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Chapter 1

Nutrients and medicines, when present in the blood stream, may diffuse freely
to and into surrounding tissues, but not so from the blood into the brain. In-
deed, contrary to the homeostasis of the extracellular environment in many other
tissues, that within brain is strictly regulated. Thus, neurons, constituting ap-
prox. 90 % of all cells within the brain, are protected from potential toxic com-
pounds and at the same time are optimally supplied with glucose, oxygen and
other nutrients. Of critical importance in executing and maintaining this dual
role of careful regulation of in- and outbound transport at the border of the two
interfaces (i.e., blood and brain), is the blood-brain barrier (BBB) – an anatom-
ical organization of tightly sealed endothelial cells, basal lamina and astrocytic
end-feet (Fig. 1). Molecules, depending on their physical properties, may enter
endothelial BBB cells by direct diffusion through the luminal plasma membrane,
via membrane-embedded transporters or by means of other internalization pro-
cesses, linked to transcellular transport. Yet, already at the cell surface of the
endothelial cells the first line of protection is active, in particular efflux pumps
such as those belonging to the family of multidrug resistant proteins, that might
recognize exogenous molecules as harmful, resulting in their expulsion back into
the circulation. However, even molecules escaping this first line of defense, re-
quire an appropriate transcellular transport route that avoids their confrontation
with proteolytic and other degradative enzymes, before reaching the abluminal
membrane, which has to be crossed to finally enter the brain.
However, the BBB not only protects the brain from an undesirable invasion of
exogenous compounds and biological entities, but at the same time precludes
delivery of therapeutics in case of efforts to cure brain-related diseases, like
Alzheimer, Parkinson and brain tumors. With very few exceptions, current phar-
maceuticals applied in the treatment of brain diseases acquire access into the tis-
sue by passive diffusion across the BBB. This requires the compounds to meet the
criteria of being lipid-soluble, small molecules (< 500 Da) with a restricted num-
ber of hydrogen-bond forming moieties. Indeed, most of the currently applied
central nervous system (CNS) treatment modalities are either well known psy-
choactive natural products or synthetic compounds with accidentally discovered
activities (barbiturates, benzodiazepines, etc.). Once pharmacological activity is
attributed to a certain moiety of the drug molecule, its physicochemical and phar-
macokinetic properties might be adjusted by chemical modifications to further
improve brain penetration. For example, acetylation of morphine to heroin pro-
duces a dramatic increase in the pharmacological response, which is related to
the enhanced lipophilicity of heroin over morphine, and as a result, its facilitated
diffusion. In passing, for such drugs to become effective and economically of in-
terest, bioavailability is another obvious criterion to be met. In case of morphine,
its relatively low bioavailability is compensated by its high potency, making it one
of the most robust analgesics. The successful marketing of many other psycho-
tropic drugs, such as the antidepressants fluoxetine and sertraline hydrochloride,
is based on the very same criteria.
Nearly 1,000 known genetic and neurodegenerative diseases affect the brain. To
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Introductory remarks and Scope of the thesis

Figure 1: Anatomical and functional organization of the Blood-brain barrier. (a) Orches-
trated by neurons, different cell types act in harmony to assure optimal conditions for normal brain
functioning and formulate the modern concept of the BBB – the neurovascular unit. Endothelial
cells of brain capillaries are neatly zipped with tight and adherence junctions. The basal lamina
additionally supports the structure. Pericytes, cells with smooth muscle-like properties, regulate
dynamically the blood flow. Astrocytic end-feet mediate communication with deeper brain struc-
tures. (b) Glucose – the primary energy substrate – and building blocks for the brain own needs,
are delivered with specialized transporters. Foreign molecules or endogenous threats are exported
back into the capillary lumen using efflux pumps (P-glycoprotein, Multidrug Resistance-associated
Proteins) or internally digested (MAO – monoamine oxidase, γ-GT –γ-glutamyl transpeptidase).
Nutrients (LDL, iron), hormones (insulin, leptin), signaling molecules (interleukins) access the
brain via receptor-mediated transport across the blood-brain barrier. (adapted from Wikipedia)

potentially cure such diseases advanced therapies are commonly based on tar-
geting the molecular cause of the disease, rather than merely treating symp-
toms. Thus, whereas small, hydrophobic drugs often suffice for (sympto-
matic) treatment of psychological disorders, a more advanced approach may rely
on neuron(s) specific correction of protein expression or functional regulation.
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Chapter 1

Figure 2: Receptor-mediated transport of drug-loaded nanoparticles across the
Blood-brain barrier. Nanoparticles, decorated with surface ligands, bind specifically to en-

dothelial receptors, resulting in their uptake (1). Intracellularly, the nanoparticles are transported

in vesicles, that move in apical (luminal) to basal (abluminal) direction (2), escaping degradation

in lysosomes. When the opposing membrane is reached, the vesicle opens towards the brain tissue

and releases the nanoparticles (3).

Hence, emerging treatment modalities that involve the use of proteins, antibod-
ies, or (small interference) RNAs necessitate the design of ’proper’ formulations
for reaching the desired target site. Translated into ready-to-use pharmaceutic-
als, the effect-producing compound should be well protected (i.e., its structural
and functional integrity should be maintained) on its way from the site of ad-
ministration to the site of action. For example, in case of oral administration the
compound should be resistant to digestive enzymes. Following intravenous ad-
ministration, it should be immunologically inert and not be modulated by inter-
actions with serum proteins. Furthermore, the compound should be insensitive
to a first-pass effect (i.e., should not be metabolized in the liver), and capable of
crossing biological barriers to assure optimal bioavailablity, which is also attained
by facilitating a preferential accumulation in the desired tissue. The latter can be
achieved by appropriate targeting, so as to minimize adverse effects due to unfa-
vorable tissue distribution.
All these issues and challenges are addressed within the research field known
as Nanomedicine. With a focus on drug delivery into the brain, the concept of
nanoparticle-mediated drug transport is schematically depicted in Fig. 2

In this simplified scheme, a nanoparticle, which could be a lipid or polymer-
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based carrier, encloses within its aqueous volume a drug solution or, alternat-
ively, drugs of a more hydrophobic nature could be part of the lipidic or poly-
meric boundary phase. To ensure specific targeting of the carrier towards the en-
dothelial cells that constitute the BBB, the surface of the nanoparticle is decorated
with ligands with specificity towards distinct BBB receptors, specifically recept-
ors that after internalization engage in transcellular transport, known as tran-
scytosis. Thus when the administered nanoparticles eventually reach the brain
capillaries, they should bind to the endothelial cells, followed by receptor-me-
diated endocytosis, thereby ensuring subsequent particle processing along the
pathway of transcytosis, causing the release of the nanocarrier at the opposing
membrane surface that faces the brain tissue. The work presented in this thesis
aimed at identifying novel transcytotic receptors and their corresponding ligands
at the BBB to enable the development of improved nanocarriers for specific de-
livery of drugs into the brain.
The current trends in the development of transport strategies for advanced drug
delivery into the brain are summarized in Chapter 2.The use of invasive tech-
niques to produce transient openings in the BBB for therapeutic applications is
losing popularity. Instead, efforts are focused on designing ’clever’ nanoformu-
lations, that are able to target the brain capillaries, addressing apical receptors,
and inducing transcellular transport.
In Chapter 3, novel receptors with a potential interest for receptor-mediated tran-
scellular transport of nanocarriers are proposed. In search for these novel entit-
ies, efforts were made to isolate glycosylphosphatidylinositol anchored proteins
(GPI-APs) from human brain endothelial cells that were subsequently identified
by mass spectrometry. The brain tissue specificity of one of the identified GPI-
APs, i.e. prion protein, led us to investigate its transcytotic potential at the BBB
Chapter 4.
In Chapter 4, the extent of transcytosis and the nature of the intracellular com-
partments involved in the transport of nanoparticles across an in vitro BBB cell
model were studied. Nanoparticles, non-targeted and charge- (PEI) or ligand-
modified (prion), were investigated. The possible involvement of caveolae, i.e.,
membrane domains specifically enriched in cholesterol and GM1, in transcytosis
and the potential of the prion protein to trigger transcytosis of nanoparticles,
prompted us to search for GM1-binding and prion-binding ligands by means of a
phage display screening procedure Chapter 5. In this manner, several GM1- and
prion-binding peptides were identified, synthesized and subsequently coupled to
nanoparticles composed of polymers (polymersomes). The interaction and tran-
scellular transport of the targeted polymersomes were investigated in both an in
vitro BBB cell model and in vivo (Chapter 5).
A detailed understanding of the transcellular transport mechanism(s), i.e., the
driving force in apical to basal cargo movement, is essential for the rational design
of nanoparticles for transcellular drug delivery. In Chapter 6, the transcytosis of
GM1-targeted polymersomes, displaying high affinity to BBB endothelial cells,
was studied in detail. The data reveal a mechanism of intracellular processing
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and basolateral expulsion of nanoparticles that parallels the pathway of mul-
tivesicular bodies (MVBs) formation.
In Chapter 7, the natural migratory properties of neural stem cells (NSCs) across
the BBB were characterized in vitro with the aim of devising a natural biological
carrier for drug delivery into the brain. To preserve the specificity of the physiolo-
gically relevant interaction between NSCs and the BBB, membrane vesicles were
prepared from NSC plasma membranes. Their capacity to traverse the in vitro
and in vivo BBB and hence to serve as potential drug carriers, was studied.
Finally, the overall results and future perspectives are discussed in Chapter 8.
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Chapter 2

Abstract

The blood-brain barrier is a limiting factor in developing novel medicines for
neurological pathologies. It acts as a physical barrier that prevents free entry of
blood-derived substances, including those intended for therapeutic applications.
A drug targeting technology that allows for non-invasive delivery of therapeut-
ics to the brain are the molecular Trojan horses. Proteins or small peptides in
nature, these are genetically engineered vectors to ferry drug-payload across the
blood-brain barrier via endogenous receptor-mediated transcytosis. In this pro-
cess the drug-Trojan horse complex is transported transcellularly across the brain
endothelium, from the blood to the brain interface, essentially trailed by native
receptor. Naturally, only certain properties would favour a receptor to serve as
drug carrier. Here we list the brain microvascular endothelial receptors used until
now in advanced drug delivery into the brain, and draw the attention on import-
ant features warrant for their future use.
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Introduction

Effective delivery of drugs across the blood-brain barrier (BBB) is a major
limiting factor in successful therapy of brain affecting diseases. This barrier is
constituted by a specialized endothelium of brain microvessels that preserves
brain homeostasis by restricting the influx of a variety of compounds, including
biomedicine, and yet enabling the supply of nutrients. Indeed, the potential
treatment of many brain-related diseases is severely hampered because of the
fact that numerous potential drug candidates are recognized as “brain-hostile“,
thus precluding their penetration across the BBB into the brain. To overcome
this problem, much research efforts are currently focused on the development
and application of safe and efficient delivery devices, capable of promoting drug
transport across the BBB. These efforts include the ability to achieve specific
delivery by means of targeting to the BBB endothelium, followed by effective
transport of the delivery device across the endothelial cell barrier and subsequent
release of the drug at appropriate sites within the brain.
Here we will first briefly discuss the anatomical and molecular nature of the
BBB. Obviously, such knowledge will be imperative for appreciating the need for
development of state-of-art molecular devices to enable crossing of the barrier.
We will subsequently discuss the presence of distinct receptors on the cell surface
of vascular endothelial cells, capable of binding specific ligands and whose
mechanism of internalization can be exploited for achieving targeted delivery
and passage of a variety of nanodevices across the BBB.

Blood-brain barrier – morphology and function

Physical barrier

Anatomically, the organization of the BBB is comprised of endothelial cells,
basal lamina, astrocytes’ end-feet and pericytes. Endothelial cells of the BBB,
in contrast to the system endothelium, are tightly connected to each other by
means of tight junctions (TJ) and adherence junctions, and consequently lack
fenestrations. Among others, proteins of the claudin family, i.e. claudin 3,
5 and 12 that consist of four transmembrane domains and two extracellular
loops, occludin, and junction-adhesion molecules (JAMs), which are expressed
on opposing cell surfaces, form the tight junctions by means of homophilic
interactions. In this manner TJ strands ”zip“ adjacent endothelial cells and close
the paracellular space for access of blood borne molecules. The structure is
further stabilized by ZO-1, -2 and -3 and MAGUK family proteins that link the
TJ with the actin cytoskeleton. Signalling and regulatory proteins include multi-
PDZ-protein 1 (MUPP1), the partitioning defective proteins 3 and 6 (PAR3/6),
MAGI-1-3 (membrane-associated guanylate kinase with inverted orientation
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of protein-protein interaction domains), ZO-1-associated nucleic acid-binding
protein (ZONAB), afadin (AF6), and Regulator of G-protein signalling 5 (RGS5).
Importantly, the presence of the tight junctions separates the plasma membrane
of the vascular endothelial cells into two domains, the apical and basolateral
membrane surfaces, and precludes randomization of the surface components
localized at each of these domains, thus warranting a specific composition of
each domain. In that regard it is also relevant to note that the apical surface is
facing the blood.
Basolaterally from the TJ, PECAM and VE-cadherin form the adherence junc-
tions, which are linked to the cytoskeleton via desmoplakin and p120 catenin
[1, 2, 3]. The structure is further supported by the basal lamina, a 30-40 nm thick
matrix, composed of collagen type IV, heparin sulfate proteoglycans, fibonectin,
laminin and other extracellular matrix proteins [4].
Multiple basal lamina proteins, matrix metalloproteases (MMPs) and their
inhibitors, i.e., the tissue inhibitor of metalloproteases (TIMPs), are involved
in regulating the dynamics of the integrity of the BBB at physiological and
inflammatory conditions [5]. In addition, molecular factors released from glial
cells, such as glial-derived neurotrophic factor (GDNF), angiopoietin-1 [6]. and
angiotensin II [7] also contribute to the BBB integrity. Furthermore pericytes reg-
ulate the developing BBB [8] and control the vascular permeability by restricting
transcytosis, a transcellular transport process (see below) through PDGFR-beta
signalling [9]. Lastly, stability of the BBB is also provided by interactions whit
astrocytes, which cover more than 99% of the basal capillary membrane.

Functional barrier

Apart from acting as a morphological barrier as such, the endothelial cell surface
also contains molecular entities to further effectuate its barrier function. Thus,
transporters belonging to the family of the ATP-binding cassette (ABC) transport-
ers are expressed on the apical membrane surface of the BBB and their activity
precludes entry and/or facilitates extrusion of many xenobiotics or other endo-
genous compounds. In this manner, ABC transporters contribute in a functional
sense to the barrier function of the vascular endothelium.
In an ATP-dependent manner the ABC-transporters pump out the undesired
compounds into the extracellular milieu. P-gp, MRP1 and BCRP are the most
relevant ABC transporters at the BBB, whereas P-gp, consisting of two six trans-
membrane spanning domains and two ATP-binding sites, is the most active one.
Common substrates for P-gp are cationic compounds or compounds with hy-
drogen bond acceptor groups [10], but also peptides [11]. Other efflux pumps
expressed at the BBB endothelium are MRP4 and MRP5, whereas MRP4 is also
present on the basolateral membrane.
Given the structural and functional tightness of the barrier it is apparent that for
purposes of drug delivery into the brain, development of sophisticated devices
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are needed, capable of passing the vascular endothelial cell lining. Potential
mechanisms to be exploited are those based on paracellular entry (‘between cells’)
or via transcytosis (‘through cells’). To appreciate the potency of these events we
will therefore briefly describe the nature of such transport processes, occurring at
(patho) physiological conditions.

Passive and active mechanisms of transport across the

BBB

Although preventing at random influx of molecular compounds into the the
brain, the BBB does allow selective entry of nutrients and supply of regulatory
factors into the brain. Thus the endothelial cells enable transport of molecules in
a passive, gradient-driven manner or active, energy-dependent mode.
At physiological conditions, passive movement of water solutes along the
aqueous route of the intercellular cleft between endothelial cells via small pores in
the tight junctions, i.e. the paracellular pathway, is negligible (Fig. 1a). Since the
exact molecular nature of paracellular transport is still largely obscure, whereas
neurodegenerative or neuro-oncological diseases at the early stages of develop-
ment are not necessarily accompanied by defects in BBB integrity, general exploit-
ation of this pathway for transport of drug-loaded nanoparticles into the brain
might be virtually negligible. As an alternative, transport via the endothelial
cells per se, i.e., by means of transcellular transport or transcytotisis should thus
be considered. Indeed, transport of small molecules through cells is a common
event in polarized cells, including vascular endothelial cells (Fig. 1b). Thus hy-
drophobic molecules, like many psychoactive drugs, with a size less than 500 Da,
may diffuse transcellulary - provided they escape from MDR-mediated extrusion
- to reach the brain parenchyma from the system circulation. However, transport
of nutrients and building blocks is more tightly regulated and facilitated by spe-
cialized transporters (Fig. 1c). For example, glucose uses the glucose transporter
(GLUT1 - a family of sodium-independent transporters) while amino acids are
transported by the large neutral amino acid transporter (LAT1). This transporter
is also involved in transport of drugs like L-Dopa, gabapentin, and baclofen [12].
For a more detailed review on BBB, see [13].
Whether these transporters, being primarily involved in molecular translocation
of relatively small molecules, might similarly translocate larger sized nano-
particles into and out of the cell, is less likely. Although attempts have been
undertaken to tie the GLUT1 transport system to transport glucose-functional-
ized nanoparticles [14], the involvement of GLU1 was not confirmed. Arguing
that the brain depends on an extremely high glucose demand, i.e., nearly 30
% of the total body glucose consumption, liposomes prepared with glucose
modified cholesterol have been applied for brain-directed transport. These
studies have shown a mild advantage in transporting coumarin-6 into the brain,
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Figure 1: Proposed mechanisms of transport across the blood-brain barrier. The
blood brain barrier consists in essence of a polarized layer of vascular endothelial cells,
tighly attached to each other by means of tight junctions, and lined up by astrocytes. A
variety of transcellular transport processes can be distinguished: (a) Diffusion, driven by
a concentration gradient, mainly involving small hydrophobic molecules. This pathway
represents the main entry route into the brain of current therapeutics. (b) Paracellu-
lar transport – limited to small water-soluble molecules. (c) Carrier-mediated transport,
as occurs for e.g. glucose, amino acids, nucleosides, and therapeutics such as vinca al-
kaloids, azidothimidne etc. (d) Receptor-mediated transcytosis – peptidic signaling and
regulatory molecules (insulin, leptin, interleukins), nutrients (iron, LDL). (e) Adsorptive
transcytosis presumably mediated transport of positively charged cargo (serum proteins)
in a non-specific manner. (f) Proton pumps efflux transporters. (adapted from Wikipedia)

over conventional liposomes. Nevertheless, both formulations accumulated
primarily in the liver, showing a 175-fold enrichment over the fraction present in
the brain, thus suggesting a non-specific brain translocation [14].
Therefore, a focus on receptors that internalize ligands via means of vesicular
transport appears a more appropriate option since such intracellular transport
containers can readily accommodate nanoparticles with a size of 100-200 nm as
well. Indeed, transcellular transport in this manner (“transcytosis”) is a common
phenomenon in polarized cells (Fig. 1d and e).
Transcytosis represents a means of vectorial transport of cargo (including nano-
particles) between the apical and basolateral surface in polarized cells. It operates
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bidirectionally and three distinct steps in overall transcellular transport can be
distinguished: endocytosis of the cargo/nanoparticle at the plasma membrane
(Box 1), followed by intracellular vesicular trafficking towards the opposite sur-
face at which exocytosis of the vesicular contents occurs. Transcytosis can rely on
receptor-mediated and absorptive, charge dependent endocytic internalization
events, respectively (Fig. 1d and e). The absorptive mode has been described to
occur for serum albumin. Receptor-mediated transcytosis in brain endothelium
may involve ligands like transferrin (iron), deltorphin, enkephalin [3], insulin,
and LDL.
Here we will further discuss possibilities for specific targeting of nanoparticles
into the brain relying on their specific processing along a transcytotic pathway
rather than entry into an endocytosis-mediated degradation pathway (cf. Box 1).

Box 1. Entry of molecules and particles into cells: Modes of in-
ternalization
Internalization via the endocytic mechanism is subdivided into clathrin-depend-
ent, caveolin-dependent and clathrin- and caveolin-independent pathways (Fig. 2).
Clearly, the mode of cellular cargo entry is crucial for its eventual fate, as will be
discussed below. Clathrin-mediated endocytosis involves the assembly of a clathrin
coat at membrane regions enriched in receptor-ligand complexes, just underneath
the plasma membrane, which subsequently triggers its inward budding. The small
GTPase dynamin closes the neck of the invaginating membrane surface, leading to
the formation of the clathrin-coated vesicle, which subsequently pinches off. Shortly
thereafter clathrin molecules dissociate from the vesicles which then merge homo-
typically and/or with preexisting compartments that become enriched in EEA-1, a
typical marker of early/sorting endosomes. From this compartment recycling may
occur either directly to the plasma membrane or via a recycling endosome. Altern-
atively, early endosomes deliver their cargo to late endosomes, either via maturation
or by means of a vesicular transport mechanism and eventually to lysosomes where
its degradation may take place. Along the transition from early to late endosome the
compartmental pH gradually drops.
A better known, but still poorly defined pathway capable of transferring cargo across
the endothelial cell lining, constituting the blood brain barrier, appears to rely on
entry via caveolae. As an advantage, lysosomal delivery as often occurs for entry
along the clathrin-mediated pathway, appears to be avoided thus promoting secret-
ory transport, rather than capture of cargo in a digestive compartment. Accordingly,
targeting specific receptors associated with caveolae may therefore well represent a
far more appropriate strategy in facilitating transcellular transport, including that
of targeted nanodevices. Caveolae are plasma membrane invaginations, commonly
described as structures with a flask-like shape. They are predominantly present at
the surface of adipocytes, lung epithelium and vascular endothelium. A major con-
stituent of caveolae is caveolin-1, which localizes at the inner leaflet of the plasma
membrane. Supported by the cavins 1, -2 and -3 complexes, caveolae sustain their
characteristic morphology, but gradually flatten. Caveolae are considered platforms,
where trafficking and signaling events take place.
Stimulation of caveolar receptors triggers their internalization involving formation of
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a vesicular structure, named cavicle. Cargo taken up by caveolae might be delivered
to the Golgi apparatus or the endoplasmic reticulum, as reported for the cholera toxin
B subunit in epithelium. A caveolar transcytotic route has been described in en-
dothelial cells of the BBB. This pathway has been described for LDL particles which,
prior to their release at the basolateral surface, localize at multivesicular bodies.
The molecular organization of caveolae is strongly dependent of the presence of cho-
lesterol and agents that perturb the cholesterol content and organization, such as
cyclodextrin and filipin, frustrate caveolae function. The kinase inhibitor genistein is
also known for its capacity to block caveolar uptake.

