER (efflux ratio) parameter with fluorescent selective substrates and
inhibitors. HBEC-5i monolayer presents an adequate BBB model that can be routinely used to

evaluate drug interactions with ABC transporters.

2. Material and methods
2.1.Chemicals and reagents
Cell culture inserts for 24-well plates (High Density of pore, 0.4 um pore diameter size,
translucent poly-terephthalate ethylene (PET) membrane were purchased from Becton-

Dickinson (Franklin Lakes, USA). EVOM® voltohmmeter system was purchased from World



Precision Instruments with STX-2 electrode (Sarasota, USA). Twenty-five culture flasks and
companion plates were purchased from Dominique Dutscher (Strasbourg, France).
Rabbit polyclonal anti-vascular endothelial cadherin (VE-cadherin-ab33168), rabbit polyclonal
anti-Zonula Occulens-1 (Z0O-1ab59720) and rabbit polyclonal anti-P-gp (ab129450) antibodies
for immunofluorescence (IF) and ELISA were purchased from Abcam (Cambridge, United
Kingdom). Rabbit polyclonal anti-BCRP(sc-25822), rabbit polyclonal anti-MRP-1(sc-13960),
rabbit polyclonal anti-MRP-2 (sc-20766), and rabbit polyclonal anti-claudin 5 (sc-28670)
antibodies for IF or ELISA and mouse monoclonal anti-rabbit 1gG-biotin for cell ELISA were
purchased from Santa Cruz Biotechnology (Dallas, Texas, U.S.A). Hoechst 33342, rhodamine
123 and secondary antibodies for IF: goat anti-rabbit antibodies (A-21127Alexa Fluor™ 555),
4', 6-diamidino-2-phenylindole (DAPI) for microscopy and Coomassie plus™ protein assay
and superFrost™ microscope slide were obtained from Thermo Fischer Scientific (Waltham,
USA).
Astrocyte Medium (AM), Astrocyte Growth Supplement (AGS), Fetal Bovine Serum (FBS)
and penicillin-streptomycin solution for astrocytes were purchased from CliniSciences
(Nanterre, France). Rivaroxaban, [**Ce]-rivaroxaban, caffeine, methotrexate and [**C, 2Hs]-
methotrexate were obtained from Alsachim (lllkirch, France). Caffeine-D9 was purchased from
LGC standard (Molsheim, France). Normal growth supplement (NGS) was obtained from
Millipore (Burlington, USA).
All other reagents were purchased from Sigma-Aldrich (St Quentin Fallavier, France).
2.2.In vitro BBB model
2.2.1 Cell culture

The model was composed of HBEC-5i endothelial cells (from ATCC-Manassas, VA,

USA) and the Human Astrocyte cell line (HA from ScienCell Research Laboratories, Carlsbad,

CA, USA).



Initially, HBEC-5i were cultured in Dulbecco's Modified Eagle Medium: nutrient Mixture F-12
(DMEM-F12 HAM), supplemented with 10% FBS, 40 pg/mL endothelial cell growth
supplement (ECGS), and 1% antibiotic antimycotic solution and HA were grown in AM
Medium containing 2% FBS, 1% AGS and 1% penicillin-streptomycin solution according to
manufacturer’s instructions. For the drug transport studies, the two cell lines were cultured in a
DMEM-F12 HAM medium without ECGS.

A monoculture model with endothelial cell line was performed, and cooperation with
astrocytes was also evaluated with astrocytes conditioned medium. Endothelial cells were
seeded at a density of 2x10° cells/wells on translucent PET culture inserts with a 0.33 cm?
growth area and high-density of 0.4 pum pore size. For the conditioned medium, a monoculture
of HBEC-5i was cultivated with astrocyte conditioned medium at the basolateral side of the
filter. For each condition, the medium was renewed every two days.

