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Chapter 3

Abstract

Computational predictions account for approximately 450 glycosyl-phos-
phatidylinositol-anchored proteins (GPI-APs) encoded in the human genome [1].
These GPI-APs are further categorized as ubiquitously distributed, development-
ally regulated or cell-specific. However their anchor - the GPI-moiety - imparts
common membrane-trafficking properties. Independent of caveolin- or clathrin-
mediated endocytosis, the GPI-APs are internalized into characteristic GPI-AP
enriched endosomal compartments (GEECs) and recycled back to the plasma
membrane. Thus, escaping the “classical” degradation pathway GPI-APs rep-
resent a potential, yet unexplored, target in drug delivery. Here, GPI-APs are
isolated from hCMEC/D3 blood-brain barrier endothelial cells. Proteomic ana-
lysis of the isolated fraction reveals thirty-tree proteins, bearing the GPI-anchor.
Together with GPI-linked enzymes like lipoprotein lipase, dipeptidase, and car-
booxypeptidase M, non-enzymatic GPI-APs are identified, of which twelve were
not previously shown to occur in human brain endothelial cells.
Data mining on the function and tissue expression of the identified GPI-APs dis-
closed potential targets for brain drug delivery. Based on its apical location and
intracellular transport pathway avoiding degradation, the cellular prion protein
may serve the role of receptor for targeted therapy into the brain.
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Identification of receptors at the blood-brain barrier with presumed transcytotic capacity

Introduction

Small (< 500 Da) lipophilic drugs may enter from blood into brain via passive
diffusion through the endothelial cells that line the brain capillaries. Drug accu-
mulation in the brain vasculature can be stimulated by targeting drugs to spe-
cific receptors at the brain-specific endothelium. Endothelial receptors that are
currently targeted for brain drug delivery, such as the transferrin receptor and
insulin receptor, naturally function to transport nutrients into the brain. As a
consequence, the use of these receptors for drug targeting may have an adverse
effect on nutrient homeostasis in the brain by outcompeting the endogenous lig-
ands in binding to these receptors [2]. In addition, receptors may be present at
both the apical and basal membrane in brain endothelial cells (BECs), allowing
for bidirectional cargo transport, and therefore may also promote the clearance of
a therapeutic substance from the brain tissue. Generally, the transport capacity of
the transferrin and insulin receptors seems to be low, and transport seems strictly
regulated to fit the demand from the underlying (neuronal) cells. Hence, there
is a need for identifying novel high capacity endothelial receptors as targets for
brain drug delivery.
High capacity endothelial receptors are particularly important for the delivery of
larger drug molecules, typically macromolecular drugs, that are restricted from
passing the brain endothelial cells via the aforementioned passive transport path-
ways. Macromolecular drugs, such as peptides, proteins and oligonucleotides
may cross BECs via the process of receptor-mediated transcytosis, i.e., vectorial
transport of cargo within a vesicle through a polarized cell type, including brain
endothelial cells. Therefore, to potentially serve the purpose of mediating mac-
romolecular drug delivery into the brain, a receptor should be specifically ex-
pressed at the endothelial cells of the brain and show transcytotic transport capa-
city. Ideally, receptor expression in BECs should be particularly abundant at the
luminal membrane, where the receptor should be ready to interact with a ligand
that is present in the blood and facilitate its transcytosis to the basal side of the
BECs, i.e., into the brain.
Proteins that are typically incorporated at the luminal (apical) membrane of po-
larized cells are glycosylphosphatidylinositol-anchored proteins (GPI-APs). GPI-
APs are molecules with variable functions, mostly enzymes and (cell adhesion)
receptors [3]. They are, depending on cell type, sorted to the apical membrane
via direct transport - from the Golgi to the apical plasma membrane [4], or via
indirect transport - from the Golgi via the basolateral membrane to the apical
membrane, by means of transcytosis [5]. GPI-APs are incorporated in the plasma
membrane via their glycosylphosphatidylinositol anchor and, unlike transmem-
brane proteins, lack a cytoplasmic domain. It has been suggested that GPI-APs
are localized within rafts due to the interaction of their glycolipid anchor with
the raft-components cholesterol and sphingolipids [6]. Generally, GPI-APs are in-
ternalized by the cells via a clathrin-independent route [7]. They traffic in a cdc42-
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dependent and dynamin-independent manner from the plasma membrane (PM),
via so-called GPI-AP enriched endosomal compartments (GEECs) to recycling
endosomes, and back to the PM [8]. GEECs, that are initially devoid of the early
endosome constituents Rab5 and EEA-1, gradually accumulate both of these mo-
lecules, that are markers of the classical dynamin-dependent uptake route, and
fuse with (transferrin-containing) early/sorting endosomes [9]. Different factors
have been reported that can affect the route of internalization of GPI-APs in cells.
Firstly, addition of IgG antibodies may lead to crosslinking of GPI-APs at the
cell surface, promoting their lateral movement into caveolae, followed by their
internalization [10], [11]. Second, the uptake of GPI-APs may be modulated by
co-receptor activation. For example, the uptake of the GPI-APs prion protein
(PrPc) and urokinase-type plasminogen activator receptor (uPAR) is modulated
by activation of LDL receptor-related protein 1 (LRP1) [12], [13].
At present little is known about the capacity of GPI-APs to transcytose in the
apical-to-basolateral (AP-BL) direction. And if so, whether it is similarly regu-
lated as BL-AP transcytosis, i.e., part of the indirect transport route by which
newly synthesized GPI-APs reach their apical destination. Moreover, the process
of transcytosis has been primarily studied in epithelial cells and not so much in
endothelial cells [14], [15].
We hypothesize that GPI-APs in brain endothelial cells are good targets for drug
delivery to the brain. First, because of their expression at the apical (blood) side of
the endothelial cells, GPI-APs are available for binding of drugs that circulate in
the blood. Second, because of their potential AP-BL transcytotic transport, GPI-
APs may serve to shuttle macromolecular drugs directly from the blood into the
brain. Therefore to find novel targetable receptors at the blood-brain barrier, GPI-
APs were isolated from human brain endothelial cells and identified by tandem
mass spectrometry (LC-MS/MS). The relevance of the identified GPI-AP targets
for brain drug delivery is discussed.