Figure 2: Mechanisms and transport pathways in endocytosis. (a) Adaptor molecules sense
the binding of a ligand to its cognate receptor and cause the formation of a clathrin cage around the
plasma membrane, that subsequently pinches off as internal vesicle. (b) Reorganisation of cortical
actin induces membrane ruffling, that leads to uptake of bulk material via macropinocytosis. (c)
Receptor microclusters drive inward bending of the plasma membrane, that initiates endocytosis.
(d) Caveolin-1, constitutively present at the inner leaflet of the plasma membrane, forms invagin-
ated microdomains, known as caveolae, that mediate transport of receptor-ligand complexes. (e)
A non-clathrin, non-caveolae dependent mechanism is mainly responsible for the uptake of glyc-
osylphosphatidylinositol anchored proteins (see Chapter 3).
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Nanocarriers and active targeting systems (ligands)

As depicted in Box 1, for the purpose of carrier-mediated drug delivery into
the brain, transcytosis from the blood (luminal side) into the tissue (abluminal
side) seems to be the preferred pathway of crossing the BBB as imposed by the
vascular endothelium. Since caveolae have been proposed to be particularly
active as transcytotic portal of entry [15], such a strategy would thus require
caveolar targeting of the nanocarriers, implying coupling of appropriate ligands
to these devices. The concept of coupling ligands directly to the therapeutic
agent or to the surface of therapeutics-containing nanocarriers thus aims at (i)
tissue specific delivery and (ii) improved penetration through transcytosis. As
suggested by [16], the Trojan horse constructed in this manner should contain a
ligand that meets the necessary characteristics in order to serve as an effective
tool in brain targeting. When coupled to the Trojan horse, it should retain its
targeting capacity towards a transcytotic receptor, as simple endocytosis might
result in trafficking towards lysosomes and hence degradation. Thus the targeted
Trojan horse should bind with high affinity to the correct BBB receptor, and this
affinity should be retained after fusion/conjugation with the therapeutic com-
pound. Furthermore an effective internalization of the nanodevice is essential
for achieving efficient brain uptake of the complex in vivo ( > 2% ID/gram brain
tissue is required). Such uptake should of course result in a pharmacological
effect, an effect that also should be warranted after intravenous administration
of the complex. In the following we will briefly discuss a variety of ligands that
have been used in optimizing brain delivery. Several of these have acquired a
vector status of their own, involving their direct linkage to the drug rather than
linkage to a drug-containing device.

Transferrin receptor

The best known example of receptor-mediated endocytosis, operating in en-
dothelial cells constituting the BBB, is the transport of iron-loaded transferrin
(Tf). The holo-transferrin (iron-bound form) interacts with the transferrin re-
ceptor (TfR) on the (blood-facing) apical cell surface and releases its iron in early
endosomes, triggered by the (mild acid) pH drop. The apoTf-receptor complex
is subsequently recycled to the apical plasma membrane through rab11- posit-
ive compartments. The relative abundance of the TfR on the BBB endothelial
cells, rationalizes the use of Tf-TfR system as a brain targeting system in a num-
ber of studies. Tf-conjugated solid lipid nanoparticles (SLNs) clearly increase the
bioavailability of quinine dihydrochloride in total brain (parenchyma and mi-
crovessels) of rats compared to the administration of the free drug [17]. How-
ever, the particles, whether targeted or non-targeted, remain associated with the
microvessels, and the effect is therefore unlikely due to the transport of the drug-
SLN complex into the brain. Moreover, high plasma concentration of endogenous
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Tf balances the saturation of the receptor and discredit the use of Tf as an efficient
targeting vector. Alternatively antibodies, with affinity for different epitopes on
the TfR were therefore generated and investigated.
The radiolabeled anti-transferrin receptor monoclonal antibody OX26 was re-
covered in the brain of rats after intravenous injection, clearly demonstrating
transcytosis across a functional BBB [18]. This observation subsequently accoun-
ted for the use of OX26 in many studies as a transport vector. Indeed, antisense
oligonucleotides (ODNs) and peptide nucleic acids (PNAs) emerge as therapeut-
ics. When PNA was conjugated to OX26, protected by streptavidine (PNA-OX26-
SA), brain uptake, which is negligible for unconjugated drug, equals 0.08 ID %/g
(% injected dose for gram tissue) after carotid artery perfusion. According to the
authors this dose might be sufficient to elicit an effect with therapeutic signific-
ance, alluding to the brain recovery dose of injected morphine (0.1 ID %/g)[19].
Likewise, the Mab OX26 promotes the brain uptake of functionalized polymer-
somes (PO), suggesting retention of targeting properties when coupled to a nan-
oparticle [20]. The number of OX26 molecules exposed on the surface of a PO
(100 nm) was optimized to 34 per particle, which yielded a brain recovery value
of 0.136 ID %/g after i.v. injection in rat. Further increase in the OX26 concen-
tration failed to produce higher brain uptake, possibly due to an increased liver
accumulation.
As noted above, an important criterion to be met for effective targeting is the
ability to accomplish a pharmacological effect, following delivery of the drug-
containing device. Interestingly, such an effect was indeed obtained for the OX26-
targeted polymersomes, loaded with the NC-1900 peptide, known to ameliorate
spatial memory deficits. Thus in scopolamine provoked rats, subcutaneous in-
jection of the peptide per se and intravenous injection of its OX26 polymersomal
formulation both improved the performance of the animals in water maze tests.
However, when encapsulated in OX26-conjugated polymersomes, a dose of NC-
1900 lower than the free drug sufficed to produce a comparable effect, suggest-
ing a more efficient brain delivery by means of polymersome-mediated trans-
port [20]. Similarly, the effect of loperamide to produce analgesia was demon-
strated. The drug is BBB impermeable and hence analgesic activity is measur-
able only after effective brain penetration. When adsorbed on the surface of Tf,
OX26 and R17217 (mouse equivalent of OX26), targeted albumin nanoparticles
(160-185 nm) produced significant pain relief compared to mock-targeted (IgG2a)
nanoparticles [21]. However, these antibodies lack the capacity to mediate actual
crossing of the endothelial cell layer, resulting in capture of the antibodies and an-
tibody-drug/nanocarrier conjugates within the brain vasculature [22], [23], [24].
A biphasic behavior of antibody-drug/nanocarrier conjugates with firstly, actual
accumulation of the complex in endothelial blood capillaries, that has been doc-
umented, and secondly a passive release of the drug from the basal site might
explain their efficacy in producing pharmacological effect. Then, a low-affinity
antibody would serve an improved delivery, as it will allow for easier release of
the drug from the complex, once inside the cell [25]. Overall, these data support
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the concept that targeted brain delivery of nanodevices appears a realistic goal,
and that the application of using an antibody against the transferrin receptor as
brain vector, could serve that purpose.

Melanotransferrin

Melanotransferrin (p97) is a GPI-anchored protein that is highly expressed in
melanomas. The protein, similarly like Tf, is an iron-binding protein [26], and
compared to Tf shows a 14-fold enrichment in the brain following injection of
the recombinant form. Rather than the Tf-receptor, evidence supports a role of
the low-density lipoprotein-receptor related protein (LRP) in the transport of p97
across the endothelium [27]. The targeting properties of p97 were firstly demon-
strated when covalently linked to paclitaxel or adriamycin. The total accumu-
lation of the p97-drug complex in the brain reached a 10-fold higher level than
that of the free drug. Furthermore, when linked to p97, adriamycin preserved its
pharmacological activity and when compared to none-targeted adriamycin sig-
nificantly decreased the progression of intracranially growing gliomas and mam-
mary tumors [28]. After 24 hours, p97-conjugates outperformed other, similarly
designed vector-drug conjugates [19] and reached delivery levels of 1-2 % of the
injected dose, which is equivalent to the ratio of brain to body weight. Hence,
the p97 was thus claimed as the first carrier system to approximate this biolo-
gical feature. Nevertheless, melanotransferrin is preferentially transported from
blood into brain tissue across the BBB, i.e., in an apical to basolateral direction
with a kinetic profile that reflects a low-affinity binding to a receptor with a high
transport capacity. Moreover, in contrast to the relative plasma concentration of
transferrin, the plasma concentration of endogenous p97 is relatively low, thus
assuring ready access of melanotransferrin to available binding sites. Accord-
ingly, relative to the TfR system, the melanotransferrin-receptor system emerges
as a preferred targeting vector for drug transport into the brain.

Insulin receptor

Insulin is transported to brain tissue from the circulation by means of a tran-
scytotic mechanism, involving the insulin receptor present on the vascular en-
dothelial cell surface [29]. To promote the transport of TNFR (TNFa decoy
receptor), as such decoy receptor would counteract the effects of TNFa in in-
flamated brain regions, a fusion protein HIRMab-TNFR (human insulin receptor
monoclonal antibody-TNFR), that carries both a targeting moiety (HIRMab) to
bind to the human BBB insulin receptor and effector moiety (TNFR), was engin-
eered. Double functionality of the fusion protein was preserved. After i.v. applic-
ation in Rhesus monkey, the HIRMab-TNFR protein accumulates in the measured
brain areas, compared with the TNFR:Fc. Although the detected values remain
low, the concentration of HIRMab-TNFR in the brain parenchyma was calculated
as sufficient to neutralize the effect of TNFa in inflammatory conditions. The in-
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ability of TNFR:Fc to cross the BBB, although the expression of the neonatal FcRn
receptor on the brain endothelium [30];. the authors correlate with the predom-
inant efflux, form the brain to the blood. Although in favor for the brain delivery,
occupying the insulin receptor, might have unpredictable consequences for the
glucose metabolism.

Low Density Lipoprotein receptor

The binding of low-density lipoproteins to the endothelium LDL-receptor (LDL-
R) [31] or scavenger receptor – BI (SR-BI) initiates their transcytosis across the
BBB. Remarkably, two endocytic pathways may be involved in the processing of
the LDL-R, which appears to depend on cell development. Thus in non-differen-
tiated, proliferating endothelial cells, constituting the BBB, the LDLR is processed
along the classical clathrin-mediated pathway (Box 1). LDL particles, when
bound to the LDLR are taken up and delivered to late endosomes/ lysosomes to
meet the cell’s nutritional needs in terms of cholesterol supply. In this process,
the receptor per se recycles back to the cell surface after dissociation of the ligand
in early endosomes. However, in fully differentiated endothelial cells, the LDLR
switches from a recycling to a transcytotic pathway. Inthis case, the receptor is
captured by lateral diffusion in caveolae which, following their internalization,
deliver intact LDL particles from the blood into brain tissue via intermediate
multivesicular bodies (MVBs) (Box 1). Collectively, these data thus rationalize
the use of LDLR as a potentially appropriate transport system for drug delivery
into the brain.
The first evidence to support this hypothesis comes from a study of [32], who
reported an analgesic effect after intravenous injection of dalargin (dalargin is a
hexapeptide analog of Leu-enkephalin containing D-Ala in the second position
and an additional C-terminal arginine), absorbed onto polysorbate 80-coated
poly(butyl-cyanoacrylate) (PBCA) nanoparticles. A series of follow-up studies
[33], [34], [35] subsequently supported the enhanced drug delivery, as accom-
plished with polysorbate 80-coated PBCA nanoparticles. Initially, the effect was
attributed to a general toxic effect of polysorbate 80 on the endothelial cells by
causing a disruption the tight junctions [36]. However, more recent data [37], [38]
in conjunction with the observation that serum apolipoproteins could adsorb
on the surface of surfactant-coated nanoparticles [39] thereby promoting PBCA
nanoparticles - endothelial cell interactions, support the currently prevailing
hypothesis of receptor-mediated transcytotic transport of PBCA nanoparticles
across BBB endothelial cells. Thus after intravenous injection, polysorbate 80
facilitates adsorption of the LDLR ligands, serum ApoB and/or ApoE onto the
nanoparticles. As a consequence, the nanoparticles are targeted towards the LDL
receptor on the brain capillary endothelial cells and are internalized, mimicking
transcytosis of natural lipoproteins. Obviously, these observations subsequently
raised an interest in surfactant modified nanoformulations for brain delivery.
Indeed, a nanosuspension of Amphotericin B prepared with Tween-80 (trade
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name of polysorbate 80) showed an enhanced adsorption of ApoE and ApoJ, and
caused a moderate survival effect in Balamuthia mandrillaris encephalitis [40].
PBCA nanoparticles (35-40 nm) also proved to promote the CNS bioavailability
of rivastigmine and tacrine as applied in the treatment of Alzheimer disease [41].
However, the PBCA nanoparticles also show several disadvantages, including
a limited drug loading capacity, a low rate of in vivo biodegradation, and the
release of toxic formaldehyde residues. Accordingly, physiologically better
tolerable solid lipid nanoparticles (SLNs) have been suggested as suitable altern-
atives, relying on polysorbate 80 SLN preparations for further in vitro/in vivo
studies[42]. Although polysorbate 80 is generally recognized as a safe emulsifier
and included in many pharmaceuticals, care should be taken when a formulation
is intended to be used for long-term parenteral application. For example, when
treatment of a given disease will require sequential drug administration over
periods of months, rather than a single shot, a higher toxicological burden caused
by surfactant-nanoformulations might be a limiting factor, particularly in the
treatment of chronic diseases.
Nevertheless, the concept of targeting the LDL-receptor to piggyback PBCA nan-
oparticles across the BBB, proved successful. However, essential for the targeting
properties is not the surfactant itself, but rather, apolipoproteins it attracts from
the serum. Therefore, a variety of other apolipoprotein species were tested in
order to verify their potency in targeting LDLR. Thus it has been shown that
ApoE, covalently attached to human serum albumin nanoparticles (ApoE-HSA,
size of approx. 250 nm), causes a relatively fast uptake of such particles (within
15-30 min) by brain capillary endothelial cells in vivo [43], and their processing
by transcytosis was inferred from ultrastructural analyses. As a control, the
authors demonstrated that pegylated nanoparticles (size of approx. 210 nm) do
not associate with BBB endothelium, and consequently were not observed in
brain parenchyma. As noted, pegylation is a modification, usually carried out
to prolong the circulation half-life of drugs and/or nanoparticles [44]. In this
particular case, the control experiment may not have been an appropriate control
given the rapid uptake of the non-pegylated particles and hence questions the
time span of the control experiment. Nevertheless, ApoE-HSA nanoparticles are
transcellularly transported across the BBB and reach the brain intact, enabling
brain delivery of drugs that usually cannot cross the BBB. The intracellular
trafficking of ApoE-HSA was studied in an in vitro BBB model, i.e., b.End3 cells.
After a 2 hours incubation many ApoE-HSA particles localize in intracellular
compartments that were similar in appearance as lysosomes. Considering
some recent advances in the mechanism of LDL transcytosis [45], revealing
LAMP-positive multivesicular bodies as an intermediate step in the process of
transcytosis of LDL, the observed localization of the ApoE-HSA in lysosome-like
compartments could thus reflect a very similar transcytotic trafficking route.
Comparable to Apo-E, other apolipoproteins, e.g. ApoA-I and ApoB-100, may
also act as vectors for transport of loperamide HSA nanoparticles into the brain
[46]. ApoA-I is mainly associated with HDL particles, mediating internalization
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via the scavenger receptor class B, type I (SR-BI), suggesting that SR-BI may
function as an entry promoting receptor for ApoA-I HSA particles. When scored
by a fast antinociceptive response (15 min after injection), ApoE-HSA particles
produce the highest effect, followed by ApoA-I HSA particles, loaded with the
same concentration of loperamide. Consistently, ApoA-I HSA particles have
been visualized in different brain regions [47].
The expression level of LDLR on the luminal surface of the brain capillary
ECs is synchronized with the demand for brain lipid requirement and strictly
controlled by the underlying astrocytes [48]. Thus when their cholesterol level
suffices, neurons will transmit signals that lead to a downregulation of luminal
endothelial LDLR. A limited expression of LDLR will consequently result in a
saturable transport capacity, thereby potentially limiting its use in brain delivery
of cargo-containing nanoparticles. Moreover, similarly to the transferrin receptor,
LDLR is also expressed in various other tissues with the highest functionality in
hepatocytes, implying a lack of brain capillary endothelium specificity.

Angiopeps

Low-density lipoprotein receptor-related protein 1 (alpha-2-macroglobulin re-
ceptor) and 2 (Megalin) (LRP) are other members of the LDL receptor family
that are widely studied for their ability to transport multiple ligands across the
BBB. Well-characterized are the LRP dependent endothelial transport of lacto-
ferrin [49], receptor-associated protein (RAP) [50], tissue plasminogen activator
(tPA) [51], and secreted amyloid precursor protein (APP) [52], [53]. Particularly in
the last case, when the Kunitz protease inhibitor (KPI) fragment was sequestered
from the secreted APP, the LRP dependent uptake and consequent degradation
of APP was reduced [53]. Additionally, the transcytosis rate of 125I-aprotinin, an-
other example of KPI domain, containing protein, across in vitro BBB coculture
model or in situ brain perfusion, was higher when compared to holo-transfer-
rin, used here as positive control. These observations were taken to suggest the
involvement of the Kunitz domain in ligand recognition and subsequent LRP-
mediated endocytosis. Accordingly, these findings rationalized the development
of designing KPI-based peptides as vectors for brain delivery, operating through
the LRP transport system [54]. Alignment of the amino acid sequence of aprotinin
with bikunin, amyloid β A4 protein precursor, and the Kunitz inhibitor-1 pre-
cursor (all LRP ligands) led to the design of 96 peptides, commonly referred to
as angiopeps. After in vitro and in vivo postselection, a peptide, designated as
Angiopep-2 showed the highest transcytotic potential, and was used for further
studies. The hypothetical role of LRP1 as a potential receptor for Angiopep-2
was examined by means of competitive inhibition experiments and colocaliza-
tion studies, as carried out by fluorescence microscopy. Apical to basal trans-
port of α2-macroglobulin (LRP1 specific ligand) across bovine brain capillary en-
dothelial cells (BBCEC) was partially inhibited in the presence of Angiopep-2,
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and vice versa [55]. Furthermore, fluorescently-labeled Angiopep-2 colocalized
in BBCEC to a certain extent with LRP1 in intracellular vesicles, pointing towards
at least partial LRP1-mediated transport of Angiopep-2. The potency of Angi-
opep-2 for brain delivery became evident when used as a conjugate, consisting of
three molecules of paclitaxel, covalently attached to one Angiopep-2, also known
as ANG1005. Paclitaxel preserves its cytotoxic effect in this form, and after in-
tracerebral implantation of primary or metastatic carcinomas, administration by
intraperitoneal injection of ANG1005 increases the median survival rate and pro-
longs the life span of mice, compared to vehicle i.e., Angiopep-2 without paclit-
axel treated animals [56]. Currently, ANG1005 is undergoing phase I/II clinical
studies [57].
However, the potency of Angiopep-2 as brain delivery vector is less outspoken
when applied in conjunction with nanoparticle-mediated delivery. Thus when
Angiopep-2 was grafted onto the surface of liposomes, the recovery of the tar-
geted particles in the brain was negligible, and even lower than that of liposomes
grafted with R271917 (the mouse analog of the transferrin antibody OX26, dis-
cussed above) [58]. Accordingly, these data would suggest that the transport
pathway and/or transport efficiency of Angiopep-2 as target entity, may very
much depend on the attached cargo (drug versus nanoparticle). It is finally inter-
esting to note that in BBB endothelial cells, newly synthesized LRP1 is sorted to
the basolateral surface (i.e., facing brain tissue) [59]. However, since LRP1 appar-
ently operates as transporter from the basolateral to apical surface in endothelial
cells [52], these observations would thus imply that the transient appearance of
LRP1 at the apical, i.e., blood facing surface suffices to allow for an interaction
with ligands like Angiopep-2 thus allowing in this manner brain directed trans-
port via the opposite transcytotic pathway.

Leptin receptor

Leptin is a regulator of body weight by controlling the food intake. Postali-
mentary, leptin is secreted from the cells in the gastrointestinal tract, and is sub-
sequently transported by the system circulation to the brain endothelium. A spe-
cific receptor ObR on the luminal side of the brain capillary ensures leptin re-
ceptor-mediated transcytosis and its translocation to the brain stem to relay the
satiety signal. Hence, these observations would support the potential of the ObR
receptor to serve as a transport system in brain delivery. Liposomes with a size
of approx 180 nm, and decorated with a leptin-derived peptide showed a signi-
ficantly enhanced uptake in brain endothelium, compared to liposomes, devoid
of the leptin-peptide [60]. The internalization was sensitive to amiloride, but not
filipin III or chlorpromazine. These data would thus suggest that caveolae- and
clathrin-mediated endocytosis as mechanisms for cellular entry of the leptin-tar-
geted liposomes can be excluded. Rather, sensitivity toward amiloride would
favor macropinocytosis as the mechanism of entry, and this pathway indeed has
been linked to transcytosis in epithelia [61], [62]. Of further interest, the tissue
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distribution of the ObR receptor is restricted, with a high expression at the BBB
endothelial cells, [63], while the receptor is occupied only after meals. These fea-
tures are of particular interest and merit further investigations as to the develop-
ment of the leptin – ObR system as a potential target site in brain delivery.

Thiamine

Thiamine or vitamine B1 is a water soluble nutrient with many physiological im-
plications. At the BBB, the expression of the thiamine transporter facilitates its
transport into the brain. The transport process has been investigated by Lock-
man [64]. Thus [3H]thiamine was exposed on the surface of, solid nanoparticles
(67 ± 8.2 nm, prepared from oil-in-water microemulsion) via incorporation of a
DSPE anchor [64]. Detailed kinetic profiling of the thiamine-tagged nanopartic-
less, after in situ rat brain perfusion, revealed a passive brain permeation of
the particles, following an association with the BBB thiamine carrier. However,
after systemic injection, the brain targeting specificity of thiamine-tagged nano-
particles is lost. Likely, similar to other targeting vectors, thiamine-coated nano-
particles might compete for binding sites with endogenous thiamine or associate
with thiamine transporters, localized at other tissues. In summary, the current
status and insight concerning the efficiency of transport across and expression of
the thiamine receptor on endothelial cells, does not seem to justify high expecta-
tions concerning its exploitation as a suitable target for brain-directed delivery of
drugs.

Glutathione

Glutathione, a natural anti-oxidant, is found at high levels in the brain, and its
receptor is abundantly expressed at the blood-brain barrier. Hence, liposomes
coated with glutathione-conjugated PEG (G- Technology R©) proved to mediate
safe targeting and enhanced delivery of drugs to the brain [65]. Currently, clin-
ical trials with patients with brain metastasis, originating from breast cancer, are
ongoing with the lead product 2B3-101, which is doxorubicin formulated with
the same technology.