2.2.2 Barrier properties

The apparent permeability (Papp) was assessed using two hydrophilic fluorescent
molecules: sodium fluorescein (Na-FI MW = 376 Da) or fluorescein isothyocyanate Dextran
(Dextran-FITC MW= 4 kDa). Hank’s balanced salt sodium (HBSS) transporter buffer
supplemented with 10 mM HEPES containing 10ug/mL of Na-Fl or dextran-FITC was loaded
onto the apical side of the insert and incubated at 37°C for 1 hour. Fluorescence was measured
with a fluorescence spectrophotometer (Fluoroskan Ascent™, Thermo Fischer scientific,
France) with 485 nm excitation and 530 nm emission wavelengths. The permeability for all

molecules was computed using the following formula:

vy 1.
=L x = xXx=(F
Papp Co 5 " ( ormula 1)

Where Pqpp is the apparent permeability, Vr is the volume of medium in the receiver chamber,
Co is the concentration of fluorescent compound in the donor chamber at To, S is the surface

area of the monolayer, C; is the concentration of fluorescent molecule in the receiver chamber



after 1 hour of incubation and t is the incubation time. The results are expressed in cm.s™ (Hodin
et al., 2017; Puech et al., 2018). The evaluation of a passage of pharmacological hydrophilic
molecule, the caffeine (MW=194 Da) was performed in the same way. The quantification was
carried out in liquid chromatography-mass spectrometry (LC-MS: Waters, Saint-Quentin-en-
Yvelines, France).

Trans-Endothelial Electrical Resistance (TEER) was recorded using an EVOM®
resistance meter with STX-2 electrode to characterize the formation of a tight endothelial cell
monolayer. The measurement of a blank filter, i.e. without cells, was performed and the signal
was subtracted from that recorded for the filter with cells. Then the resulting value was reported
to the membrane area to obtain the TEER measurement in Q.cm?.

2.3 Proteins expression
2.3.1 Whole cell ELISA
HBEC-5i cells were fixed with 4% paraformaldehyde and permeabilized with 0.1%
Triton-100-X in PBS containing 1% Bovine Serum Albumin (BSA). Phenotypic marker
expression and ABC transporters proteins were evaluated with primary polyclonal antibodies
at the optimal concentration between 2-6ug/ml for all antibodies. Secondary IgG biotinylated
antibody was added. Then, streptavidin was added during 20 min. 3, 3°, 5, 5’-
tetramethylbenzidine (TMB) substrate was added in each well. At the end, the reaction was
stopped by addition of HCI 1N. The color reaction was measured with a spectrophotometer
(Multiskan™ RC, Thermo Fisher Scientific, France) at 450 nm. Results were normalized with
the total protein content assay, according to the manufacturer’s instructions.
2.3.2 Immunofluorescence assays

The immunofluorescence method had been previously described (Forest et al., 2015; He

et al., 2011). Briefly, inserts were fixed in glacial methanol (pre-stored at -20°C) for 6 minutes

(for TJs) or 1% PFA (for ABC transporters) at RT for 30 min. PFA-fixed cells were



permeabilized with 1% Triton X-100 for 5 min at RT. The non-specific binding sites were then
blocked for 30 min at 37°C in blocking buffer that was 2% goat serum and 2% BSA in PBS.
The primary antibodies were diluted at 1/200 in the blocking buffer and incubated for 1 hour at
37 °C. The secondary antibodies were diluted at 1/500 in the blocking buffer and incubated for
45 min at 37 °C. Nuclei were finally counterstained with DAPI diluted 1/1000 in PBS at room
temperature for 30 min. The inserts were finally placed on glass slides, submerged with
Vectashield Mounting Medium (H1000, Vector Laboratories,USA), and covered with glass
coverslip. The staining of all biomarkers had been imaged using an epifluorescence microscope
IX81 (Olympus, Tokyo, Japan) equipped with the CellSens imaging software (Olympus,
Munster, Germany).
2.4 ABC transporter functional studies
2.4.1 Accumulation studies

