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ABSTRACT

Amyloid-beta (AB) accumulation in Alzheimer’s disease (AD) and Cerebral Amyloid
Angiopathy (CAA) is likely caused by the impairment of its brain clearance that partly
occurs through the blood-brain barrier (BBB). In this context, an in vitro BBB model is a
valuable tool for studying the molecular mechanisms that regulate this process. This study
assessed brain AP elimination across the BBB and its modulation by the natural
chaperones Apolipoprotein A1 (ApoAl) and Apolipoprotein J/Clusterin (ApoJ). The
model was based on primary cerebral endothelial cells that were cultured on Matrigel-
coated Transwells and treated with fluorescently labeled-AB(1-40) to track its efflux
across the BBB, which corresponds to trafficking from the basolateral (brain) to apical
(blood) compartments. We observed that the transport of basolateral AB(1-40) was
enhanced when it was complexed to rApoJ, whereas the complex formed with rApoAl
did not influence AP(1-40) efflux. However, the presence of rApoAl in the apical
compartment was able to mobilize AB(1-40) from the basolateral side. We also observed
that both rApoAl and rApoJ moderately crossed the monolayer (from blood to brain)
through a mechanism involving the LDL receptor-related protein (LRP) family. In
contrast to the increased rApoJ efflux when complexed to AB(1-40), rApoAl trafficking
was restricted when it was bound to the AP peptide. In summary, the present study
highlights the role of ApoJ and ApoA1 in the in vitro modulation of A elimination across

the BBB.
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INTRODUCTION

Amyloid-beta (AB) is the main component of the amyloid plaques that are found in the
brains of Alzheimer’s disease (AD) patients, and also accumulates in cortical and
leptomeningeal vessel walls, which affects small size arteries, arterioles and capillaries,
in Cerebral Amyloid Angiopathy (CAA) [1]. AB, which is composed of 38-43 amino
acids, is generated by sequential B-secretase and y-secretase cleavage from the amyloid
precursor protein (APP). For unknown reasons, AB(1-42) peptide is the main component
of parenchymal senile plaques in AD, whereas the AB(1-40) peptide mostly accumulates

in wall vessels in CAA [2].

Current evidence suggests that brain AB accumulation is due to an elimination deficiency
rather than to excessive AP overproduction. Indeed, the overall impairment of A
clearance has been demonstrated in sporadic AD cases [3]. The major pathway that
mediates brain AP clearance is the cerebrovascular system, where AP is degraded by
cerebrovascular cells along the interstitial fluid drainage pathway and/or eliminated
through the blood-brain barrier (BBB) [4,5]. The transport of soluble AP across the BBB
mainly occurs via the Receptor for advanced glycation end products (RAGE) [6,7] and
the Low density lipoprotein receptor-related protein 1 (LRP1) [6, 8-9]. RAGE is
expressed on the apical/luminal side of the endothelial monolayer and is largely involved
in the entrance of AP into the brain [6, 10]. In contrast, LRP-1 is expressed on the
abluminal/brain side of the capillary endothelium and directly interacts with AP to
transport this peptide from the brain to the bloodstream [8, 11]. Furthermore, megalin
(LRP2) is an important alternative A receptor-mediated clearance route at the BBB level
[9]. Other receptors, such as P-glycoprotein (Pgp) and other members of the ATP-binding
cassette (ABC) transporter family are also involved in the transport of Ap across the BBB

[12, 13].



It is well known that Apolipoprotein E (ApoE) influences the development of Ap-
associated pathologies because numerous studies have confirmed that possession of the
ApoE4 allele is the strongest genetic risk factor for both AD and CAA [14, 15]. It remains
unclear how ApoE levels or conformations can actually modulate the binding and
transport of different amyloid species. Nevertheless, the evident involvement of ApoE in
Ap—cerebral amyloidosis suggests that other lipid-carriers could also actively participate
in AP brain accumulation and clearance processes. Indeed, other apolipoproteins are
related to AD and CAA. This is the case of Apolipoprotein Al (ApoAl) and
Apolipoprotein J (ApoJ), also known as Clusterin (CLU), which are important
components of the lipid metabolism, but they may also act as natural Ap chaperones.
ApoJ is expressed in almost all mammalian tissues and is particularly relevant in neurons
and astrocytes [16]. The link between ApolJ and AP pathology was highlighted in a
genome-wide association study that found a statistical association between a SNP within
the CLU gene and the risk of suffering AD [17]. In AD brains, ApoJ/CLU is co-deposited
with fibrillar AP in cerebrovascular and parenchymal lesions [18]. ApoJ also binds to AP
in CSF and plasma [19, 20], and increased circulating levels of plasma ApoJ are
associated with a higher prevalence of AD [21]. Moreover, in vitro studies have
demonstrated that ApoJ inhibits the aggregation of soluble AP into fibrils [22]. By other
hand, ApoAl is a major component of high-density lipoproteins (HDLS) and it is
responsible for the transport of cholesterol to the liver. ApoAl also binds to AP peptides
in plasma [20] and it is associated with A in occasional senile plaques in AD brains [23,
24]. Moreover, in vitro studies have shown the capacity of ApoAl to bind and prevent

AP aggregation and toxicity [25, 26].

