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ABSTRACT

Purpose Owing to restricted access of pharmacological agents
into the brain due to blood brain barrier (BBB) there is a need: |.
to develop a more representative 3-D-co-culture model of
tumor-BBB interaction to investigate drug and nanoparticle trans-
port into the brain for diagnostic and therapeutic evaluation. 2. to
address the lack of new alternative methods to animal testing
according to replacement-reduction-refinement principles. In this
work, in vitro BBB-medulloblastoma 3-D-co-culture models were
established using immortalized human primary brain endothelial
cells (hCMEC/D3).

Methods hCMEC/D3 cells were cultured in presence and in
absence of two human medulloblastoma cell lines on Transwell
membranes. In vitro models were characterized for BBB
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formation, zonula occludens-1 expression and permeability to
dextran. Transferrin receptors (Tfr) expressed on hCMEC/D3
were exploited to facilitate arsonoliposome (ARL) permeability
through the BBB to the tumor by covalently attaching an antibody
specific to human Tfr. The effect of anticancer ARLs on hCMEC/
D3 was assessed.

Results In vitro BBB and BBB-tumor co-culture models were
established successfully. BBB permeability was affected by the
presence of tumor aggregates as suggested by increased perme-
ability of ARLs. There was a 6-fold and 8-fold increase in anti-Tfr-
ARL uptake into VC312R and BBB-DAQY co-culture models,
respectively, compared to plain ARLs.

Conclusion The three-dimensional models might be appro-
priate models to study the transport of various drugs and
nanocarriers (liposomes and immunoarsonoliposomes)
through the healthy and diseased BBB. The
immunoarsonoliposomes can be potentially used as anticancer
agents due to good tolerance of the in vitro BBB model to
their toxic effect.

KEY WORDS arsonolipids - blood brain barrier cancer model -
cell aggregates - hCMEC/D3 cells - transferrin receptors

ABBREVIATIONS

Anti-Tf-ARLs  Antibody (against transferrin receptor)
bearing PEGylated arsonoliposomes

ARL Arsonoliposomes

ATO Arsenic trioxide

EDC N-(3-Dimethylaminopropyl)-N'-
ethylcarbodiimide

FCS Fetal calf serum

NGS Normal goat serum

PEG-ARLs PEGylated arsonoliposomes

PFA Paraformaldehyde

PI Propidium iodide

S-NHS N-Hydroxysulfosuccinimide sodium salt
TEER Transendothelial electronic resistance
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Tir Transferrin receptor
Z0O-| Zonula occludens

INTRODUCTION

Brain homeostasis is maintained by the blood brain barrier
(BBB) which is the most restrictive barrier in our body due to
the lack of paracellular pathway of solutes (1). Only highly
lipophilic molecules with molecular weight of less than 400 Da
can cross freely the BBB. The majority of drugs developed to
target the CNS cannot cross the BBB via diffusion but only via
a transporter in case they are substrates for the large number
of such transporters expressed on the endothelial cells of the
barrier (1). Drug design and development as well as physiol-
ogy, pharmacology and pathology of the BBB will be better
understood by creating representative i vitro BBB models.
Many attempts have been made to produce reliable i vitro
models but there are always some limitations such as the cost,
time consuming and of short life construct of a model using
primary bovine mainly endothelial cells, or models character-
ized by high paracellular permeability (2). Therefore, human
immortalized cell lines have been developed: BB19 (3),
NKIM-6 (4) and hCMEC/D3 (5). BB19 use is limited by its
high permeability and NKIM-6 haven’t been studied and
characterised extensively enough to be considered as a refer-
ence cell line in the development of blood brain barrier
models.

However, hCMEC/D3 can be used in Transwell and
dynamic i vitro blood brain barrier models. In recent studies,
it has been demonstrated that hCMEC/D3 cells retain trans-
porter expression and functionality, as well as low paracellular
permeability (6). Moreover, it has been shown (7) that they
exerted the same transendothelial electrical resistance in pres-
ence or absence of support cells.

In order to enhance the permeability of drug mole-
cules across the BBB, nanoparticles and liposomes have
been used (8). Liposomes loaded with anticancer agents
(Doxil®) are in clinical use administered either intrave-
nously or intrathecally (9). The accumulation of lipo-
somes in the tumor site is achieved due to the leaky
tumor vasculature, a phenomenon known as enhanced
permeation and retention effect (10). More effective
nanocarrier accumulation has been reported by
exploiting transporters such as insulin or transferrin (8).
This is achieved by attaching monoclonal antibodies
against the particular receptors on the liposome surface.
Also, it is known that tumor cells overexpress transferrin
receptors. Therefore, by using anti-transferrin receptor
conjugated liposomes would enable the traverse of lipo-
somes across the BBB and also the higher accumulation
of liposomes in the tumor cells.

Moreover, arsenic compounds, in the form of arsenic triox-
ide (ATO), have been used as a treatment of acute
promyelocytic leukemia. Its use has been gradually
discontinued over the years because of the low selectivity of
these compounds, which results in a high toxicity against both
tumor and healthy cells (11). Thus, there has been considerable
research on methods to enhance the efficacy of arsenic while
reducing its toxicity against the normal cells. Liposomes encap-
sulating ATO have been prepared (12) and they were proven
insufficient in retaining arsenic trioxide. However, it was shown
that arsonoliposomes decrease significantly the viability of sev-
eral types of cancer cells while being ineffective towards normal
cells under the same exposure conditions (13,14).