The functionality of the P-gp, MRPs and BCRP ABC transporter was evaluated at the
cellular level by targeted accumulation studies based on three fluorescent substrates, BCECF
(2 uM), rhodamine 123 (10 uM) and Hoechst 33342 (20 uM), as broad spectrum substrate of
MRPs and substrates of P-gp and BCRP or selective substrate of BCRP, respectively.
Cells were pre-treated for 15 min at 37°C with a range of inhibitors such as verapamil (100
H1M), probenecid (100 pM), cyclosporin A (100 uM) and Ko143 (10 uM). The fluorescent
probes were then diluted independently in each inhibitor solution prior to further incubation for
1 h at 37°C. Finally, the cells were washed with PBS at 4°C and lysed at room temperature
during 30 min in a solution of sodium dodecyl sulfate containing 1% of 10 mM sodium borate.
Fluorescence in lysed cells was measured with a fluorescence spectrophotometer with 485 nm
excitation and 530 nm emission wavelengths for BCECF and rhodamine 123. For Hoechst
33342, the fluorescence was measured with a fluorescence at 355/460 nm. The result was

normalized by micro BCA total protein assay according to the manufacturer’s instructions.



2.4.2. Bidirectional studies and efflux ratio (ER) measurements

We investigated the permeability of both therapeutic compounds and selective
substrates of ABC transporters using a standardized bi-directional transport protocol according
to FDA qguidelines (Food and drug administration, 2012). Rhodamine 123 (10 pM) was
evaluated as a P-gp and BCRP substrate with verapamil and Ko143 as selective inhibitors.
BCECF at 10puM was assessed as a broad spectrum MRPs substrate with probenecid as a
general MRPs inhibitor. Rivaroxaban (10 pM) was evaluated as P-gp and BCRP substrate with
verapamil and Ko143. Methotrexate (100 uM) was assessed as a MRP and BCRP substrate
with probenecid as a general MRPs inhibitor and Ko143 as inhibitor of BCRP.

The experiment consisted of two mono-directional assays of trans-endothelial passage,
with the tested drug initially added either in the apical compartment to obtain the apical to
basolateral permeability (Papp a>B) Or in the basolateral compartment to obtain the basolateral-
to-apical permeability (Papp 8>A) With the Formula 1

To determine whether the tested compounds underwent active efflux by ABCs
transporters, the ER of each compound was computed according to the following formula:

ER = Pypp(B = A)/Pypp (A — B) Formula 2
The standard deviation of the ER being calculated according to the formula proposed by Gnoth
et al. (Gnoth et al., 2011). According to FDA guidelines an ER>2 indicates that the drug is an
efflux transporter substrate. This ER must be decreased with selective inhibitor. The inhibitor
must halve of the ER or make it less than 2 (Food and drug administration, 2012).
Percent of ER inhibition was computed using the Formula 3 (Hodin et al., 2017):

o ER inhibitor
ER inhibition(%) = 1 — — %R X 100 Formula 3

2.4.3. Liquid chromatography — mass spectrometry analysis



Rivaroxaban, methotrexate and caffeine were quantified using an Aquity UPLC system
coupled with a Xevo TQ-S triple quadrupole mass spectrometer (Waters, Saint-Quentin-en-
Yvelines, France). Positive ionization condition was used for analysis of rivaroxaban (m/z
436.07—231.11), methotrexate (m/z 455.12—308.17), and caffeine (m/z 195.09—138.01).
The internal standard (IS) for each drug were [*3Cs]-rivaroxaban (m/z 442.09—144.95), [°C,
2Hs]-methotrexate (m/z 458.12—311.17), [3Hs]-caffeine (m/z 204.16—144.1) respectively.
Samples (50 pL) were extracted with 500 pL of IS in methanol. The mobile phase comprised a
mixture of water containing 0.1% formic acid (FA) and acetonitrile containing 0.1% FA. An
eluate gradient was applied to a BEH C18 column (50 mm x 2.1 mm x 2.7 um) (Waters, Saint-
Quentin-en-Yvelines, France). For the permeability calculation, the peak area ratios of the drugs

and their respective IS were used as CO and C1.