Materials and methods

hCMEC/D3 cell culture

A human brain microvessel endothelial cell line, hCMEC/D3 [16], was obtained
from Dr. P.O. Couraud (Institut Cochin, Paris, France). Cells were maintained in
25 cm2 flasks precoated with 100 µg/ml rat tail collagen type I (BD Biosciences) in
EBM-2 basal medium (Lonza, Switzerland), supplemented with EGM-2-MV bul-
let kit (Lonza) containing VEGF, R3-IGF-1, hEGF, hFGF-B, hydrocortisone, and
2.5 % FBS and 100 µg/ml penicillin/streptomycin. For differentiation of the cells
EBM-2 basal medium was supplemented with 1 µM dexamethasone (Sigma) and
1 ng/ml bFGF (Invitrogen). Cells were maintained at 37 ◦C under an atmosphere
of 5% CO2.
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Identification of receptors at the blood-brain barrier with presumed transcytotic capacity

Fluorescent detection of GPI-APs in hCMEC/D3 cells

GPI-APs in hCEMC/D3 cells were detected with FLAER-AF488 (Pinewood sci-
entific services, Canada). 2× 105 hCMEC/D3 cells were seeded onto glass cover-
slips, precoated with 100 µg/ml collagen type I, and maintained in diferentiation
medium. When the cells reached a confluent state, the differentiation medium
was refreshed. The next day, FLAER-AF488 (10 nmol/l) diluted in serum-free
medium (SFM), was added to the hCMEC/D3 monolayers and the cells were
kept for 30 min at 10 ◦C, to visualize cell surface-exposed GPI-APs. Alternatively,
following the incubation of hCMEC/D3 cells with FLAER-AF488 for 30 min at
10 ◦C, the unbound FLAER was removed by washing the cells 3 times with PBS
and the cells were incubated for 90 min in SFM at 37 ◦C, to visualize the localiza-
tion of internalized GPI-APs. Cells were fixed with 2.4 % paraformaldehyde (100
mmol/l sodium cacodylate, 100 mmol/l sucrose) and quenched with 2 % glycine
in PBS. Fixed cells were immunolabeled for the tight junction protein ZO-1 using
rabbit polyclonal anti-ZO-1 antibody (Zymed Labs., CA) and Cy3-conjugated im-
munospecific secondary antibody (Jackson Immuno- Research, UK). The cover-
slips were mounted onto microscopic slides with Faramount aqueous mounting
medium (Dako). Images were acquired with a confocal microscope [Leica TCS
SP2 (AOBS)].