Therefore, the objectives of this work were to construct a 3D
i vitro co-culture model of BBB-tumor in order to use it for
screening purposes of newly developed drugs and nanocarriers.
Also, anti-Tfr-arsonoliposomes were used to validate the models
as well as to assess the toxicity and permeability across the BBB-
tumor co-culture models of plain and targeted arsonoliposomes.

Materials and Methods
Cell Culture

hCMEC/D3 cells used for the BBB model (passage 27—-34)
were kindly provided by Dr. Ignacio A. Romero (5).
hCMEC/D3 were cultured as monolayers in EGM-2 medi-
um (Lonza, UK) consisting of EBM-2 basal medium with
addition of basic Fibroblast Growth Factor (FGF), Vascular
Endothelial Growth Factor (VEGF), Epidermal Growth Fac-
tor (EGF), Insulin-like Growth Factor-1 (IGF-1), ascorbic
acid, hydrocortisone, gentamicin, and 2.5% Fetal Bovine
Serum (FBS) (5). Cells were grown in flasks pre-coated with
rat collagen type I (BD Biosciences, UK) (1 mg/ml) and
maintained in a humidified incubator at 37°C and 5% COs,.
Culture medium was renewed every 2 to 3 days.

Human medulloblastoma cell line (VC312R) was provided
by Professor Geoff Pilkington, University of Portsmouth, UK.
Human medulloblastoma cell line (DAOY) was purchased
from ATCC (American Type Culture Collection, Manassas,
USA). Both, VC312R and DAOY cell lines were grown in
Dulbecco’s Modified Eagle’s Medium (DMEM), with 15%
FBS and 200 mM L-glutamine at 37°C and 5% CO,. Unless
otherwise indicated, all culture reagents were supplied from
Invitrogen Life Technologies Ltd. (Paisley, UK).

Development of BBB and BBB-tumor Co-culture I Vitro
Models

hCMEC/D3 cells were seeded on the luminal side of an insert

(polyester membrane, 12 mm diameter, 0.4 pm pore size,
Transwell Corning, Costar, UK) pre-coated with collagen I
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(100 pl, 0.1 mg/pl; BD Biosciences, UK) and fibronectin
(100 pl, 20 pg/ml, Sigma-Aldrich, UK) at a density of 1.2 X
10° cells per filter.

For the co-culture of endothelial cells and tumor aggre-
gates, a fresh coating of fibronectin and collagen I was applied
on both insert sides. The insert was inverted and 4 10" either
DAQOY or VC312R cells in the form of aggregates in 100 ml
of medium (DMEM with 15% FBS and 200 mM L-gluta-
mine) were seeded on the abluminal (lower side) of the mem-
brane insert, which was then placed in a six well plate. The
cells were incubated for 4 h at 37°C and 5% CO, and the
filter was then returned to its original 12-well plate. Then,
1.2x10° hCMEC/D3 cells per filter were seeded on the
insert’s luminal side, and the co-culture was incubated for
7 days with medium replacement every 2 days.

Characterization of BBB

The formation of tight junctions between the hCMEC/D3
cells was investigated by estimating the presence of Zonula
Occludens 1 (using TEM and immunocytochemistry) and
assessing dextran permeability and TEER.

Transmission Electron Microscopy (TEM)

hCMEC/D3 cells grown on the inserts, or co-cultured with
DAOY or VC312R cells for 6 to 7 days were fixed in 3%
glutaraldehyde made up in 0.1 M cacodylate buffer. The filter
was washed with cacodylate buffer and post-fixed with 1%
osmium tetroxide for 30 min. The cells were dehydrated in an
ethanol gradient (from 50%, 70%, 90% to 100%) (2% 5 min).
Then, the cells were placed successively in 100% acetone, 1:3
acetone: resin mixture, 1:1 acetone: resin for 1 h, pure resin
(3% 1 h), and embedded in a pure resin at 60°C for 48 h to
allow polymerization of the resin. The polymerized blocks
were cut into semi-thin (120 nm thick) sections using an
ultra-microtome (Cut 4060, Slee Germany). The semi-thin
sections were stained with an alkaline toluidine blue solution,
and the ultra-thin sections were placed on formvar-coated
copper grids, and finally stained with uranyl acetate and lead
citrate. Samples were imaged under Transmission Electron
Microscopy (TEM) (Tecnai BioTwin, FEI, USA). All reagents
used for TEM were from Agar Scientific Ltd. (Essex, UK).