Most of the AP transport studies across the BBB have assessed the clearance of

radiolabeled tracers in vivo [6, 8, 9, 27]. Recently, simpler and faster fluorometric



methods have been established to evaluate AP exchange in BBB models [11, 28-31].
Because the BBB is a natural route for cerebral AB elimination, the aim of this project
was to determine the possible enhancement of the AB(1-40) clearance by the chaperones
ApoALl and ApoJ in a valuable in vitro mouse model using a fluorometric assay. We also
determined the flux modulation of these apolipoproteins across the BBB by the AB(1-40)

peptide.

MATERIALS AND METHODS

Ethics statement

All procedures were approved by the Animal Ethics Committee of the Vall d'Hebron
Research Institute (38/13 CEEA) and were conducted in compliance with Spanish
legislation and in accordance with the Directives of the European Union. For all
experiments, male 3-week-old mice (Janvier, Le Genest-St-Isle, France) arrived to the

animal facility of our institution 24 hours before they have been used.

Endothelial cell culture (BBB model)

The in vitro BBB mouse model is based on the primary endothelial cultures previously
described by Coisne et al. 2005 [32]. Briefly, mouse brain capillary endothelial cells
(MBCECs) were isolated from the grey matter of brain cortices from 3-week-old
C57BL/6J mice. After tissue homogenization, the vascular fraction was obtained by
centrifugation with 30% dextran (MW~200,000 from Leuconostoc mesenteroides,
Sigma-Aldrich, Madrid, Spain). From the resulting suspension, capillaries were separated
from large vessels by filtration through a 59-um nylon mesh and digested with

collagenase/dispase (1 mg/ml) (Roche Diagnostics, Basel, Switzerland) in washing buffer



(HBSS 1X (Sigma-Aldrich) supplemented with 10 mM HEPES (Gibco, Madrid, Spain)),
with DNAse (10 pg/ml) (Sigma-Aldrich) and TLCK (0.147ug/ml) (Roche Diagnostics).
According to Coisne et al. (2005) [32], material was seeded at 51,000 digested
capillaries/cm? in Matrigel-coated polycarbonate Transwells with a 3 um pore size and
12 mm diameter (Corning, NY, USA). The culture media was low glucose DMEM
(Gibco), supplemented with 15% bovine serum (Gibco), 2% aminoacids (Sigma-
Aldrich), 1% vitamins, 1% penicillin/streptomycin (Gibco), 1% glutamine (Gibco) and 1
ng/ml of bFGF (Sigma-Aldrich). Cells were kept in a humidified incubator containing
5% CO- and atmospheric oxygen. The medium was replaced every day and MBCECs

reached the optimal confluence after 5 days of seeding.
Immunocytochemistry analyses

The distribution of endothelial cells and the tightness of our BBB in the in vitro model
were determined using CD-31 (Santa Cruz, USA) and Zonula Occludens protein-1 (ZO-
1) (ThermoFisher Scientific, Madrid, Spain) immunocytochemistry, respectively.
Endothelial cells in the filters were fixed with cold 4% paraformaldehyde for 20 min at
room temperature (RT) and washed with PBS. Next, cells were permeabilized with 0.1%
Triton X-100 for 10 min and blocked with PBS-T containing 0.5% BSA (blocking buffer)
for 30 min. Filters were incubated with rabbit anti-CD31 and ZO-1 (1:50) overnight (ON)
at 4°C. The secondary antibody Alexa Fluor 488 (Invitrogen, USA) was applied in

blocking buffer for 1 h at RT, and cell nuclei were stained with DAPI (Vector Labs, USA).
Permeability and cell viability studies

The passage of fluorescent Lucifer Yellow (LY) (50 uM) (Sigma-Aldrich) in working
solution Ringer Hepes Buffer (RH, pH 7.4, 5 mM HEPES, 6 mM NaHCO3, 150 mM

NaCl, 5.2 mM KCI, 2.2 mM CaCl,, 1.2 mM MgCl.-6 H20) containing 0.5% BSA (Sigma-



Aldrich) was used to verify the tightness and integrity of the BBB during different
treatments with a fluorometer (at 432-538 nm). The volume cleared was plotted vs. time
and the slope was estimated with a linear regression analysis. To analyze the influence of
the polycarbonate membrane and collagen coating on molecules trafficking, the amount
of passage was calculated in both the presence and in the absence of MBCECs. The slope
of the clearance curve of LY with the transwell alone and transwells with cells is equal to
PSf and PSt, respectively. The PSe (ul/min) is the permeability-surface area product.
Then, the PS value for the endothelial monolayer (PSe) was computed as follows: 1/PSt

= (1/PSF) - (L/PSe).

To generate the endothelial permeability coefficient, Pe (cm/min), the PSe value was
divided by the surface area of the transwell (1.12 cm?). After treatments, Pe under 1x10-

3 cm/min represented an intact BBB and was thus considered [33].