Synthetic Opioid peptides

Enkephalins are neuroactive peptides, that are transported bidirectionally across
the BBB in a saturable and nonsaturable mode. The saturable mode likely arises
from a specialized Peptide Transport System(s) (PTS; [66]). However, PTS1 oper-
ates in a brain-to-blood direction and is responsible for the efficient clearance of
enkephalins from the brain [67]. The opposite transport - brain influx - of enkeph-
alins, although documented after in situ perfussion [68], is not enough to account
for therapeutically meaningful amounts for systemic use [69]. Lipidation [70]
or glycosylation compensates for the negative net influx, as demonstrated with
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peripherally administered glycoenkephalins, that show antinociceptive activity
comparable to that of morphine [71]. An effect that was correlated to glycoen-
kephalins enhanced blood-to-brain transport across the BBB and bioavailability.
Later, the nature of brain influx of glyconeuropeptides was attributed to their
amphipathic structure and absorptive endocytosis was proposed as main entry
in the BBB endothelium [72]. Based on these findings and in an attempt to sim-
ulate similar transport mechanism across the BBB, short 7 amino acids peptide
sequence was proposed to serve the need for brain delivery vector [73]. The pep-
tide, derived from the synthetic opioid peptide MMP-2200, which is an enkeph-
alin analog, was deprived from “unnecessary” pharmacological activity and glyc-
osylated at the C-terminal serine with sugar residues (D-glucose, D-galactose,
D-xylose or D-lactose). Copolymer nanoparticles (200 nm) poly (D, L-lactide-co-
glycolide) (PLGA), assembled from peptide-modified PLGA copolymer, were ad-
ministered with in situ perfusion. Confocal images of brain slices, obtained after
the perfusion, showed localization of the NPs in the cerebral parenchyma for the
glucose, galactose and the lactose variants, with obvious higher accumulation of
the glucose variant. Further, NPs with the glucose functionalized peptide were
shown to accumulate in the brain tissue, also after systemic administration. Proof
of principle for therapeutic activity was obtained in a study from [74] and [75].
PLGA-nanoparticles, functionalized with the same glucose-bound peptide, were
loaded with the model drug loperamide. Indirect conclusion for the highly effect-
ive transport of nanoparticles across the BBB was inferred from the intensity of
the pharmacological effect produced by loperamide, corresponding to ≈ 13 % of
the injected dose, when compared to free drug injected intracerebroventricularly.
Total brain biodistribution additionally confirmed this remarkable result account-
ing for ≈ 15 % Rhodamine-123 of the injected dose, released from fluorescent
NPs transported to the brain. The macropinocytosis-like mechanism, dependent
on the Biousian structure of the peptide, is likely the mechanism by which these
NPs translocate across the BBB [76]. Interestingly, the authors observed biphasic
brain distribution.

RVG peptide

Rabies virus is a pathogen with high neurotropism in vivo. The rabies virus gly-
coprotein (RVG) specifically interacts with the N-acetylcholine receptor on the
neuronal membranes to mediate virus entry. A modified RVG peptide with 9
arginine residues that binds siRNA, was designed as a vector for transvascular
delivery [77]. After intravenous injection into mice, the FITC-labeled siRNA, at-
tached to the RVG-9R targeting entity, was detected in brain slices, but not in
spleen or liver cells. Functionality was demonstrated with anti-GFP siRNA, fol-
lowing intravenous injection. This construct silenced the GFP brain expression
in transgenic mice, with no significant effect on the GFP levels in spleen and
liver. The therapeutic potential was further explored in mice with fatal flaviviral
encephalitis. RVG-9R-bound to antiviral siRNA rescued 80 % of the infected
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animals. The acetylcholine receptor (AchR) is highly abundant in the CNS, in-
cluding brain capillary endothelial cells. Binding of RVG to the alfa7 subunit of
AchR likely promotes receptor-mediated transcytosis of RVG-9R-siRNA in brain
microvessels. Hence, this vector emerges as a very promising tool when acet-
ylcholinergic neurons are the desired target, as in the case of most senile demen-
tias. However, siRNA-RVG-9R elicites IL-6 mediated immune responce. This
effect was neutralized with exosomes, produced by self-derived dendritic cells
[78], engineered to express Lamp2b, an exosomal membrane protein, fused to
the RVG peptide, loaded with siRNA. The therapeutic potential of exosome-me-
diated siRNA delivery was demonstrated by the significant decrease in mRNA
(60 %) levels and protein (62 %) knockdown of BACE1, a therapeutic target in
Alzheimer’s disease, in wild-type mice [78].

Tetanus toxin receptor

Retrograde transport from distal peripheral axonal projections to the cell body,
and transsynaptic spreading is a remarkable route used by the tetanus toxin
(TeNT) to invade the CNS. Like other bacterial toxins, TeNT has two distinct
functional peptide fragments. The C terminal heavy chain fragment (TTC) is
nontoxic, and piggybacks the light chain, which expresses pathogenic enzymatic
properties. TTC per se displays a high affinity for GT1b, the receptor for TeNT,
and is also efficiently transported along the axons [79]. Indeed, targeting of fu-
sion proteins containing the TTC fragment is readily accomplished. Thus after
intramuscular injection of superoxide dismutase SOD-TTC [80] or β-gal-TTC fu-
sion proteins [81] into the mouse tongue, the hybrid proteins followed the TTC
retrograde route and were detected in higher order brain motor neurons. Fur-
thermore, also intraperitoneal injection of TTC protein hybrids into mice resulted
in an enhanced CNS uptake [82]. Inspired by these observations, TTC has also
been coupled to (D, L-lactide-co-glycolide) PLGA-PEG nanoparticles (size of ap-
prox. 250 nm) in order to accomplish the targeted nanoparticles to reach the brain
parenchyma via the same transport pathway as the TTC fusion proteins [83]. As
determined by flow cytometry a six-fold increase in binding of TTC-tagged nan-
oparticles was observed when binding to N18-RE-105 neuroblastoma cells was
compared to that of Hep G2 liver cells, thus reflecting the neuronal tropism of
TTC. Whether these nanoparticles might reach with a similar effectiveness the
CNS after systemic administration, remains to be determined. Retrograde axonal
transport of virus particles, which are similar in size as the applied nanoparticles
is well documented [84]; it is therefore likely that TTC-nanoparticle transport
may occur in a similar manner. Thus, TTC emerges as a highly potent vector in
brain delivery. However, its immunogenicity remains a serious concern, due to
mass vaccination. A potential solution to this problem has been provided by a
phage library approach, biopanned on GT1b [85] in search of peptides display-
ing a binding efficiency and subsequent cellular processing, analogous to that of
TTC. The identified peptide Tet1 fulfilled the required criteria. Importantly, Tet1
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is similarly transported in a retrograde mode [86]. It will thus be of major in-
terest to verify whether Tet1 will be an efficient vector for nanoparticles in brain
delivery.

Diphteria toxin receptor

The non-toxic analog of the diphteria toxin (DT), CRM197, might be advantage-
ous as carrier system as its receptor HB-EGF (membrane-bound precursor of hep-
arin-binding epidermal growth factor) is specifically expressed on the BBB en-
dothelium, neurons and glia, while the expression is upregulated in disease-re-
lated conditions. Furthermore, the receptor lacks endogenous ligands. HRP-con-
jugates to CRM197, Tf or BSA were compared as targeting vectors in an in vitro
co-culture of bovine BCEC with rat astrocytes [87]. CRM197 promoted the trans-
location of HRP at 37 ◦C, whereas the process was blocked at 4 ◦C, suggesting
an energy-dependent and presumably receptor-mediated uptake and transport.
Histological examinations of saline perfused guinea pigs brains, after bolus in-
jection of DT-HRP or Tf-HRP, suggests a preferential extravasation and accumu-
lation of the DT-conjugated molecule in the brain. Whether the CRM197 vector
is able to trigger effective transcytosis, i.e., as effective as it toxic counterpart DT,
remains to be determined.

Tat

As short-length cationic peptides, cell penetrating peptides (CPPs) are able to
transduce cargo across membranes. Through non-specific electrostatic interac-
tions CPPs adsorb strongly to the negatively charged cell surface [88]. Although
the mechanism of CPPs translocation is still debated, with formation of transient
pores or inverted micelles, the conjugation of CPPs to cargo is thought to promote
the rate and extent of cellular uptake. As an example of a CPP, the TAT (trans-
duction domain of human immunodeficiency virus type-1 (HIV-1)) has been ex-
tensively studied. After intra-peritoneal injection, the TAT peptide considerably
increases the ubiquitous tissue penetration of a TAT-β-galactosidase conjugate
beyond the capillaries, including the brain [89]. Based on these observation CPPs
have been suggested to potentially act as vectors for enhanced brain delivery
[90]. The suggestion was further investigated in a study with TAT-functionalized
quantum dots (Qdots) for brain imaging. After intracarotid artery application
the Qdots signal is detected in the brain parenchyma, although a very high ac-
cumulation of the particles was seen in arteries [91]. In contrast, in an in vitro
study using a similar approach of the peptide being linked to the cargo, GFP-
TAT conjugates were shown to transmigrate through an intact endothelial mono-
layer, but to an extent very similar as observed for GFP alone [92]. These res-
ults thus questioned the role of TAT in mediating enhanced transport across the
BBB. However, there appears to be no consensus as other data have suggested
that the TAT peptide is of interest for nanoparticle-mediated drug delivery. In
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a study in which TAT-conjugated poly (L-lactide) nanoparticles were employed,
loaded with the protease inhibitor ritonavir, prolonged sustained release of the
drug in brain parenchyma was reported. [93]. However, both TAT-conjugated
nanoparticles and those devoid of TAT localized abundantly in the ventricles.
Accordingly, it is also possible that penetration of released ritonavir may have
occurred via cerebrospinal fluid into the brain, rather than via direct delivery in-
volving nanoparticle transport across the BBB. In another study, self-assembled
micelles prepared from TAT-PEG-b-cholesterol, labeled with QDots, were detec-
ted 4 hours after i. v. injection in rat hippocampus [94]. Whether the TAT-PEG-b-
cholesterol micelles are in endothelial cells or brain cells is difficult to determine
as specific labeling was not shown. Indeed, our own data provide evidence for
TAT-mediated dramatic increase of total cell association of TAT-polymersomes to
hCMEC/D3 BBB cells, in agreement with the afore mentioned studies (Fig. 3).
The effect, however, did not correlate with increased transcytosis rate across BBB
endothelium in vitro. Thus arguing the potential of TAT as vector for nanopar-
ticulate brain delivery. Additionally, enhanced ubiquitous tissue accumulation
of the cargo-ligand unit remains essential obstacle of CPPs usability, as thus far
organ specificity was not demonstrated.

Figure 3: Internalization and transcytosis of functionalized polymeric nano-
particles. TAT peptide and transferrin were covalently attached to polymersomes and
incubated for 18 hours at 37 ◦C with polarized filter-grown endothelial hCMEC/D3 cells,
a convenient in vitro model for the BBB [95]. After extensive washing to remove non-
bound particles, the cells were examined by fluorescence microscopy to visualize the intra-
cellular distribution (a) of TAT-, Transferrin- and non-coated polymersomes, as indicated
(Scale bar, 20 µm). Alternatively (b), after 18 hours of incubation at 37 ◦C the fractions
of polymersomes in the apical and basolateral medium were measured and the fraction
of polymersomes that were transported by transcytosis across the endothelial cells calcu-
lated.

Concluding notes

Here we discussed the rationale behind the utilization of specific receptor-ligand
pairs, together with their pros and cons for brain drug delivery. A growing num-
ber of studies on brain drug delivery follows the Trojan horse strategy, in which a
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receptor ferries a drug (carrier), masked with a ligand, across the BBB. While dir-
ect comparison of the afore listed studies is precluded by the different approaches
used to assess the therapeutic outcome, a few vectors are clearly emerging as
the “new generation” of successful targetors. The glutathione technology, de-
veloped for nanoparticles delivery and the ANG1005 for direct drug-ligand de-
livery are already in clinical evaluation for treatment of brain tumors. Apart,
the tetanus toxin (TTC) and/or its functional competitor Tet1 and the RVG-9R
peptide warrant special attention as they are very efficient vectors for drug de-
livery from the systemic circulation into the brain. These vectors have natural
neurotropism with specificity towards certain neuron subpopulations. Tet1 was
developed to target motor neurons and address unmet needs in the treatment
of amyotrophic lateral sclerosis. Similarly, targeting of acetylcholinergic neurons
with RVG-9R- acetylcholinesterase inhibitors in particular, would allow for op-
timal dosage and hence reduced adverse effects in the symptomatic treatment
of age-related memory impairments or any neuropathology with disturbed acet-
ylcholine neuromediation.
Targeting to different receptors will most likely lead to preferential drug accumu-
lation in different regions of the brain. Gathering more insights into the nature of
the transcellular transport pathways, combined with identifying novel BBB-spe-
cific receptors and ligands paves the way for the development of drug (carrier)s
effective in crossing the blood-brain barrier.
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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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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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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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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-
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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.
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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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Abstract

A polarized layer of endothelial cells that comprises the blood–brain barrier
(BBB) precludes access of systemically administered medicines to brain tissue.
Consequently, there is a need for drug delivery vehicles that mediate transen-
dothelial transport of such medicines. Endothelial cells use a variety of endocyt-
otic pathways for the internalization of exogenous materials, including clathrin/-
mediated endocytosis, caveolar endocytosis, and macropinocytosis. The different
modes of endocytosis result in the delivery of endocytosed material to distinct-
ive intracellular compartments and therewith correlated differential processing.
To obtain insight into the properties of drug delivery vehicles that direct their
intracellular processing in brain endothelial cells, we investigated the intracellu-
lar processing of fixed-size nanoparticles in an in vitro BBB model as a function
of distinct nanoparticle surface modifications. Caveolar endocytosis, adsorptive-
mediated endocytosis, and receptor-mediated endocytosis were promoted by the
use of uncoated 500-nm particles, attachment of the cationic polymer polyethyl-
eneimine (PEI), and attachment of prion proteins, respectively. We demonstrate
that surface modifications of nanoparticles, including charge and protein ligands,
affect their mode of internalization by brain endothelial cells and thereby their
subcellular fate and transcytotic potential.
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Introduction

The effectiveness of therapeutic compounds is often limited by the fact that fol-
lowing their systemic administration they do not reach their target site. This
holds, in particular, for treatment of brain-related diseases where drugs fail to
reach their target site, i.e. the brain, because brain tissue is protected from the
systemic circulation by the blood–brain barrier (BBB). The BBB is composed of
a layer of tightly connected endothelial cells, supported by astrocytic end feet.
Transport across the BBB is restricted to small lipophilic compounds and nutri-
ents that are carried by specialized transporters. In addition to membrane pas-
sage mediated by such specific transporters, endothelial cells, whose membrane
surface is polarized, exploit the process of transcytosis, i.e. endocytosis at the
apical (blood) side of the endothelium followed by exocytosis at the basolateral
(tissue) side, to deliver nutrients, such as cholesterol and iron, to the underlying
tissue. Although the application of nanoparticles for drug delivery could greatly
extend the variety of drugs that could potentially be translocated across the BBB,
a relevant issue to their rational design is how a cell distinguishes cargo from
simple endocytotic internalization for its own use, as compared to transcytosis
for use by the underlying tissue. The molecular mechanisms that underlie entry
into either of these pathways are largely unknown. It is reasonable to suggest
that the entry pathway itself is a decisive factor in diverting cargo/receptor-de-
pendent subcellular trafficking and thereby the cargo’s fate. Support comes from
a study on chimeric AB5 toxins in which the binding of the toxin to GD1a instead
of its natural receptor GM1 was shown to preclude its uptake via caveolae, while
the GD1a-mediated pathway resulted in inactivity of the toxin [1] However, the
association of receptors with certain entry modalities may vary between cell types
and species.
Transcytosis of macromolecules in endothelial cells is most likely mediated by ca-
veolae or caveolae-like membrane domains, i.e. rafts [2, 3, 4, 5] Inducing the up-
take of nanoparticles via raft-dependent endocytosis may therefore possibly lead
to their transcytosis. In addition, a cationic charge on the (macro) molecules pro-
motes their electrostatic interaction with the negatively charged cell surface, lead-
ing to an enhanced cellular uptake via adsorptive endocytosis, which seems to be
receptor independent. In brain vascular endothelial cells, evidence for a tight cor-
relation between the process of adsorptive endocytosis and transcytosis has been
demonstrated. Indeed, the covalent linkage of primary amine groups to the sur-
face of IgG molecules, thereby conveying cationic charge, has been shown to pro-
mote delivery across the BBB via adsorptive-mediated transcytosis [6]. Likewise,
cationization of albumin also increases its transport across the BBB [7]. Finally,
ligands of BBB receptors, showing a transcytotic capacity, have been described,
including low-density lipoprotein [8] and transferrin [9, 10] and molecules that
bind to these receptors may serve as drug delivery vehicles [11, 12, 13].
The aim of this study was to determine whether surface modifications of a nano-
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particle of a fixed size can target the nanoparticle to a specific endocytotic path-
way in human brain endothelial cells, i.e., caveolar endocytosis, adsorptive-me-
diated endocytosis, or receptor-mediated endocytosis, which may allow sub-
sequent transcytosis. Large size (i.e. 500 nm) nanoparticles were used for tar-
geting to a caveolae-mediated entry route, based on previous observations that
latex particles with a diameter ≥ 500 nm are internalized by nonphagocytic B16
cells through caveolae, whereas particles up to 200 nm in diameter are efficiently
taken up via clathrin-mediated endocytosis [14]. Nanoparticles carrying a net
cationic charge, accomplished by nanoparticle surface modification with poly-
ethyleneimine (PEI) were made for targeting to an adsorptive endocytotic route.
Finally, to target nanoparticles of 500 nm into a receptor-mediated endocytotic
route, the nanoparticles were decorated with a ligand, i.e., prion protein to in-
duce binding to a receptor, known to mediate transcytosis from the apical surface
of brain endothelial cells [15, 16] Our data reveal that specific surface modifica-
tion of a nanoparticle of a given size modifies its entry pathway and processing
in human BBB endothelial hCMEC/D3 cells, and thereby the transendothelial
transport potential.

Materials and methods

Nanoparticles

A 50 mg/ml water suspension of 500-nm silica matrix magnetic core-green
fluorescence (SiMAG/G) nanoparticles, functionalized either with hydroxyl, i.e.
SiMAG/G-Hydroxyl (noncoated particles) or PEI, i.e. SiMAG/G-PEI (PEI-coated
particles) were purchased from Chemicell (Berlin, Germany). Prion-coated nan-
oparticles were prepared by covalently coupling SiMAG/G-Hydroxyl with
human prion protein (23–230), obtained from Allprion (Schlieren, Switzerland),
at aseptic conditions according to manufacturer’s protocol. Briefly, 10 mg
SiMAG/G-Hydroxyl nanoparticles were washed once with 0.2 mol/l borate
buffer (pH 8.5) using a magnetic separator and resuspended in 0.25 ml borate
buffer. 0.1 ml of 5 mol/l CNBr in acetonitrile (Sigma Aldrich, St Louis, MO)
was added to activate the hydroxy-terminal groups of the SiMAG/G-Hydroxyl
nanoparticles. The reaction mixture was kept for 10 minutes in ice-cold water.
After washing twice with phosphate-buffered saline (pH 7.4), using a magnetic
separator, the nanoparticles were resuspended in 0.25 ml phosphate buffered
saline, and 50 µg prion protein, dissolved in water, was added to the suspension.
The coupling reaction was performed for 2 hours at room temperature. The
freshly prepared prion-coated nanoparticles were washed three times with
phosphate buffered saline and stored in phosphate-buffered saline (0.1 % bovine
serum albumin). Each prion-coated nanoparticle contained 0.83 nmol prion
molecules, as determined in a 50 µg/ml particle suspension using a standard bi-
cinchonic acid assay. The stability of the prion-coated nanoparticles was verified
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before use by measuring the release of prion protein at 280 nm using a NanoDrop
ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE) which
was typically negligible. Prion coating was also qualitatively confirmed by light
microscopical evaluation of particle coalescence triggered by the addition of
20 µg/µl SAF32 to 10 µg/ml particles suspension, whereas antibodies against
nonrelevant CD26 did not trigger particle coalescence (data not shown).
The size (hydrodynamic diameter) of the nanoparticles was measured in water
using a Malvern Zetasizer nano-S (Malvern Instruments, Worchestershire,
UK). Noncoated nanoparticles: 490.55 ± 0.21 nm, prion-coated nanoparticles:
738.25 ± 6.15 nm, PEI-coated nanoparticles: 539.65 ± 8.84 nm. The ζ potential
was determined in water using a NICOMP 380 ZLS particle sizer (Particle Sizing
Systems, Santa Barbara, CA). Noncoated particles: Z = - 26.33 mV; prion-coated
particles: Z = - 27.16 mV; PEI-coated particles Z = +27.95 mV.

hCMEC/D3 cell culture

Human cerebral microvessel endothelial hCMEC/D3 cells [17] were maintained
in 25 cm2 flasks precoated with 100 µg/ml rat tail collagen type-I (BD Biosciences,
Franklin Lakes, NJ) in endothelial basal medium-2 (EBM-2; Lonza Group, Basel,
Switzerland), supplemented with EGM-2-MV bullet kit (Lonza) containing
vascular endothelial growth factor, R3-insulin-like growth factor-1, human
epidermal growth factor, human fibroblast growth factor-basic, hydrocortisone,
and 2.5 % fetal bovine serum and 100 µg/ml penicillin/streptomycin. For dif-
ferentiation of the cells EBM-2 basal medium was supplemented with 1 µmol/l
dexamethasone (Sigma Aldrich) and 1 ng/ml bFGF (Invitrogen, Carlsbad, CA).
Cells were maintained at 37 ◦C under an atmosphere of 5% CO2.

Internalization of nanoparticles

A volume of 2 × 105 hCMEC/D3 cells were seeded onto glass coverslips,
precoated with 100 µg/ml collagen type-I, and grown to confluency. These
cells developed polarity, as evidenced by the polarized distribution of the
abluminal (basolateral) plasma membrane protein platelet endothelial cell
adhesion molecule, the tight junction-associated protein ZO-1 and the luminal
(apical) plasma membrane protein multidrug resistance protein-1, which is
dependent on the presence of functional tight junctions (Fig. 2). Cells were
washed with EBM-2 and incubated in EBM-2 at 37 ◦C for 30 minutes. When
indicated, inhibitors of endocytotic pathways [chloropromazine (5 µg/ml;
Sigma Aldrich), filipin III (1 µg/ml; Sigma Aldrich), okadaic acid (150 nmol/l;
Calbiochem, Gibbstown, NJ), dimethylamiloride (40 µmol/l; Sigma Aldrich),
genistein (30 µg/ml; Sigma Aldrich)] were added during this step to preincubate
the cells. Cells were then incubated with noncoated, PEI-coated or prion-coated
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nanoparticles, diluted in EBM-2 to a final concentration of 10 µg/ml, at 4 ◦C for
30 minutes (pulse-chase experiments), followed by a subsequent incubation at
37 ◦C for the indicated time intervals. Alternatively, cells were incubated with
the nanoparticles directly at 37 ◦C for the indicated time intervals. When cells
had been pretreated with inhibitors, these were kept present in all subsequent
incubation steps. After extensive washing with ice-cold Hank’s buffered salt
solution to remove surface-bound nanoparticles, the cells were fixed with 2.4 %
paraformaldehyde (100 mmol/l sodium cacodylate, 100 mmol/l sucrose) and
processed for immunofluorescence microscopy. The efficiency of the washing
procedure was determined by performing the incubation with particles at 4 ◦C,
which prevents their internalization. In this case, no cell-associated nanoparticles
were detected.