Zonula Occludens Protein (Z0-) Expression

hCMEC/D3 cells grown to confluence on filters in the ab-
sence or presence of medulloblastoma cell lines were fixed
with 4% (w/v) paraformaldehyde in PBS. After washing twice
with PBS, the cells were permeabilized and non-specific bind-
ing sites were blocked with PBS containing 0.25% Triton
X-100 and 5% normal goat serum (NGS) at room tempera-
ture (RT). Polyclonal anti-Zonula occludens protein antibody
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(Z0O-1) (Zymed antibodies, Invitrogen) in 2% NGS diluted in
PBS 1:50 was added to the endothelial cells, which were then
incubated overnight at 4°C. After washing with PBS, the filter
membrane with the cells was cut out of the inserts and trans-
ferred into a multiwell plate. Cells were incubated with a
1:400 dilution of goat anti-rabbit Alexa Fluor 488 labeled
secondary antibodies at RT for 1 h in the dark. Finally, the
cells were washed three times with PBS, and the filter mem-
brane with the stained cells were put on a slide mounted with
DAPI (Vector Laboratories) and observed on an epi-
fluorescent microscope (LEICA, DMRB).

Assessment of Dextran Permeability

The cell culture inserts were transferred to a 12-well plate
containing 1.5 ml DMEM without phenol red (Invitrogen)
supplemented with 10 mM HEPES (Sigma) and 10% FCS
(Invitrogen). The culture medium in the filter’s luminal side
was replaced by 0.5 ml of the same solution containing
I mg/ml fluorescently labelled dextran (MW: 4 kDa,
40 kDa and 70 KDa; Sigma-Aldrich, UK). The inserts were
transferred to new wells containing 1.5 ml DMEM without
phenol red supplemented with 10 mM HEPES and 10% FCS
at 10, 20, 30, 40 and 50 min. FITC-dextran permeability
through the filters was estimated by measuring the fluores-
cence (Agye.: 490 nm, Ay, 520 nm) in the abluminal compart-
ment using a fluorescence microplate reader (RF-5000,
Shimadzu, Japan). Dextran permeability through the coated
with collagen and fibronectin filter in absence of cells was used
as a control. Permeability coeflicient (P.) values of the endo-
thelial monolayer were calculated by the following equations:

Lo "
PS  me mf
and
PS

where PS is the permeability-surface area product (ml/
min), S is the surface area of the filter (cm?), and me and mf
are the volumes cleared vs. time (ml/min) corresponding to
endothelial cells on filters and to empty filters, respectively
(Eq. 1) (15). The experiment was repeated three times, for
three samples each time.

["*C]-sucrose (Amersham, 0.6 pC/ml) permeability
through the @ vitro BBB in absence of the tumor cells
was measured using the same exact protocol as de-
scribed above.
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TEER measurements were performed on both hCMEC/
D3 monolayer and the co-culture with medulloblastoma to
determine the tightness of the cellular barrier. Samples were
placed in an Endohm-12 chamber, which was connected to a
voltameter (Millicell ERS, Millipore). First, TEER measure-
ment was conducted on blank Transwell filter inserts. The
TEER value for blank filter was subtracted from those mea-
surements where the filter carried cells either as monoculture
or co-culture form.

Transferrin Receptor Expression on hCMEC/D3 Cells

hCMEC/D3 cells were grown to sub-confluency on coverslips
previously coated with type I collagen in the conditions de-
scribed above and fixed with 4% PFA in PBS. After washing
twice with PBS, the cells were permeabilized and non-specific
binding sites were blocked with PBS containing 0.25% Triton
X-100 and 5% goat serum (NGS) at room temperature.
Monoclonal antibody against transferrin receptor in 2%
NGS diluted PBS (1:100) was added to the endothelial cells
which were incubated overnight at 4°C. After washing with
PBS, cells were incubated with a 1:400 dilution of goat anti-
mouse Alexa Fluor 488 labeled secondary antibodies at room
temperature for 1 h in the dark. Finally, the cells were washed
three times with PBS, and the coverslips with the stained cells
were mounted with DAPI containing mounting medium and
observed under a Leica epi-fluorescent microscope.

Liposome Preparation and Characterization

PEGylated small unilamellar arsonoliposomes (PEG-ARLs)
were prepared with distearoyl-phosphatidylcholine (DSPC)
(Lipoid, Germany), arsonolipid (C,s-As; synthesised by
Panayiotis V. Ioannou, Greece), cholesterol (Chol) (Sigma-
Aldrich, UK) at the molar ratio of 12:8:10 and 8% molar
ratio DSPE-mPEG2000 (Avanti, USA) according to Favretto
et al. (14). Fluorescently labeled PEGylated small unilamellar
arsonoliposomes were prepared in the same way by adding
the fluorescent dye (Bodipy-DHPE; Invitrogen, UK or Rhod-
DHPE; Sigma-Aldrich, UK) in the initial lipid mixture at
0.2% molar ratio of the total lipids. After preparation, lipo-
somes were passed through a Sephadex G350 column (1 mm X
40 mm) to separate the free dye.

Antibody bearing arsonoliposomes (anti-Tfr-ARLs)
were prepared in the same way as described above
but the PEGylated lipids used were a mixture of
PEG2000-DSPE and NH,-PEG2000-DSPE in a molar
ratio 4:1. The C-terminus of the monoclonal antibody
(500 pg/750 pl) against the human transferrin receptor
was activated using S-NHS (0.6 mg/ml of antibody;
0.45 mg) and EDC (0.4 mg/ml of antibody; 0.3 mg),
by stirring for 30 min, at room temperature (16). Final-
ly, liposomes and antibody were combined in a ratio of

75 pg antibody/pmol of phospholipid. The mixture was
kept under stirring for 2 h, at room temperature. The
conjugate was separated using a Sepharose 4B-CL col-
umn with PBS 7.4 as eluent. The amount of antibody
conjugated to the arsonoliposomes was quantified using
Bradford assay (17).