After the experiments, endothelial cell viability was determined using an MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; Sigma-Aldrich) reduction assay.
Briefly, 0.5 mg/ml of MTT was added to cells seeded on the Transwells and kept at 37°C
for 90 min. Next, the medium was replaced by dimethyl sulfoxide (DMSQ). The amount
of formazan blue formed after the MTT reduction was quantified spectrophotometrically

at 575 nm. The results are represented as a percentage compared to non-treated cells.
Recombinant ApoAl and ApoJ production and purification

Human embryonic kidney 293 cells (HEK293T) were used for protein expression after
transfection with a pcDNA4.0™ vector containing human APOA1 or CLU cDNA
(Abgent, Clairemont, San Diego, USA). Stable transfected clones were selected with
ZeocinTM (Life technologies, Spain) and maintained to obtain continuous levels of

recombinant protein from stable cells supernatants. The expressed proteins contained a c-



Myc tag and a VV6-His fusion tag for their purification using a nickel-chelating resin. For
large-scale production, continuous cell growth in Corning® HYPERFlask® M Cell
Culture Vessels (Corning) was performed. HiScreen Ni FF columns (GE Healthcare Bio-
Sciences Corp., Piscataway, NJ, USA) were used in an AKTA purifier 100 system (GE
Bio-Sciences Corp.) for purification by immobilized metal ion affinity chromatography.
After elution from the column, dialysis and lyophilization procedures were performed.
The final pellet was dissolved in PBS, and the total protein was calculated using
MicroBCA Protein Assay Kit (ThermoFisher Scientific). Analysis by SDS-PAGE with
Coomassie Blue staining (BioRad, Hercules, CA, USA) and Image J software
(rsweb.nih.gov) showed that the percentage of pure recombinant ApoAl (rApoAl) and

ApoJ (rApoJ) was 90% and 75%, respectively.
Thioflavin-T Binding Assay

To determine the functionality of the rApoAl and rApoJ proteins, their ability to prevent
the aggregation of AB(1-40) and AP(1-42) peptide was assessed using the Thioflavin T
(ThT) binding methodology [34]. AB(1-40) and AB(1-42) (Anaspec, Fremont, CA, USA)
solutions were prepared from lyophilized powders. Each peptide (0.5 mg) was
resuspended in 1% NH4OH in sterilized distilled water to a final volume of 230 pl (1
mM) and sonicated for 30 s following the manufacturer’s instructions to avoid
aggregation. Next, 20 ul aliquots of both peptides were stored at -80°C until their use. For
the ThT binding assay, 2 ul of AB(1-42) or AB(1-40) was mixed with 150 pl of each
respective apolipoprotein diluted in PBS. Three different concentration of rApo were
tested: 13 uM (AB:rApo 1:1), 1.3 uM (AB:rApo 1:0.1) and 0.13 uM (AB:rApo 1:0.01).
Then 5 pl of freshly prepared ThT (Sigma-Aldrich; 0.1 mM) were added and 50 mM Tris
buffer (pH 8.5) to a final volume of 200 ul. Fluorescence was recorded after 300 s in a
fluorometer (SynergyMx,Biotek) with excitation and emission wavelengths of 435 nm

8



and 490 nm, respectively. All measurements were obtained from 4 independent

experiments, and the samples were analyzed in duplicate.

Amyloid-beta 1-40 peptide transcytosis across the in vitro BBB model

For the transport studies, MBCECs were transferred into new 12-well plates and rinsed
twice with the working study solution. The majority of the experiments were performed
to evaluate AP(1-40) efflux transport, which consists of the flux from the basolateral
(corresponding to the brain side) to the apical (corresponding to the blood side)
compartment, using a fluorometric assay with Amyloid-beta(1-40) HiLyte™ Fluor 488-
labeled (Anaspec) at 485-528nm. The fluorescently labelled AP(1-40) solution was
prepared from the lyophilized powder, resuspended in 1% NH4OH and sonicated for 30
s, as previously described for the non-fluorescently tagged peptides. The efflux kinetics
were evaluated by transferring MBCECs to 12-well plates with 6-120 nM of fluorescent
AP(1-40) peptide in the basolateral compartment. Incubations for all transport
experiments were performed at 37°C in a humidified atmosphere of 95% air and 5% CO-

with slight agitation for 3 h.

At the end of the experiment, the cleared volume was calculated by dividing the
fluorescent signal of AB(1-40) in the acceptor compartment by the initial fluorescent
signal added to the donor compartment at time O (To). The transport through endothelial
cells was calculated by dividing the values obtained when cells were present in the
Transwells by the transport of the substance across Transwells without cells (expressed
as % of AP(1-40) transport). To assess the possible binding to plastic or polycarbonate
membranes or the non-specific binding to cells, the mass balance (%) was calculated from

the amount of fluorescence level in both compartments after the 3 h experiment divided



by the initial fluorescence in the donor compartment. Only experiments with a 120% <

mass balance > 80% were considered [10].

