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Abstract

Drug delivery to the brain is severely restricted by formation of tight junctions between adjacent
brain capillary endothelial cells (BCEC). In the present study we have evaluated the effects of
protamine—oligonucleotide nanoparticles (proticles) on the functional properties of primary
porcine BCEC and characterized uptake and transcytosis of proticles by these cells. Proticles had
no adverse effects on BCEC properties relevant to blood—brain barrier (BBB) function.
Transcytosis of 12°1-labeled proticles across polarized BCEC cultures occurred in a time- and
concentration-dependent manner. As apolipoproteins were suggested to enhance cellular proticle
uptake, proticle coating was performed with apoA-I, the major apolipoprotein component of high
density lipoproteins. Adsorption of apoA-I on the surface of proticles resulted in significantly
improved uptake and transcytosis properties as compared to uncoated proticles. ApoA-I coating
enhanced proticle delivery to astrocytes in an /n vitro model of the BBB almost twofold. Blocking
of scavenger receptor class B, type | (the prime receptor for high density lipoprotein/apoA-I that is
expressed on BCEC) reduced transcytosis of apoA-I-coated proticles to levels observed for
uncoated proticles. Our data indicate that apoA-I-coating of proticles could be a feasible targeting
technology to improve delivery across the BBB.
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Introduction

Drug delivery to the brain is severely hampered due to the exceptionally low permeability of
the blood-brain barrier (BBB). Brain capillary endothelial cells (BCEC) form the physical
basis of the BBB and are connected by tight junctions that are responsible for the highly
selective permeability properties of the cerebrovasculature [1,2]. Although this is necessary
to maintain the finely tuned microenvironment of the central nervous system (CNS) it poses
a major obstacle on the efficient delivery of potential neuropharmaceuticals to the brain.
Consequently only a limited number of drugs, i.e. small, lipophilic compounds with a
molecular mass <400-500 Da, cross the endothelial cell layer of the BBB and,
unfortunately, only a small number of CNS diseases respond to this compound class [3]. In
the human brain the total length of brain capillaries is estimated to be in the range of 400
miles and the surface area of the brain endothelium is approximately 20 m? [4]. Thus the
cerebrovasculature would provide a huge delivery platform for transendothelial
administration of drugs to the CNS; however, this would require that the restrictive
permeability properties of the BBB could be overcome. One promising approach to
compensate permeability restrictions is the application of targeted release systems that are
recognized by a BBB-located receptor that mediates transcytosis (in the luminal-to-
abluminal direction). This is achieved by certain peptidomimetic antibodies that recognize
epitopes on transcytotic BBB receptors that are different from the ligand-binding domain
(e.g. against the insulin or the transferrin receptor). Coupling of these antibodies to large-
molecule drugs facilitates transcytosis via the corresponding, antibody-targeted receptor.
This technology was used in several successful approaches in different sandwich
constructions, including nanoparticles and immunoliposomes [5].

Next to other colloidal drug delivery vehicles, nanoparticles appear to be a promising class
of carriers that enable transport of drugs (that are not transported across the
cerebrovasculature after intravenous injection) across the BBB. A number of technologies to
improve the transcytotic properties of biodegradable nanoparticles with different chemical
composition across the BBB have been published (for review see [6-8]). Among the
nanoparticle formulations that have been successfully used to deliver therapeutically useful
compounds are protamine—oligonucleotide nanoparticles, so called proticles. These
nanoparticles consist of protamine, which is a relatively small polycationic peptide with a
molecular weight of approximately 4000 Da. In the sperm of salmon, protamine condenses
DNA and delivers it to the nucleus of the egg after fertilization. This property of protamine
has been exploited to condense plasmid DNA into compact particles. In combination with
antisense oligonucleotides, proticles increased particle stability against nuclease activity, and
improved cellular uptake of antisense molecules [9]. Proticles have several properties that
make them potential candidates for drug delivery: i) The production is simple and rapid and
is based on self-assembly of charged macromolecules [9]. ii) Proticles display extremely low
(cyto)toxicity /n vitro as compared to other, non-viral transfection vehicles such as cationic
liposomes [10]. Nanoparticle coating with apolipoproteins (representing the protein moiety
of circulating lipoproteins) is an experimental approach to improve uptake efficacy across
the BBB. This was demonstrated for dalargin- or loperamide-loaded nanoparticles after
coating with apolipoproteins: Only apolipoprotein (apo)B- or apoE-containing particles (but
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not their apoA-11-, apoC-11-, or apoJ-containing counterparts) were able to achieve an anti-
nociceptive effect in mice as measured by the tail-flick test [11]. These results were
interpreted in that way that apoB- and apoE-coated nanoparticles mimic lipoprotein particles
that could be taken up by BCEC via low-density lipoprotein (LDL or apoB/E)-receptor-
mediated endocytosis [11]. Indeed the LDL-receptor is expressed on the apical membrane
and mediates transcytosis of LDL across BCEC monolayers [12].

We have previously demonstrated that scavenger receptor class B, type | (SR-BI) the prime
receptor for high density lipoprotein (HDL) is also expressed at the apical membrane of
primary porcine BCEC [13]. SR-BI facilitates uptake of HDL-associated cholesteryl ester
and Vitamin E across BCEC /n vitro[13] and /n vivo [14]. Although SR-BI is a multiligand
receptor, apoA-1 (the major apolipoprotein of HDL) is a high affinity ligand. Based on these
findings the aim of this study was to investigate the uptake and transcytosis properties of
apoA-I-coated protamine—oligonucleotide nanoparticles in an /n vitro model of the BBB.