2.5 Statistical Analysis

Graphpad software was used for data analysis and graphic outputs. Data were expressed
as the mean = standard deviation. Statistical analyses were performed using Graphpad software
(Graphpad software Incorporation, San Diego, USA). A Mann-Whiney test was used. Treated
samples were compared to untreated control. The differences were considered statistically

significant when p-value<0.05.
3. Results

3.1 Development and characterization of the model
To develop the model, the first step was to adapt endothelial and astrocytic cells in the
same culture medium without adjuvant. The expression of two phenotypic markers, GFAP
(Glial Fibrillary Acidic Protein) for astrocytes and VE-cadherin for endothelial cells were

performed and were stable along the culture experiments (data not shown).
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In a second step, we compared two endothelial cells monoculture conditions: a standard
culture medium (HBEC-5i alone) and astrocytes conditioned medium (HBEC-5i with HA
conditioned medium). TEER gradually increased to reach a steady state plateau at day 19 which
was maintained during two days for HBEC-5i alone. The steady state plateau was reached at
day 14 and maintained during five days for HBEC-5i with HA conditioned medium (Table 1).

In parallel, permeability studies were realized with two molecules: Na-Fl (376 Da) and
dextran-FITC (4 kDa). The lowest Papp values were obtained for the HBEC-5i with HA
conditioned medium (Table 1). The Papp value for the dextran-FITC was lower than the Papp
value for Na-Fl, in agreement with the molecular weight of the compounds. All these results
indicated that HBEC-5i with HA conditioned medium allowed to have a higher tightness of the
barrier compared to the HBEC-5i alone.

HBECSi cells were able to form a monolayer on insert and to express TJs proteins: ZO-
1 and claudin-5 as represented in figure 1 AB.

3.2. Expression of ABC transporters

The expression of ABC transporters was evaluated with semi-quantitative protein
expression by whole cell ELISA assay. We verified whether, astrocytes conditioned medium
was able to induce any modification of the ABC transporters expression (figure 2 ABCD). P-
gp, MRP-1, MRP-2 and BCRP had the same expression in the two culture media. In this
experiment, we also used cells cultivated during 7 days with hydrocortisone as a positive
control, as reported in the literature to obtain a tight model (Kulczar et al., 2017). The
hydrocortisone increased P-gp expression 1.8 fold and BCRP expression 1.3 fold on our HBEC-
5i model. On the contrary the MRPs expression was not modified by hydrocortisone treatment.
These results support the idea that adjuvants have to be avoided to study drug interactions with

ABC transporter as the main adjuvant reported in the literature is hydrocortisone.
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The expression of P-gp, BCRP, MRP-1 and MRP-2 were also assessed in monolayer
inserts of HBEC-51 with immunostaining (figure 2EFGH).
3.3 Functionality of ABC transporters

3.3.1. Accumulation studies

The functionality of the ABC transporters was assessed at the cellular level in standard
and conditioned media conditions by means of accumulation assays. These experiments were
based on the use of three fluorescent substrates BCECF (MRPs), rhodamine 123 (P-gp) and
Hoechst 33342 (BCRP) incubated with or without inhibitors: verapamil, probenecid, Ko143
against P-gp, MRPs and BCRP respectively. In addition, cyclosporin A, a large spectrum
inhibitor has been used (figure 3ABC). In all experiments, we compared the two culture
conditions.

The functionality of ABC transporters on HBEC-5i endothelial cells was similar when cells
were cultured either in standard medium or in astrocytes medium. The addition of cyclosporine
A induced an increase of the accumulation of all fluorescent substrates, which is in agreement
with the large spectrum inhibition of cyclosporin A. For example, the addition of cyclosporin
A induced an accumulation of Hoechst 33342 three-fold higher than in control cells, whatever
the culture condition (figure 3A).