Isolation of glycosylphosphatidylinositol-anchored proteins
(GPI-APs) from hCMEC/D3 cells using TX-114

1× 106 hCMEC/D3 cells were seeded onto collagen-coated cell culture dishes in
differentiation medium. When confluency was reached (after approx. 3-4 days),
the medium was exchanged and cells were used for experiments the next day.
Cells were washed with PBS++ and lysed for 1 hour at 4 ◦C in lysis buffer (10
mmol/l Tris, pH 7.4, 0.15 mol/l NaCl, 1 mmol/l EDTA, 1 % v/v TX-114), supple-
mented with a protease inhibitors cocktail (1 µg/ml aprotinin, 100 nmol/l benz-
amidine, 0.5 µg/ml leupeptin, 0.7 µg/ml pepstatin A). The nuclei were removed
from the lysate by centrifugation at 14000g (11000 rpm) for 10 min at 4 ◦C. The
supernatant was stored at -20 ◦C for 1 day to allow sedimentation of thick ma-
terial. After thawing, the sample was heated for 12 min at 32 ◦C to separate the
aqueous and detergent phases. The proteins in the detergent phase were extrac-
ted with 10 volumes of 0.06 % TX-114 in TBS. The diluted detergent phase was
separated a new with centrifugation at 14000g ( 11000 rpm) for 5 min at 4 ◦C. The
detergent phase was reextracted twice. The proteins in the detergent phase were
subjected to SDS-PAGE to remove TX-114, as detergents are not compatible with
mass spectrometry. Protein bands were cut from the gel and subjected to in- gel
digestion as described below for further analysis by LS-MS/MS.
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In-gel digestion of proteins followed by mass spectrometry

The proteins on the gel were stained with SimplyBlue SafeStain (Invitrogen), ac-
cording to the manufacturer’s protocol and visualized with the Odyssey infrared
imaging system (Li-Cor Biosciences, USA). The protein bands were excised and
subjected to in-gel digestion and peptides extraction. In detail, the gel pieces
were washed twice with ultrapure water and soaked in acetonitrile for 15 min to
remove the stain. The disulphide bonds were then reduced in 10 mmol/l dithio-
threitol (DTT) in 100 mmol/l ammonium bicarbonate for 1 hour at 60 ◦C. The gel
pieces were submerged in 55 mmol/l iodoacetamide in 100 mmol/l ammonium
bicarbonate for 45 min at room temperature, protected from light. After two
washing steps with increasing concentrations of acetonitrile (50 % and 100 %),
the gel pieces were rehydrated in 20 mmol/l ammonium bicarbonate that con-
tained 20 µg/ml trypsin. Protein digestion as induced by trypsin was allowed to
proceed overnight at 37 ◦C. Then 1 µl pure formic acid was added and the solu-
tion was collected. The peptides were re-extracted with 50 µl 0.1 % formic acid
while shaking the sample for 30 min. The samples were dried with speed-vac.
The samples were analyzed with liquid-chromatography–tandem mass spectro-
metry LTQ-Orbitrap-XL (ThermoFisher Scientific, San Jose, CA). In this process
high-performance liquid chromatography is linked directly to a tandem mass
spectrometer through electrospray ionization [17].

Localization of endogenous prion protein (PrP) and prion-coated
magnetic nanoparticles (PrPB) in hCMEC/D3 cells

The preparation of prion-coated particles (PrPBs) is described in chapter 4.
hCMEC/D3 cells grown on glass coverslips, were incubated with 20 µg/ml
mouse monoclonal SAF32 (Bertin pharma, France) for 1 hour at 37 ◦C. Non-
bound antibody was removed by a PBS wash, after which 10 µg/ml PrPBs were
added and cells were incubated for an additional 90 min. Next, cells were fixed
with PFA and immunostained with rabbit polyclonal anti-EEA1 (Abcam, UK) fol-
lowing standard procedures. A Cy5-conjugated goat-anti-rabbit secondary anti-
body was used (Jackson Immuno- Research, UK). Images were acquired with a
confocal microscope [Leica TCS SP2 (AOBS)].