Immunofluorescent labeling and image analysis

Fixed cells were permeabilized with 0.2 % Triton X-100 at room temperature
for 2 minutes. Caveolin-1 and clathrin immunolabeling was performed after
methanol fixation for 5 minutes at -20 ◦C. Rabbit polyclonal anti-caveolin and
mouse monoclonal directed against rat clathrin heavy chain were from BD
Biosciences Pharmingen (Franklin Lakes, NJ), rabbit polyclonal anti-EEA-1 and
rabbit polyclonal anti-Rab11a were from Abcam (Cambridge, MA) and Zymed
Labs (San Francisco, CA), respectively, and mouse anti-rabankyrin-5 was a kind
gift from Marino Zerial (Max Planck Institute of Cell Biology and Genetics,
Dresden, Germany). Double labeling was performed by sequential incubation of
the primary antibodies. Immunostaining with mouse monoclonal anti-LAMP1
H4A3 (Developmental Hybridoma Bank, University of Iowa) was performed
after nanoparticles had been incubated with cells for 18 hours. In parallel, cells
were incubated with Lysotracker Red DND-99 (Invitrogen) for 45 minutes, to
visualize acidic compartments. The coverslips were mounted onto microscopic
slides with Faramount aqueous mounting medium (Dako, Glostrup, Denmark).
Images were acquired by confocal microscopy [Leica TCS SP-2 (Accusto-optical
beam splitter)]. Although the nanoparticles were labeled by the supplier with a
fluorescent dye (excitation 502 nm, emission 525 nm), we were unable to detect
any fluorescence. Therefore, all the particles were detected by their reflection
signal, obtained by excitation at 514 nm and collecting emission at the same
wave length. Further image processing was with ImageJ software (National
Institutes of Health, http://rsb.info.nih.gov/ij). After background correction,
the colocalization analysis was performed according to the auto-thresholding
method described in [18]. The colocalization data are presented as number of
colocalizing pixels, between particles and the protein of interest, divided by the
total number of particles pixels, and expressed as percentage. The experiment
was performed at least two times in duplicate. From each sample at least five
random fields were analyzed.
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Electron microscopy

hCMEC/D3 cells were grown in 12-wells plates, precoated with collagen type-I.
To the confluent monolayer, 10 µg/ml nanoparticles were added and incubated
for 90 minutes. Subsequently, cells were washed with Hank’s buffered salt solu-
tion and fixed in 2 % paraformaldehyde plus 0.2 % glutaraldehyde buffered with
100 mmol/l sodium cacodylate for 2 hours on ice. Samples were incubated with
rabbit anti-caveolin-1 and mouse anti-clathrin heavy chain for 90 minutes at room
temperature and with secondary antibodies, conjugated with 15- and 5-nm gold,
overnight at 4 ◦C. Postfixation with 2 % osmium tetroxide was for 30 minutes
at 4 ◦C. Gradual dehydration was performed with increasing ethanol concentra-
tions from 30 to 100 %. The samples were embedded in EPON, and ultrathin sec-
tions were made and contrasted with uranyl acetate and lead citrate, according
to routine procedures. Samples were examined with a Philips CM 100 electron
microscope operated at 80 kV.

Transcytosis assay

A volume of 2 × 105 cells/cm2 were seeded onto Transwell filters with a pore
size of 3 µm (Corning, Corning, NY), and coated with collagen type-I. Media
were changed three times a week and the transepithelial electrical resistance
value was measured using a Millicell-ERS (Millipore, Billerica, MA). When
hCMEC/D3 monolayers reached a transendothelial electrical resistance value of
≈50 ω/cm2 (after 14-15 days), the experiments were performed. Nanoparticles
(10 µg/ml), diluted in EBM-2 media, were added to the apical compartment and
incubated for 18 hours at 37 ◦C. The media in the apical and basal compartment
were collected and the filter membrane was cut from the support and soaked
in water. 1.5 ml of 65 % nitric acid (Acros Organics, Liège Area, Belgium) was
added to the samples overnight to oxidize the iron. The volume of the samples
was adjusted to 5 ml with ultra pure water. The total amount of iron in the three
compartments, i.e. apical, basal and the filter with cells, was quantified using
inductively coupled plasma resonance mass spectrometry.

Results

Nanoparticles with distinct surface modifications interact differ-
ently with the surface of human brain endothelial cells

It is plausible that nanoparticles with modified surface characteristics interact dif-
ferently with the cell surface. Therefore, we investigated the interaction of the dif-
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ferent surface-modified nanoparticles with the plasma membrane of human BBB
endothelial hCMEC/D3 cells at the ultrastructural level by transmission electron
microscopy. Noncoated beads (NBs) were predominantly observed near electron-
dense regions of the plasma membrane (Fig. 1a, arrowheads). In addition, NBs
were frequently found to be surrounded by smooth plasma membrane protru-
sions (Fig. 1b). Most PEI-coated beads (PEIBs) were also found to be engulfed by
plasma membrane protrusions (Fig. 1d).

Figure 1: Uptake of nanoparticles by hCMEC/D3 cells. hCMEC/D3 cells were incub-
ated with NBs, PrPBs, and PEIBs, and investigated with electron microscopy. (a) NBs
are found interacting with electron-dense plasma membrane (arrowheads) or (b) within
cellular extensions. (c) PrPBs show binding to less pronounced electron-dense regions at
the plasma membrane (arrows). (d) Cellular protrusions embrace PEIBs. Structures re-
sembling clathrin-coated pits are indicated with white arrowheads. NB, noncoated bead;
PEIB, polyethyleneimine/coated bead; PrPB, prion-coated bead.

However, in striking contrast to the smooth protrusions surrounding NBs
(Fig. 1b), plasma membrane surrounding PEIBs typically contained electron-
dense regions (Fig. 1d, arrowheads). In contrast to NBs and PEIBs, engulfment
of prion-coated beads (PrPBs) was never observed. Instead, PrPBs were primar-
ily observed at surface domains marked by a relatively thin electron-dense coat
(Fig. 1c, arrows, compare to Fig. 1a), which showed only minor indentation.
These data demonstrate that surface modification of 500-nm beads influences
their interaction with the plasma membrane of hCMEC/D3 cells. Because elec-
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tron-dense plasma membrane regions and protrusions are typically involved in
(distinct routes of) internalization [19], [20], [21] we next investigated the effect of
metabolic inhibitors of endocytosis on the uptake of the different surface-modi-
fied particles.

Nanoparticles with distinct surface modifications respond differ-
entially to metabolic inhibitors of distinct endocytotic pathways

To obtain support that NBs, PrPBs, and PEIBs are internalized via distinct en-
docytotic pathways, we investigated their response to a variety of metabolic in-
hibitors that are well-known to preferentially perturb clathrin-mediated endo-
cytsosis, raft/caveolae-mediated endocytosis, and macropinocytosis. Polarized
hCMEC/D3 cells (Fig. 2) were treated with filipin III (1 µg/ml), okadaic acid (150
mmol/l), genistein (30 µg/ml), dimethylamiloride (40 µmol/l), chlorpromazine
(5 µg/ml) at 37 ◦C for 30 minutes.

Figure 2: Polarized distribution of PECAM, ZO-1 and MRP-1 in hCMEC/D3 cells. Cells
were immunofluorescently labeled with antibodies raised against the abluminal (basolateral) plasma
membrane protein PECAM, the tight junction-associated protein ZO-1 and the luminal (apical)
plasma membrane protein MRP-1. The plasma membrane distribution of these proteins was ex-
amined with laser scanning confocal microscopy. Confocal slices were collected from the bottom of
the cells (basolateral side) to the top of the cells (apical side), and the images were analyzed with
ImageJ following deconvolution using Huygens Pro software. (a) Fluorescent microscopy images
show the relative expression of PECAM, ZO-1 and MRP-1 from the basolateral (left) to the apical
(right) side of the cells. Note that PECAM, but not ZO-1 and MRP-1, is detected at the basal
side of the cells and diminishes in apical direction. By contrast, the expression of ZO-1 and MRP1
increase towards the apical side where PECAM is no longer detected. (b) X-z (side view) projec-
tion of the confocal stack. PECAM, ZO-1 and MRP-1 are pseudocolored in blue, red and green,
respectively. (c) Mean fluorescence intensity distribution of PECAM (blue line), ZO-1 (red line)
and MRP-1 (green line) in all confocal slices. Note that, fully consistent with the images depicted
in panel a, the peak of the mean fluorescence intensity of PECAM is segregated to the basolateral
side when compared to those of ZO-1 and MRP-1, while the peak of the mean fluorescent intensity
of MRP-1 is slightly segregated to the apical side when compared to that of ZO-1. (d, e) Disruption
of tight junctions with EGTA perturbs the polarized distribution of PECAM, ZO-1 and MRP1 in
hCMEC/D3 cells. Compare to panels b-c. Bars. a, d: 10 µm; b: 2 µm.
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Filipin III, okadaic acid, and genistein have been reported to inhibit raft/-
caveolae-mediated endocytosis, while minimally affecting clathrin-mediated
endocytosis or macropinocytosis [22, 23, 24]. Importantly, we confirmed that
also in hCMEC/D3 cells these compounds significantly inhibited the uptake of
fluorescein isothiocyanatecaveolin-labeled cholera toxin B, a marker for raft/-
caveolae-mediated endocytosis [25], whereas the uptake of transferrin (marker
for clathrin-mediated endocytosis [26]) and fluorescein isothiocyanate-labeled
dextran (marker for macro pinocytosis [27]) was not affected (Table 1).Chlor-
promazine and dimethylamiloride are well known for their inhibitory effect
on clathrin-mediated endocytosis and macropinocytosis, respectively [28].
Indeed, also in hCMEC/D3 cells, the uptake of transferrin and fluorescein
isothiocyanate-dextran was preferentially inhibited by chlorpromazine and
dimethylamiloride. In agreement with reports in other cell types, the uptake of
fluorescein isothiocyanate-dextran in hCMEC/D3 cells was most dramatically
inhibited by dimethylamiloride (Table 1).

Transferrin Cholera Toxin B Dextran

control 23, 14± 5, 07 37, 85± 9, 38 22, 53± 6, 90
Chlorpromazine 5 µg/ml 16, 99± 1, 57 57, 07± 16, 17 11, 51± 3, 96

Filipin 1 µg/ml 21, 95± 7, 16 19, 87± 2, 59 15, 94± 3, 93
Okadaic acid 150 nM 28, 67± 1, 29 9, 41± 1, 97 14, 12± 1, 27

Dimethylamiloride 40 µM 23, 46± 0, 90 25, 27± 1, 57 1, 47± 0, 50
Genistein 30 µg/ml 25, 77± 1, 26 5, 82± 1, 52 17, 80± 2, 24

Table 1: The effect of metabolic inhibitors of endocytosis on the internalization
of reference substances. The endothelial cells were preincubated with the metabolic
inhibitors, at the concentrations shown in the table, for 30 min. Subsequently, FITC
conjugated-cholera toxin B (CTB-FITC) and FITC conjugated-Dextran were added for
90 min. Transferrin-Alexa Fluor 568 (Tnf-AF568) was added 5 min. before fixation of
the cells. The cells were washed with cold HBSS, fixed and the fluorescence signal was
analyzed.

Having confirmed the differential inhibition of distinct endocytotic pathways by
these compounds in hCMEC/D3 cells, we next incubated the pretreated cells
with NBs, PrPBs, or PEIBs at 37 ◦C for 90 minutes, which allows for the endo-
cytosis of a significant fraction of applied nanoparticles. Noninternalized nano-
particles were washed, cells were fixed, and internalization of the nanoparticles
was determined as described in Materials and Methods. As shown in Fig. 3, the
internalization of NBs was most effectively inhibited (78.3± 10.3 %) by genistein.
In addition, filipin III, okadaic acid, chlorpromazine, and dimethylamiloride in
part inhibited the uptake of NBs with 50.5±0.4, 25±1.4, 50.5±10.8 and 39.5±3 %,
respectively. These data suggest that NBs may be internalized via multiple endo-
cytotic pathways, but with a preference for a genistein-sensitive pathway. The
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Figure 3: Effect of metabolic inhibitors of endocytosis on the uptake of nano-
particles. hCMEC/D3 cells were treated with filipin III (FIII; 1 µg/ml), genistein (Gen;
30 µg/ml), dimethylamiloride (DMA; 40 µmol/l), chlorpromazine (CPZ; 5 µg/ml), and
okadaic acid (OA; 150 nmol/l) for 30 minutes. Nanoparticles were added and incubated
for 1 hour 30 minutes. After extensive washing, the cells were fixed and analyzed with
confocal microscopy. Five randomly selected fields of each experimental condition of two
independent experiments were scanned and the number of detected nanoparticles was
quantified with ImageJ (National Institutes of Health). Results are presented as percent-
age of the total input (mean ± SEM, n = 2). CTRL, control; NB, noncoated bead; PEIB,
polyethyleneimine-coated bead; PrPB, prion-coated bead.

uptake of PrPBs was highly sensitive to treatment with filipin III, genistein, and
okadaic acid (79.8 ± 3.1, 80.4 ± 6.3 and 52.1 ± 8.9 % inhibition, respectively). In
addition, uptake of PrPBs was partly inhibited by chlorpromazine (42.4± 3.7 %)
and minimally inhibited by dimethylamiloride (12.3±1.7 %). These data suggest
that the uptake of PrPBs is primarily sensitive to inhibitors of caveolae/raft-me-
diated endocytosis. The uptake of PEIBs was inhibited by genistein (68.6±8.7 %)
and dimethylamiloride (24.9±9.5 %), whereas filipin III, okadaic acid, and chlor-
promazine were without effect. Taken together, these data clearly demonstrate
that the uptake of NBs, PrPBs, and PEIBs is differentially inhibited by these com-
pounds, and therefore suggest that NBs, PrPBs, and PEIBs are endocytosed via
distinct pathways.
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Endocytosed nanoparticles with distinct surface modifications
move through different endocytotic compartments in brain en-
dothelial cells

In order to further investigate the endocytotic pathway and fate of NBs, PrPBs,
and PEIBs, we determined their colocalization with proteins known to mark dis-
tinct endocytotic pathways and/or compartments as a function of time (Fig. 4).
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Figure 4: Colocalization of nanoparticles with rabankyrin-5, EEA-1, caveolin-1,
clathrin, rab11, and Lamp-1. hCMEC/D3 endothelial cells were incubated with nano-
particles for 30 minutes at 4 ◦C. Subsequently, cells were incubated for (a-c) 30 minutes,
(d, e) 60 minutes, (f) 90 minutes, and (g) 18 hours at 37 ◦C to allow particle internal-
ization. (a) NBs and PrPBs do not colocalize with rabankyrin-5. A significant fraction
of PEIBs is located in rabankyrin-5-positive vesicles. (b) NBs do not show significant
colocalization with the early endosomal marker EEA-1, while 33 % of the PrPBs show
colocalization with EEA-1. Fifty-five percent of the PEIBs colocalize with EEA-1. (c)
NBs and PrPBs show a similar extent of colocalization with caveolin-1, around 20 %,
and clathrin, < 5 %. In contrast, PEIBs colocalize extensively with clathrin. (d) The pro-
file of colocalization of nanoparticles with the markers caveolin and clathrin at 60 minutes
is comparable to that at earlier time points. (e) NBs and PrPBs lack rab11-colocalization.
Around 30 % of PEIBs reach a rab11-positive compartment after 60 minutes of intern-
alization. (f) NBs are not identified within caveolin- or clathrin-positive compartments.
PrPBs show an increase in colocalization with caveolin and clathrin in time. PEIBs con-
tinually colocalize with clathrin. (g) After 18 hours of incubation of hCMEC/D3 cells
with nanoparticles, NBs and PEIBs sporadically colocalize with Lamp-1, whereas PrPBs
are not detected in Lamp-1-positives vesicles. Cav, caveolin; clath, clathrin; EEA-1, early
endosomal antigen-1; NB, noncoated bead; PEIB, polyethyleneimine-coated bead; PrPB,
prion-coated bead.

First, we determined colocalization of the particles with rabankyrin-5, a rab5-ef-
fector that has been implicated to play a role in macropinocytosis [29] Following
an incubation at 37 ◦C for 30 minutes, very little (< 3 %) colocalization between
NBs or PrPBs with rabankyrin-5 was found whereas, by contrast, 43.6 ± 17 %
of the PEIBs were found to colocalize with rabankyrin-5 (Fig. 4a). NBs also did
not significantly (4.8 ± 8.3 %) colocalize with early endosomal antigen (EEA)-1,
a protein that marks early sorting endosomes. In contrast, PrPBs and PEIBs did
show significant colocalization with EEA-1 (33.6 ± 2.4 and 55.1 ± 15.4 %, respect-
ively, Fig. 4b). Both NBs and PrPBs colocalized with caveolin-1 (23.7 ± 0.3 and
18.6 ± 1.48 %, respectively) but not with clathrin (< 5 %) after a 30-minute in-
cubation. In contrast, PEIBs showed only little (5.7 ± 1.7 %) colocalization with
caveolin (Fig. 4c), but substantially colocalized with clathrin (49.8 ± 5.3 %). After
a 60-minute incubation, NBs and PrPBs still colocalized with caveolin-1 (24.7 ±

4.9 and 16.8 ± 0.8 %, respectively) and negligible colocalization with clathrin was
observed (Fig. 4d). PEIBs showed little (5.3 ± 1.6 %) colocalization with cave-
olin-1 but extensively colocalized with clathrin (45.5 ± 5.7 %). At this time point,
colocalization with rab11a (Fig. 4e), a marker of recycling endosomes, was ob-
served for PEIBs (29.6 ± 11.1 %), but not NBs (1.8 ± 2.6 %) and PrPBs (0 %). After
a 90-minute incubation, the colocalization of NBs with caveolin-1 decreased to
< 5 % (Fig. 4f). By contrast, PrPBs showed an increasing colocalization with both
caveolin-1 (47.8 ± 6.1 %) and clathrin (25.6 ± 1 %). PEIBs showed little (< 5 %)
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colocalization with caveolin-1 but extensively colocalized with clathrin (58.1 ±

3.6 %), similar to that observed after 30- and 60-minute incubation. After a pro-
longed, 18 hours incubation, 24.9 ± 6.3 and 14.3 ± 4.5 % of the NB and PEIBs,
respectively, colocalized with Lamp-1 (Fig. 4g) and lysotracker (data not shown),
which are markers of the more acidic late endosomes and lysosomes. In contrast,
only 5.5 ± 1.5 % of PrPBs colocalized with Lamp-1 at this time point. In summary,
NBs followed an endocytotic pathway that is, in part, transiently marked by the
presence of caveolin-1, but not clathrin, EEA-1 or rabankyrin-5, and led to late
endosomes and/or lysosomes. PrPBs followed an endocytotic pathway that is in
part marked by EEA-1 and increasingly marked by caveolin-1, but not clathrin
or rabankyrin-5, and avoided late endosomes and/or lysosomes. PEIBs followed
an endocytotic pathway that is substantially marked by rabankyrin-5, EEA-1, and
rab11a, but to a much lesser extent caveolin-1 and, in part, led to late endosomes
and/or lysosomes. These data clearly demonstrate that human endothelial cells
differentially internalize and process NBs, PrPBs, and PEIBs.

Endocytosed nanoparticles with different surface modifications
are delivered to morphologically distinct intracellular compart-
ments in brain endothelial cells

We next examined the identity of the intracellular compartment to which the
particles were delivered following 90-minutes incubation at the ultrastructural
level by transmission electron microscopy (Fig. 5). NBs were detected in large
vacuoles containing numerous small (50–100 nm diameter) internal vesicles, re-
sembling multivesicular bodies (MVBs; Fig. 5a). In addition, NBs were found in
multilamellar bodies (Fig. 5b). MVBs are typically associated with the degradat-
ive pathway. In contrast to NBs, PrPBs were exclusively detected in large vesicu-
lar structures that contained multiple electron-dense buds (Fig. 5c), reminiscent
of clathrin buds. Indeed, ultrastructural analysis by immunoelectron microscopy
demonstrated that the PrPBs-containing structures were positive for clathrin, as
well as caveolin-1 (Fig. 6), which is consistent with the immunofluorescence
confocal laser scanning microscopy data (Fig. 4f). The combined presence of ca-
veolin-1 and clathrin is suggestive for a localization of the PrPB in early/sorting
endosomes. Of interest, PrPBs were occasionally observed in these coated buds
(Fig. 5c, arrowheads). PEIBs were found mainly in large vacuoles (Fig. 5d) and
an electron-dense region was occasionally observed near the entrapped particles.
Given the extensive colocalization of PEIBs with clathrin (Fig. 5f), these elec-
tron-dense regions likely represent clathrin-coated domains. The observed loc-
alization of NBs, PrPBs, and PEIBs in intracellular compartments with distinct
ultrastructural characteristics, in agreement with the colocalization experiments
(Fig. 4c, d, f), indicates that surface properties of nanoparticles critically affect
their mode of endocytosis and processing by hCMEC/D3 cells.
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Figure 5: NBs, PrPBs, and PEIBs localize in morphologically distinct intracel-
lular vesicles. hCMEC/D3 cells were incubated with nanoparticles for 1 hour and 30
minutes. (a, b) NBs were found in vacuoles resembling multivesicular bodies (MVBs)
and in multilamellar bodies. (c) PrPBs were primarily localized within vesicular struc-
tures. Note the presence of clathrin-coated buds (arrows) and the formation of clathrin
latices around the prion coat (arrowheads). (d) PEIBs resided in large endosomes. Clath-
rin latices were found around the PEI coat (arrowheads). Bar = 500 nm. NB, noncoated
bead; PEIB, polyethyleneimine-coated bead; PrPB, prion-coated bead.
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Figure 6: PrPBs are found in vesicles positive for both caveolin-1 and clathrin.
(a, b, c) Immuno electron micrographs showing PrPBs locating within vesicles decorated
with both caveolin-1 (15 nm gold particles, arrows) and clathrin (5 nm gold particles,
arrowheads). (d, e, f and g) Magnifications of the boxed areas in a, b, and c, respectively.
(h) hCMEC/D3 cells incubated with PrPBs (pseudocolored green) show simultaneous
colocalization with caveolin-1 (blue) and clathrin (red). In the overlay the colocalizing
particles are viewed as white pixels. (i) Magnification of the boxed area in h.
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NBs and PrPBs but not PEIBs show transcytotic potential in brain
endothelial cell monolayers

As the endocytotic pathways that were under investigation in this study, i.e.
raft/caveolar endocytosis, adsorptive-mediated endocytosis, and receptor-medi-
ated endocytosis have all been implicated in mediating transcytosis across the
BBB, we next examined the transcytotic potential of NBs, PrPBs, and PEIBs. Nan-
oparticles were added at the apical side (facing the blood in vivo) of a polarized
confluent monolayer of hCMEC/D3 cells, grown on Transwell filters. After an
18-hour incubation, the content of the particles in the apical and basolateral com-
partments as well as the fraction associated with the filter (cells) was quantified.
After the indicated time interval of 18 hours, 94.5 ± 1.0 % of the PEIBs, 81.2 ±

4.6 % of PrPBs, and 55.7 ± 5.2 % of NBs still associated with the endothelial cells
(Fig. 7a).
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Figure 7: Transcytosis of nanoparticles across a monolayer of endothelial cells.
(a) hCMEC/D3 cells were cultured on Transwell filters. Nanoparticles were added to the
apical compartment and incubated for 18 hours. The total amount of iron was measured in
the apical and basal compartment, and in the filter membrane with the cells. Transcytosis
is presented as amount of iron in the apical compartment divided by the total amount
of iron in the three compartments, and expressed as percentage (mean ± SEM, n = 3).
Asterisks indicate significant differences (P < 0.05) in transcytosis of NBs versus PrPBs,
PrPBs versus PEIBs, and NBs versus PEIBs, as evaluated with the Student’s t-test. (b)
Electron micrograph of a prion-coated particle (arrow) exocytosed at the abluminal side
of a monolayer of hCMEC/D3 cells. AP, apical; BL, basal; NB, noncoated bead; PEIB,
polyethyleneimine-coated bead; PrPB, prion-coated bead.