2 Materials and methods

2.1 Materials

Earl’s medium M199 was obtained from Gibco (Vienna, Austria). Penicillin/streptomycin
(P/S), gentamycin, and trypsin were from Biochrom (Berlin, Germany). Ox serum was from
PAA Laboratories (Linz, Austria). Plastic ware for cell culture was from Costar (Vienna).
PD-10 size-exclusion columns, and ECL* Plus Western Blotting Detection Reagents were
from Amersham Pharmacia Biotech Ltd. (Vienna). Polyvinylidene Fluoride transfer
membrane (BioTrace™ PVDF) was from Pall Corporation (Vienna). Microcon centrifugal
filter units were from Millipore (Vienna). Oligonucleotides were obtained from Biospring
GmbH (Frankfurt, Germany). The sequence 5’ ACG TTG GTC CTG CGG GAA 3’ was
found to efficiently assemble proticles by complexation with protamine free base (Sigma,
Vienna). 125INa was from New England Nuclear (Vienna; specific activity 629 GBg/mmol).
The MTT test kit was from Sigma (Vienna). The monoclonal anti-vascular endothelial (VE)-
cadherin antibody (raised against a C-terminal peptide of human VE-cadherin) used for
immunofluorescence studies of BCEC was from Santa Cruz (Santa Cruz, CA; sc9989).
Polyclonal anti-human zonula occludens (ZO)-1 was from Zymed (Vienna), polyclonal anti-
SR-BI was from Abcam (Cambridge, UK), and cyanine (Cy)-3-labeled secondary antibodies
were from Jackson Dianova (Hamburg, Germany). All other chemicals were from Sigma.

2.2 Methods

2.2.1 Preparation and characterization of proticles—Nanoparticles were prepared
in aqueous solution by mixing the indicated mass ratios of oligonucleotides (ON) and
protamine to achieve final concentrations of 100 pg/ml ON and 200, 300 or 500 pg/mi
protamine in MilliQ water (Millipore, Vienna). The proticles were formed by self-assembly
of the compounds within the first few minutes of incubation. Reproducibility of proticle
formation was ascertained by incubation of proticle solutions for 1 h at room temperature on
an orbital shaker (300 rpm) [9]. To obtain apoA-I-coated proticles, preassembled proticles
were incubated in the presence of the indicated amounts of apoA-I (isolated as described
below) for 1 h at room temperature on an orbital shaker.
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The particle size (hydrodynamic diameter) and size distribution (polydispersity index) of the
primary complex between ON and protamine as well as the size of apoA-I-coated proticles
were determined by dynamic light scattering. The surface charge (zeta-potential) was
determined by measuring their electrophoretic mobility. Both measurements were performed
on a Zetasizer HSA 3000 (Malvern, Herrenberg, Germany). Data evaluation was performed
as described [15].

To determine the binding capacity of Cy-3-labeled apoA-I and its effect on particle size,
proticles were incubated with various amounts of Cy-3-labeled apoA-1 (0-50 pg apoA-1/10
ug ON). Proticles were centrifuged at 20,000xg at 4 °C for 2 h (Eppendorf centrifuge 5804
R). The amount of Cy-3-labeled apoA-1 in the supernatant was determined using a
fluorescence plate reader (544/590 nm; Fluostar Galaxy, BMG Labtechnologies) and the
amount of bound apoA-I was calculated by the difference between fluorescence intensities
before and after addition of proticles.

2.2.2 Radio- and fluorescence-labeling of proticle preparations—For
radioactive labeling, NaHCO3 was added to 300 pg ON in 500 pl aqueous solution to get a
final concentration of 170 mM. This solution was incubated with 10 pl A-Br-succinimide (1
mg/ml) and labeled with 500 pCi of 125INa [16], mixed and incubated at ambient
temperature for 5 min. Radiolabeled ON were transferred to a Slide-A-Lyzer®Dialysis
Cassette from Pierce with 3500 Da cutoff and dialyzed against desalted H,O (3 days). To
determine the free, not ON-associated radioactivity, 100 ul ON were centrifuged in
microcon-filtration tube at 13,000 rpm for 20 min (Millipore, USA, cutoff 3000 Da). The
flow through was diluted (1:1000) and counted on a y-counter. When free radioactivity
reached a value less than 5% of total radioactivity, labeled ON were used for proticle
formation as described above. Cy-3-labeling of apoA-I was performed with the FluoroLink
MADb™ Cy3™ Labeling Kit (Amersham Life Science). The 18-mer oligonucleotide 5-ACG
TTG GTC CTG CGG GGA-3’ was labeled with Cy-5 at the 5’-end (custom synthesis by
Biospring, Frankfurt, Germany). Protamine free base was labeled with
tetramethylrhodamine—isothiocyanate and purified by dialysis using Slide-A-Lyzer cassettes
(cutoff 3.5 kDa) [15].