Radiolabelled small unilamellar arsonoliposomes, either
plain or antibody bearing, were prepared following the same
protocol as above, by adding tritiated cholesterol (1 pCi/mg
of lipid) in the initial lipid dispersion. Liposomes were passed
through a PD-10 column (GE Healthcare, UK) to separate
any free radioactive cholesterol.

PEGylated DSPC/Chol small unilamellar liposomes were
used as negative control to the arsonoliposome action and
made using the thin film method (14).

Lipid concentration was estimated using Stewart as-
say (18). Liposome size distribution was measured at
25°C using photon correlation spectroscopy at a fixed
angle of 90° and zeta potential was measured using
Laser Doppler Anemometry (Malvern Instruments Ltd.,
Malvern, UK).

Effect of Arsonoliposomes on Endothelial Cells
Cytotoxicity Studies

Cell viability of endothelial cells was evaluated using MTT
assay. Briefly, cells were seeded at a concentration of 5X
10" cells/ml/well in 24-well plates and were incubated with
either PEG-DSPC/Chol or PEG-ARLSs at increasing concen-
trations (20 pg/ml to 1,000 pg/ml) for a time period of 1-
4 days. Non-treated cells were used as negative control, while
DMSO (0.5 ml/well) was used as positive control for cell
death. The MT'T protocol used was exactly the same as that
in Favretto ¢t al. (14).

Early Apoptosis Studies

Endothelial cells were seceded in a 24-well plate at the
concentration of 2x10* cells/ml/well and incubated
with arsonoliposomes (200 pg/10° cells) in presence of
1% serum at 37°C for 2, 5 and 24 h. TNF-a (50 ng/ml)
was added as positive control for apoptosis induction
and PEG-DSPC/Chol plain liposomes at 200 pg/10°
cells were used as negative control. Non-treated cells
were used to evaluate the presence of false positive.
After incubation, cells were washed with cold PBS and
re-suspended in 200 pl buffer consisted of 10 mM
HEPES, 140 mM NaCl, 2.5 mM CaCl, (Annexin bind-
ing buffer). After the addition of 10 pl of Alexa Fluor
488 annexin V (Invitrogen, UK), the cells were incubat-
ed at room temperature, in the dark, for 15 min. Then,
the cells were washed with Annexin binding buffer and
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the coverslips mounted on the slides using a PI-
containing mounting medium to stain the dead or apo-
ptotic nuclei. Finally, the samples were observed under
a Leica epi-fluorescent microscope.

Permeability of PEG-ARLs and Anti-Tfr-ARLs
Through the n-1itro BBB and BBB-Tumor Co-culture
Models

To measure the permeability of both, PEG-ARLs and
anti-Tfr-ARLs through the #-vitro BBB and BBB-tumor
co-culture models, hCMEC/D3 cells were cultured at a
density of 1.2x10° cells per filter to confluence on the
luminal side of a Transwell insert pre-coated with col-
lagen IV and fibronectin. For co-cultures, medulloblas-
toma cell lines were grown on the abluminal side of the
insert at a density of 4X10* cells. Permeability assays
were carried out after 6-7 days. After removing cell
culture medium from both compartments, the inserts
were washed with pre-warmed PBS. The cell culture
inserts were then transferred to a 12 well plate contain-
ing 1.5 ml DMEM without phenol red supplemented
with 10% FCS. The culture medium in the upper
compartment was replaced by 0.5 ml of the same me-
dium containing tritiated either PEG-ARLs or anti-Tfr-
ARLs at a lipid concentration of 400 pg/ml. After 2
and 5 h, the inserts were then transferred to a new well
containing 1.5 ml DMEM without phenol red supple-
mented with 10 mM HEPES and 10% FCS. Liposome
movement was detected by measuring the radioactivity,
in terms of disintegrations per minute, in the different
compartments of the model: luminal (endothelial cell
side), filter, tumor (if present) and abluminal (well side).
Empty filters, pre-coated with rat-tail collagen and fi-
bronectin, in the absence of cells, were used as controls.
Apparent permeability was calculated using the equation

dC V
Papp = — x d

3
dt AXCO ()

P,,p: apparent permeability, dC/dt: change in the radio-
chemical concentration (dpm/ml./s) in the receiver chamber,
Vr: volume in the receiver chamber, A: surface area of the cell
monolayers, Cy: initial concentration in the donor chamber

(dpm/mL) (19).

Statistical Evaluation

ANOVA and ttest were used for the statistical evaluation of
the results presented in the current work.
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RESULTS

Development of BBB and BBB-Tumor Co-culture
In Vitro Models

Characterization

All in-vitro models were characterized in terms of BBB ele-
ments such as zonula occludens protein expression,
paracellular permeability using hydrophilic markers of various
sizes and transferrin receptor expression by the endothelial
cells in absence and in presence of the medulloblastoma cell
lines. [*C]-sucrose (M.W. 342 Da) permeability through the
i vitro BBB model constructed of hCMEC/D3 cells only was
4.84% 10" cm/min, which was in the same order of magni-
tude to that (1.65% 10™% cm/min) reported by Weksler ¢ al.
(5). TEER measurements took place, too.