The capacities of translocation of the nanoparticles across the endothelial mono-
layer, as reflected by the fraction of apically applied nanoparticles recovered in
the basolateral compartment, were 6.0 ± 0.9 % for PrPBs, 3.4 ± 0.3 % for NBs,
and 1.3 ± 0.6 % for PEIBs (Fig. 7a). The process of exocytosis and release of a
prion-coated particle at the abluminal site of an hCMEC/D3 monolayer was con-
firmed by electron microscopic examination (Fig. 7b).

Discussion

In this study, we demonstrate that the coupling of a ligand (prion) or charge
(PEI) at the surface of a nanoparticle of a given size modifies its entry pathway
and processing in human BBB endothelial hCMEC/D3 cells. Careful ana-
lyses suggest that uncoated nanoparticles do not enter in an all-or-nothing or
exclusive pathway but following surface modification show preference for a
specific pathway(s). As a consequence NBs, PrPBs, and PEIBs are delivered to
intracellular compartments that are distinct with regard to their ultrastructural
morphology and composition, i.e. MVBs, sorting endosomes, and vacuoles,
respectively. The endocytotic pathway of noncoated particles shares characterist-
ics of raft/caveolae-mediated endocytosis and macropinocytosis. The presence
of NBs in two distinctive populations of intracellular vesicles, i.e. vesicles
resembling MVBs and multilamellar bodies, possibly reflects the existence of
the two different entry mechanisms. Interestingly, in brain endothelial cells
a subcompartment has been characterized that originates from caveolae and
morphologically resembles MVBs.8 This compartment is Lamp-1 positive,
but devoid of a degradative function and it is involved in the transcytosis of
low-density lipoprotein. In our study, NBs may similarly be internalized via
rafts/caveolae, and transported to MVBs (Fig. 5a, b) that are Lamp-1-positive
(Fig. 4g). Whether or not the NB-containing vesicles mature to lysosomes is not
known. It should be noted that we never observed electron-dense staining of
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these (pre)lysosomal structures, indicating the absence of degradative enzymes.
The engulfment of PEIBs by plasma membrane protrusions containing clathrin
coats, their genistein- and dimethylamiloride-sensitive internalization and
colocalization with clathrin and rabankyrin-5 are typical characteristics of mac-
ropinocytosis. Notably, the cellular processing of PEIBs lacked characteristics
of raft/caveolae-mediated endocytosis, e.g. sensitivity to filipin III and okadaic
acid and colocalization with caveolin-1. Therefore, the addition of PEI (charge)
to the particles appears to stimulate their targeting into a macropinocytotic entry
pathway, leading to distinctive and large intracellular vacuoles. The surface
modification of the particles with prion protein resulted in a clear difference
in the way these particles (PrPBs) are processed by hCMEC/D3 cells when
compared to NBs and PEIBs. PrPBs were found in compartments that displayed
characteristics of early/sorting endosomes (Fig. 5c), compartments that were
positive for both caveolin-1 and clathrin (Fig. 4f). In addition to binding choles-
terol and inhibiting caveolar endocytosis, filipin has been described to cause the
release of prion protein from the plasma membrane and reduce the endocytosis
of prion protein [30], which may explain its strong effect on the internalization of
PrPBs, when assuming a homophilic interaction between the PrPBs and native
prion present on the hCMEC/D3 cells.

Our data underscore that varying the surface properties of nanoparticles results
in significant changes in their uptake mechanism, and consequently, their pro-
cessing by the cells. Clearly, by surface modification of nanoparticles, subcellu-
lar targeting into endocytotic pathways and cellular organelles of choice can be
achieved. The physicochemical characteristics of (nano)particles, including size,
and surface characteristics (charge and/or presence of ligands), are important
parameters that dictate their cellular processing. The relevance of the physico-
chemical properties of nanoparticles for determining the intracellular trafficking
is an important and emerging theme in the field of drug delivery [31]. With re-
spect to delivery to brain tissue, it will be of particular interest to further identify
physicochemical properties of nanoparticles that preferentially result in particle
transcytosis.
Transcytosis of drugs and/or their transport vehicles by vascular endothelial cells
is thought to be instrumental in accomplishing transport across the BBB for drug
delivery into brain tissue. In this work, we determined the transcytotic capacity
of human brain endothelial cells (hCMEC/D3), as an in vitro model for the BBB.
Our data show that PEI coating of the nanoparticles inhibits their transcytotic po-
tential when compared to noncoated nanoparticles. By contrast, our data show
that coating of the nanoparticles with prion improves transcytosis in comparison
to NBs and PEIBs, which is consistent with a relatively enhanced transport of
these targeted nanoparticles across the endothelial barrier as visualized by nan-
oparticle delivery into the basolateral compartment in Transwell grown cell cul-
tures. Prion is best known for the capacity of its infectious scrapie isoform to
invade an organism after oral ingestion, leading to degenerative and fatal neur-
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ological disorders belonging to the group of transmissible spongiform enceph-
alopathies. Following oral administration, prion crosses the intestinal epithelial
barrier via transcytosis. Subsequently, prion may infect monocytes and/or is
transported along nerves in a retrograde fashion and reaches the brain [32, 33]
Recently, it was shown that scrapie prion as well as the cellular prion are able
to translocate across the BBB, from blood into brain, [16, 34] which represents
an alternative pathway for infection. Although being differently processed by
cultured hCMEC/D3 cells, the PrPBs and NBs both showed transcytotic activity.
However, in vivo prion may serve a dual role: first, to target nanoparticles in the
blood stream to the brain, and second to initiate their transcytosis.
Although the transcytotic efficiency of the nanoparticles reported in this study
remains limited, it is in the range of transcytosis across endothelial cells that is
typically achieved with exogenous materials. Transcytosis of human immunode-
ficiency virus-1 viral particles across brain microvascular endothelial cells was
shown to be 1 % of the added dose after a 24 hours incubation period [28], while
the level of transcytosis for adenovirus-5 viral particles in brain microvascular
endothelial cells was 0.1 % (6 hours) [35]. Redirection of adenovirus-5 into the
melanotransferrin (MTf/p97) transcytotic pathway by surface modification of
the viral particles with melanotransferrin resulted in transport of 5 % of viral
particles across the BBB [35]. In future work, the influence of inflammatory sig-
nals and signals secreted by (cholesterol-depleted) astrocytes, which have been
reported to modulate the transcytotic potential of brain endothelial cells, on the
transcytosis of prion-coated particles, will be investigated. In addition, as as-
trocytes may direct transferrin-coated poly-(lactic-co-glycolic acid) nanoparticles
into distinct endocytotic pathways in endothelial cells [36], it will be of interest
to evaluate the effects of such environmental factors on the processing and tran-
scytosis of prion-coated nanoparticles by the endothelial cells. This will provide
detailed insight into the mechanism of PrPB transcytosis by hCMEC/D3 cells,
clarifying the potential of prion-coated nanoparticles for drug delivery into the
brain.
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Abstract

Due to the aging of the population, the incidence of neurodegenerative diseases,
such as Parkinson’s and Alzheimer’s, is expected to grow and hence, the demand
for adequate treatment modalities. Passage of medicine across the blood-brain
barrier (BBB), i.e., brain capillary endothelial cells that – together with astrocytes
and pericytes – form this barrier, represents a major challenge in accomplish-
ing efficient brain delivery of therapeutic agents. However, bioavailability of
drugs to the brain may be improved by means of ligand-mediated transport of
nanocarriers, in which the therapeutic entity has been incorporated. The accu-
mulation of drug carriers in the brain vasculature can be induced by binding
to receptors at the brain endothelial cells, while their transport across brain en-
dothelial cells can occur via the process of receptor-mediated transcytosis, and
as such requires a transcytotic receptor. Here we identified ligands that poten-
tially serve both requirements, i.e., they target the brain microvascular wall and
mediate the transcytosis of nanocarriers across the BBB. A peptide phage library
was screened against the ganglioside GM1 and the prion protein. The GM1 glyc-
osphingolipid is ubiquitously present on the endothelial surface and capable of
acting as the transcytotic receptor for cholera toxin B. The prion protein, a GPI-
anchored protein, has likewise been recognized for its capacity to target and cross
the BBB. The potential of polymeric nanocarriers (polymersomes), functionalized
with the newly identified GM1- and prion-targeting peptides, to induce tran-
scytosis across the BBB in vitro, and brain-targeting in vivo, was investigated. The
GM1-targeting peptide “G23” shows a brain-targeting potential comparable to
that of the transferrin receptor-targeting antibody RI7217, together with a high
transcytotic capacity, which makes it a promising vector for drug delivery into
the brain.
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Introduction

Treatment of brain-related diseases is seriously hampered by the presence of
the blood-brain barrier (BBB), which primarily consists of a polarized layer
of endothelial cells that physically separates the blood from the brain tissue.
Consequently, following systemic administration, therapeutic agents are ef-
fectively precluded from reaching their target site, further aided by multidrug
transporters at the endothelial cell surface that actively extrude penetrating
drugs. A priori, endothelial cells do provide for a mechanism of transcellular
transport to the underlying tissue by means of receptor-mediated transcytosis,
i.e., endocytosis at the luminal (blood) side followed by exocytosis at the ablu-
minal (tissue) side of the endothelium. Indeed, the successful delivery across the
BBB of siRNA coupled to the RVG-9R peptide, which targets the acetylcholine
receptor [1] and of proteins fused to the low-density lipoprotein-binding domain
of ApoB [2], were likely accomplished via such a mechanism. However, from
a therapeutic point of view, conventional medicine often suffers from such
drawbacks as insufficient drug stability and bioavailability, nonspecific systemic
drug distribution, and inadequate local drug concentrations, thus frustrating
therapeutic efficiency. Nanotechnology has the potential to overcome these
obstacles by making available devices such as nanocarriers that provide options
for tissue-targeted delivery of therapeutics and local release of drugs. Transport
of nanocarriers across the BBB and subsequent delivery of therapeutic contents
into the brain represent major challenges in the development of much needed
novel approaches in the treatment of brain-related diseases.
Polymer vesicles, or polymersomes, are nanocarriers composed of amphiphilic
block copolymers which spontaneously assemble in aqueous medium in vesicu-
lar structures. They resemble in their basic morphology conventional liposomes,
but have a thicker membrane. As a result they are more stable than liposomes,
which improves their blood circulation ability. Furthermore, the larger apolar
compartment allows for a more efficient encapsulation of hydrophobic drugs,
while the probability of spontaneous release of water-soluble content is smaller
due to the increase in thickness of the hydrophobic barrier [3]. These features
make polymersomes a promising drug delivery vehicle.
Caveolae, which are present on the luminal surface of endothelial cells [4] are
well known as cellular entry portals for transcytotic transport. Since caveolae
appear enriched in the glycosphingolipid monosialotetrahexosylganglioside
(GM1) and may mediate the uptake of prion protein, we reasoned that GM1 and
prion could be appropriate targets to mediate polymersome transport into the
brain.
Using a phage display technique, novel peptides that target GM1 and prion were
identified and subsequently tested for their potential to mediate transcytosis of
well-defined polymersomes across human brain endothelial cells in vitro. Next
the brain-targeting potential of polymersomes functionalized with prion- and
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GM1-targeting peptides, following intravenous administration in mice, was
evaluated by comparison to polymersomes targeted to the transferrin receptor,
using the monoclocal antibody RI7217 (OX26 analog).

Materials and methods

Phage display for selection of GM1 and prion binding peptides

The human prion protein (23-230), obtained from Allprion (Schlieren, Switzer-
land) was dissolved in 0.1 M NaHCO3 (pH 8.6) to final concentration 100 µg/ml.
3 wells in microtiter plate were coated overnighted at 4 ◦C with gentle agitation
filled with 150 µl of the solution. To perform a phage library selection on mono-
sialotetrahexosylganglioside (GM1), GM1-C11-N3 (synthesized as described in
[5]) was covalently coupled to a 96-wells plate via the Azide-Alkyne Huisgen
cycloaddition, which insured a physiological orientation of the oligosaccharide
chains. In short, a maleimide functionalized plate (Thermo Scientific, Waltham,
MA) was washed three times with PBS (0.1 mol/l Na2HPO4, 0.15 mol/l NaCl pH
7.2) and incubated for 2 hours at room temperature with 0.5 mol/l propargylam-
ine (Sigma, St. Louis, MO) diluted in immobilization buffer (0.2 mol/l NaHCO3,
0.5 mol/l NaCl, pH 8.0), with refreshing the solution after the first hour. Next, the
plate was washed two times with ultrapure sterile water and GM1-C11-N3 (0.2
µg/well), sodium ascorbate (0.28 µg/well) and CuSO4 (0.3 µg/well), all diluted
in water, were sequentially added to the plate. After an overnight incubation
at room temperature the plate was washed two times with ultrapure sterile wa-
ter and stored at 4 ◦C with PBS. The coupling reaction was verified with Alexa
Fluor 488 labeled cholera toxin B (CTxB-AF488) (Sigma, St. Louis, MO). 0.43 nM
CTxB-AF488 was added to the plate for 90 min at 37 ◦C. Subsequently, the plate
was washed 10× with PBS and the fluorescence intensity was measured on a
Perkin-Elmer LS 55 luminescence spectrometer (MA, USA). The fluorescence sig-
nal showed a 1.42-fold increase compared to a 5 mg/ml BSA-treated plate. Three
panning rounds with a premade phage library (Ph.D.-12, BioLabs, New England)
encoding 12 amino acids sequences, were performed according to the manufac-
turer’s protocol. Briefly, each well was incubated with blocking buffer (5 mg/ml
BSA in 0.1 mol/l NaHCO3 pH 8.6) for 1 hour at 4 ◦C. After six times washing
with TBST (50 mmol/l Tris-HCl pH=7.5, 0.1% [v/v] Tween-20), 10 µl of a 100-
fold dilution of the original library in TBST (2 × 109 phage clones) was added to
the wells and incubated for 1 hour at room temperature with gentle shaking. The
plate was washed 10× with TBST, with an increase in the Tween-20 concentra-
tion to 0.5 % [v/v] in the second and third panning round, to remove nonbinding
phages. Phages that were bound to the GM1-coated plate were eluted with 0.2
mol/l Glycine-HCl containing 1 mg/ml BSA (pH 2.2) for 15 min at room tem-
perature. Eluted phages were amplified in ER2738 E.coli, purified, precipitated
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in PEG/NaCl (20 % [w/v] polyethylene glycol-8000, 2.5 mol/l NaCl) and added
to IPTG/Xgal LB plates. After the third panning round, in a plate with ≈ 100
plaques, 20 were randomly chosen and the DNA was isolated. The DNA was
precipitated with ethanol from suspensions of phage pellets in iodide buffer (10
mmol/l Tris-HCl (pH 8.0), 1 mmol/l EDTA, 4 mol/l NaI), according to the man-
ufacturer’s protocol for single-stranded phage DNA isolation. The DNA samples
were sequenced by BaseClear BV, Leiden, The Netherlands.

hCMEC/D3 cell culture

Human cerebral microvessel endothelial hCMEC/D3 cells were maintained in
25 cm2 flasks precoated with 100 µg/ml rat tail collagen type-I (BD Biosciences,
Franklin Lakes, NJ) in endothelial basal medium-2 (EBM-2; Lonza Group, Basel,
Switzerland), supplemented with EGM-2-MV bullet kit (Lonza) containing
vascular endothelial growth factor, R3-insulin-like growth factor-1, human
epidermal growth factor, human fibroblast growth factor-basic, hydrocortisone,
and 2.5 % fetal bovine serum and 100 µg/ml penicillin/streptomycin. For dif-
ferentiation of the cells EBM-2 basal medium was supplemented with 1 µmol/l
dexamethasone (Sigma Aldrich) and 1 ng/ml bFGF (Invitrogen, Carlsbad, CA).
Cells were maintained at 37 ◦C under an atmosphere of 5% CO2.

Incubation of hCMEC/D3 cells with fluorescently labeled phage
particles

Individual phage clones were amplified according to manufacturer’s protocol.
Briefly, an overnight culture of ER2738 E. coli was diluted 1:100 and 10 µl of phage
stock in glycerol was added to 1 ml of the diluted bacterial culture. The suspen-
sion was incubated for 4.5 hours under shaking and subsequently centrifuged
for 30 sec at 14 000 rpm., the supernatant transferred to a fresh tube and re-cent-
rifuged. In a fresh tube, 1/6 volume of 20 % PEG/2.5 mol/l NaCl was added
to the upper 80 % of the supernatant. Phages were allowed to precipitate at 4
◦C for 2 hours. The PEG precipitate was spun down at 12,000 g for 15 minutes
at 4 ◦C, supernatant decanted, re-spun and residual supernatant removed with a
pipette. The phage pellet was re-suspended in 100 µl 0.25 mg/ml FITC (Sigma,
St. Louis, MO) in 0.3 mol/l NaHCO3 (pH=8.6). After 1 hour of incubation under
gentle shaking conditions, 20 % PEG/2.5 mol/l NaCl (1/5 of the original volume)
was added. The resulting phage suspensions were kept for 30 min on ice and
subsequently centrifuged for 10 min at 14 000 rpm at 4 ◦C. The supernatant, con-
taining unbound FITC, was discarded and the pellet was re-suspended in TBS.
The precipitation and re-suspension of the phage particles was repeated twice
more. The protein content in the final suspension was determined with a Nan-
oDrop 1000 spectrometer (Thermo Scientific, Waltham, MA). Equal amounts of
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protein (phages) were added to hCMEC/D3 cells, grown on coverslips, and in-
cubated for 2 hours at 37 ◦C. Cells were washed with prewarmed HBSS and fixed.
Samples were analysed and representative images were acquired, using a Provis
AX70 epifluorescence microscope (Olympus corporation, Center Valley, PA).

LDH release assay

hCMEC/D3 cells were exposed for 18 hours to 40 µg/ml polymersomes at 37 ◦C.
Activity of lactate dehydrogenase (LDH), released in the medium was measured
as a cell viability marker, following the protocol provided with the Cytotoxicity
Detection Kit (LDH), Roche Applied Sciences.

Transcytosis assay

2×105 hCMEC/D3 cells/cm2 were seeded onto Transwell filters with a pore size
of 0.4 µm (Corning Life Sciences B.V., Amsterdam, The Netherlands), precoated
with collagen type I. Differentiation media was changed twice a week and the
TEER values were measured using a Millicell-ERS (Millipore, Billerica, MA). Ex-
periments were performed in hCMEC/D3 monolayers, cultured for 14 days with
TEER values of ≈30 ω/cm2. For further details see [6].

Formation of peptide-targeted polymersomes

The preparation and characterization of polymersomes can be found in the Ap-
pendix.

Intravenous injection of G23-polymersomes in mice

The experiments were performed on male Balb/c mice obtained from Harlan
(Horst, The Netherland). The mice were kept in standard macrolon cages un-
der controlled conditions (23 ± 1 ◦C, 12-h light, 12-h dark cycle, pellets (Arie
Blok, Woerden, The Netherlands) and water ad libidum). All experiments were
approved by the Animal Ethics Committee of the University of Groningen, The
Netherlands and performed by licensed investigators in accordance with the Law
on Animal Experiments of The Netherlands.
Mice (n = 4) were injected with 200 µl containing radiolabeled polymersomes (≈
80 µg polymer per mouse = 13.3 nmol polymer / mouse) in PBS by penile vein
injection using 3 / 10 cc Terumo Insulin Syringe U-100 attached to 29 G needle.
At 4 hours and 24 hours after injection mice were sacrificed by cervical disloca-
tion. At each time point kidney, brain and a sample of blood, liver, lung muscle
and spleen were collected. Femur with bone marrow was taken as representat-
ive of bone. The brain was further cut into cerebrum and cerebellum. Cerebral
cortex was sampled from cerebrum. The rest of cerebrum is designated brain rest
in text. The samples were weighted and the radioactivity was measured using a
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Compugamma CS 1282 gamma counter (LKB-Wallac). Samples of injected poly-
mersomes served as a standard for comparison. The results were expressed as
percentage injected dose per gram of tissue (% ID/g).
Where indicated, tissue levels were corrected for capillary blood content [7], [8]
using formula: corrected tissue concentration = [tissue concentration – capillary
blood content x blood concentration] / ( 1 – organ capillary blood content), where
tissue capillary blood content is expressed as a fraction of organ volume: bone,
brain, kidney, liver, lung, muscle and spleen, approximately 0.11; 0.03; 0.24; 0.31;
0.50; 0.04 and 0.17 respectively [9].

Statistical analysis

Results are presented as mean ± standarddeviation. The statistical analysis was
conducted using SPSS 16.0 for Windows. Due to inhomogeneity of variance the
biodistribution data were analyzed by nonparametric Kruskal-Wallis test, fol-
lowed by the Mann-Whitney U test to compare the groups for which Kruskall-
Wallis test was significant. P values < 0.05 were considered statistically signific-
ant.