Results and Discussion

GPI-APs are exposed at the apical cell surface of hCMEC/D3 hu-
man brain endothelial cells

We hypothesized that GPI-APs can serve as potential receptors for brain deliv-
ery. First, the localization of GPI-APs in human brain endothelial hCMEC/D3
cells was determined using FLAER, a fluorescently labeled non-toxic aerolysin
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analog. Aerolysin is a bacterial toxin that specifically binds with high affinity to
N-glycans on the GPI-anchor [18], [19].

Figure 1: Detection of GPI-APs in hCMEC/D3 cells. The total pool of GPI-APs is
labeled with the specific probe FLAER. (a) On the cell surface, GPI-APs locate at cell-cell
contacts and colocalize with ZO-1. (b) Intracellular endocytosed pool of GPI-APs with
perinuclear location (white arrows).

It is used to diagnose Paroxysmal Nocturnal Hemoglobinuria (PNH), which is
an acquired hematopoietic stem cell disorder leading to a deficiency in cell sur-
face expression of all GPI-APs [20]. When FLAER was incubated with confluent
hCMEC/D3 cell layers at 4 ◦C, which allows for binding to the GPI-APs that
are exposed at the cell surface, a dotted staining pattern was detected with par-
ticularly intense staining at cell-cell contact sites (Fig. 1a). This means that the
GPI-APs in confluent hCMEC/D3 cell layers are available from the apical side.
When the cells were subsequently transferred to 37 ◦C, which induces the uptake
of GPI-APs, accumulation of FLAER in perinuclear vesicles was observed after 90
min of incubation (Fig. 1b), which indicates that GPI-APs may serve to mediate
the uptake of ligands.

Identification of GPI-APs in hCMEC/D3 human brain endothelial
cells by mass spectrometry

To identify GPI-APs in hCMEC/D3 cells a method was used that is based on the
ability of the nonionic detergent TX-114 to partition into two distinct phases, i.e.,
a detergent-rich and a detergent-depleted phase. Partition of the hydrophobic
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Figure 2: Detergent extraction of
GPI-APs from crude cell lysate.
Total cell lysate (Lane 1), molecular
weight marker (Lane 2), TX-114 frac-
tion (Lane 3). Arrows indicate enrich-
ment of proteins.

membrane proteins in the detergent-rich fraction allows for the specific enrich-
ment of GPI-APs [21], [22]. When subjected to SDS-PAGE the GPI-AP-enriched
fraction isolated from hCMEC/D3 cells reveals protein bands at five different mo-
lecular masses (Fig. 2). The protein bands were excised and processed for analysis
by mass spectrometry as described in the Materials and Methods section.
Of the proteins that were identified by mass spectrometry, thirty-three are
GPI-linked proteins, as was determined using the protein database UniProtKB
(Table 1). Ten of the identified GPI-APs are enzymes, that are ubiquitously ex-
pressed throughout the human body, and as such of limited value for targeted
drug delivery to the brain (Table 1; enzymes). Although in general enzymes may
not be proper targets for delivery of drug (carrier system)s, their presence can hint
to the presence of associated receptors that are suitable for drug targeting. Spe-
cifically, the identification of lipoprotein lipase in hCMEC/D3 brain endothelial
cells is suggestive for the presence of a lipoprotein receptor. Indeed, the LDL re-
ceptor is being expressed at brain endothelial cells [23], and its ligand ApoE is
currently being exploited as brain delivery vector [24], [25]. Similarly, 5’-nucle-
otidase has been detected on brain endothelial cells [26]. 5’-nucleotidases are in-
volved in signal transduction cascades involving purinergic receptors. The P2Y2
purinergic receptor has been described to occur on brain endothelial cells [27].
Contrary to the enzymatic GPI-APs, the non-enzymatic GPI-APs may function as
receptors themselves. Therefore, the physiological functions and tissue expres-
sion patterns of the non-enzymatic GPI-APs were investigated next to establish
their usefulness as targets for brain drug delivery. Of the non-enzymatic proteins
more than half are described to have a function in cell-adhesion, which may in
part be represented by the predominant localization of GPI-APs in hCMEC/D3
cells at cell-cell contacts, as shown in Figure 1.
Twelve of the non-enzymatic GPI-APs are described to occur predominantly in
brain / nervous tissue, and are now identified specifically in human brain en-
dothelial cells (Table 1). These GPI-APs are of interest as possible receptors for
brain targeting and will be discussed below.
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Name Function Tissue specificity
Certainty
(%)