2.2.3 Isolation of human HDL and apoA-l—Human, apoE-poor HDL (a=1.125-1.21
g/ml) was prepared by discontinuous density ultracentrifugation of plasma from
normolipidemic donors [17]. HDL was recovered from the tubes and desalted on PD-10
columns. The protein content was determined according to Lowry [18]. Delipidation of HDL
was performed as described [19]. Delipidated apolipoproteins were redissolved in 50 mM
glycine, 4 mM NaOH, 0.5 M NaCl, and 6 M urea (pH 8.8). HDL apolipoproteins were then
separated by size exclusion chromatography on a Sephacryl S-200 column (3 x 150 cm)
[19]. The fractions containing the major peak were pooled and dialyzed against 50 mM
NH4HCO3. The product was homogenous as assessed by SDS-PAGE, reversed phase HPLC
and MS analysis.
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2.2.4 ApoA-I characterization

2.2.4.1 Western blotting: ApoA-I samples were run on SDS-PAGE gels (12%) for 90 min
at 150 V in a Bio-Rad Miniprotean chamber (Bio-Rad, Vienna) and proteins were
electrophoretically transferred to membranes (150 mA, 4 °C, 90 min). ApoA-1 was detected
with a polyclonal rabbit anti-human apoA-I antiserum, followed by a horseradish
peroxidase-conjugated goat anti-rabbit 1gG (Sigma). Detection was performed using the
ECL method.

2.2.4.2 HPL C separation and ESI-MS of apoA-1: About 5 pg of apoA-1 were separated
by RP—HPLC (Waters Alliance 2690 separation module) on a Vydac C 18 column [20]. MS
analysis was performed on a LC-MS combination consisting of a Flux Rheos 4000 binary
gradient pump (Munich, Germany), an ERC vacuum degasser (Spectronex, Vienna), a
Vydac C18 column (4.6 x 150 mm), and a Finnigan LCQ ion trap mass spectrometer
equipped with an electrospray source (San Jose, CA, USA). The settings of the ion source
were: spray voltage 3.5 kV, capillary temperature 220 °C, capillary voltage 13.6 V and a
tube lens offset of 30 V [21]. N, was used as sheath gas at a flow rate of 100 units. Samples
were injected in the moving solvent (10 pl/min; HoO/acetonitrile, 1:1 (v/v), 0.05% TFA).

2.2.5 Isolation and culture of BCEC—~Porcine brains were obtained from freshly
slaughtered pigs. After removal of the meninges and secretory areas the gray and white
matter of the brain cortex was minced. BCEC were isolated by enzymatic digestion and
subsequent centrifugation steps as described [22]. Cells from one brain were seeded in six to
eight collagen-coated 75 cm? flasks (M199 containing 10% ox serum, 1% gentamycin, and
1% P/S). On the following day cells were washed with phosphate-buffered saline (PBS), and
gentamycin-free medium was added. After 3—7 days /n vitro, cells were washed, trypsinized,
and seeded on collagen-coated 12-well cell culture plates at a density of 40,000 cells/cm? in
M199 (containing 10% ox serum, 1% P/S) for monolayer experiments.

2.2.6 Transwell cultures—Cells were seeded on calf-skin collagen (12 pg in 100 pl
PBS; aspirated after 5 min) coated 12-well Transwell culture trays at a density of 40,000
cells/cm? [23]. The medium (0.5 ml in the apical and 1.5 ml in the basolateral compartment)
used to induce the formation of tight monolayers was added after 2 days, and consisted of
DMEM/Ham's F12 supplemented with 150 nM hydrocortisone, 1% P/S, and 0.25%
glutamine. After 3 days in culture, before starting the experiment, the tightness of the
monolayer was assessed by measuring the transendothelial electrical resistance (TEER)
using an Endohm tissue resistance measurement chamber. TEERs of coated, cell-free filters
were subtracted from Transwell TEER to obtain the resistance of the cell monolayers.
Results are expressed in © cm? or in % of controls. Only wells with TEER higher than 300
Q2 cm? were used. [14C]Sucrose permeability was used as a second parameter to characterize
the tightness of the monolayers. 200 pl of the medium in the apical compartment was
removed and substituted with assay medium containing 2.5 uCi [*4C] sucrose. 50 ul samples
were taken in duplicate from the basolateral compartment every 20 min (over 2 h) and
replaced by 100 pl fresh medium. Permeability coefficients (Pe) were calculated as
described [24].
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2.2.7 BCEC-astrocyte cocultures—To determine whether proticles that underwent
transcytosis are subjected to concomitant uptake by astrocytes, cocultures were established.
BCEC were isolated as described above, plated on Transwells and assembled with a human
astrocytic cell line CCF-STTG (ATCC, Rockville, MD), that were cultured separately in
monolayers in RPMI 1640 medium (containing 1% P/S, 10% FCS). When BCEC reached
TEER values of 200 ©2 cm? and astrocytes were almost confluent, cocultures were assembled
(Transwell system). Cocultures were incubated in M199 (containing 10% ox serum, 1% P/S
(v/v)) for 1 day, then M199 medium was replaced by DMEM/Ham’s F12 medium
supplemented with 150 nM hydrocortisone, 1% P/S, and 0.25% glutamine.