Results

Identification of GM1- and Prion-binding peptides using phage
display

GM1-binding peptides

A phage library selection was performed using the Ph.D.-12 library, and im-
mobilized synthetic GM1 as a target. After three panning rounds 128 plaques
had formed following plating of a 1 × 10−5 dilution of the phage suspension on
an agar plate. Of those, 20 plaques were randomly selected, and the DNA was
extracted and sequenced. Ten out of the 20 plaques shared the same amino acid
sequence as G2 (Table 1).
The same sequence was isolated as a carbon nanotube binding peptide [10]. The
sequence defined as G23 appeared in 3 out of the 20 plaques that were screened.
Interestingly, this sequence was previously identified as GT1b binding peptide
[11]. The remainder (i.e., seven) showed peptide sequences that appeared in just
one plaque. The G18 peptide, filed as endothelial cells binding peptide [12], was
also described as carbon nanotube binder [13]. Another peptide, designated here
as G117 (0.05 %) also shows affinity for endothelium, with specifically inducing
angiogenesis [14]. The G117 peptide interacts specifically with human glioma
cells [15], as well as single-wall carbon nanotubes [16]. The G32 peptide show
preference in binding to mouse zona pellucida [17]. The G88 and G47 peptides
have individual, novel amino acids sequences.
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A consensus motif homologous to prion residues 147-155 and a peptide ho-
mologous to prion N-terminal domain residues 16-28 are retrieved from phage
library screening against prion protein

In previous work we showed that the coupling of prion protein to the sur-
face of nanoparticles (NPs) enhanced their transport across polarized monolay-
ers of hCMEC/D3 brain endothelial cells compared to NPs without prion [6].
The prion-NPs were found to colocalize with endogenous prion protein in vesi-
cular structures within the cytoplasm of the cells (Chapter 3 Figure 4) which
may be explained by the homophilic interactions that occur between prion pro-
teins. Here we used a phage library approach to identify peptides with affin-
ity for prion, since small peptides are more convenient to use as targeting lig-
ands than large proteins. Eighteen randomly chosen phage clones obtained from
the phage library screening against prion, as described in Materials and Meth-
ods, were sequenced. Eight out of 18 clones showed distinct and novel amino
acids sequences (Table 1). Nine clones fit the motif, further designated as Pcs,
X1FRWAX6HX8HX10X11X12 (Table 1), where amino acid on position one (X1) is
D or H, X6 is T or N, X8 is M or T, X10 is T or F, X11 is P or Q and X12 is A or T.
This motif shares homology with the amino acids sequence 147-155 of the
human prion protein, i.e., DRYYRENMHRYP (identical residues and amino
acids with similar physicochemical properties are underlined). Interestingly,
prion proteins have been shown to dimerize and the structure of prion dimers,
as resolved with NMR [18], [19], shows that the dimerization involves amino
acids 90-159, encompassing the prion protein sequence 147-155 that shows
homology to the identified consensus. The sequence, designated as P9 (Table 1)
has been described as a peptide with an affinity for the glycine receptor, which
is ubiquitously expressed in brain [20]. Moreover, the P9 peptide sequence
partially overlaps with the N-terminal amino acid sequence 16-28 of the human
prion protein - WSDLGLCKKRPK (identical residues and amino acids with
similar physicochemical properties underlined). The N-terminal prion (residues
1-28) has been found to translocate across cell membranes and function as a cell
penetrating peptide (CPP) [21], [22].

Interaction of Prion- and GM1-binding phages with hCMEC/D3
cells

To see whether the GM1- and prion-targeting peptides can mediate binding to
hCMEC/D3 cells, which is the first prerequisite to potentially induce transcytosis,
the phages carrying the sequenced peptides were amplified, fluorescently labeled
and tested for their association with human Cerebral Microvascular Endothelial
Cells (hCMEC/D3), representing a convenient in vitro model for the BBB [23],
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Sequence ID: RhPrP (23-230) Sequence ID: GM1

P9 WAETWPLAQRPP G2 HSSWWLALAKPT
P10 DFRWATHMHTPA G15 HLNILSTLWKYR
P11 GTPPMSPQVSRV G18 HTKQIPRHIYSA
P17 HFRWANHTHFQT G23 HLNILSTLWKYR
P18 TSQYQSPRAVHP G29 MPAVMSSAQVPR
P21 DFRWATHMHTPA G32 YQLRPNAESLRF
P23 HFRWANHTHFQT G36 HSSWWLALAKPT
P27 DFRWATHMHTPA G47 YSNTLPLNLPPY
P33 GLRNSVPYQTFT G51 HSSWWLALAKPT
P36 DFRWATHMHTPA G59 HSSWWLALAKPT
P39 HFRWANHTHFQT G64 HSSWWLALAKPT
P40 GHGLLQYTDVMF G75 HSSWWLALAKPT
P41 QHTYWPNYTPLL G77 HSSWWLALAKPT
P44 HTRRTTHHILR G83 HLNILSTLWKYR
P50 DFRWATHMHTPA G88 NPAGPSPAHIIS
P55 APIKAPTIRDTA G92 HSSWYIQHFPPL
P58 DFRWATHMHTPA G104 HSSWWLALAKPT
P60 SKFEPISKYLQP G106 HSSWWLALAKPT

G108 HSSWWLALAKPT
G117 LLADTTHHRPWT

Table 1: Peptide sequences of prion-targeting peptides (P) and GM1-targeting pep-
tides (G), identified by phage library.

[24], [6]. All phages showed binding to hCMEC/D3 cells and did not compromise
cellular integrity, except for the phages carrying peptide P18, which were toxic to
the hCMEC/D3 cells (Fig. 1). The phages carrying peptides Pcs, P9, G23 and
G88, that showed efficient binding/uptake with a homogeneous pattern, were
selected for further investigation.
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Figure 1: Binding of GM1- and prion-selected phages to hCMEC/D3 cells. FITC-
labeled phages that showed binding to prion and GM1 were incubated with hCMEC/D3
cells for 2 hours at 37 ◦C. Phages expressing P18 were toxic to the cells, whereas upon
incubations with the other peptides hCMEC/D3 monolayers remained intact. Phages
expressing S37 (selected for binding to streptavidin) also showed binding to hCMEC/D3
cells. Scale bar, 20µm

Efficient transcytosis of G23-polymersomes across the in vitro
BBB

The selected P9, Pcs, G23 and G88 peptides sequences were synthesized via
standard Fmoc chemistry with an additional cysteine to allow conjugation. Next,
fluorescently labeled polymersomes were prepared displaying an average dia-
meter of 220 nm (PDI = 0.11 nm) and functionalized (10 w %) with the peptides
via maleimide chemistry as depicted schematically in Fig. 2. For comparison
polymersomes were functionalized with peptide S37, which was selected for
binding to streptavidin in a parallel phage library selection, and Tat peptide, a
cell-penetrating peptide that was shown to induce transport of β-galactosidase
across the BBB [25].
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Figure 2: Transcytosis of GM1- and prion-targeting polymersomes across an
in vitro BBB. Fluorescently labeled polymersomes were added apically to hCMEC/D3
cells, grown on transwell filters. The transcytosis rate was calculated, based on fluor-
escence content after 18 hours incubation at 37 ◦C (y-axis represents % polymersomes
in: AP – apical compartment, FIL – filter with cells, BL – basal compartment, i.e., the
transcytosed fraction). Polymersomes carrying peptides that target streptavidin (S37:
HRRLSQWPLLKP) were analyzed in comparison, as were polymersomes carrying Tat-
peptide (GRKKRRQRRRPQ) and non-targeted polymersomes.

The transcytotic capacity of the fluorescently labeled peptide-coupled polymer-
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somes was subsequently determined in the in vitro BBB model of a polarized cell
layer of hCMEC/D3 cultured on transwell filters. As evident from Fig. 2b, in
marked contrast to the other peptide-coupled and non-functionalized polymer-
somes, the G23-polymersomes showed the most prominent transcytotic capacity.
Specifically, 30.8 ± 1.4 % of the G23-polymersomes that were added to the ap-
ical side of the in vitro BBB were recovered after an incubation for 18 hours at 37
◦C at the basolateral side, implying on average a more than 4-fold increase com-
pared to the basolateral recovery of non-targeted polymersomes (5.7± 0.8 %), or
polymersomes tagged with either S37 (12.0 ± 2.4 %), Tat (7.2 ± 1.2 %), or G88
(6.8 ± 1.9 %), Pcs (6.54 ± 0.55 %) and P9 (5.23 ± 0.41 %). In addition to a highly
efficient appearance in the basolateral medium, the G23-polymersomes showed
an enhanced association with the cells (Fig. 2b; G23; FIL). Thus 5.5± 2.3 % of the
added dose remained cell-associated, representing 2-3 times as much as the cel-
lular association of the other polymersome preparations tested, i.e., non-targeted
(1.5 ± 0.8 %) and those tagged with S37 (2.1 ± 1.1 %), Tat (2.1 ± 0.4 %) or G88
(1.5± 0.4 %), Pcs (2.16± 0.39 %) and P9 (1.50± 0.19 %). These data thus emphas-
ize the specific role of G23 in mediating the observed enhancement in transcytotic
transport, and exclude potential leakiness of the cell monolayer, as this should
have resulted in a non-specific appearance of polymersomes in the basolateral
medium. Moreover, viability of cells was preserved during 18 hours incubation
time, as assessed by LDH release assay (Fig. 3).

Presumably, the enhanced cellular association of the G23-polymersomes is at
least in part a reflection of the subsequent enhancement in their transcytotic
transport.

G23-polymersomes accumulate in brain as efficiently as RI7217 -
polymersomes

For efficient transport into the brain in vivo, the polymersomes need to firstly
accumulate in the brain vasculature. To investigate the brain endothelium-
targeting potential of G23-polymersomes and Pcs-polymersomes, the total
body distribution of radioactively-labeled polymersomes upon intravenous
administration, a relevant route for pharmaceutical applications, in mice was
analysed. Polymersomes were labeled with 111In-DTPA and functionalized with
G23, Pcs, and -as controls- scrambled G23 (scrambled G23; KISHLLNYRTWL)
and RI7217 (mouse analog of OX26). The total body distribution was determined
4 hours and 24 hours after intravenous injection in BALB/c mice. The ex vivo
biodistribution data indicate rapid clearance of all polymersome preparations
from the blood after i.v. administration. After four hours there was only 1.7±0.8;
0.4 ± 0.03; 1.3 ± 0.3 and 0.4 ± 0.3 % ID/g in blood of RI7217-, scrambled G23-,
G23-, and Pcs-polymersomes, respectively, with a further drop to 0.4 ± 0.06;
0.09± 0.02; 0.3± 0.08 and 0.06± 0.02 % ID/g at t=24 hours (Table 2).
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Figure 3: Survival rate (%) of hCMEC/D3 cells incubated for 18 hours with poly-
mersomes.

The polymersomes were effectively eliminated by the liver and the spleen as
can be inferred from the high radioactivity in these organs (Table 2), which can
be explained by the presence of mononuclear phagocyte systems within these
organs [26], [27]. This finding is supported by the observed bone accumulation
of polymersomes (Table 2). The bone was isolated together with bone marrow
which is a part of mononuclear phagocyte system as well. Similarly, activity in
the bone was high, which supports uptake of polymersomes by the (reticuloen-
dothelial system) RES, that includes the bone marrow (Table 2).

Remarkably, G23-polymersomes showed an increased accumulation in the brain
compared to scrambled and Pcs-polymersomes, both at 4 hours and 24 hours
after administration. At t=24 hours G23-polymersomes showed 0.047 % ID/g
in brain compared to 0.008 and 0.005 % ID/g for scrambled G23- and Pcs-poly-
mersomes, respectively. The amount of G23-polymersomes that accumulated in
the brain of mice was similar to RI7217-polymersomes, both at 4 hours and 24
hours after injection (Table 2) and comparable to levels obtained with other drug
carrier systems, such as liposomes, functionalized with the RI7217 and OX26
antibodies [28], [29].
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RI7217
Scrambled
G23

G23 Pcs

Tissue Tissue biodistribution at 4 hours

Blood 1,695+0,749 0,347+0,029 1,324+0,336† 0,442+0,309*
Bone 1,567+0,552 1,338+1,10 2,209+9,73 1,693+1,130
Kidney 4,433+1,344 2,738+0,449 8,809+2,569*† 0,790+0,196*†
Liver 37,136+23,342 64,653+6,715 60,556+7,531 75,199+4,525*†
Lung 4,235+3,164 1,752+0,162 30,449+5,785*† 1,768+0,947
Muscle 0,315+0,146 0,157+0,115 0,360+0,119 0,106+0,024*
Spleen 33,522+17,722 55,439+13,820 57,781+9,734* 75,976+21,749*
Total
brain 0,074+0,036 0,013+0,006 0,052+0,019† 0,009+0,003*

Tissue Tissue biodistribution at 24 hours

Blood 0,402+0,061 0,088+0,020 0,299+0,078† 0,056+0,015*
Bone 3,770+1,002 1,626+0,336 2,922+0,507 2,066+0,762
Kidney 3,985+0,689 1,804+0,294 6,548+0,667*† 0,657+0,080*†
Liver 38,004+6,716 56,899+4,717 51,500+4,769 82,395+2,638*†
Lung 1,629+0,480 0,464+0,319 13,701+2,850*† 0,492+0,112*
Muscle 0,516+0,107 0,103+0,036 0,279+0,063 * 0,204+0,180
Spleen 49,783+7,024 77,248+20,053 99,132+37,451 53,935+3,916
Total
brain 0,083+0,011 0,008+0,002 0,047+0,031† 0,005+0,000*

Table 2: Biodistribution of polymersomes in mice 4 hours and 24 hours
after administration expressed as percentage injected dose per gram of tissue
(%ID/g)±standard deviation. The data were corrected for capillary blood content. The
nonparametric Kruskall-Wallis test followed by the Mann-Whitney’s U test was per-
formed for G23 vs RI7217, G23 vs scrambled G23, Pcs vs RI7217, and Pcs vs scrambled
G23. P values < 0.05 were considered statistically significant. *: statistically signi-
ficant difference compared to RI7217, †: statistically significant difference compared to
scrambled G23.

A more detailed brain distribution of polymersomes is shown in Fig. 4. The
brain accumulation of G23-polymersomes was significantly higher than that of
scrambled G23-polymersomes in brain cortex, cerebellum and the rest of the
brain at 4 hours and 24 hours after administration. Four hours after administra-
tion the G23-polymersome accumulation in the different brain regions seemed
slightly lower than that of RI7217-polymersomes, although the differences were
statistically not significant. At 24 hours after polymersome administration
accumulation of RI7217-polymersomes in the cortex and the rest of the brain was
significantly higher than that of G23-polymersomes.

106



Generation of small peptidic ligands for brain targeting by phage display

Figure 4: Biodistribution of polymersomes in the brain. Mice were intravenously
injected with radiolabeled polymersomes. At 4 hours and 24 hours after injection the mice
were sacrificed, and the brains were isolated. The brain was divided into the cerebrum
and cerebellum. The cerebrum was subdivided into cerebral cortex and brain rest. The
samples were weighed and the radioactivity was measured using a gamma counter. The
results are expressed as percentage injected dose per gram of tissue (% ID/g). The non-
parametric Kruskall-Wallis test followed by the Mann-Whitney’s U test was performed
for G23 vs RI7217, G23 vs scrambled G23 and Pcs vs RI7217 and Pcs vs scrambled
G23. P values < 0.05 were considered statistically significant. (* statistically significant
difference compared to RI7217, † statistically significant difference compared to scrambled
G23.)

An unexpected finding was the high lung accumulation of G23 polymersomes
(Table 2). Four hours after polymersome administration the lung to blood ratio
for G23-polymersomes was 24.5± 8.6 and increased to 48.9± 17.4 after 24 hours
(Fig. 5). At the same time the lung to blood ratio for the other polymersomes
remained low, i.e. 2.3 ± 1.2, 5.2 ± 0.2 and 5.9 ± 5.2 for RI7217-, scrambled
G23-, and Pcs-polymersomes, respectively, at 4 hours after administration, and
4.0 ± 1.0, 5.6 ± 4.3 and 9.2 ± 3.3 at 24 hours after administration. Specifically,
the lung to blood ratio of G23-polymersomes after 24 hours was an order of a
magnitude higher than that of scrambled G23-polymersomes (Fig. 5). Next to
mediating accumulation of polymersomes in the brain, G23 effectively mediates
the transport of polymersomes into the lung.
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Figure 5: Lung accumulation of polymersomes. Mice were intravenously injected
with radiolabeled polymersomes. At 4 hours and 24 hours after injection the mice were
sacrificed, and the lungs were isolated. The samples were weighed and the radioactivity
was measured using a gamma counter. The results are expressed as tissue/blood ratio (±
standard deviation).)

Discussion

Here we investigated the in vitro transcytotic capacity and the in vivo brain-
targeting potential of polymersomes coupled to prion- and GM1-targeting
peptides, that were identified by phage display. Contrary to our expectations,
the prion-targeting peptides conjugated to polymersomes did neither induce
transcytosis across endothelial cells in vitro nor showed brain accumulation
in vivo. In contrast, the transferrin receptor-targeting RI7217-polymersomes
show accumulation in brain, which is comparable to the levels obtained by
RI7217-mediated delivery of liposomal systems [28]. However, it has been
shown that the brain accumulation of transferrin receptor-targeting vectors is
represented by accumulation within brain capillary endothelial cells, but does
not reflect penetration into brain parenchyma [30], [31], [32]. As a consequence
these vectors can only be used for the delivery of drugs that can be secreted from
the endothelial cells, e.g. growth factors, expressed upon gene delivery into the
endothelial cells. For the delivery of macromolecular drugs, such as proteins and
nucleic acids, directly into the brain parenchyma, delivery systems are needed
that cross the endothelial cells intact and release their contents once they reach
the brain parenchyma. Moreover, such delivery systems have to exhibit binding
capacity to brain endothelial cells together with transcytotic capacity, i.e., the
capability to traverse the endothelial cell layer. The G23-polymersomes are the
representation of such a drug delivery system. Next to a strong transcytotic
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capacity of G23-polymersomes, G23-polymersomes have a brain-targeting
potential, that is of a similar strength to that of the transferrin receptor-targeting
RI7217 antibody. The combination of brain-targeting potential and transcytotic
capacity make G23-polymersomes an unique and ideal candidate for the delivery
of macromolecular drugs in the treatment of brain-related diseases.
In addition, the accumulation of G23-polymersomes in the lung seems to be
specific as polymersomes conjugated to a scrambled version of the G23 peptide -
scrambled G23-polymersomes, do not show accumulation in lung. It remains to
be investigated if in this case transcytosis occurs from blood into lung tissue.
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Abstract

The delivery of medicines into the brain for the treatment of brain-related dis-
eases is hampered by the presence of the blood-brain barrier (BBB). Drug nano-
carriers decorated with targeting ligands that bind BBB receptors, may accumu-
late efficiently at brain microvascular endothelium and hence represent a prom-
ising tool for brain drug delivery. However, next to accumulation at the brain
endothelium, successful therapy may require nanocarriers to reach the brain par-
enchyma, i.e their transendothelial transport. This is specifically true for nano-
carriers that encapsulate macromolecular drugs, such as peptides, proteins, and
nucleic acids, that cannot cross the endothelial cells by passive leakage.
Here, we demonstrate that the (glycosphingolipid) GM1-binding peptide “G23”
targets a transcytotic pathway in human brain capillary endothelial cells and me-
diates efficient transport of polymersomes across the blood-brain barrier, as re-
vealed both in an endothelial model in vitro and in vivo. This is the first evidence
for transport of intact peptide-targeted drug delivery vehicles across the BBB into
brain parenchyma.
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Transport of polymeric drug carriers across the blood-brain barrier by G23
peptide-mediated transcytosis

Introduction

High throughput in vitro screenings of large libraries of synthetic compounds
have yielded huge numbers of potential therapeutics for the treatment of brain-
related diseases. However, the newly discovered compounds often lack the
physicochemical characteristics, i.e., small size, high lipophilicity, for passive di-
fussion into the brain following systemic administration. To obtain activity at the
target site, invasive and non-invasive strategies for drug delivery into the brain
have been developed. Invasive, surgical strategies, involve the administration
of the drug directly into the brain via intracerebroventricular and intracerebral
injections [1], [2], [3]. One of the pitfalls of this approach is that drugs that are
administered in this way show only a limited penetration into the brain from
the site of injection. Noninvasive strategies include the transient opening of the
blood-brain barrier (BBB) by hypertonic solutions allowing free diffusion of the
drug into the brain [4] and transport via endogenous BBB transport mechanisms,
including carrier-mediated transport and receptor-mediated transport [5]. Drug
delivery to the brain via an endogenous BBB transport mechanism allows for
drug penetration into the complete brain, but clearly requires reformulation of
the drug so that it can be recognized by such a transport mechanism. L-DOPA,
a small therapeutic molecule for the treatment of Parkinson’s disease, can
be transported via carrier-mediated transport, by the type 1 neutral amino
acid transporter at the blood-brain barrier [6], [7]. On the other hand, large
therapeutics, such as peptides and proteins, can be modified to be transported
via receptor-mediated transport. To induce receptor-mediated transport, thera-
peutics are usually fused with a drug delivery vector, typically a peptide or an
antibody, that recognizes a receptor on the BBB. Monoclonal antibodies against
the transferrin and insulin receptor, OX26 and 83-14, respectively, have been suc-
cessfully employed in animal models to deliver large therapeutics across the BBB
[8]. In addition, instead of direct fusion of the therapeutic to the antibody, the
drug can be loaded into a nanocarrier that is decorated with targeting antibodies
[9]. Thus the drug is shielded from its environment, increasing its biological and
chemical stability [10], [11], [12], [13], [14]. Moreover, drug encapsulation within
nanocarriers enhances the drug concentration at the target site, and alters the
drug biodistribution thereby reducing the uptake in non-target tissues [15], [16],
[17].
In previous work, a GM1-targeting peptide was identified that - when coupled
to nanocarriers (polymersomes) - induced their transcytosis across the BBB in
vitro, and mediated their accumulation in the brain in vivo. Here, the transcytotic
capacity of GM1-targeted polymersomes is confirmed in vivo in brain, following
intracarotid artery injection in mice. In addition, the involvement of a vesicular
transport mechanism in the passage of GM1-targeted polymersomes across brain
endothelial cells is shown.
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Materials and Methods

hCMEC/D3 cell culture

Human cerebral microvessel endothelial hCMEC/D3 cells were maintained in
25 cm2 flasks precoated with 100 µg/ml rat tail collagen type-I (BD Biosciences,
Franklin Lakes, NJ) in endothelial basal medium-2 (EBM-2; Lonza Group, Basel,
Switzerland), supplemented with EGM-2-MV bullet kit (Lonza) containing
vascular endothelial growth factor, R3-insulin-like growth factor-1, human
epidermal growth factor, human fibroblast growth factor-basic, hydrocortisone,
and 2.5 % fetal bovine serum and 100 µg/ml penicillin/streptomycin. For dif-
ferentiation of the cells EBM-2 basal medium was supplemented with 1 µmol/l
dexamethasone (Sigma Aldrich) and 1 ng/ml bFGF (Invitrogen, Carlsbad, CA).
Cells were maintained at 37 ◦C under an atmosphere of 5% CO2.