To investigate the effect of Apoal and ApoJ on AP(1-40) clearance (efflux), a
concentration of 12 nM of AB(1-40) was selected. The effect of human rApoAl and rApolJ
(50 nM and 200 nM) was assessed by adding rApoALl or rApoJ in the apical compartment
(as free protein) and rApoALl or rApoJ bound to AB(1-40) in the basolateral compartment
(as complexed form). The AP(1-40)-rApoAl and AP(1-40)-rApoJ complexes were
generated by incubating 50 nM or 200 nM of apolipoproteins with 12 nM of AB(1-40) in
PBS at 371C ON with agitation. Functional receptor studies were carried out through the
blockage of the low density lipoprotein receptor-related protein 1 and 2 (LRP1/LRP2)
through incubation with 200 nM of human recombinant receptor associated protein
(RAP) (Millipore, Corp., Billerica, MA, USA) in the basolateral compartment of the BBB
in vitro model for 1 h at 37°C prior to the AB(1-40) treatment. In a subset of experiments,
AP(1-40) transcytosis was confirmed by evaluating the presence of AP (1-40) in the donor
or acceptor compartment using an ELISA (Human Amyloid beta 40 ELISA Kit, Novex,

CA, USA) according to the manufacturer’s instructions.

[H3]Inulin flux across the in vitro BBB model

Radiolabeled [H®]Inulin (Perkin Elmer, Rodgau, Germany) was used as a control for non-
specific receptor transport across the endothelial monolayer using a liquid scintillation
counter (Tricarb 2100TR). The efflux of [H3]-methoxy-Inulin (Perkin Elmer) (12-120
nM) added to the basolateral compartment was monitored for 3 h. All calculations were

completed as described for the AB(1-40) transport.

rApol and rApoJ traffic across the in vitro BBB model
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Both the influx and efflux transport of rApol and rApoJ across the endothelial monolayer
were evaluated after an incubation of 3 h at 37°C. Flux from the apical (corresponding to
blood) to basolateral (corresponding to brain) compartment is referred to as influx,
whereas transport from the basolateral (brain) to apical (blood) side is referred to as
efflux. In both cases, the passage goes from the donor to the acceptor chamber. The
influence of 12 nM AP(1-40) in the basolateral compartment on rApoAl and rApoJ (200
nM) traffic was evaluated. Furthermore, to investigate the role of LRP family receptors
in the entrance of rApoAl/rApoJ into the brain, 200 nM RAP was added to the apical
compartment 1 h prior to treatment with the recombinant proteins. After the 3 h treatment,
supernatants of the donor and acceptor compartments were collected and stored at -20°C
until use.

To detect rApoAl or rApoJ in the acceptor compartment after influx or efflux studies,
cell supernatants were immunoprecipitated (IP) and sorted with magnetic Dynabeads®
M-280 Sheep Anti-Mouse IgG (Novex) that were previously been incubated with
Histidine Tag antibody (1 pl, Novex). Samples from the basolateral compartment (750
ul) and the apical compartment (250 pl) were diluted with PBS containing 0.025% Tween
20 (final volume of 1 ml) and incubated with the magnetic Dynabeads® ON at 4°C with
agitation. After 3 washes with PBS, the IP material was resuspended in 20 ul of PBS and
subjected to by western-blotting.

Western-blotting

APB(1-40)-rApoAl and AB(1-40)-rApoJ complexes were generated to be detected using
western-blotting by incubating 0.72 uM of AB(1-40) and 11.5 puM of rApoAl or rApoJ
(maintaining the same ratio of 1:16 used in the AP(1-40) clearance experiments) ON at
37°C with agitation. Thirty-two microliters of each complex solution were loaded and

separated using 12% acrylamide SDS-PAGE under reducing conditions and
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electrotransferred onto nitrocellulose membranes (Millipore Corp.) for 1 h at 100 V.
Membranes were blocked for 1 h with 10% nonfat milk in PBS containing 0.1% Tween
20 (PBS-T) and then probed with a mixture of anti-AB monoclonal antibodies 4G8 and
6E10 (each diluted 1:1000 in PBS-T; Covance, Princeton, NJ) ON at 4°C. The 6E10 clone
is reactive to amino acid residues 1-16, whereas the 4G8 antibody recognizes the 17-24
residues of ApB. After washing with PBS-T, membranes were immunoreacted with HRP-
conjugated anti-mouse IgG (1:1000, NA931, GE Healthcare Bio-Sciences Corp.) for 1 h
at RT. Membranes were further developed by enhanced chemiluminescence using
Pierce®ECL western-blotting Luminol/Enhancer and Stable Peroxide solutions

(ThermoFisher Scientific).

To detect rApoAl and rApoJ after the transcytosis experiments, 20 ul of supernatant from
the donor compartment and 20 ul of immunoprecipitated supernatant from the acceptor
compartment were loaded and separated on 10% acrylamide SDS-PAGE under reducing
conditions. Likewise, to detect LRP1 and LRP2 in cell lysates, 8-10 pug of total protein
was loaded and separated on 10% acrylamide SDS-PAGE under reducing conditions.
Then, gels were transferred onto 0.45 um pore size polyvinylidene difluoride membranes
(Millipore Corp., Billerica, MA) for 1 h at 100 V. After blocking, the primary antibodies
used were rabbit anti-ApoAl (1:1000, Abcam), mouse anti-ApoJ (1:5000, BD
Pharmingen, San Diego, CA, USA), rabbit anti-LRP1 (1:1000, Abcam), rabbit anti-LRP2
(1:1000, Abcam) and mouse anti-beta actin (1:10,000, Sigma-Aldrich). Membranes were
immunoreacted with HRP-conjugated anti-rabbit (1:1000, GE Healthcare Bio-Sciences
Corp.) or anti-mouse IgG (1:1000, GE Healthcare Bio-Sciences Corp.) for 1 h at RT and
developed as described above. The amount of target protein able to cross the BBB was

quantified by measuring the intensity of the corresponding acceptor compartment band
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using Image J software. The expression of beta-actin was used as a loading control for

the quantification of LRP1 and LRP2 expression in the cell lysates.
Quantitative real-time PCR (qPCR)