The dual use of substrates and inhibitors allowed to demonstrate the P-gp, MRPs and BCRP
transporters functionalities in our model. For instance, the accumulation of BCECF in cells
treated with probenecid increased to 286 + 34 % for the standard medium and 276 + 24% for
the conditioned medium (figure 3C).

3.3.2 Bidirectional permeability studies
Bidirectional permeability measurement that lead to ER allow to complete the evaluation of the

ABC transporters functionality in a barrier model. The Hoechst fluorophore could not be used
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for bidirectional studies because this fluorescent molecule can be trapped in the nucleus to stain
DNA of endothelial cells.

We noticed that the presence of HA conditioned medium allowed a better functionality of ABC
transporters with higher ER (figure 4).

The ER of rhodamine 123 was 2.3 fold higher in the HBEC-5i cultured in the presence
of HA conditioned medium than in HBEC-5i cultured alone. In the HA conditioned medium,
the use of Ko143 and verapamil decreased ER value by 49% and by 65% respectively (figure
4AB).

The ER of BCECF was 2.8 fold higher in HBEC-5i with the HA conditioned medium
than in HBEC-5i alone. Inhibition with probenecid allowed a decrease of 52 % in HBEC-5i
with the HA conditioned medium (Figure 4 C).

Taken together, these results indicate that in our model, ABC transporters are functional.

In a last part, and as reported by figure 5, we investigated the permeability profile of three
pharmaceutical agents: rivaroxaban, methotrexate and caffeine in HBEC-5i with the HA
conditioned medium.

Caffeine is a hydrophilic molecule, which crosses the barrier by a para-cellular pathway.
We found a permeability value of 67.0 + 4.4 x 10 cm.s%. This value is higher than the value
for the Na-FI and the dextran-FITC (figure 5A). These results are in agreement with the lowest
molecular weight of this molecule compared to the others.

We evaluated the bidirectional transport of two drugs known to be substrates of ABC
transporters. The rivaroxaban was released outside the cells forming the barrier with an efflux
ratio at 10.1 £ 1.2 (figure 5B). The use of verapamil and Ko143 drastically inhibited the efflux
of rivaroxaban by 79 % and 91% respectively. These results indicated that in our model,

rivaroxaban is transported by BCRP and P-gp.

13



The methotrexate was released outside cells with an efflux ratio at 3.1 + 0.2 (figure 5C).
The Ko0143 and the probenecid diminished the ER below 2. The use of probenecid and Ko143
inhibited the efflux of rivaroxaban by 59 % and 69% respectively. These results confirmed that
in our model, methotrexate is transported by MRPs and BCRP. These results show that in our

model ABC transporters can transport pharmaceutical molecules.

4. Discussion

The transport of drugs from the blood to the brain mainly depends on their properties
and interaction with ABC transporters (Bernacki et al., 2008). To study the ABC transporters
at the BBB, it is necessary to develop a suitable barrier model based on brain endothelial cells
grown as monoculture on inserts (Puech et al., 2018).

To that purpose, we developed a model composed of HBEC-5i cells cultivated either in
standard medium or in the presence of HA conditioned medium. We first characterized the
tightness of our model. When HBEC-5i cells were cultured with the HA conditioned medium
it took 14 days to the model to reach stability (maximal TEER) which was maintained for 5
days. In comparison, the model cultivated with standard medium allowed the maximal TEER
value after19 days and was stable only during 2 days. Similarly, the other models of human
BBB found in the literature, show a short stability, about 2 days only (Biemans et al., 2017;
Eigenmann et al., 2016b, 2013; Weksler et al., 2013). We also observed that HBEC-5i cells
with HA conditioned medium exhibited a better permeability for Na-FI than the hCMEC/D3
cells commonly used in the literature (5.7 x 10 cm.s and 13 x 10 cm.s respectively)
(Eigenmann et al., 2013). HBEC-5i cells expressed ZO-1 and claudin-5 the two essential TJs
involved as reported in the literature with hCMEC/D3 (Eigenmann et al., 2013; Kulczar et al.,
2017; Poller et al., 2008; Weksler et al., 2005). We highlighted with immunofluorescent
staining that our model exhibited the same characteristic membrane distribution of TJs for brain