2.2.8 Uptake and transcytosis experiments—For uptake experiments BCEC were
cultured on monolayer 6-well trays in medium M199 (containing 10% ox serum, 1% P/S (v/
v)). At confluency, cells were loaded with radiolabeled proticles (200 ul/2 ml medium) that
were either apoA-I-coated (5 pg apoA-1/10 ug ON) or uncoated. A 1:3 mass ratio between
ON and protamine was chosen for these preparations. After the indicated time periods cells
were washed twice with washing buffer and cell lysis was performed with 0.3 M NaOH at

4 °C for 1 h under shaking. Cellular lysates were collected in counter vials and cell-
associated radioactivity was counted. Cell protein content was measured using the Lowry
method [18]. For transcytosis experiments, proticles were prepared in the same way as
described above. Cells were plated on collagen-coated (12 ug/100 pl) filter inserts of
Transwells and cultured in M199 (containing 10% ox serum, 1% P/S (v/v)) for three days as
described under isolation and culture of BCEC. Radiolabeled proticles (see below)
containing various mass ratios (ON: protamine 1:2, 1:3 or 1:5) with or without apoA-I
coating were added to the apical medium (corresponding to the luminal, ‘blood side’ of the
brain in this system). Time-dependent transcytosis (1, 2 and 4 h) was investigated by
collecting 200 pl of the medium from the basolateral side (corresponding to the “brain side”)
and counting the radioactivity. NaOH lysis (0.3 M) was performed at 4 °C for 4 h and cell-
associated radioactivity was measured.

2.2.9 Immunofluorescence studies—BCECs were cultured on collagen-coated (12
ug/100 pl) Permanox chamber slides. The cells were incubated with proticle preparations
(mass ratio of 1:3; Cy-5-ON/protamine; absence or presence of 5 g apoA-1/10 pg Cy-5-
ON) for 4 h. Coverslips were washed twice in PBS and dried for 2 h, fixed in acetone for 5
min at 25 °C, rehydrated in PBS for 5 min, and treated with protein blocking solution for 20
min. Coverslips were incubated with primary antibodies (anti-ZO-1, 1:50; mouse anti-VE-
cadherin, 1:200) for 30 min. Coverslips were rinsed with PBS and incubated with Cy-3-
conjugated secondary antibodies (1:300) for 30 min, rinsed again and mounted with Moviol.
Confocal laser scanning microscopy was performed on a Leitz/Leica TCSSP2 microscope
(Leica Lasertechnik GmbH, Heidelberg, Germany).

2.2.10 MTT test—To test effects of proticles on BCEC viability the MTT system was
used. Briefly, 50 ul of the MTT solution were added to cells (in 500 ul medium), incubated
for 1 h at 37 °C under standard conditions. Monolayers were washed with PBS, and cell
lysis was performed with 300 pl of the lysis solution (propan-2-ol/HCI (0.4 M), 25:1, v/v).
The lysates were transferred to Eppendorf tubes and centrifuged to remove cellular debris
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(13,000 rpm, 2 min). 100 pl of the supernatant were transferred to 96-well microtiter plates
and absorbance was measured at 570 nm and corrected for background absorption (650 nm).

2.2.11 Statistical analysis—All data are expressed as mean+S.D. Data sets were
compared using Student’s #test and differences were considered as significant at p<0.05.

3 Results

3.1 Characterization of proticles

Photon correlation spectroscopy measurements (hydrodynamic diameter) of uncoated
proticles (ON/protamine ratio 1:2, 1:3 and 1:5, respectively) showed a mean particle size
between 120 and 150 nm. Zeta-potential (surface charge) determination lead to values of 10,
13 and 20 mV for mass ratios of 1:2, 1:3 and 1:5, which is due to the increasing protamine
concentration within the formulations.

3.2 Effects of proticles on junctional morphology, barrier function and viability of BCEC

One of the cardinal features of BCEC is the formation of tight and adherens junctions that
restrict the permeability of metabolites in the apical-to-basolateral direction. In a first set of
experiments we have assessed the effects of proticles on the intactness of cellular junctions
(Z0O-1 was used as a tight junction, and VE-cadherin as an adherens junction marker),
TEER, [*C]sucrose permeability, and cell viability (Fig. 1). Immunofluorescence studies
revealed that proticles (100 ug ON/ml medium) had no adverse effects on the cellular
localization of ZO-1 and VE-cadherin, indicating that proticles do not display adverse
effects on the junctional architecture of BCEC (Fig. 1A). Depletion of extracellular Ca2*
(known to disrupt endothelial barrier function) resulted in pronounced gap formation
between adjacent BCEC but did not alter cellular localization of ZO-1. In contrast, Ca2*-
depletion resulted in complete loss of VE-cadherin staining at the plasma membrane (Fig.
1A), findings in line with others [25].

Quantitation of BCEC monolayer permeability in the absence or presence of proticles was
performed by measuring the TEER and [**C]sucrose permeability. To test the influence of
proticles on barrier function, BCEC were incubated in Transwell cultures exposed to
proticles consisting of ON and protamine. TEER values observed in Transwell cultures
exposed to proticles (ON/protamine ratio 1:2 and 1.5, respectively) showed slightly (but
statistically not significant) enhanced resistance values (approximately 1.2-fold) over control
cultures. [**C]Sucrose permeability of Transwell cultures was not affected by the presence
of nanoparticles (Fig. 1B).

Next, effects of proticles on cell viability were evaluated using the MTT test. During these
experiments it became apparent that ON/protamine proticles over a wide concentration range
(10-500 pg ON/mI medium; mass ratio of 1:5) had no adverse effects on BCEC cell
viability (Fig. 1C). Thus the experiments described above demonstrate that proticles (under
the experimental conditions applied) have no detrimental effects on BCEC properties.
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3.3 Uptake and transcytosis of proticles

The next set of experiments aimed to clarify uptake of 125|-labeled proticles in BCEC
monolayers and transcytosis rates in Transwell cultures and to analyze the intracellular
distribution of fluorescently labeled proticles. Uptake experiments in conventional BCEC
monolayer cultures indicated that the ON/protamine ratio was a determining factor for
uptake efficacy: The uptake of proticles with a higher ON/protamine mass ratio (1:5) was on
average 1.2-fold higher than proticles with lower protamine content (1:2) (Fig. 2A).
Moreover cellular uptake of proticles was confirmed by confocal microscopy (Fig. 2B).
These studies revealed that proticles are subjected to internalization by BCEC and, that
protamine and oligonucleotides colocalize in the nucleus where protamine and
oligonucleotides colocalize (Fig. 2B). After 4 h, the majority of proticles was detected in the
nucleus of BCEC.