RNA from cells seeded on Transwells was extracted using the RNeasy kit (Qiagen,
Austin, TX, USA) following the manufacturer’s instructions. RNA concentrations and
quality were measured with NanoChips using the Bioanalyzer 2100 system (Agilent,
Santa Clara, CA, USA). Corresponding cDNAs were synthesized using the High-
Capacity cDNA Archive kit (Applied Biosystems, Foster City, CA). mRNA levels were
quantified using the TagMan fluorogenic probes (Applied Biosystems) for LRP-1
(Mn_01160430_m1) and LRP-2 (Mm_01328171 m1), and were analysed using the
Applied Biosystems SDS 7900 system software. The results were normalized to
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Mm99999915 g1) expression
levels. The relative quantification values were calculated using the Livak equation (2
AACH " The results are expressed as ratios of the calibrator samples analyzed in each

experiment.
Statistical Analysis

GraphPad Prism 5 was used for statistical analysis. Statistically significant differences
were assessed using a t-tests or one-way ANOVA with Dunnett’s multiple comparison
post-hoc test as appropriate. The variables are presented as the mean = SEM. A p-value

< 0.05 was considered statistically significant.

RESULTS
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Production and characterization of human recombinant ApoAl and ApoJ

Highly pure recombinant proteins were produced from HEK293T cells. rApoAl and
rApoJ contained a c-Myc tag and a polyhistidine tag at the N-terminus that enabled a
single-step purification and conferred a 4.81 kDa and 3.30 kDa increase in their molecular
weight, respectively, when compared with the corresponding native apolipoproteins
purified from human plasma as confirmed by western-blotting (Fig. 1A-B). Thus, to test
functionality of the proteins in vitro, increasing concentrations of rApoAl or rApoJ were
incubated with soluble AB(1-40) or AP(1-42) peptides for 24 h at 37°C, and the presence
of larger oligomeric and fibrillar components was evaluated by fluorescent quantification
of ThT binding. For this particular assay, recombinant apolipoproteins were challenged
to AP(1-40), but also to AB(1-42) because it has demonstrated stronger amyloidogenic
and fibrillogenic properties than the AB(1-40) peptide in vitro [35, 36]. We observed that
both rApoJ and rApoALl prevented the percentage of fluorescence emitted upon binding
to fibrils and oligomers formed by AB(1-40) or AP(1-42) in a concentration-dependent
manner (Fig. 1C-D), as previously described for the native proteins [20, 23]. We
confirmed that the presence of the recombinant proteins in the apical compartment of the
system did not modify the permeability coefficient values for the LY tracer (Fig. 1E-F),
which indicated that 200 nM of rApoA1 or rApoJ did not alter the BBB integrity or cause

toxicity to MBCECs.

Fluorescently labeled-Ap(1-40) transcytosis in vitro

After 5 days of extraction and isolation, MBCECs reached the suitable confluence and
formed a monolayer on the inserts. Low permeability to the LY tracer, as evidenced by a
Pe coefficient < 1-10° cm/min., confirmed the expression of well-differentiated tight and

adherent junctions that limit paracellular passage across the BBB. Expression of CD31
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was determined to evaluate the cell projection area of confluent cultures (Fig 2A2) and
Z0O-1 expression confirmed the formation of completely tight endothelial cell monolayers
(Fig 2A1). To study the AB(1-40) clearance from the brain to the bloodstream across the
BBB, the basolateral-to-apical efflux of increasing doses of fluorescently labeled-AB(1-
40) was evaluated with the in vitro model after 3 h incubation. As expected, AB(1-40)
transport was saturated at higher concentrations. This receptor-mediated transport showed
an equilibrium binding constant (Kg) of 36 + 17 nM. In comparison, the efflux of [H%]-
inulin, which is a metabolically inert marker that is not transported across the BBB [6],
was determined radiometrically and presented a non-specific transport across the
MBCECs (Fig 2B). AB(1-40) was not toxic to endothelial cells within the dose range
assayed (6-120 nM) (Fig 2C) assessed by the MTT reduction assay; in addition, a lack of
impaired LY passage after a non-fluorescent AP(1-40) treatment showed that BBB
permeability was not altered (Supplemental Fig. 1). The clearance experiments were
performed using 12 nM AB(1-40), which is below the Kq and therefore desired for affinity
enhancement studies. Furthermore, the involvement of the more common receptors of
AP(1-40) at a vascular level were evaluated in our model. We then tested the effect on
AP(1-40) efflux of the exposure of RAP, which blocks both receptors, and we observed
a reduction of 41.2 £ 8.7% on the appearance of the fluorescent signal at the apical
compartment (Fig. 2E). To confirm that AB(1-40) efflux was mediated by the LRP
receptor family, a human AP(1-40) ELISA kit was used to analyze the Ap(1-40)
concentration after 3 h of transport across the endothelial monolayer. The results were
equivalent to those obtained from the fluorometric assay; the presence of RAP

significantly reduced the AP(1-40) basolateral-to-apical efflux (Fig. 2E)