vascular endothelial cells as hCMEC/D3 (Adriani et al., 2017; Sajja et al., 2014). The
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expression of tight junctions in our model limited the passage of small molecules in the para-
cellular pathways, it was correlated with the result of the Pqpp for dextran-FITC and Na-Fl. The
results obtained showed that astrocytes cooperate with brain endothelial cells and are necessary
in the acquisition of a better tightness of a BBB (Abbott et al., 2006; Dehouck et al., 1990;
Kulczar et al., 2017). Most of co-culture models found in the literature allow to observe the
essential role of astrocytes on the tightness and permeability, i.e. the physical barrier properties
(Janzer and Raff, 1987; Neuhaus et al., 2014). More precisely, it has been shown that the co-
cultures with astrocytes induce a higher tightness of the BBB composed either of the
HCMEC/D3 or HBMEC cell lines (Hatherell et al., 2011; Kulczar et al., 2017; Kuo and Lu,
2011).

In a second part, we demonstrated that our HBEC-5i model expressed P-gp, MRP1, 2
and BCRP which are the most representative human in vivo ABC transporters (Abbott, 2013).
Our experiments with hydrocortisone reinforced the need to not use this compound in culture
medium as previously discussed (Eisenblatter and Galla, 2002; Maines et al., 2005; von Wedel-
Parlow et al., 2009). We have also demonstrated the functionality of ABC transporters with
accumulation studies with specific substrates as described in the literature (Bachmeier et al.,
2004; Kodama et al., 2016; Poller et al., 2008). As expected, we showed that all the ABC
transporters in our model were present and functional as for hCMEC/D3 and HBMEC (Kuo
and Lu, 2012; Weksler et al., 2013).

In a third part, we performed bilateral studies, to determine ER in our model. This
parameter completely determines the interaction between the drugs and ABC transporter
function (Food and drug administration, 2012; Hubatsch et al., 2007; Kikuchi et al., 2013). To
date, only few studies on human BBB cell lines have evaluated this parameter (Eigenmann et
al., 2016a; Jahne et al., 2016; Ma et al., 2014). In our model, ER parameter was higher in HBEC-

5i with the HA conditioned medium than HBEC-5i alone. This result is the first to demonstrate
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on a BBB model that astrocyte cooperation is necessary in ABC transporters bilateral studies.
There are only few studies on the effect of the astrocytes on metabolic properties of the BBB
involving ABC transporters expression. In hCMEC/D3 a contact co-culture model with human
astrocytes, has shown a lower accumulation in rhodamine 123, a fluorescent substrate of P-gp,
suggesting that the level of this ABC transporter is higher compared to the mono-culture
condition (Kulczar et al., 2017).

The co-culture contact model prevents the bilateral studies, because there are two monolayers
on both sides of the insert (Puech et al., 2018). This configuration can induce an under or over-
estimation of the involvement of the ABC transporters in the drug transport studies. The non-
contact co-culture configuration can be an alternative to the drawback of the co-culture contact,
with the assessment of ER on a monolayer of endothelial cells (Eigenmann et al., 2016a).

In a last part, we evaluated the capacity of our model to discriminate pharmacological
molecules in agreement with their properties. The result obtained for the caffeine is in
agreement with the result obtained in the literature in the HBMEC cell line (Eigenmann et al.,
2016b). In our model and in accordance with the literature the rivaroxaban was transported by
BRCP and P-gp (Gnoth et al., 2011; Hodin et al., 2017). The value of the ER for methotrexate
was in agreement with the presence of MRPs at the basolateral and apical membrane of the
endothelial cells. Methotrexate was transported by MRPs, its active efflux by one MRP
transporter in the apical compartment could be balanced by the active efflux in the basolateral
compartment by other MRPs (Wolf et al., 2005). We have clearly demonstrated that our BBB
model can evaluate interaction or not with ABC transporters.