In time-dependent studies, transcytosis rates of proticles with varying protamine content
have been compared in Transwell cultures. During these experiments a comparable tendency
as seen in monolayer uptake experiments was observed (Fig. 3A): Proticles with an ON/
protamine ratio of 1:5 showed a higher transcytosis rate (225 ng basolateral; Pe= 6.9 x 1075
cm/s) than those with a lower protamine content (127 ng ON basolateral; Pe= 3.1 x 1076
cm/s). These findings suggest that the most efficient uptake and transcytosis properties are
observed for particles with a high ON/protamine ratio.

Prior to concentration-dependent transcytosis experiments, TEER values have been
measured before and after incubation in the presence of the indicated proticle concentrations
(Fig. 3B). While low proticle concentrations (1.25 and 2.5 pg ON/ml) were without effect on
TEER values, the electrical resistance dropped slightly after 4 h incubation in the presence
of 7.5 pg ON/ml (on average by 20%). Concentration-dependent transcytosis is shown in
Fig. 3C. Again, transcytosis rates were clearly dependent on the ON/protamine mass ratio
(611 vs. 411 ng ON basolateral; 1:5 and 1:2, respectively).

3.4 Isolation of apoA-l and conjugation of proticles with apoA-I

Having established that proticles do cross an /n vitro BBB model, we hypothesized that
apoA-I could provide a suitable targeting sequence to enhance proticle transcytosis across
BCEC, probably via an SR-Bl-mediated pathway [24]. Therefore, apoA-1 was purified from
human HDL (Fig. 4A,; apparent molecular mass on 15% SDS-PAGE gels = 29 kDa); ESI-
MS analysis of purified apoA-1 revealed the expected mass of 28072 Da (Fig. 4B) deduced
from the primary structure. Proticles were then incubated with purified apoA-1 and the
apoA-I1 binding capacity and effects on proticle size distribution were investigated (Fig. 5).
An incubation of proticles (ON/protamine ratio of 1:3) with fluorescently labeled apoA-I
revealed an exceptionally high binding capacity of proticles towards apoA-I: at
concentrations >5 pg/10 pg ON more than 90% of apoA-1 was recovered in association with
proticles. However, it became evident that the particle size of uncoated proticles (125 nm)
increased dramatically above a threshold concentration of 10 ug apoA-1/10 ug ON and
resulted in particle aggregation within a size range of 300 to 5000 nm, a fact most probably
due to hydrophobic interaction between adjacent apoA-I molecules. Based on this finding,
proticles (10 pg ON) were coated with 5 pg apoA-1 (1.8 x 10720 mol) to avoid particle
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aggregation. Proticles coated with 5 g apoA-1/10 ug ON showed a particle size of 280 nm,
while for those coated with 10 pg apoA-I the size increased above 1000 nm due to
aggregation. Under these experimental conditions on average 80% of added apoA-I
(corresponding to 1.4 x 10719 mol) was bound to proticles (10 ug ON, corresponding to 1 x
10714 mol proticles) resulting in a proticle population containing approximately 14,000—
15,000 apoA-I molecules per nanoparticle (this calculation is based on a molar proticle mass
of 4 x 109 Da).

We next assessed the effects of apoA-1-coated proticles on BCEC viability, uptake by BCEC
and intracellular distribution (Fig. 6). An incubation of BCEC in the presence of 10 to 500
Hg ON (uncoated or apoA-I-coated) had no inadvertent effect on cell viability (Fig. 6A),
findings in line with data shown in Fig. 1. In comparison to uncoated proticles, uptake of
apoA-I-coated proticles by BCEC monolayer cultures was between 1.4- and 2.1-fold higher
at the time points analyzed (Fig. 6B). To get an indication about altered subcellular
distribution in response to apoA-I coating, uptake of fluorescently labeled proticles was
followed by confocal microscopy (Fig. 6C). These experiments revealed that uncoated
particles accumulated mainly in the nuclei of BCEC (Fig. 6C, upper panel), while apoA-I-
coated proticles were primarily located in perinuclear regions of BCEC (Fig. 6C, lower
panel). Next the effects of apoA-1 coating on proticle transcytosis were investigated in an 7n
vitro BBB model (BCEC grown on polycarbonate filter inserts and a confluent layer of
human astrocytes grown on the bottom of the basolateral compartment). In line with results
obtained in monolayer experiments (Fig. 6B), apoA-I-coating led to significantly increased
proticle transcytosis across BCEC: The differences were most pronounced at the shorter
incubation times (3.2- and 2.4-fold higher transcytosis at 1 and 2 h, respectively) and
transcytosis of apoA-I-coated proticles was still 1.8-fold higher after 4 h in comparison to
controls (Fig. 7A). Measurement of astrocyte-associated radioactivity revealed that cellular
uptake of apoA-I-coated proticles exceeded uptake of uncoated proticles by 2-fold (Fig. 7B).