Formation of peptide-targeted polymersomes

The preparation and characterization of polymersomes can be found in the Ap-
pendix.

Inhibition studies

For blocking experiments the ganglioside antibodies (Seikagaku Corp., Japan)
and CTxB-biotin (Sigma, St. Louis MO) were diluted in EBM-2. Anti-GD1a 10
µg/ml, anti-GD1b 10 µg/ml, anti-GT1b 40 µg/ml, and the cholera toxin b sub-
unit (CTxB-biotin) 20 µg/ml, were incubated with monolayers of hCMEC/D3
cells for 30 min at 10 ◦C. Subsequently, an equal volume of G23-polymersomes
(80 µg/ml) was added and the cells were incubated for an additional 30 min at 10
◦C. After extensive washing of the apical compartment, prewarmed serum-free
medium EBM-2 was added and the inserts were incubated at 37 ◦C overnight.
The fluorescence in the combined washing fraction and the three compartments
was assessed as mentioned in Chapter 5 under Transcytosis assay.

Immunofluorescence detection of gangliosides

2 × 105 hCMEC/D3 cells were seeded onto glass coverslips, precoated with 100
µg/ml collagen type I, and maintained in differentiation medium. The medium
was refreshed at confluent state and the experiments were performed on the next
day.
To detect cell surface exposed glycosphingolipids, live cells were incubated
with primary and secondary antibodies in 1 % BSA (PBS) for 40 and 20 min,
respectively, at 10 ◦C. Cells were fixed with 2.4 % paraformaldehyde in the
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presence of DAPI and mounted.
To saturate plasma membrane receptors and mark intracellular compartments
1 µg/ml CTxB – Alexa Fluor 555 (Invitrogen, Carlsbad, CA) [18] or 50 µg/ml
LDL-DiI (Invitrogen, Carlsbad, CA), diluted in EBM-2, were added to the
endothelial cells, for 30 min at 10 ◦C. The medium was aspirated and 40 µg/ml
of G23-polymersomes were added for an additional 30 min at 10 ◦C. The cells
were washed three times with cold PBS++, after which prewarmed serum-free
EBM-2 medium was added. After 1 hour and 4 hours of incubation at 37 ◦C,
the cells were fixed with 2.4 % paraformaldehyde (0.1 mol/l sodium cacodylate,
0.1 mol/l sucrose). Samples, containing LDL-DiI were immunolabeled with
primary mouse monoclonal anti-LAMP1 H4A3 (Developmental hybridoma
bank, University of Iova) at 4 ◦C for 72 hours and secondary Cy5 – conjugated
antibody (Jackson ImmunoResearch, UK) for 1 hour at room temperature.
The coverslips were mounted onto microscopic slides with Faramount aqueous
mounting medium (Dako). Images were acquired with confocal microscope
[Leica TCS SP2 (AOBS)], 63× oil objective, NA=1.4. Further processing was with
ImageJ software (NIH, http://rsb.info.nih.gov/ij). After background correction,
the colocalization analysis was performed according to the auto-tresholding
method described in [19]. The colocalization data are presented as percentage of
colocalizing pixels, between particles and the protein of interest, divided by the
total number of particles pixels.

Dot blot analysis of G23-polymersome binding to brain ganglios-
ides

Binding properties of G23-polymersomes to gangliosides was determined in a
dot blot assay as described by [20] with minor modifications. 10 µl of a 0.5 µmol/l
solution of GM1, and 5 µl of a 1 µmol/l solution of GM2, GM3, GD3, GD1a,
GD1b and GT1b gangliosides (Alexis Corporation, Läufelfingen, Switzerland)
were spotted onto an immobulon-FL (PVDF) membrane (Millipore Corporation,
Billerica, MA). The membrane was incubated with radiolabeled G23-polymer-
somes diluted 200 times in phosphate-buffered saline (Invitrogen, Paisley, UK)
containing 1 % bovine serum albumin (Sigma-Aldrich, St. Louis, MO) over 3
hours. Upon extensive washing the membrane was air dried, covered with a
multipurpose Cyclone phosphor imaging screen (PerkinElmer, Downers Grove,
IL, USA), and placed in an x-ray film cassette overnight at room temperature.
The screen was subsequently analyzed using a PerkinElmer Cyclone Storage
Phosphor System (Downers Grove, IL, USA). The positions of gangliosides
were visualized on the membrane by spraying with Ehrlich’s reagent (20 ml
of 37 % hydrochloric acid added to 0.6 g of 4-(dimethylamino)-benzaldehyde
(Sigma-Aldrich, Steinheim, Germany) solubilized in 80 ml ethanol), and heating
at 120 ◦C for 10 min [21].
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Electron microscopy

Ultrastructural information on the intracellular distribution of G23-polymer-
some, contrasted with Gd-DTPA, and LDL-DiI photoconverted DAB, was
obtained with electron microscopy. 1 × 106 hCMEC/D3 cells were cultured
onto 35 mm glass-bottom dishes (MatTek Corporation, Ashland, MA) precoated
with 100 µg/ml collagen type I, and grown till confluency in differentiation
medium. The cells were simultaneously incubated for 1 hour at 10 ◦C with 100
µg/ml LDL-DiI (Invitrogen, Carlsbad, CA) and 40 µg/ml of G23-polymersomes,
loaded with Gd-DTPA, diluted in EBM-2. After three times wash with cold
PBS++, the LDLs and the G23-particles were chased in prewarmed serum-free
EBM-2 medium for 1 hour and 4 hours. Control samples contain LDL-DiI and
G23-polymersomes (not photoconverted) solely or none. All further steps were
performed on ice. The cells were fixed in fixing solution (2.5 % paraformalde-
hyde, 0.5 % glutaraldehyde in 0.1 mol/l sodium cacodylate) for 10 min. The
samples were washed five times with 0.1 mol/l sodium cacodylate, blocked for
30 min in blocking buffer (50 mmol/l glycine, 5 mmol/l KCN, 0.3 % H2O2 in 0.1
mol/l sodium cacodylate), and the blocking buffer refreshed once more. Freshly
prepared, filtered and chilled DAB solution (6 mmol/l diaminobenzidine in
blocking buffer) was added to the cells. Target areas, with O2 needle supply, sub-
merged into the solution, were illuminated with Till iMic fluorescent microscope
(TILL Photonics, Munich, Germany) with Zeiss Fluar 20×/0,75 dry objective
at wavelength 550.9 nm. The illumination was terminated when deposits were
visible. Not reacted DAB was removed with 0.1 mol/l sodium cacodylate,
samples postfixed with 2 % glutaraldehyde in 0.1 mol/l sodium cacodylate
for 15 min, stained with 1 % OsO4 for 30 min in 0.1 mol/l sodium cacodylate,
dehydrated with ethanol in increasing concentrations and embedded in EPON.
The ultrathin sections were contrasted with 2 % uranyl acetate in methanol and
examined with Philips CM 100 electron microscope (Philips, Eindhoven, The
Netherlands).

Intracarotid artery injection of G23-polymersomes in mice

Male 20 - 25 g male BALB/c mice were obtained from Harlan (Horst, The
Netherland). The mice were kept in standard macrolon cages (26.2×42×15 cm)
under controlled conditions (23 ± 1 ◦C , 12-h light, 12-h dark cycle, pellets (Arie
Blok, Woerden, The Netherlands) and water ad libidum). All experiments were
approved by the Animal Ethics Committee of the University of Groningen, The
Netherlands and performed by licensed investigators in accordance with the
Law on Animal Experiments of The Netherlands.

Mice were anesthetized by isoflurane/oxygen. The neck was shaved and the
mouse was placed under dissecting microscope. The neck was prepared for
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surgery with chlorhexidine and the skin was cut by a mediolateral incision. The
muscles were separated to expose the right common carotid artery, which is then
separated from the vagal nerve. The proximal end of the common carotid artery
was clamped with a micro clamp. The tip of 29 G needle connected to a 0.3 ml
syringe was inserted into the carotid artery. The polymersomes were injected
over 15 - 20 s (< 0.01 ml/s) in order not to open the blood-brain barrier [22].
Upon polymersome administration the needle was retracted the puncture hole
was closed by suture and covered with collagen to eliminate any leakage. The
micro clamp was removed to establish the blood flow. The skin was closed with
5-0 sutures. At the end of the procedure, 0.1 mg/kg buprenorfine (Temgesic)
was injected subcutaneously for postoperative pain relief. The animal was kept
warm during recovery. The surgical procedure took 15 min/animal. Rhodamine
labeled G23-polymersomes and non-targeted polymersomes were injected in 3
animals each.

24 hours after polymersomes administration the mice were sacrificed by carbon
dioxide asphyxiation, the brains were isolated, snap frozen in liquid nitrogen
and stored at -80 ◦C until further processing. 8 and 10 µm sections were made on
a Leica CM 3050 cryostat microtome and mounted onto polylysine microscopic
slides (ThermoScientific, Waltham, MA). The sections were air dried for 1 hour
at room temperature and fixed for 15 min at -20 ◦C in acetone. After blocking
with 10 % goat serum in PBS for 1 hour at room temperature, the sections
were incubated with an antibody against PECAM-1 (CD31) (MEC 13.3, BD
Biosciences) overnight at 4 ◦C. Alexa Fluor 633 conjugated secondary antibody
(Invitrogen Carlsbad, CA) was applied for 2 hours at room temperature, together
with DAPI. Samples were analyzed with confocal microscope (BME Leica SP2)
and TissueFaxs fluorescent microscope (TissueGnostics, Vienna, Austria).

Results

Transcytosis of G23-polymersomes across the BBB in vitro

In previous work, the transcytotic capacity and the brain-targeting potential of
G23-polymersomes were shown in an in vitro BBB model and in vivo following in-
travenous injection in mice, respectively (Chapter 5). To better determine the spe-
cificity of G23-mediated transport the kinetics of transcytosis of the G23-polymer-
somes across hCMEC/D3 cells was measured. As shown in Fig. 1a, a typical sat-
uration kinetics was obtained, supporting the involvement of an active, receptor-
mediated transport pathway. Moreover, a scrambled version of the G23-peptide
(scrambled G23) was prepared and its ability in mediating transcytotic transport
of polymersomes was compared to that of “native” G23 and non-targeted poly-
mersomes. As illustrated in Fig. 1b, significant difference in transcytosis across
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the in vitro hCMEC/D3 BBB model was observed between G23-polymersomes
and scrambled G23-polymersomes, further underlining the specificity of G23. A
final piece of evidence in support of G23-specificity was obtained by modulation
of the ligand density. Thus lowering the incorporation of G23 on the polymer-
somes from 10 mol % to 5 mol % leads to a two-fold reduction in transcytosis
(Fig. 1c). Together, these data strongly support the view that the G23 peptide,
when coated on the surface of polymersomes displays a specific capacity in me-
diating their transcytotic transport across polarized hCMEC/D3 cells, i.e., an in
vitro BBB model. Although the G23 peptide was specifically selected for bind-
ing to GM1, by phage display against GM1-coated surfaces, we next examined
whether this specificity also holds for the G23-coated polymersomes when inter-
acting with the cell surface.

Figure 1: Transcytosis of G23-functionalized polymersomes across endothelial
hCMEC/D3 cells. (a) hCMEC/D3 cells cultured on transwell filters were incubated
with G23-polymersomes for 24 hours. The amount of fluorescently-labeled polymersomes
at the abluminal side (BL - basal compartment) was quantified at 2, 4, 6, 8, 18, and 24
h using fluorometry, to assess the kinetics of G23-polymersome transcytosis across the
in vitro BBB. (b) Transcytosis of polymersomes decorated with scrambled G23 peptide
or (c) reduced number of surface exposed G23 is significantly lower than transcytosis of
G23-polymersomes. Error bars represent s.e.m. *, P < 0.05.
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Gangliosides GM1 and GT1b, present on the surface of
hCMEC/D3 cells, are putative receptors for the G23-peptide

To verify the identity of the cell surface receptor(s) for G23-coated polymersomes
on the hCMEC/D3 cells, competition experiments were carried out using cholera
toxin B (CTxB), which is a natural ligand for ganglioside GM1. Thus, hCMEC/D3
cells were incubated with CTxB (30 min, 10 ◦C) prior to the addition of G23-poly-
mersomes (30 min at 10 ◦C), followed by a wash to remove unbound polymer-
somes and a subsequent incubation for 18 hours at 37 ◦C. Although, a decrease
in polymersome binding, internalization and transcytosis would be anticipated,
neither cell-association nor transcytosis of G23-polymersomes were significantly
affected at these conditions (Fig. 2a, b).

Figure 2: Effect of CTxB on the uptake and the transcytosis of G23-polymersomes.
(a) Cellular association of G23-polymersomes in the absence (left) and presence (right)
of cholera toxin B. hCMEC/D3 cells were pretreated with CTxB-biotin (10 µg/ml) for
30 min at 10 ◦C. G23-polymersomes were added (40 µg/ml) and cells incubated for an
additional 30 min at 10 ◦C. After removal of unbound polymersomes by washing, the
fraction of bound polymersomes was determined. (b) Alternatively, cells were incubated
for an additional 18 hours (37 ◦C) and transcytosis was determined. The transcytosis of
G23-polymersomes is set to 100 %. (c) Colocalization between G23-polymersomes (green)
and CTB (red) following a 60 min incubation with hCMEC/D3 cells. Quantification of
the colocalization events in 5 images, with approx 10 cells each, of 3 samples gives on
average 41.1 ± 3.0 % of colocalization. (d) Confluent monolayer of hCMEC/D3 cells,
corresponding to the same field acquired in (c). Scale bars, 20 µm.

However, following a 60 min chase rather than an incubation for 18 hours at 37
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◦C after initial binding of CTxB (30 min, 10 ◦C), subsequent addition of G23-
polymersomes (30 min, 10 ◦C) and a wash to remove non-bound polymersomes,
41.11±2.97 % of the polymersomes colocalized with CTxB intracellularly (Fig. 2c).
This suggests that either G23-polymersomes and CTxB bind to different epitopes
on the same receptor, allowing for their co-internalization, or that they interact
with different receptors of which the uptake and processing pathways merge at
some point in the cell. Notably, binding of CTxB to receptors other than GM1
has been described [23]. Alternatively, we considered the possibility that the gan-
gliosides GD1a, GD1b, and GT1b may also function as receptors for G23-poly-
mersomes. These lipids are structurally most closely related to GM1 in that they
contain, next to the same carbohydrate head group core structure as in GM1, one
(GD1a and 1b) or two (GT1b) additional (acidic) sialic acid residues (Fig. 3). We
first examined whether GD1a, GD1b, and GT1b are expressed on the surface of
hCMEC/D3 cells. Using a set of specific antibodies against individual gangli-
osides, immunoanalysis (Fig. 4a) reveals the presence of GD1a and GT1b, but
not GD1b at the cell surface of hCMEC/D3 cells. GD1a was primarily visible
at cell-cell contact sites, as reflected by the enhanced fluorescence intensity in re-
gions between neighboring cells in the D3 monolayer, while GT1b showed a more
homogeneous dotted-like distribution at the plasma membrane. Subsequently,
we investigated in vitro whether the G23-polymersomes displayed binding ca-
pacity towards GD1a and GT1b. Other related and unrelated gangliosides were
included as controls.

Figure 3: Structure of GM1 and the structurally related gangliosides GD1a, GD1b,
and GT1b. Sialic acid groups are indicated in red.
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Figure 4: Interaction of G23-polymersomes with isolated gangliosides and
ganglioside-containing membranes. (a) Cell surface exposure of the gangliosides
GD1a, GD1b, and GT1b was determined in hCMEC/D3 cells. D3 cells were incub-
ated with primary antibodies against gangliosides, fixed and incubated with secondary
antibody without permeabilization. (b) G23-polymersomes bind to GM1 and GT1b, as re-
vealed from a dot blot of gangliosides incubated with radioactively-labeled polymersomes.
Left: dot blot treated with Ehrlich’s reagent to visualize the position of the gangliosides;
right: visualization of G23-polymersome binding by phosphor imaging. Black circles
indicate positive spots for G23-polymersome binding. (c) Colocalization of G23-polymer-
somes with gangliosides GD1a (left) and GT1b (right) at the cell surface of hCMEC/D3
cells. (d) Quantification of the extent of colocalization of G23-polymersomes with gangli-
osides GD1a and GT1b in D3 cells (n=3, approx. 50 cells were analyzed per experiment).
Scale bars, 20 µm.
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As shown in Fig. 4b, when gangliosides, spotted on a dot blot, were incub-
ated with radioactively-labeled G23-polymersomes, they only bound to GM1 and
GT1b, suggesting that next to GM1, GT1b might also act as a cellular receptor
for the G23 peptide. Accordingly, we then determined whether the binding of
G23-polymersomes to GT1b also occurs in a cellular context by establishing the
extent of colocalization between GT1b, as visualized by immunostaining, and
fluorescently-labeled G23-polymersomes. Colocalization of G23-polymersomes
with GT1b was 16.2 ± 6.42 %, while colocalization with GD1a was less than 3
% (Fig. 4c, d). Hence, these data support the notion that both GM1 and GT1b
may function as target sites for G23-polymersomes on the surface of hCMEC/D3
cells, the failure to colocalize with GD1a emphasizing the specificity of this inter-
action. To verify whether binding towards GT1b also leads to transcytosis of the
G23-polymersomes, hCMEC/D3 cells were pretreated with an antibody against
GT1b, prior to addition of the G23-tagged polymersomes. In contrast to the in-
effectiveness of CTxB towards GM1, the GT1b antibody strongly inhibited the
binding of G23-polymersomes to hCMEC/D3 cells (Fig. 5a). Interestingly, as a
result transcytosis of the G23-polymersomes was inhibited by approximately 40
% (Fig. 5b).

Figure 5: Effect of antibody against GT1b on the binding and the transcytosis of
G23-polymersomes. hCMEC/D3 cells were pretreated with anti-GT1b (20 µg/ml) for
30 min at 10 ◦C. G23-polymersomes were added (40 µg/ml) and cells were incubated for
an additional 30 min at 10 ◦C. After extensive washing, cells were (a) fixed or (b) chased
for 18 hours, after which the extent of transcytosis was determined. The transcytosis of
G23-polymersomes is set to 100 %. Scale bars, 20 µm.
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Involvement of transcytosis in the transport of G23-polymer-
somes across hCMEC/D3 monolayers

The data obtained so far support the view that in vitro G23-coupled polymer-
somes, when added at the apical surface, can cross endothelial cells, thereby
reaching the basolateral medium. Circumstantial evidence supports a process
of transcytosis as the most likely mechanism. To obtain more direct evid-
ence for such a pathway, the following experiments were undertaken. LDL
is known to be transcytosed by brain endothelial cells using the multivesicu-
lar body (MVB) pathway, i.e., via a non-degradative LAMP-1-positive vesicu-
lar compartment[24]. We therefore investigated the intracellular processing of
G23-polymersomes in hCMEC/D3 cells, and determined its potential correlation
with the flow of fluorescently labeled LDL, as transcytotic marker. First, the cells
were incubated at 10 ◦C to allow for effective binding of DiI-labeld LDL (30 min)
and FITC-labeled G23-polymersomes (30 min). Subsequently, the temperature
was raised to 37 ◦C and after 1 hour the cells were fixed and immunostained for
LAMP-1. After this time interval, LDL and G23-polymersomes colocalized to a
limited extent of approx. 4.5 ± 0.2 %, while 11.5 ± 4.3 % of the internalized LDL
colocalized with LAMP-1 (Fig. 6a-d, i). However, G23-polymersomes were rarely
found in LAMP-1-positive compartments (Fig. 6a-d, i).
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Figure 6: Localization of G23-polymersomes and DiI-LDL within LAMP-1 com-
partments. hCMEC/D3 cells were incubated with DiI-LDL (50 µg/ml) for 30 min at
10 ◦C, washed and subsequently incubated with G23-polymersomes for 30 min at 10 ◦C.
Then the cells were transferred to 37 ◦C and incubated for 1 hour (a, insets b-d, j) and 4
hours (e, insets f-h, k). G23-polymersomes pseudocolored in green, DiI-LDL in red and
LAMP-1 in blue. (a,d) After a 1 hour incubation period, LDL reached LAMP-1-positive
compartments. (c) G23-polymersomes were found to colocalize with LDL, but (d) rarely
with LAMP-1. (e) After a 4 hours incubation period, both LDL and G23-polymersomes
increasingly colocalized with LAMP-1. (f) G23-polymersomes colocalized with LAMP-
1. (g) Triple colocalization of LDL, G23-polymersomes, and LAMP-1 appears as a white
signal. (h) A LAMP-1 compartment containing LDL and G23-polymersomes. (i) Quan-
tification of colocalization events. Scale bars, (a-h) 20 µm.
For ultrastructural investigation with transmission electron microscopy DAB photocon-
version was applied for the visualization of DiI-LDL and G23-polymersomes were loaded
with Gd-DTPA to provide contrast, as described in Appendix. (j) LDL and G23-polymer-
somes are contained in vesicular structures at t = 1 h. (k, left panel) At t = 4 hours cells
are occupied with many MVB-like structures, that contain G23-polymersomes. (k, right
panel) At t = 4 hours cells with MVBs that contain both G23-polymersomes and LDL
are detected. Arrows indicate G23-polymersomes, arrowheads DiI-LDL. Scale bar, (j) left
panel 2 µm; (j) right panel 1 µm; (k) left panel 5 µm; (k) right panel 1 µm.
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At the ultrastructural level, as visualized by transmission electron microscopy,
DiI-LDL, (contrast-enhanced by DAB precipitation) appeared like electron-
dense membranes in electron-translucent vesicles (Fig. 6j, arrowhead), consist-
ent with observations previously reported[25]. The G23-polymersomes (contrast-
enhanced by loading with Gd-DTPA) were detected in adjacent, but reminiscent
structures, filled with granular material (Fig. 6j, arrows). When similar analyses
were carried out after an incubation period of 4 hours, a significant increase
in LAMP-1-positive compartments was detected (Fig. 6e-h). The fractions of
LDL and G23-polymersomes colocalizing with LAMP-1 (Fig. 6e-h, i) increased
to 26.6 ± 4.4 % and 9.8 ± 1.3 %, respectively. Additionally, the number of G23-
polymersomes colocalizing with LDL increased (6.3 ± 3.0 %). Triple colocaliz-
ation between LAMP-1, LDL and G23-polymersomes was detected, as well as
localization of LDL and G23-polymersomes at opposite sites within the same
LAMP-1 compartment (Fig. 6f, g and h). Electron micrographs of cells obtained
after 4 hours of incubation revealed the presence of G23-polymersomes within
compartments that appeared larger and more heterogeneous in size compared to
the G23-polymersome-containing compartments, seen after 1 hour of incubation
(Fig. 6k and j). Compartments that contained both G23-polymersomes (Fig. 6k,
right panel, arrows) and LDL-DiI, indicated by the presence of electron-dense
membranes (Fig. 6k, right panel, arrowheads), were also detected. Together,
these data show a vesicular transport pathway for G23-polymersomes that at
least partially overlaps with the intracellular processing of LDL. Together with
the integrity of the hCMEC/D3 cellular monolayer upon incubation with G23-
polymersomes and the absence of cellular toxicity (Fig. 7a and b), both exclud-
ing paracellular transport of polymersomes, the data support the involvement of
transcytosis for transport of G23-polymersomes across endothelial cells.