Indeed, hCMEC/D3 cells formed tight junctions as it was
seen on a TEM microscope (Fig. 1). The tight junctions are
demonstrated as highly dark dense areas between the mem-
branes of the adjacent endothelial cells (indicated with the
arrows in Fig. 1). This image is very similar to the one reported
by Ceccheli (20) and Underwood et al. (21). The gap between
the cells seen before and after that area is due to dehydration/
fixation protocol used in this experiment, which causes the
cells to retract and loose their contact. Also, the expression of
zonula occludens by the particular cells was another indica-
tion of BBB characteristic (Fig. 2). The arrows in Fig. 2 indi-
cate the punctuated fluorescence located on the membranes of
the adjacent endothelial cells. Similar images were reported
by Weksler (5) and Ceccheli (20).

Paracelular permeability of all models was assessed using
fluorescently labeled dextran of various molecular weights
(4 kDa, 40 kDa, 70 kDa) (Table I). Dextrans 40 and 70 kDa
have hydrodynamic diameters of 4.8 and 6.5 nm, respectively
(22). It was obvious that as the molecular weight of dextran
increased, the permeability through the BBB model
decreased.

Interestingly enough, it seems that the permeability of the
BBB increased slightly in presence of DAOY cells which is the
fact in i vivo conditions (Table I). However, VG312R cells did
not alter the BBB model permeability.

On day 7 of culture, TEER measurements were conducted
for all m vitro models established, such as hCMEC /D3 mono-
layer, hCMEC/D3-DAOY co-culture, and hCMEC/D3-
VC312R co-culture. The average values obtained were of 2,
2, and 6 Q cm” respectively.

Transferrin Receptor Expression on hCMEC/D3 Cells

Anti-Transferrin receptor antibody, anti-CD71, recognizes
the human Tfr extracellular domain (23), and is capable of
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Fig. I Characterization of BBB
consisted of hNCMEC/D3 cells using
TEM. The tight junctions due to the
presence of occludin are illustrated
as highly dark dense areas on the
cell membranes between the
adjacent endothelial cells. (The gap
between the cells seen before and
after that area is due to dehydration/
fixation protocol used in this
experiment, which causes the cells
to retract and loose their contact).
[Magnffication 26,500 ,].

binding to receptor molecules on the plasma membrane.
Therefore, hCMEC/D3 cells were incubated with anti-
Transferrin receptor primary antibody at 4°C, and then Alexa
Fluor 488 was used for the fluorescence staining as a second-
ary antibody. Human Tfr was found to be expressed on the
hCMEC/D3 plasma membrane as shown by the immuno-
staining assay (Fig. 3).

Transferrin receptor expression was investigated on the
surface of both DAOY and VC312R cells because one of
the hypotheses was that after transcytosis of
immunoliposomes, they will be taken up at a higher extent
by the tumor cells due to the overexpression of Tfr (24).

Fig. 2 Characterization of BBB consisted of hCMEC/D3 cells using anti-
occludin antibodies. The arrows in Fig. 2 indicate the punctuated fluorescence
located on the membranes of the adjacent endothelial cells. [Magnification
100X, bar 20 um].

Interestingly, DAOY cells expressed Tfr on their surface,
while VC312Rs did not (data not shown).

Liposome Preparation and Characterization

Liposomes were made using the lipid film method (according
to this method, small unilamellar vesicles were produced as it
has been reported by Torchilin and Weissig) (25). They were
either fluorescently or radioactively labeled according to the
experimental purpose. Their physicochemical characteristics
are presented in Table II. Liposomes size was approximately
130 nm and zeta potential close to 0 indicating an adequate
coating of the particle surface by PEG molecules. When anti-
Ttr antibody was attached at the end of the PEG moieties, the
particle size increased as expected but it increased significantly
more than anticipated. This might have been caused due to
homopolymerization of antibody molecules during the acti-
vation procedure of the carboxyl-groups of the protein. Anti-
bodies carry amine and carboxyl groups on their surface and
maybe some homopolymerization might have been encour-
aged during the carboxyl-group activation period. Even then,
the zeta-potential was low enough (—0.5 mV) which showed
that the particles were still coated with PEG molecules. The
antibody was attached to the amino-group at the end of the
PEG moieties via an amide bond. Coupling reaction yield was
85% as it was obtained using Bradford assay. The final
antibody/phospholipid ratio was 118 pg of anttbody/mg of
lipid. Also, antibody retention on the liposome surface was
evaluated using ['*’I]-labeled antibody in both PBS and cell
growth medium (EGM-2) enriched with 15% of fetal bovine
serum at 37°C (Fig. 1S, suppl. material). Immuno-ARLs were
stable in the conditions used, since approximately 80% of
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Table I Permeability of fluores-

cently-labelled dextran of various FITC-Dextrans (kDa)

Permeability coefficients (X 10~ cm/min) [sd]

molecular weights through the In

Vitro bbb and bbb-tumour co-cul- hCMEC/D3 hCMEC/D3 + DAOY hCMEC/D3 + VC312R
ture models

4 0.741 [0.05] 0.917 [0.06] 0.555[0.11]

40 0.0637 [0.001] 0.0746 [0.009] 0.0609 [0.001]

70 0.0446 [0.006] 0.0528[0.001] 0.0413[0.002]

antibody was retained on the liposome surface after 24 hs of
incubation in both media tested (Fig. 1S, suppl. material).