(enzymes)

P22303 yes Acetylcholinesterase Neurotransmitter degrada-
tion ubiquitous 1.9

P06858 putative Lipoprotein lipase Hydrolysis of triglycerides endothelium 3.5
Q9H4B8 putative Dipeptidase 3 Probable metalloprotease 2.2

Q13508 yes Ecto-ADP-ribosyltrans-
ferase testis 2.6

P14384 yes Carboxypeptidase-M Cleavage of C-terminal ar-
ginine or lysine residues 2.3

Q12891 yes Hyaluronidase-2 Random hydrolysis of (1 →

4)-linkages in hyaluronate widely expressed 2.1

P10696 yes Alkaline phosphatase,
placental-like germ cell tumors 2

Q10588 yes ADP-ribosyl cyclase 2 Synthesizes cyclic ADP-
ribose widely expressed 10.5

O95497 yes Pantetheinase Recycling of D-panthetine spleen, kidney and
blood 2.7

P21589 yes 5’-nucleotidase Hydrolyzes extracellular
nucleotides 5.1

(non-en-
zymes)

P04156 yes Major prion protein under debate brain, brain mi-
crovessels 13.6

Q8NFP4 yes MAM domain-containing
GPI-AP 1

Radial migration of cortical
neurons

brain, heart,
skeletal muscle
and kidney

1
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3

Q7Z553 putative MAM domain-containing
GPI-AP 2

Might be involved in cell-cell
interactions 1

Q96GW7 yes Brevican core protein Terminal differentiation of
neurons 2.6

Q6YHK3 yes CD109 antigen Modulates negatively TGFB1
signaling ubiquitous 0.8

Q8N6Q3 yes CD177 antigen bone marrow 3.7
Q02246 yes Contactin-2 Guidance of axons 3.8

Q9UQ52 putative Contactin-6
Cell surface interactions dur-
ing nervous system develop-
ment

nervous system 2

Q9Y625 yes Glypican-6 Cell surface proteoglycan
that bears heparan sulfate ubiquitous 1.6

Q6NW40 putative RGM domain family
member B

Repulsive guidance mo-
lecule (RGM) family 5.4

P55259 putative
Pancreatic secretory gran-
ule membrane major gly-
coprotein GP2

4.9

O75326 yes Semaphorin-7A Integrin-mediated signaling ubiquitous 2.8

Q86UN3 yes Reticulon-4 receptor-like
2

Axonal regeneration and
plasticity in the adult CNS

highly expressed in
brain and liver 5.4

Q14982 putative
Opioid-binding pro-
tein/cell adhesion mo-
lecule

Binds opioids in the presence
of acidic lipids 5.9

Q9BZM5 yes NKG2D ligand 2
expressed in cell
lines, not in normal
tissue

4
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Q5VY80 yes Retinoic acid early tran-
script 1L protein MHC class I family ubiquitous 4.2

Q12860 yes Contactin-1
Cell surface interactions dur-
ing nervous system develop-
ment

strongly expressed
in brain 1.9

O94779 putative Contactin-5
Cell surface interactions dur-
ing nervous system develop-
ment

strongly expressed
in brain, and kid-
ney

2.8

Q86UN2 yes Reticulon-4 receptor-like
1

Axonal regeneration and
plasticity in the adult CNS

predominantly ex-
pressed in brain 4.1

O95980 yes
Reversion-inducing
cysteine-rich protein with
Kazal motifs

Suppressing MMP-9 secre-
tion 2.2

Q10589 yes Bone marrow stromal an-
tigen 2

Antiretroviral defense pro-
tein

liver, lung, heart
and placenta;
lower levels in
pancreas, kidney,
skeletal muscle
and brain

25

O75443 yes Alpha-tectorin Putative component of the
tectorial membrane inner ear 2.2

O00451 putative GDNF family receptor
alpha-2 Receptor for neurturin brain and placenta 3.6