To clarify whether uptake of apoA-I-coated proticles is mediated by SR-BI a specific
antibody raised against the extracellular receptor loop was added. Fig. 8 shows that the
increase of proticle transcytosis in response to apoA-I-coating was completely abolished by
anti SR-BI 1gG and reduced to levels observed with uncoated proticles.

To get an indication whether proticles are secreted as intact particles into the basolateral
compartment BCEC Transwell cultures were incubated in the presence of 1251-labeled
uncoated or apoA-l-coated proticles. The basolateral medium was applied to Microcon®
centrifugal filter units with a cutoff of 3 (retaining intact ON and intact proticles in the upper
chamber) and 100 kDa (containing only intact proticles in the retentate). These experiments
revealed that the majority (93-94%) of the radioactive material recovered from the
basolateral compartment was <3 kDa, indicating that most of the proticles are degraded after
passage across polarized BCEC cultures (Table 1). Only 6-7% were recovered in the
retentate, corresponding most likely to a mixed population of undegraded ON and intact
proticles. Using Microcon units with a cutoff of 100 kDa the radioactivity recovered in the
retentate dropped to 2%. These results indicate, that after passage over Transwell cultures,
approximately 93% of proticles are degraded, with the remaining material consisting of 5%
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intact ON and 2% intact proticles. Comparable observations were made after size exclusion
chromatography on Sephadex G75 columns (data not shown).

4 Discussion

The rationale for the present study comes from findings that besides passive diffusion, tight
junction opening, inhibition of efflux pumps by nanoparticles, and transcytosis of suitably
engineered nanoparticles via the insulin or transferrin—receptor system, the conjugation of
nanoparticles with specific apolipo-proteins proved a successful strategy to obtain improved
delivery properties of drug-loaded nanocarriers across the BBB [26]. In this context proticles
are potent drug delivery vehicles with a clear drug targeting option. These nanoparticles
have a large surface area which is able to adsorb other proteins due to strong electrostatic
interactions [27]. Therefore it is possible to modify the surface structure of nanoparticles
without chemical crosslink which will be beneficial in terms of immunological side
reactions and enables drug release by dissociation [28]. Our findings demonstrate that
proticles do not affect physiological properties of BCEC that are relevant to functions of the
BBB. Praticles are subjected to efficient uptake by BCEC, accumulate intracellularly and are
subjected to transcytosis in Transwell cultures. Coating of proticles with apoA-I does not
affect BCEC viability, results in significantly increased uptake and transcytosis of these
proticles, and enhanced intracellular accumulation in astrocytes that are grown in the
basolateral compartment below a BCEC monolayer. This points towards the ability of these
particles to reach deeper regions of the brain more efficiently than uncoated nanoparticles.

Kreuter and colleagues [11] have demonstrated that drugs that are normally unable to cross
the BBB (following intravenous injection) can be transported across this barrier by binding
to poly(butylcyanoacrylate) nanoparticles that were coated with polysorbate 80. During that
study it was demonstrated that dalargin-loaded and polysorbate 80-coated nanoparticles
displayed pronounced antinociceptive properties /n7 vivo. The efficacy was significantly
enhanced after apoB- or apoE-overcoating. These authors [11] suggested that polysorbate
80-coated nanoparticles adsorb these apolipoproteins in the circulation thus mimicking
lipoprotein particles that are taken up by BCEC via apoB/E-mediated endocytosis. Efficacy
of brain uptake of apoE-conjugated nanoparticles was dependent on the apoE isoform
specifically recognized by the apoB/E-receptor [29] expressed in a regulated manner on
BCEC [30]. Dehouck and colleagues [14] have demonstrated that LDL-transcytosis by
bovine BCEC is regulated in a similar manner as apoB/E-receptor expression. In this
system, LDL-particles entered a non-lysosomal pathway different from the classical LDL-
pathway indicating that this transcytotic route is unique to BCEC [12].

The expression of SR-BI at the luminal membrane of BCEC [13,24] prompted us to study
the effects of apoA-1-coating of proticles on transcytosis in an /n vitro BBB model. ApoA-I
is responsible for solubilization of lipids in HDL particles, activation of lecithin/cholesterol
acyltransferase, mobilization of cellular cholesterol, and binding of HDL to cells. Secondary
structure prediction of apoA-I revealed repeated amphipathic helices forming the lipid-
binding domain of this apolipoprotein [31]. It has been suggested that the N-terminal portion
of apoA-I is responsible for the maintenance of a stable, lipid-free structure of apoA-I [32].
In plasma approximately 4% of total apoA-I is not lipoprotein-associated and transported in
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lipidfree form [33]. The pattern of hydrophobic residues in the helical repeats is similar to
the canonical heptad repeat of a-helical coiled coil proteins [34] and probably mediates
proticle binding.

As observed during the present study the association of apoA-1 with proticles was extremely
efficient. However, at a certain threshold molar ratio (approximately 15,000 apoA-I
molecules per nanoparticle) a massive increase of the hydrodynamic diameter of the
originally nanostructured system is indicative for apoA-1-mediated aggregation. ApoA-I
exhibits different structural conformations in the lipid-bound and in the lipid-free state and
transition between the two forms governs lipid-binding ability, receptor interaction, or
protein misfolding leading to amyloidosis [35]. ApoA-I undergoes concentration-dependent
self-association with dimer formation at low protein concentrations and tetra- or pentamer
formation at high protein concentrations [36,37]. This ability for self-aggregation in
conjunction with the sterical proximity of (exposed) apoA-I residues on proticles is a likely
explanation for the high tendency of proticle aggregation at high apoA-I concentrations.