Also, ant-Tfr-ARLs were relatively stable after 24 hs of
incubation in 80% serum as they exhibited 70% of calcein
retention. Calcein release was used as an estimate of the
immune-ARL stability (Fig. 2S, suppl material).

Despite the unexpected larger liposome size, anti-Tfr-
ARLs were taken up by endothelial cells in a specific
way as it was shown by the complete uptake inhibition
after cell pre-incubation with transferrin. Indeed,
immunoliposome uptake occured by hCMEC/D3 cells,
a phenomenon completely inhibited after pre-incubation
of cells with free trasnferrin which is a natural endoge-
nous compound binding specifically to the transferrin
receptor (Fig. 3S, suppl. material).

Effect of Arsonoliposomes on Endothelial Cells
Cytotoxicity Studies
The specific toxicity of the ARLs on tumor cells has been very

well established (13,14). However, the toxic effect that ARLs
might have on the hCMEC/D3 cells was investigated by the

20 um

Fig. 3 Immunofluorescence staining of hCMEC/D3 cells for Transferrin
receptor expression. Cell monolayer grown on coverslips was incubated with
anti-CD7 | primary antibody (Abcam) and then with Alexa Fluor 488 (green)
as secondary antibody. Transferrin receptor is located on the cell surface. Cell
nuclei were stained with DAPI in blue.
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MTT assay and early apoptosis assays. Figure 4 shows the
effect of PEG-conventional and PEG-ARLs on the en-
dothelial cell line incubated with a range of concentra-
tions from 200 to 1,000 pg/mL for a period of 1-
4 days. Figure 4a shows that the conventional liposomes
did not affect the cells. The outcome was the same after
the cell incubation with the arsonoliposomes. 1Cs5; was
not reached even after 4 days of incubation with
1,000 pg/mL of PEG-ARLs where cell viability was
approximately 60%. Liposome concentration 400 pg/
mL was considered safe enough for 1 day incubation
tme.

Early Apoptosis Studies

In order to cross reference findings from the MTT assay and
conclude to an acceptable time to set up the experimental
protocol using the i vitro BBB models, early apoptosis studies
were carried out using the Annexin V method. Figure 5 shows
early apoptosis due to Annexin V which is fluorescently la-
beled with Alexa Fluor 488 (green), while necrosis is indicated
in red due to propidium iodide permeation into the nucleus.
Cells were incubated with positive and negative controls for
apoptosis such as TNF-a and PEG-DSPC/Chol liposomes
(400 pg/mL), respectively (Fig. 5). Cells incubated with PEG-
ARLs showed signs of early apoptosis after 5 hs of incubation
and after 24 hs of incubation had been undergone necrosis.
Therefore, based on the MTT and the early apoptosis studies,
incubation of cells with 400 pg/mL for 4 hs was chosen as
experimental set up to investigate the permeability of lipo-
somes through the @ vitro BBB and BBB-tumor co-culture
models.

Table Il Physicochemical properties of liposome formulations

Formulation Size [sd] (nm) (-potential [sd] (mV)
ARLs

PEG-ARLs 131 [3.58] —1.2[0.21]

Bodipy PEG-ARLs 126 [2.17] —0.9[0.03]

PH]-Anti-Tf-ARLs 412.6 [4.1] —0.5[0.09]
DSPC/Chol (used as control)

PEG-DSPC/Chol 127 [5.24] —0.6[0.34]
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Fig. 4 Cytotoxicity effect of PEG-
conventional (@) and PEG-ARLs (b)
on hCMEC/D3 cells. Cells were
incubated with a range of liposome
concentrations for a period of |-

4 days. Each concentration for each
day was tested in triplicates and all
experiments were performed in
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Permeability of PEG-ARLs and Anti-Tfr-ARLs
Through the 7n-1iiro BBB and BBB-Tumor Models

Permeability of the liposomal formulations in presence and in
absence of the antibody was performed using liposomes con-
taining tritiated cholesterol (Table III). It is obvious that the
anti-Tfr-ARLs apparent permeability was much higher to that
of plain PEG-ARLs in either the @ vitro BBB or the BBB-
tumor cell co-culture models. There was an 8-fold increase of
permeability of immunoliposomes through the i vitro BBB
model alone and that of the co-culture with DAOY cells in
comparison to non-specific PEG-ARLs. However, there was a
6-fold increase through the co-culture with the VC312R cells.
A possible explanation for that difference is probably the effect
of VC312R cells on the endothelial cells because they seem to
contribute to a tighter BBB, which is somewhat unexpected
considering the facts in i viwo conditions. Therefore, it would
be interesting to investigate in more detail the hCMEC/D3 —
VC312R and the hCMEC/D3 - DAOY communication and
any changes that this might cause.