Apical-to-basolateral transport of rApoAl and rApoJ across the BBB
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Human rApoAl and rApoJ apical-to-basolateral influx was evaluated to study their
permeability across the BBB. After an incubation of 3 h with rApoAl or rApoJ on the
apical side (donor compartment corresponding to the blood side), their presence in the
basolateral side (acceptor compartment corresponding to brain side) was detected by
western-blotting. We observed that the transport was modulated in both cases by the
blockage of receptors from the LRP family because the incubation of endothelial cells
with 200 nM RAP decreased the trafficking of rApoAl and rApoJ to the acceptor
compartment (Fig 3A). We determined that rApoAl and rApoJ crossed the BBB through
a receptor-mediated transport because the passage of increasing doses of the recombinant
proteins (20-2000 nM) into the basolateral compartment was saturated after 3 h
incubation. The Kqvalues were 76.18 + 54.76 nM and 137.8 + 113.1 nM for rApoAl and
rApoJ, respectively (Supplemental Fig. 2). On the other hand, as a simulation of an excess
of AP in the brain, we determined whether the presence of AB(1-40) in the basolateral
side modified the penetration rate of rApoAl and rApoJ. In both cases, we observed an
enhanced influx after 3 h incubation. The levels of rApoALl or rApoJ were increased in
the acceptor compartment when 12 nM AB(1-40) was present on the opposite side of the

Transwell (Fig. 3B).

Effect of human rApoA1l and rApoJ on AB(1-40) clearance across the BBB

To study the effect of rApoJ and rApoAl on AP(1-40) clearance, two types of
experiments were carried out. Firstly, fluorescently labeled-Ap(1-40) was added to the
basolateral compartment (corresponding to the brain side) and increasing concentrations
of the recombinant apolipoproteins (0, 50 and 200 nM) were added to the apical
compartment (corresponding to the blood side). At the highest concentration tested, we
observed that whereas rApoJ did not alter the Ap(1-40) passage, rApoAl enhanced the
basolateral-to-apical AB(1-40) efflux (Fig 4). Western-blotting and gPCR results showed
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that this increase was not due to a change in LRP1 or LRP2 expression after 3 h incubation
with rApoALl on the apical side (Supplemental Fig. 3).

Second, because we previously observed that both rApoAl and rApoJ were able to cross
the BBB from the apical-to-basolateral compartment, we examined if the transport of
fluorescently labeled-Ap(1-40) could be modulated by complexing the peptide to rApoJ
or rApoAl. The complexes were formed by incubation of the peptide with the
corresponding recombinant proteins ON at 37°C. The detection of high molecular weight
species through anti-Ap western-blotting confirmed that both recombinant proteins bound
to the fluorescently labeled-AB(1-40) and formed complexes; rApoAl-Ap(1-40) and
rApoJ-AB(1-40) (Fig 5A). The formation of the corresponding complexes was verified
by the detection of ApoAl or ApolJ in each case (Supplemental Fig. 4). In this case, we
observed that AB(1-40) clearance was enhanced when the peptide was complexed to
rApoJ, whereas the complex formed with rApoAl was not able to mobilize AB(1-40)
from the basolateral compartment (Fig. 5B). Finally, the donor compartment was treated
with rApoA1-APB(1-40) or rApoJ-AB(1-40) complexes to determine the effect of AB(1-
40) on the modulation of rApoA1l or rApoJ efflux across the BBB. When compared with
the trafficking of free rApoAl or rApoJ proteins through the endothelial monolayer,
rApoJ basolateral-to-apical efflux was increased when complexed to AB(1-40); however,
the appearance of rApoAl in the apical compartment was reduced when bound to the

amyloid peptide (Fig. 6).

DISCUSSION

The pathological accumulation of A in the brain parenchyma and vessel walls is one of

the major hallmarks of AD. To investigate the mechanisms that can promote A removal
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from the brain, we used an in vitro BBB model and fluorometric assay to study the
clearance of cerebral AP(1-40). We demonstrated that our model mimics the in vivo
conditions of saturated AP(1-40) receptor-mediated transcytosis, mainly via an LRP

family member, as previously described [6, 8, 9].

Currently, there is no treatment that improves the outcome of patients suffering from Ap-
related pathologies, such as AD or CAA. Therefore, proteins that bind AB material,
prevent its aggregation and modulate its transport may be powerful therapeutic tools for
these diseases. In this regard, increasing evidence suggests that apolipoproteins are
involved in AP fibrillogenesis and clearance [9, 22, 24, 37, 38], and genetic variations in
the corresponding genes are associated with AD and CAA severity and incidence [14,
15]. Currently, the most relevant protein of the family is ApoE. In addition to other
functions directly or indirectly related to AP, ApoE has been extensively implicated in
AP clearance through the cerebrovascular system depending on the isoform [31, 39, 40];

however, its exact role in the process remains controversial [41].