Coating of proticles with apoA-I resulted in significantly enhanced transcytosis across
BCEC. This is most probably due to the fact that SR-BI (besides mediating endocytosis-
independent selective lipid uptake [38]) is able to enter the endocytic recycling compartment
as shown e.g. in polarized hepatocytes couplets [39] or BCEC in vitro [24] and /n vivo [14].
We previously reported that SR-BI mediates HDL-transport across BCEC Transwell cultures
and this transport could be blocked by an antibody directed against the extracellular loop of
this receptor [24]. Comparable observations were made in the present study where an SR-BI
blocking antiserum reduced transcytosis rates of apoA-I-coated praoticles.

Another observation of the present study is altered subcellular trafficking of apoA-I-coated
proticles compared with uncoated proticles. While a significant proportion of uncoated
proticles ended up in the nucleus of BCEC (most probably due to the nuclear targeting
sequence present in protamine [40]) apoA-1-coated proticles bypassed this compartment.
The majority of apoA-I-coated proticles was localized in both, perinuclear and cytosolic
compartments, thus enabling transcytosis of these nanocarriers. This observation is
comparable to what has been shown for cellular SR-BI-trafficking in hepatocytes where SR-
BI plus cargo was detected in the endosomal recycling compartment (see above [41]). This
bypass due to apoA-I coating in conjunction with SR-Bl-mediated internalization is also the
most plausible explanation for increased uptake of apoA-I-coated proticles by astrocytoma
cells that were cocultured with BCEC.

A question remaining was the nature of the material that is released basolaterally after
passage through the /n vitro BBB model used during the present study. Our results suggest
that most of the proticles that were added to the apical compartment are degraded and
released as radiolabeled compound with a molecular mass <3 kDa (Table 1). This indicates
that, after uptake and transcytosis across polarized BCEC Transwell cultures proticles are
degraded intracellularly which would result in immediate release of proticle-associated
therapeutic compounds in the CNS.
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In summary, our /in vitro data indicate that apoA-I coating of proticles might provide a useful
strategy to facilitate nanoparticle transport across the BBB and further transport to deeper
regions of the brain.
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Fig. 1.

Ef%ects of proticles on tight and adherens junctions, transendothelial electrical resistance
(TEER) and sucrose permeability, and viability of BCEC. (A) BCEC were cultured on
collagen-coated chamber slides as described in Materials and methods, incubated (4 h) in the
presence of proticles (2.5 ug ON, ON/protamine mass ratio of 1:5) and processed for
immunocytochemistry. Labeling of ZO-1 (A-C) was performed with anti-human ZO-1
antiserum (1:50) followed by Cy-3-labeled goat anti-rabbit 1gG (1:300). Immunostaining of
VE-cadherin (D-F) was performed with a mouse monoclonal antibody (1:200) and a Cy-3-
labeled goat anti-mouse 1gG (1:300). Tight junctions were disrupted by Ca2*-depletion in
serum-free medium containing EDTA (2.5 mM; arrow in F indicates gap formation between
adjacent cells). (B) BCEC were cultured in 12-well Transwell clusters in the presence of
proticles (2.5 ug ON/ml; ON/protamine mass ratio of 1:2 and 1:5; 4 h). TEER was measured
with an Endohm electrode, [14C]sucrose permeability was assessed as described in Materials
and methods. Results are mean+S.D. (/7= 4). TEER of controls was 590 + 125 Q2 cm?,
[14C]sucrose permeability of control cultures was 1.2 x1076 cm/s. (C) BCEC were incubated
in the presence of the indicated proticle concentration (ON/protamine mass ratio of 1:5, 4 h),
washed, and 50 pl of the MTT solution was added to cells in 500 ul medium. After 1 h, the
cells were washed, lysed, and processed for measurement as described in Materials and
methods. Results are mean£S.D. (n= 3).
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Fig. 2.
Uptake of 1251 and fluorescence-labeled proticles by BCEC. (A) BCEC were cultured on 6-

well trays and incubated in the presence of 1251-labeled proticle preparations at the indicated
ON/protamine mass ratios and concentrations. After 4 h, incubation cells were washed,
lysed in NaOH (0.3 M) and the radioactivity counted in a y-counter. An aliquot was used to
determine the cellular protein content. Results are mean+S.D. (n= 3). (B) BCEC were
cultured on collagen-coated chamber slides in the presence of proticles that were labeled in
the protamine-moiety (Rhodamine; red) or in the oligonucleotide moiety (Cy-5; blue). After
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4 h, the cells were washed, fixed in acetone and immunostaining of VE-cadherin (green) was
performed as described in Fig. 1.
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125|_proticles are subjected to time- and concentration-dependent transcytosis across BCEC
Transwell cultures. (A) Transwell cultures were incubated in the presence of 1251-proticles
(2.5 pg/ml; ON/protamine mass ratio of 1:2 and 1:5). At the indicated time points 100 pl of
the basolateral medium was removed for counting and replaced by fresh medium. Results
are meantS.D. (n=3). (B) Cells were incubated exactly as described in A. TEER was
measured at the start and end (4 h) of the experiment. Results are shown as TEER ratios
(TEERgng/ TEERg,t) and represent mean=S.D. (7= 4). (C) BCEC were cultured on
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polycarbonate filter inserts. After induction of tight junctions, 1251-labeled proticles (ON/
protamine mass ratio of 1:2 and 1:5) were added at indicated concentrations. After 4 h the
basolateral medium was removed and counted on a y-counter. Results are mean+S.D. (n=
3).
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Fig. 4.