Moreover, the ratio of anti-Tfr-ARLs permeability
through the various @ vitro BBB models in absence and in
presence of the medulloblastoma cells was 1.86 and 1.57 for
VC312R and DAOY cells, respectively.

Moreover, anti-Tfr-ARL uptake by the DAOY aggregates
in the 3D model was 2.6-fold higher (DAOY: ~3,700 DPM/
mg/5x10° cells, VCR: ~1,400 DPM/mg/5x 10’ cells) than
that by the VC312R aggregates in the relevant 3D model
(p<0.01, Student’s ttest). This effect can be probably attrib-
uted to the expression of transferrin receptors by DAOYs only
(VC312Rs do not express Tfr) that led to an increased reten-
tion of the antibody bearing arsonoliposomes.

To confirm that the radioactive signal was attributed to
liposomes and not to free *H-cholesterol, 20 pl of the medium
in the abluminal compartment were withdrawn, diluted with
PBS and analyzed for size. Particles of 140 and 420 nm in
diameter were detected which confirmed the presence of
PEG-ARLs and anti-Tfr-ARLs, respectively.

Lipid concentration (ug/ml}

Additionally, in order to exclude the effect of the size
difference between immunoarsonoliposomes and plain
arsonoliposomes, PEGylated multilamellar vesicles (MLVs)
of similar size (386 nm, [{-potential: —1.6 mV]) to
immunoarsonoliposomes were produced. The apparent per-
meability of the PEGylated-MLVs through the blood brain
barrier model consisted of hCMEC/D3 cells, was only 1.23 X
10~7 cm/s in comparison to 7.56X 10~ em/s shown by anti-
Tr-ARLs.

These results indicate that the immunoarsonoliposome
permeability was not affected by the size but it was a receptor
specific phenomenon.

DISCUSSION

The current work was an attempt to establish a 3D & vitro co-
culture model of tumor-BBB to address the needs for better
understanding of drug and nanoparticle transport into the
brain as well as to provide an alternative method to animal
testing according to replacement-reduction-refinement prin-
ciples. To our knowledge, this is the first i vitro blood brain
barrier-tumor model comprising endothelial and cancer
(medulloblastoma) cell lines in the form of spheroids.
Morphology of the blood brain barrier model consisting of
only endothelial cells was initially observed. The presence of
tight junctions between hCMEC/D3 cells was revealed by
TEM studies (Fig. 1), while the expression of ZO-1 protein
was highlighted by immunocytochemistry studies (Fig. 2). The
presence of ZO-1 protein is a strong indication of formation of
tight junctions because ZO-1 is a cytoplasmic protein contrib-
uting to the restriction of paracellular permeability by being
attached to one end of occludin, a transmembrane protein
which, also, contributes to tight junction formation (26). The
expression of transferrin receptor on the endothelial cells was
also confirmed (Fig. 3). It was attempted, for the first time, to
co-culture this model with three-dimensional brain tumor
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Fig. 5 Fluorescence microscope
images of \CMEC/D3 cells after
incubation with TNF-a, 200 pg/ml
of arsonoliposomes for 2 h, 5 h,
24 hand 200 ug/ml of DSPC
liposomes for 5 h. TNF-a

(50 ng/ml) was added as positive
control for apoptosis induction and
PEG-DSPC/Chol liposomes at
200 ug/10° cells were used as
negative control for apoptosis
induction. Dead cell nuclei were
stained red by P, early apoptotic
cells were stained green (Annexin
V). Bar: 10 um.

Table Il °H]-ARLs and [PH]-anti-Tf-ARLs apparent permeability through
the In Vitro BBB and BBB-Tumour Co-culture models

Ann-V PI OVERLAY

DSPC

24 hours 5 hours 2 hours

TNF

models seeding spheroids of medulloblastoma (either VCR or
DAOY) on the abluminal side of the Transwell apparatus

while endothelial cells were growing as monolayer on the
luminal side.

The paracellular permeability of all models established was
tested using fluorescently labelled dextrans of different molec-

Type of in vitro model Apparent permeability (10~7 cm/s) [sd]
PEG-ARLs Anti-Tfr-ARLs
hCMEC/D3 0.87[0.012] 7.56 [0.36]
hCMEC/D3 + VC32IR 2.48[0.19] 4.1 [1.61]
hCMEC/D3 + DAOY [.4510.16] 1.9 [1.20]

ular weights in the range of 4 to 70 kDa as well as TEER
measurements. Moreover, paracellular permeability of the
i vitro model consisted of hCMEC/D3 cells alone was tested
using ['*C]-sucrose. Radioactive sucrose permeability was low
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enough (4.84x 10”% cm/min) and comparable to that report-
ed for the same cell line (5.53% 107 cm/min — fluorescein
with M.W. 382 was used as a marker) (27). However, Weksler
et al., reported a value of 1.89%x 10 cm/min (5). Sucrose
permeability for another immortalized primary human brain
capillary endothelial cells (BB19) was much higher (11.7X
10~% ecm/min) (28). Also, rat brain endothelial cell lines such
as RBE4 and GPNT showed permeability values of 12.85 %
10~ ecm/min (sucrose-M.W. 342 used as marker) and 7.08 %
107 em/min (fluorescein-M.W. 332 used as a marker), re-
spectively (29,30). However, the model is not as tight as that
formed by brain capillary endothelial cells in co-culture with
astrocytes (0.75X 10~ em/min) (20). Therefore, given all data
available (those produced by this study and those available in
the literature), the in vitro BBB model developed here in
absence of medulloblastoma spheroids is characterized by
quite low values of permeability to sucrose which indicates a
quite tight barrier.