Table 1: List of proteins.
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Four different types of contactins were identified, i.e., contactin-1, 2, 5 and 6.
Contactins are neuronal cell-adhesion molecules, that regulate glial-axonal inter-
actions during CNS development. The glial epithelia in the CNS of insects have a
similar function as the brain endothelial cells in humans. Interestingly, the barrier
function of the glial epithelia is provided by septate junctions, of which contactin
is one of the major components [28]. Other molecules with brain specificity that
were identified, are the reticulon 4 receptor-like 1 and receptor-like 2 receptors,
also called Nogo receptors. Nogo receptors inhibit neurite outgrowth in oligo-
dendrocytes [29], and anti-Nogo-A antibodies were shown to have a therapeutic
effect in ischemic stroke [30]. The repulsive guidance molecule b (Dragon), which
is expressed on oligodendrocytes, neurons and the myelin sheet has a similar
function to the Nogo receptors [31]. Interestingly, the Dragon protein was shown
to localize at the apical membrane of kidney epithelial cells and plays a role in
maintaining barrier function [32]. Supported by the finding that dragon acts as
co-receptor in Bone Morphogenic Proteins signaling, and Dragon and BMP4 in-
creased transepithelial resistance (TER) through the Smad1/5/8 pathway [32],
it may have a function in the formation and maintenance of the typical cytoar-
chitecture of the BBB as neurovascular unit. A recent study shows that blood
microvessels provide a scaffold for neuronal prescursor cells in the rostral migrat-
ory stream, i.e., a specialized migratory route in the brain that is used by neuronal
precursor cells to travel from the subventricular zone to the olfactory bulb, sug-
gesting a direct interaction of endothelial cells with neuroblasts [33]. The two
MAM (MAM is an acronym derived from meprin, A-5 protein, and receptor pro-
tein-tyrosine phosphatase mu) domain-containing GPI-APs that are identified are
described to regulate neuronal adhesion, migration and axonal outgrowth [34],
while brevican is a brain-specific extracellular matrix protein. Secreted (soluble)
brevican is a key player in glioma invasion [35]. The common factor in the afore
mentioned proteins, is their glial origin and function in axonal guidance. Expres-
sion of the glial cell line-derived neurotrophic factor (GDNF) receptor (GFRα1)
was demonstrated in rat BBB endothelium [36]. The reciprocal relation between
the expression of GFRα1 and BBB permeability strongly suggests active particip-
ation of glial-derived neurotrophic factor in postnatal development of rat BBB
[37]. Here we identified GFRα2, that has a similar function to other neurotrophic
factors, that regulate BBB integrity.
Two of the GPI-APs that are now identified in hCMEC/D3 cells were previously
identified in human brain endothelial cells, i.e., prion protein and opioid-binding
cell adhesion molecule (OBCAM). OBCAM expression in the brain was demon-
strated with western blot on crude brain extracts [38], including endothelial cells.
OBCAM belongs to the IgLON (Immunoglobulin) family with three Ig domains
and has a polarized distribution in the neuronal spines. In the synaptic cleft, OB-
CAM participates in heterophilic interactions with members from the same fam-
ily and controls synaptogenesis. Its cell surface expression is dynamically reg-
ulated with changes in the neuronal activity via raft-dependent internalization
[39]. Another IgLON protein Lachesin is required for a functional BBB in Dro-
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sophila [40]. It has been speculated that given that homologues of insect septate
junction components are found in vertebrate occluding junctions (paranodal and
tight junctions), IgLON proteins may contribute to the function of occluding junc-
tions and the BBB in particular [40]. Interestingly, human diseases, including sev-
eral types of non-syndromic sensorineural deafness, that could be associated with
a defect in paranodal or tight junctions have been mapped to the chromosomal
regions of the three known human IgLONs.
Additionally, one may argue OBCAM as a receptor of interest for the purpose
of drug delivery, as this molecule has binding site for opioids, but also binds
small peptides (endorphins) [41], consequently novel binding motifs could be
designed, based on the amino acid structure of the opioid peptides. Interestingly,
nanoparticles with enkephalin (opioid peptide, similar to endorphin) derived tar-
geting moieties have already been developed as brain drug delivery nanofor-
mulations [42], [43], [44]. Additionally, OBCAM expression is polarized and its
internalization is clathrin/independent, rather raft-dependent [39]. Similarly to
polarized expression in neuronal spines, one may speculate apical expression of
OBCAM in endothelial cells. The apical and/or basolateral membrane localiza-
tion is the first to be determined, as it may preclude further use of the identified
proteins as druggable receptors. Similarly to the polarized expression of OBCAM
in neuronal spines, OBCAM may be apically enriched in endothelial cells.
Like OBCAM, prion protein (PrPc) has been previously identified in brain mi-
crovessels. Intriguingly, PrPc has been shown to have transcytotic potential in
the apical-to-basal direction in both epithelial (M) cells as well as endothelial
cells [45], [46]. Moreover, PrPc expression has been reported to play a role in
the transendothelial migration of monocytes from the blood into the brain [47].
Therefore, the PrPc protein was investigated further as target for receptor-medi-
ated transcytosis across brain endothelial cells.