Both ApoAl and ApoJ are known to bind AP and prevent its aggregation and toxicity
[16, 25, 26, 42]; thus, we investigated their role in the modulation of AB(1-40) flux from
the brain to the bloodstream across cerebral cultured endothelial cells. We produced
recombinant human ApoJ and ApoA1l and confirmed that both molecules inhibited the
aggregation of soluble AB(1-42) into oligomeric forms, as previously described for the
native proteins [22, 25]. Next, we investigated the trafficking of human rApoJ and
rApoAl in both directions across the BBB. We confirmed that both proteins crossed the
BBB without effecting LY permeability. Furthermore, incubation with RAP decreased
the presence of the recombinant proteins in the opposite compartment of the BBB model.
This finding suggests that rApoA1l and rApoJ crossed the endothelial monolayer from the

apical to the basolateral side through a receptor of the LRP family. Whereas previous
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reports showed that ApoJ crossed the BBB via LRP2 [9, 37], to our knowledge, the
receptors involved in ApoAl transcytosis have yet to be elucidated. Further experiments
are required to confirm the specific receptor involved in the passage of ApoA1l across the
BBB under predetermined conditions. In fact, ApoAl is considered to be able to cross the
BBB [43] because it has been found in the CSF and throughout the brain [44], although
the mechanisms behind this trafficking are not well described. We observed that the
incubation of AP(1-40) in the system compartment corresponding to the brain side
enhanced the passage of rApoJ and rApoAl from the bloodstream into the brain. We
speculate that an apical molecular signal activated in the presence of the basolateral AB(1-
40) may enhance the influx of rApoJ and rApoAl. Nevertheless, our data suggest that the
role of both chaperones may be more relevant in brains with a pathological accumulation
of AP. In this regard, while ApoA1l is mainly synthesized in the liver, it has been found
associated to senile plaques in AD [23, 24]. It is not completely clear whether this plaque-
associated ApoAl comes from the periphery [45] or is expressed by particular brain cells,

such as endothelial capillary cerebral cells [46, 47].

On the other hand, we demonstrated that both apolipoproteins modulated AP clearance
from the brain to the blood depending on their concentration and location. In our BBB
model formed by a tight monolayer of MBCECs, we confirmed that Ap(1-40) efflux was
mediated by LRP1, as previously shown in mouse models [6, 7] and human endothelial
cells [7, 48], but not in bovine endothelial cells [49]. In our system, we observed that high
concentrations of rApoJ bound to AB(1-40) enhanced its clearance. This finding is in
accordance with previous in vivo studies that administered radiolabeled AB(1-40) in a
guinea pig model [50] or AB(1-42) in mice [9]. These studies demonstrated that the
principal route of ApoJ-A complex clearance from the brain was through LRP2. Because

ApolJ is expressed by different brain cells [16] that are co-located with A fibrils in brain
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damage regions affected by Ap [18], and because LRP1 expression (the main receptor
involved in AP clearance) is decreased in AD or in the normal aging process [51, 52],
ApoJ might be considered a cerebral AP carrier using alternative elimination routes from
the brain. In contrast, incubation with increasing levels of rApoALl in the apical chamber
(blood side) of the system improved the elimination of AB(1-40) from the basolateral
compartment (brain side). In this regard, previous reports showed a decrease in plasma
ApoALl in AD and dementia patients [53, 54] and this decrease correlated with the severity
of the disease [55]. Therefore, plasma ApoAl may represent a physiological decoy for
soluble AP produced in the CNS. Alternatively, cerebral Ap accumulation may cause a
peripheral ApoAl reduction by attracting the apolipoprotein into the brain across the
BBB. Indeed, this would explain our finding that the Ap(1-40)-rApoAl complex retains
the apolipoprotein and blocks clearance to the apical side. Nevertheless, studies using
APP transgenic mice showed that the deletion of mouse ApoAl worsened memory
deficits [56]. Likewise, the overexpression of ApoAl in an AD mouse model did not
change parenchymal AP load but improved the cognitive deficiency and reduced the
accumulation of A in cerebral vessels [57]. Overall, peripheral ApoAl appears to reduce
the vascular AP load and the inflammation associated with its deposition. On the other
hand, a recent study has confirmed the importance of ApoE and ApoAl in cognition; the
double deletion of both apolipoproteins causes cognitive deficits independent of the
favorable effect on amyloid pathology unexpectedly observed in APP/PS1dE9 mice
crossed with ApoE/ApoAl double knock out mice [58]. Finally, ApoA1l/HDL possesses
anti-inflammatory and anti-oxidative properties, modulates immune function at the
cellular level [59] and can transiently reduce brain AP soluble levels in an experimental

model of AD [60]. Therefore, the peripheral administration of rApoAl may induce
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protective effects by promoting soluble AP clearance and avoiding further consequences

of its accumulation, such as inflammation and neurodegeneration.

In conclusion, the present study demonstrated that the presence and localization of ApoJ,
but also ApoAl, influenced AP(1-40) clearance in an in vitro BBB model. The
modulation of the balance of these apolipoproteins between the periphery and the brain

may be an effective therapeutic strategy for AD and CAA.
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Figure 1. Human rApoJ and rApoAl production and characterization. A-B)
Western-blotting results of human native (n) or purified recombinant (r) ApoJ and
ApoALl. The rApoJ (39 kDa) and rApoALl (33 kDa) bands are indicated by arrowheads.
C-D) Effect of rApoJ and rApoAl on AP(1-40) and AP(1-42) aggregation and
fibrillization assessed using Thioflavin T (ThT) methodology. Each bar represents the
mean = SEM of at least four independent experiments. * p < 0.05, ** p < 0.01, E-F)
Impact of 200 nM of human rApoJ and rApoA1l on the integrity of the endothelial cell

monolayer using Lucifer Yellow (LY) as a marker of paracellular transport.