Additionally, TEER measurements of all models showed
very low values as it was mentioned in the result section. The
same i vitro BBB (hCMEC/D3) model showed TEER values
between 40 and 70 Q em?® (5,27). TEER measurements of
in vitro BBB models made of immortalized primary human
brain capillary endothelial cells have shown low TEER values;
¢.g. NKIM-6 showed 100 Q cm? (4). On the other hand,
bovine BMEC monolayers have shown much higher values
(500 Q cm?) (31). Primary rat and bovine brain endothelial
cell monolayers have shown 8 and 4.1 Q em? (32,33). It is
obvious that there 1s a great range of TEER values generated
by the various  vitro BBB models developed and it depends
on the type of the cell type used. Therefore, combination of
hCMEC/D3 with astrocytes and pericytes or in presence of
other important factors should be explored further.

Permeability of dextran of various molecular weights was
found to follow the same trend as it was reported elsewhere
(5,27).

In this work we studied the permeability of liposomes
through the barrier. The liposomes we tested had a size of
approximately 120 nm (small unilamellar vesicles) and
400 nm (multilamellar vesicles). Permeability of dextran
through the barrier either alone or in co-culture with the
cancer cell spheroids was quite low (appr. 0.06 for 40 kDa
dextran with hydrodynamic diameter of 4.8 nm and appr.
0.05 for 70 kDa dextran with hydrodynamic diameter of
6.5 nm). Therefore, the expected paracellular permeability
for studying the liposome permeability through the i vitro
models would be expected to be very low or zero. Moreover,
it was clear that the presence of the tumors influenced the
development and the tightness of the barrier, but the effects
were different depending on the medulloblastoma cell line
(Table I). DAOYs increased the BBB permeability as expected
(34) while VCRs showed the opposite effect. This unexpected
effect by VCRs can be possibly attributed to the heterogeneity

of the primary tumors that the two medulloblastoma cell lines
were derived from. Another hypothesis is that, in the process
of immortalization one cell type usually dominates: this may
be of neural or ghal origin, but also a totally differentiated
tumor type. It has been demonstrated (35) that glia has a deep
influence in modulating the permeability of endothelial cells.
In particular, the factors secreted by astroglia and microglia in
basal conditions contribute to decrease the blood brain barrier
permeability. But, in activated conditions, microglia and as-
trocytes can release soluble factors, such as TNF-ar that con-
tribute to permeabilization of the blood brain barrier. There-
fore, the more gla-like the cell is, the more likely it is to induce
changes in the tight junctions.

One of the main aims of this work was to study the
permeability of arsonoliposomes through the i vitro blood
brain barrier models to investigate whether the latter can be
delivered specifically to the brain using the transferrin recep-
tor. Permeability studies were carried out by adding
radiolabelled plain and immunoarsonoliposomes into the
abluminal side of the models. Incubation time was limited to
5 h, as previous experiments have shown that by prolonging
the contact of arsonoliposomes with endothelial cells would
cause apoptosis with a consequent loss of blood brain barrier
characteristics (14). It was evident that plain arsonoliposomes
crossed the i vitro blood brain barrier models but the effect
was significant for the co-culture models of the BBB with the
tumor aggregates. In fact, the apparent permeability was 2-
fold higher in presence of the tumor aggregates (Table III).

When using arsonoliposomes directed to the transferrin
receptor, the apparent permeability was increased at least 5-
fold in comparison to plain arsonoliposomes, suggesting that
transcytosis can occur zia the transferrin receptor (Table III).
Therefore, active targeting was successfully achieved, as
immunoarsonoliposomes can cross the barrier in a significant-
ly higher extent than plain arsonoliposomes, despite their
larger size. Non-specific PEGylated-MLVs of the same size
as the immunoarsonoliposomes exhibited 6-fold drop in the
apparent permeability through the BBB model consisted of
the hCMEC/D3 cells only. It is also worth to highlight that
the presence of tumors increased the permeability of
arsonoliposomes significantly, regardless the functionalization.
This suggests that arsonoliposomes would likely enter the
brain in presence of neoplastic diseases, while they won’t be
able to pass the barrier in physiological conditions, unless they
are carrying the Anti-Tfr-antibody.

CONCLUSIONS

The three-dimensional models between the BBB and the
tumor aggregates were successfully established; they showed
the basic m-vivo characteristics of the barrier, and as such
might be appropriate models to study the transport of various
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drugs and nanoparticles through the healthy and diseased
BBB. The latter was well proven by the use of plain
arsonoliposomes and immunoarsonoliposomes.

Those nanocarriers were transferred effectively through
the BBB model to the tumor aggregate via the transferrin
receptor. This also showed the potential of the particular
liposomes as an anticancer therapy due to good tolerance of
the i vitro BBB model to the toxic effect of the nanocarriers.
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