Prion-coated nanoparticles (PrPBs) colocalize with endogenous
prion protein in EEA-1-negative compartments.

To investigate if prion would be a good target for brain drug delivery, first the
presence of prion at the cell surface of hCMEC/D3 cells was verified by immun-
olabeling. Prion appeared in small domains at the cell surface of hCMEC/D3
cells, and showed specific enrichment at cell-cell junctions (Fig. 3).
Since prion proteins show homophilic interactions [47], we reasoned that to target
the PrPc receptor at brain endothelial cells prion itself could be used as a ligand.
Accordingly, prion was covalently attached to the surface of nanoparticles, mak-
ing prion-coated particles (PrPBs). hCMEC/D3 cells were sequentially incubated
with prion antibody (SAF32) and fluorescently labeled PrPBs. Figure 4 shows
the colocalization of PrPBs and endogenous prion following an incubation time
of 90 min, demonstrating that the PrPBs and endogenous prion follow a similar
uptake pathway in hCMEC/D3 cells. Notably, the endosomal compartments in
which the PrPBs and prion reside are negative for EEA-1, and most likely rep-

57



Chapter 3

Figure 3: Expression of PrPc in
hCMEC/D3 cells. Domains-like
dotted pattern in the expression of
PrPc (red) with preferential cell-
cell contacts accumulation. Nuc-
lei are pseudocolored in blue.

resent GEECs. In chapter 4 of this thesis the detailed intracellular pathway and
transcytotic potential of PrPBs in hCMEC/D3 cells are described.

58



Identification of receptors at the blood-brain barrier with presumed transcytotic capacity

Figure 4: Targeting of surface modified nanoparticles into GPI-APs compart-
ments. PrPB colocalize with endogenous prion (white arrows and arrowheads), but not
in EEA-1 endosomes. Magnified areas are indicated with arrows.

Conclusions

Current trends in drug discovery and development include the rational choice
of druggable targets, i.e. whose function can be modulated through interactions
with small molecules or proteins and/or antibodies [48]. Similarly, in targeted
drug delivery, a novel concept may be introduced, the targetable receptor, where
a receptor may be classified as ‘targetable’ when it possesses tissue specificity
and, depending on its application, follows a specific route of cellular entry. For
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example, gene delivery requires efficient release of DNA into the cytosol, and
thus the ‘targetable receptor’ should mediate binding and internalization of
the gene carrier, while its subsequent intracellular processing should allow for
the endosomal escape of the genetic cargo. Contrary, in brain drug delivery of
macromolecules, the ‘targetable receptor’ should promote luminal-to-abluminal
vesicular transport of drug carriers. Since the brain is shielded from the blood by
the BBB, the targetable receptor should be present specifically on the luminal side
of the brain endothelial cells and show a high transport capacity (fast recovery).
Here we isolated GPI-APs from human endothelial BBB cells, which were sub-
sequently identified by mass spectrometry. Their appropriateness as ‘targetable
receptors’ for brain drug delivery was discussed, taking into account their brain
specificity and potential to mediate luminal-to-abluminal transcytotic transport.
Some of the identified GPI-APs have been described to play a role in cellular
interactions with neuronal cells. It should be noted that communication between
endothelial cells of the BBB and glia and neurons likely occurs at the basal plasma
membrane, implying a basolateral expression of these GPI-APs. However, an
additional apical expression of the GPI-APs that may have a function in the
communication between endothelial cells and other BBB components cannot be
excluded. As mentioned above, 5’-nucleotidase was shown to occur at the apical
membrane of endothelial cells, even though the majority of the protein localizes
basolaterally. Hence, prior determination of the apical and/or basolateral
membrane localization is of major importance, as an apical expression of the
identified proteins is essential for their use as targetable receptors in brain drug
delivery.
It is of particular interest to determine whether other GPI-APs display, sim-
ilar to prion protein, a transcytotic capacity in the luminal-to-abluminal direction.
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