Figure 2. AP(1-40) efflux across the in vitro BBB model. Al) ZO-1 and A2) CD31
immunostaining of the capillary endothelial cell monolayer reflects the tightness of the
BBB model. Nuclei are in blue (DAPI), Bars = 200um. B) Basolateral-to-apical efflux of
different concentrations (1-120 nM) of AB(1-40)- HiLyteFluor™488 (solid line) or 3H-
inulin (dashed line) across the in vitro BBB model after a 3 h incubation. C) MTT
measurements after 3 h incubation with AP(1-40). D) Basolateral-to-apical AB(1-40)
passage after RAP incubation assessed by fluorometric assay, or E) by AB(1-40)-ELISA.
The data are calculated as a percentage of the control in each independent experiment.
Each bar represents the mean £ SEM of at least three independent experiments. * p <

0.05, ** p < 0.01.

Figure 3. Modulation of human rApoJ and rApoALl influx across the in vitro BBB
model. A) Apical-to-basolateral influx of rApoJ and rApoA1l (200 nM) modulated by the
incubation of RAP (200 nM) in the apical compartment 1 h prior to treatment. B) Influx

of rApoA1l and rApoJ (200 nM) modulated by the presence of AB(1-40) (12 nM) in the
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basolateral compartment. rApoAl and rApoJ in the supernatants from the donor (apical)
and the immunoprecipitated acceptor compartment (basolateral) were detected using
western-blotting. D= donor compartment; A= acceptor compartment. The data represent
the mean + SEM of the band intensity corresponding to the acceptor compartment

(basolateral) from at least four independent experiments. * p <0.05.

Figure 4. Ap(1-40) clearance across the in vitro BBB model modulated by rApoJ or
rApoAl. Effect of 3 h incubation of rApoJ or rApoAl (50 or 200 nM) in the apical
compartment on the AB(1-40) HiLyte™ Fluor 488-labeled (12 nM) basolateral-to-apical
efflux. The data are calculated as a percentage of the control in each independent
experiment. Each bar represents the mean + SEM of at three independent experiments. *

p < 0.05.

Figure 5. AP(1-40) clearance across the in vitro BBB model when complexed to
rApoJ and rApoAl. A) Complexes of AB(1-40)-rApoJ and AP(1-40)-rApoAl were
detected by western-blotting using anti-4G8+6E10 AP antibodies. The principal protein
complexes with AB(1-40) are indicated by arrowheads. B) AB(1-40) HiLyte™ Fluor 488-
labeled (12 nM) basolateral-to-apical efflux for 3 h when complexed to rApoAl or rApolJ.
The data are calculated as a percentage of the control in each independent experiment.

Each bar represents the mean + SEM of at three independent experiments. * p < 0.05.

Figure 6. rApoJ and rApoALl efflux across the in vitro BBB model when complexed
to AB(1-40). A) rApoJ and B) rApoAl (200 nM) basolateral-to-apical efflux during 3 h

when complexed to AB(1-40) (12 nM) for 24 h at 37°C. Supernatants from donor (apical)
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and immunoprecipitated acceptor compartments (basolateral) were detected using
western-blotting. D= donor compartment; A= acceptor compartment. The data represent
the mean + SEM of the band intensity corresponding to the acceptor compartment (apical)

from at least four independent experiments.*p<0.05.
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Figure 2.
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Figure 3
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Figure 4
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Figure 6
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Supplemental Figure 1. Determination of Lucifer Yellow (LY) permeability after the
treatment with 12nM non-fluorescent AP(1-40) treatment in the apical compartment.

Each bar represents mean = SEM of three independent experiments.
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Supplemental Figure 2. Human rApoJ and rApoALl influx across the in vitro BBB
model. Apical-to-basolateral influx of (A) rApoAl and (B) rApoJ; Representative
membranes showing the recombinant protein levels in the supernatants from the donor
(apical) and the acceptor (basolateral) compartments detected by western-blotting. The
data represent the mean + SEM of the band intensity corresponding to the acceptor
compartment (basolateral) from three independent experiments. D= donor compartment;

A= acceptor compartment. a.u.= arbitrary units of band intensity.
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Supplemental Figure 3. (A) LRP1 and LRP 2 protein expression, determined by
Western-blotting, and, (B) LRP1 and LRP2 gene expression, determined by quantitative
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real-time PCR (qPCR), in MBEC after 3h treatment with 200 nM rApoAl. C= Control
conditions. a.u.= arbitrary units of band intensity. Each bar represents the mean + SEM

of three independent experiments.
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Supplemental Figure 4. Ap(1-40)-rApoJ and AB(1-40)-rApoAl complexes detected by
western-blotting using (A) anti-ApoAl and (B) anti-ApoJ antibodies, respectively. The

principal protein complexes with AB(1-40) are indicated by arrowheads.
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