To conclude, we have developed a suitable human BBB model composed of endothelial
cell line HBEC-5i. This model offers several advantages like easy to use and can be used
routinely in a laboratory to screen drug interactions. In addition, our model presents many

advantages which are not found on the other BBB models available in the literature. For
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instance, a stability during five days which may allow to screen long term effects of therapeutic
agents. Furthermore, the culture is performed without adjuvant and gives the possibility to
realize ER with pharmacological molecules. Our model can be used to predict the permeability

of therapeutic molecules across the BBB.
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TEER Papp mean max (cm.s?)
Conditions
Mean max Q.cm?| Days Stability Na-Fl Dextran-FITC
HBEC-5i 35.8+2.14 19 2 days 78+0.1x10° 6.4 +0.2x10°
alone
HBEC-5i HA
conditioned 39.8+0.81 14 5 days 5.7 +0.1x10° 3.6 +0.1x10°
medium

Table 1: Main characteristics of tightness of our model. We have tested two configurations: the
HBEC-5i alone and HBEC-5i + HA conditioned medium. Mean TEER and apparent permeability
for the Na-FI and Dextran-FITC 4kDa values over time for human endothelial cell line HBEC-5i
on 24 well tissue culture inserts are reported. “Days” corresponds to the time necessary to obtain
mean max TEER, and “stability” corresponds to the number of the days during which mean max
TEER was maintained. Results are expressed as mean + SD, n= 3, N=3.

Figure 1: Immunofluorescent staining of ZO-1 (A) and Claudin-5 (B) tight junction proteins.
Tight junctions proteins are stained in green, nuclei in blue (DAPI). Scale bar= 50um (AB).

Figure 2: Protein expression of the BRCP (A), P-gp (B), MRP-1 (C), MRP2 (D) by Whole Cell
ELISA in different conditions: HBEC-5i alone, HBEC-5i with HA conditioned medium
medium (+ HA conditioned medium) or with hydrocortisone. Results are expressed as mean +
SD, n=6.***p-value<0.005 compared to standard medium as determined by a Mann-Whitney
test. Immunofluorescence staining of BCRP (E), P-gp (F), MRP-1 (G), MRP-2 (F) in the
HBEC-5i cell line. Scale bar= 50um.

Figure 3: Intracellular accumulation of Hoescht 33342 (A), rhodamine 123 (B) and BCECF (C)
inside HBEC-5i cells treated with verapamil, probenecid, Ko143 and cyclosporin A after 60
min of incubation. Two models were evaluated: HBEC-5i alone and HBEC-5i with HA
conditioned medium. N= 6 for each condition. Intracellular accumulation was normalized to
the whole cell content. Data are expressed as the mean +SD, n= 6. ** p-value < 0.01; ***p-
value<0.005 compared to untreated control as determined by a Mann-Whitney test.

Figure 4: Bidirectional permeability of rhodamine 123 (Rhodamine) (AB) and BCECF (C)
through the HBEC-5i model after 1 hour in HBEC-5i alone or HBEC-5i with HA conditioned
medium medium (HA CM). Selective inhibitors used were: Ko143, verapamil and probenecid.
Results are expressed as mean + SD, n=3.
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Figure 5: Evaluation of permeability of pharmacological molecules through the HBEC-5i
model. Para-cellular permeability of caffeine and fluorescent small molecules (A).
Bidirectional permeability of rivaroxaban (riva) (B) and methotrexate (Mtx)(C) through the

HBEC-5i model after 1 hour. Selective inhibitors used were: Ko143, verapamil and probenecid.
Results are expressed as mean + SD, n=3 for each experiment.
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