Ct?aracterization of human apoA-1 HDL was isolated by density gradient ultracentrifugation,
dialyzed, and delipidated apolipoproteins were separated by size exclusion chromatography
as described in Materials and methods. (A) SDS-PAGE (12%) of purified human apoA-1 (10
ug) and HDL (containing apoA-I and apoA-I11; 10 ug protein) was performed under the
conditions described in Materials and methods. The molecular mass of the marker proteins
is indicated. (B) ApoA-I (5 pg) was separated by RP—HPLC (Vydac C 18 column) and
analyzed by ESI-MS.
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Ct?aracterization of apoA-I-coated proticles The binding capacity of proticles was
determined using Cy-3-labeled apoA-I. Proticles were incubated in the presence of indicated
amounts of apoA-I (1 h, ambient temperature, 300 rpm) and centrifuged (20,000 g, 2 h,

4 °C). 100 pl aliquots were removed from the supernatant and fluorescence determined using
a fluorescence plate reader (544/590 nm, EX/Em). The percentage of apoA-I bound to
proticles (filled squares) was calculated from the difference in fluorescence intensities
measured prior to and after the coincubation of proticles and Cy-3-labeled apoA-I1. Effects of
apoA-I conjugation on particle size were determined by dynamic light scattering prior and
after the incubation of proticles in the absence (filled triangles) or presence (open triangles)
of the indicated mass ratios of apoA-1/ON. Results are mean+S.D. from three different
experiments performed in triplicates.
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AgoA—I coating of proticles does not affect BCEC viability, results in increased uptake rates
and alters subcellular distribution of proticles in BCEC monolayers. (A) BCEC were
incubated in the presence of the indicated concentration of proticles or apoA-1-coated
proticles and cell viability was determined as described in the legend to Fig. 1C. Results
shown are mean+S.D. (7= 4). (B) BCEC were incubated in the presence of 125]-labeled
proticles and 1251-labeled apoA-I-coated proticles (2.5 pg/ml) for the indicated times. Cells
were washed, lysed in NaOH (0.3 M) at 4 °C for 8 h and the radioactivity was counted. An
aliquot of the lysate was used to determine the cellular protein content. Results shown are
meanzS.D. (n= 3). **p<0.05;***p<0.005. (C) BCEC were cultured on chamber slides and
incubated with Cy-5-labeled uncoated or apoA-1-coated proticles (shown in blue) for 4 h.
Following the incubations (4 h) cells were fixed and VE-cadherin staining (red) was
performed as described in Materials and methods. Detection was performed with a Cy-3-
labeled goat anti-mouse antibody.
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Fig. 7.

AgoA-I coating of proticles results in enhanced transcytosis rates and increased uptake by
astrocytes in a coculture model of the BBB. (A) BCEC were cultured on polycarbonate filter
inserts and CCF-STT astrocytes were cultured on the bottom of the basolateral
compartment. After induction of tight junctions, uncoated or apoA-I-coated 12°|-labeled
proticles were added to the apical medium was removed for counting of the radioactivity and
replaced with fresh medium. Results are mean£S.D. (7= 3). (B) After 4 h the polycarbonate
filter inserts containing BCEC were washed, cut out, transferred to a new insert and lysed in
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NaOH (0.3 M) to determine the cell-associated radioactivity. An aliquot was used to
determine the cellular protein content. Astrocytes were washed, lysed in NaOH and
processed as described for BCEC. Results are mean+S.D. (7= 3). **p<0.05.
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Transcytosis of apoA-1-coated 1251-proticles is reduced in the presence of an SR-BI
neutralizing antibody BCEC were cultured on collagen-coated 12-well Transwell clusters.
Where indicated a polyclonal blocking antiserum (1 pl) against SR-BI was added to the
apical compartment 60 min prior to the addition of 2.5 ug of apoA-I-coated 12°I-proticles/ml
to the apical compartment. Uncoated 125]-proticles were used as controls (2.5 pg/ml). Cells
were incubated at 37 °C and at indicated time points, 200 pl aliquots were removed from the
basolateral compartment, replaced with fresh medium, and the radioactivity was determined
by y-counting. Data shown represent mean£S.D. from one experiment performed in

triplicates.
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Table 1

Size-fractionation of basolateral media on Microcon® centrifugal filter units

Cutoff  Uncoated proticles  ApoA-I-coated proticles

(kDa)

Eluate Retentate Eluate Retentate
3 93 7 94 6
100 98 2 98 2

BCEC Transwell cultures were incubated in the presence of 125).jabeled uncoated or apoA-I-coated proticles (2.5 pg ODN/ml; 4 h). To determine

the integrity of proticles after transcytosis across BCEC Transwell cultures, the basolateral media were applied to Microcon® centrifugal filter
units with a cut off of 3 and 100 kDa. After centrifugation (25 min, 10,000 rpm) the radioactivity from the lower (‘eluate’) and the upper
compartment (including the ultrafiltration membrane; ‘retentate’) was determined on a y-counter. Results are expressed as percentage of total
radioactivity (total radioactivity detected in the eluate, membrane, and retentate) and represent mean values from duplicate determinations.
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