Figure 7: The integrity of the hCMEC/D3 monolayer is not compromised in the
presence of polymersomes. (a) ZO-1 staining pattern in hCMEC/D3 cellular mono-
layers is intact upon incubation with G23-polymersomes. Polymersomes are omitted for
simplicity. Scale bar, 20µm (b) LDH release is similar in untreated hCMEC/D3 cells and
cells incubated with non-targeted or G23-polymersomes.
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The results obtained thus far demonstrate that G23-polymersomes are transpor-
ted across endothelial cells in a specific and highly efficient manner, presumably
relying on transcytosis following an efficient targeting and processing via their
interaction with the gangliosides GT1b and GM1, expressed on the apical surface
of the BBB cell model. To investigate whether this capacity of the G23-polymer-
somes also holds for in vivo processing, thus potentially serving as an efficient
nanocarrier for introducing drugs into the brain, we subsequently analyzed the
fate of the G23-polymersomes after intracarotid artery injection to obtain proof
of principle.

In vivo blood-brain barrier passage of G23-polymersomes

To reveal the potential of G23 to also mediated BBB passage in vivo, rhodamine-
labeled G23-polymersomes and non-targeted polymersomes were administered
by intracarotid artery injection in balb/c mice. The brain distribution of both
rhodamine-labeled polymersomes was then analyzed 24 hours after injection.
As demonstrated in Fig. 6, next to their localization with the endothelial cells
of the blood-brain barrier (Fig. 8a, b - upper panel), substantial amounts of the
G23-polymersomes reached the brain parenchyma (Fig. 8a, b - lower panel, c),
which indicates that they crossed the BBB and penetrated into the brain tis-
sue. In marked contrast, non-targeted polymersomes were found mainly in the
leaky vessels of the forth ventricle (Fig. 8d) and ependymal cells of the aqueduct
(Fig. 8e, f - lower panel), and only occasionally in brain parenchyma (Fig. 8e, f
- upper panel), further emphasizing the potency of G23 to mediate transfer of
nanoparticles across the BBB. The few non-targeted polymersomes that could be
detected in the brain parenchyma were at all times located close to the brain vent-
ricles, which suggests that they passed the blood-CSF barrier, and not the blood-
brain barrier.
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Figure 8: In vivo brain distribution of polymersomes after intracarotid artery in-
jection in mice. BALB/c mice were injected with G23- and non-targeted polymersomes.
24 hours after injection brains were isolated and processed as specified in Methods. (a,
magnification in (b) upper panel) G23-polymersomes are found in microvessels, visual-
ized with CD31 (PECAM), and in (c, magnification in (b) lower panel) brain paren-
chyma. (d) Non-targeted polymersomes are found in the leaky vessels of the forth vent-
ricle, and in (e, magnification in (f) upper panel) in parenchyma, and (magnification in
(f) lower panel) ependymal cells of the aqueduct. Polymersomes are pseudocolored in red,
CD31 in blue, and nuclei in green. Scale bars, 50 µm.

Discussion

Here we show the transcellular trafficking of polymersomes across human brain
endothelial cells as induced by the GM1-binding peptide G23. Our data (binding
studies, colocalization experiments, antibody blocking) suggest that the under-
lying mechanism of transport relies on processing by transcytosis, involving
GM1 and GT1b as receptors for the G23-coupled polymersomes. Although
specifically selected for its binding to GM1, the G23 peptide was previously
shown to effectively remove tetanus toxin C from its ganglioside receptor GT1b,
indicating affinity for this receptor as well [26], which is consistent with the
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present observations. Importantly, our data also imply that the peptide thus
maintains its functionality and effectiveness towards the ganglioside receptors
following its binding to the surface of polymersomes.
The fact that a reduced G23 density on the surface of the polymersomes results
in a diminished level of transcytosis, could be suggestive for the need of receptor
clustering and/or multivalent binding in triggering transcytosis of the nanocar-
riers. Similarly, it was recently demonstrated that through multivalent binding
to cell surface GM1, SV40 virus can induce plasma membrane curvature, thereby
promoting its own internalization via endocytosis[27]. In this manner different
pathogens and pathogenic factors may probably exploit a common mechanism,
i.e., based on glycosphingolipid clustering, to drive bending of the plasma
membrane as an initial step in their cellular internalization by endocytosis.
In light of this intriguing possibility, it will be interesting to investigate the
propensity of the G23-peptide, in relation to its ‘multivalency’ as accomplished
when bound to the surface of nanocarriers, to induce membrane curvature and
the precise connection to a subsequent processing via the transcytotic pathway.
The G23-polymersomes will thus provide unique opportunities to subsequently
investigate their ability to carry encapsulated aqueous contents, including
therapeutic agents, into the brain. For this purpose properties will have to be
conveyed that destabilize the carrier and release contents once the nanocarriers
have reached their destination. The inclusion of exchangeable PEGylated
polymers [28], [29] may be an instrumental tool in accomplishing such an
effect, as the time-dependent release of these may destabilize the integrity of
the polymersomes [30] in a programmable manner, and this work is currently
in progress. In conjunction with options to also decorate the polymersomes
with additional molecular devices [31], [32], [33] to target specific cells within
the brain, the present findings may pave the way for effective drug delivery by
means of nanocarriers into the brain.
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Abstract

The blood-brain barrier (BBB) constitutes a major obstacle for treatment of neur-
ological disorders as it effectively precludes by a variety of passive and active
molecular mechanisms, drug delivery into the brain. The use of nanocarriers,
in which appropriate drugs might be efficiently packaged, is therefore currently
considered in order to circumvent BBB extrusion mechanisms, and hence to im-
prove drug delivery. In the present work we demonstrate that plasma membrane
vesicles (PMVs) derived from C17.2 neural stem cells can be prepared that dis-
play the ability to cross the BBB, as shown in an in vitro cell model - polarized
human cerebral microvessel endothelial cells (hCMEC/D3), as well as in vivo,
following systemic administration of the PMVs in a BALB/c mouse. Our data
reveal that in contrast to the parental C17.2 neural stem cells, which cross the in
vitro barrier by paracellular transport, the PMVs enter the endothelial cell layer,
which constitutes the actual barrier, primarily by clathrin- and caveolae-mediated
endocytosis, when added to the apical medium. Their effective appearance (ap-
prox. 25 % of the added dose) in the basolateral medium, in conjunction with
control experiments that exclude PMV-induced perturbation of the hCMEC/D3
cell layer integrity, indicate that transcytosis is primarily responsible for translo-
cation. The fact that systemic administration in vivo, which leads to a prominent
appearance of PMVs in brain tissue in comparison to other tissues like liver, lung
and spleen, supports the view that PMVs may act as potent biological nanocarri-
ers for delivery of therapeutics into the brain.
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Introduction

Successful therapy of brain-related diseases is severely hampered by the re-
latively poor delivery of drugs across the blood-brain barrier (BBB), which
constitutes a major hurdle for their entry from the blood into brain tissue. This
barrier is constituted by a specialized endothelium of brain microvessels that in
this manner preserves brain homeostasis. Although small lipophilic molecules
may cross the barrier by means of passive diffusion [1], [2], other drugs like
cytostatic antitumor compounds are effectively extruded by multidrug resistant
proteins that are abundantly present in the plasma membrane of the endothelial
cells. Obviously, these limitations have severely frustrated progress in the
development of effective treatment of many brain-related disorders [3].
Nevertheless, in recent years, several approaches have been reported, showing
promise in overcoming the BBB. One of those relied on the use of a short peptide
derived from rabies virus glycoprotein (RVG), which enables the transvascular
delivery of small interfering RNA (siRNA) to the brain [4]. Thus after intraven-
ous injection into mice, RVG-9R delivered siRNA to neuronal cells, resulting in
specific gene silencing within the brain, although the precise mechanism of trans-
vascular transport was not addressed. More recently it has been demonstrated
that exosomes, i.e., small intracellular vesicles of an endocytic nature that can
be secreted by cells [5], derived from dendritic cells and loaded with exogenous
siRNA by electroporation, are indeed targeted to the brain by expression of
the neuro-specific RVG peptide [6]. Alternatively, stem cells, engineered to
produce therapeutics of choice [7], are also emerging as drug delivery vehicles,
rationalized by observations that neural stem cells target neurodegeneration and
cerebral ischemia upon intracerebral and intracerebroventricular administration
[8], [9], and brain malignancies upon intravenous administration [7], [10], [11].
However, drawbacks were also reported as not all intravenously administered
stem cells reach the intended site of delivery in that they may become entrapped
and eventually engrafted in lungs, spleen, liver and bone marrow [12], [13], [14],
[15]. Hence, a different approach is desirable that simultaneously makes use
of the intrinsic capacity of neural stem cells to target the brain, but avoids the
complications that may arise from their systemic application.
Accumulating evidence suggests that many cell types may shed small vesicles
(microvesicles) from their plasma membranes. Once released such microvesicles
may interact with a cell they recognize via ligand-receptor interaction, fuse with
it, become endocytosed or even transcytosed [16], [17], [18]. In this manner
microvesicles might transfer cargo, including therapeutics, to the target cells
[19]. Likewise, ex vivo manufactured plasma membrane vesicles might mirror
the behavior of these natural vesicular messengers and also transport exogenous
cargo to an acceptor tissue. Accordingly, in the present study we have examined
the possibility to use artificially prepared plasma membrane vesicles (‘microves-
icles’) from neural stem cells as brain targeting device. Both in vitro and in vivo
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data demonstrate that the vesicles are effectively translocated across the blood
brain barrier, and that this system holds great promise as a biological nanocarrier
for delivery of therapeutics into the brain.

Materials and methods

Cell Lines

Human cerebral microvessel endothelial cells (hCMEC/D3) [20] were grown in
flasks, coated with 100 µg/ml rat tail collagen type-I (BD Biosciences, Frank-
lin Lakes, NJ), in endothelial basal medium-2 (EBM-2; Lonza Group, Basel,
Switzerland) supplemented with 2.5 % fetal bovine serum, 100 µg/ml penicil-
lin/streptomycin and an EGM-2-MV bullet kit (Lonza) that contained vascular
endothelial growth factor, R3-insulin-like growth factor-1, human epidermal
growth factor, human fibroblast growth factor-basic, hydrocortisone. For experi-
ments the cells were differentiated in EBM-2 basal medium supplemented with
1 µmol/L dexamethasone (Sigma Aldrich, St Louis, MO Aldrich) and 1 ng/ml
bFGF (Invitrogen, Carlsbad, CA), as described in [21]. Cells were maintained
at 37 ◦C under an atmosphere of 5 % CO2. Unless indicated otherwise, the
experiments were performed in EBM-2 medium without additives.

C17.2 neural stem cells (generously provided by Dr. Evan Y. Snyder, Stem
cell and Regeneration Program, Burnham Institute for Medical Research, CA)
were grown in high glucose Dulbecco’s modified Eagle’s medium, DMEM,
(Invitrogen, Paisley, UK) supplemented with 10 % fetal calf serum (BODINCO
B.V. The Netherlands), 5 % horse serum (Invitrogen, Paisley, UK), 100 mg/L
ampicillin (Invitrogen, Paisley, UK), and 100 mg/L streptomycin (Invitrogen,
Paisley, UK) at 37 ◦C under a 5 % CO2 atmosphere, and passaged twice a week
(1:10 dilution).

Crude Membrane Preparation

Crude plasma membranes of C17.2 NSCs were prepared as follows. Cells were
grown to confluency in T162 flasks and washed once with 20 ml of Hank’s buf-
fered salt solution (HBSS, Invitrogen, Paisley, UK), pH 7.4. The cells were de-
tached by incubation at 37 ◦C for 10 min with 20 ml 5 mM EDTA. Cells were col-
lected by centrifugation at 9.000 g for 10 min. The cell pellet was diluted at least 40
times with lysis buffer [5 mM sodium phosphate buffer, pH 7.4 and 1 mM EDTA
with protease inhibitors PMSF (0.1 mM), Leupeptin (0.5 µg/ml) and Aprotinine
(1 µg/ml), Sigma], and lysed by stirring for 90 min on ice. The lysate was cent-
rifuged for 45 min at 100.000 g, 4 ◦C. The resulting pellet was resuspended in 30
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ml ice-cold resuspension buffer (10 mM Tris-HCl, pH 7.4, 250 mM sucrose and 1
mM EDTA with protease inhibitors) and homogenized in a 30 ml Dounce B potter
(50 strokes with tight pestle) with 3 µl Benzonase (Merck Chemicals, Darmstadt,
Germany) to fragment DNA. Portions of 7 ml of the homogenate were overlaid
on 4 ml 38 % w/w sucrose solution with protease inhibitors and centrifuged at
280.000 g for 2 hours at 4 ◦C. The interface was collected, and washed by cent-
rifugation for 45 min at 100.000 g at 4 ◦C in ice-cold resuspension buffer. The
pellet was finally resuspended in approximately 2 ml of resuspension buffer. The
protein content of the plasma membrane preparations was determined by the
bicinchoninic acid assay (Sigma Aldrich, St Louis, MO), using bovine serum al-
bumin as a standard. The resuspended membranes were stored in aliquots at -80
◦C.

Vesicles extrusion and fluorescent labeling

C17.2 NSC plasma membranes, prepared as described in the previous para-
graph, were resuspended in isotonic buffer (50 mM Hepes pH 7.4 with 100
mM NaCl and 1 mM EDTA), and vesicles were prepared by passing the mem-
branes through a LiposofastTM vesicle extruder (200 nm filter, Avestin, Ottawa,
Canada). The vesicles were spun down at 70.000 g for 20 min at 4 ◦C. The protein
concentration was determined by the bicinchoninic acid assay (Sigma Aldrich,
St Louis, MO), and the vesicles were suspended in isotonic buffer at a protein
concentration of approximately 2 mg/ml.
For the purpose of fluorescence analysis and visualization, the
PMVs were labeled with either one of two fluorophores. N-
Rhodaminephosphatidylethanolamine (N-Rh-PE) (Avanti Polar Lipids, Inc.,
Alabaster, AL), which was employed for histological examination, was intro-
duced just prior to vesicle extrusion. In short, 0.2 nmol of N-Rh-PE in 1 µl of
100 % ethanol was pipetted under vortexing into 100 µl membrane suspension
containing ≈ 500 µg protein after which the fluorescently-labeled membrane
fraction was extruded as described above. Alternatively, extruded vesicles were
spun down at 70.000 g for 20 min at 4 ◦C and resuspended in 100 µl 0.25 mg/ml
fluorescein isothiocyanate (FITC, Sigma Aldrich, St Louis, MO) solubilized in
0.3 M carbonate / bicarbonate buffer pH 8.6, which was followed by a 1 hour
incubation at room temperature in the dark. The volume of the vesicle suspen-
sion was adjusted to 3 ml by isotonic buffer, and excess FITC was then removed
by chromatographic separation over a desalting column (Econo-Pack 10DG;
Bio-Rad, Hercules, CA). The vesicle fraction was collected by centrifugation at
70.000 g for 20 min at 4 ◦C.
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Measurment of vesicles size and zeta potential

The size, polydispersity index and zeta-potential of the C17.2 NSC derived
plasma membrane vesicles were measured, using a Malvern zetasizer Nano-Z
(Malvern Instruments, Worcestershire, UK). The measurements were performed
in PBS (Invitrogen, Paisley, UK).

Interaction of C17.2 NSC derived PMVs with hCMEC/D3 cells

hCMEC/D3 cells were seeded at a concentration of 2 × 105 cells/cm2 on glass
coverslips, precoated with 100 µg/ml collagen type-I, and grown to confluency
as described previously [21]. On the day of the experiment the cells were washed
and incubated in EBM-2 at 37 ◦C for 30 min. When indicated, inhibitors (pur-
chased from Sigma Aldrich, St Louis, MO) of the various endocytotic pathways
were included in the medium at this stage. Applied effective concentrations,
as verified in our previous studies [21], [22], [23], were as follows; as inhibitor
for clathrin-mediated endocytosis: chloropromazine (5 µg/ml;); as inhibitor
for caveolae-mediated internalization: filipin III (1 µg/ml) or nystatin (30
µg/ml; Sigma Aldrich, St Louis, MO Aldrich); as inhibitor of macropinocytosis:
dimethylamiloride (40 µM); as an inhibitor of dynamin dynamics (involved in
both clathrin- and caveolin-mediated endocytosis): dynasore 80 µM. The cells,
irrespective of the presence of inhibitors, were incubated with 10 µg/ml of FITC
labeled PMVs during 2 hours. At the end of the incubation the coverslip-attached
cells were washed two times with HBSS, fixed with 4 % formaldehyde, washed
again and mounted on glass slides with Faramount aqueous mounting medium
(Dako, Glostrup, Denmark). The experiments were done three times in duplicate.
Images of at least five random fields of view were acquired, using a Leica TCS
SP-2 confocal microscope. The number of PMVs per field of view was quantified
using Particles Tracking plug-in for ImageJ software (National Institutes of
Health, http:// rsb.info.nih.gov/ij).

Transcytosis assay

To determine the transcytotic transport efficiency of the C17.2 NSC PMVs,
hCMEC/D3 cells were seeded at a density of 2 × 105 cells/cm2 on 3 µm filter
inserts in Transwell chamber plates (Corning, Corning, NY), coated with collagen
type-I. Media were changed two times a week and the transendothelial electrical
resistance value was measured using a Millicell-ERS (Millipore, Billerica, MA).
The experiments were performed when hCMEC/D3 monolayers reached a
transendothelial electrical resistance value of ≈50 ω/cm2, approx. after 14-15
days in culture.
For the purpose of monitoring their transcytosis, C17.2 NSCs were labeled with
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5 µM CellTracker Green CMDFA (Molecular Probes, Inc., Eugene, OR) for 30 min
according to the manufacturer protocol for adherent cells.

FITC-labeled PMVs were applied to the apical compartment at a concentration of
10 µg protein per ml. After an incubation of 18 hours, the media from apical and
basolateral compartment were collected, while the cell-supporting filters were
cut out and soaked in 1 ml of distilled water. The fluorescence in the various
samples thus obtained was quantified by measurement in a Perkin Elmer LS5
luminescence spectrometer, using FL WinLab 4.0 software in the time drive mode
over a time period of 20 s with 0.1 s data collection interval at the following set-
tings: excitation wavelength 480 nm, excitation slit 2.5 nm, emission wavelength
520 nm, emission slit 2.5 nm. The results are presented as % of total fluorescence
per fraction, based upon data collected from three independent experiments,
carried out in duplicate. In order to verify maintenance of the integrity of
the hCMEC/D3 monolayer during PMVs treatment, TRITC-labeled 65-85 kDa
dextran (Sigma, St louis, MO) was used [24]. To this end, 500 µl TRITC dextran (3
mg/ml) was applied to the apical chamber of the hCMEC/D3 monolayer, either
in the absence or presence of the PMVs. After 18 hours of incubation, samples
were taken and processed in an identical manner as described for determining
the transcytotic capacity of the PMVs. The fluorescence in each fraction was
measured at the following settings: excitation wavelength 560 nm, excitation slit
2.5 nm, emission wavelength 580 nm and emission slit 2.5 nm.

Immunocytochemistry

Coverslips with cells were washed two times with HBSS, fixed with 4 % form-
aldehyde, and subsequently permeabilized with 0.2 % Triton X-100 at room
temperature for 5 minutes. Nonspecific sites were blocked by 60 min incubation
at room temperature with 10 % FCS. Thereafter, the cells were stained with
mouse anti-human PECAM-1 antibody, clone EN4 (Sanbio, Am Uden, The
Netherlands) at a dilution 1:50 in 1 % FCS for 90 min at room temperature. The
cells were washed three times with PBS and incubated with goat anti-mouse
AlexaFluor 633 (Molecular probes, Eugene, OR) at a dilution of 1:1000 for
another 30 min at 37 ◦C. The cells were washed three times and mounted onto
microscopic slides with Faramount aqueous mounting medium (Dako, Glostrup,
Denmark). Images were acquired by confocal microscopy [Leica TCS SP-2
(Accusto-optical beam splitter)].

Transmission electron microscopy

hCMEC/D3 cells were grown in 12-wells plates, precoated with collagen type-I.
Either 10 µg/ml of PMVs or 1 × 105 C17.2 NSCs were added to the confluent
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monolayers and incubated for 18 hours. Subsequently, cells were washed with
HBSS and fixed in 2 % paraformaldehyde plus 0.2 % glutaraldehyde, buffered
with 100 mmol/L sodium cacodylate for 2 hours on ice. Postfixation with 2 %
osmium tetroxide was carried out for 30 min at 4 ◦C. Gradual dehydration was
performed with increasing ethanol concentrations from 30 to 100 %. The samples
were embedded in EPON, and ultrathin sections were prepared and contrasted
with uranyl acetate and lead citrate, according to standard procedures. Samples
were examined in a Philips CM 100 electron microscope, operated at 80 kV.

In vivo fate of plasma membrane vesicles

To demonstrate that PMVs can cross the blood brain barrier in vivo, they were
injected i.v. in male BALB/c mice obtained from Harlan (Horst, The Netherland).
The experiment was approved by the Animal Ethics Committee of the University
of Groningen, The Netherlands and performed by licensed investigators in
accordance with the Law on Animal Experiments of The Netherlands. The mice
were sacrificed 24 hours later. Blood was collected for blood smears. Spleen,
liver, lung and brain were isolated, and snap frozen. 8 µm sections were prepared
with a LEICA cryostat. To visualize cell nuclei, sections were stained with DAPI.

Results

Translocation of neural stem cells across polarized hCMEC/D3
cells occurs via the paracellular route

In vivo, the infiltration of immune cells into the brain via transport across the
BBB has been well documented and both transcellular migration across the en-
dothelium and paracellular diapedesis have been identified as underlying mi-
gration mechanisms [25]. Presumably, neural stem cells, that show an intrinsic
tropism for brain malignancies [26], might similarly adhere to and interact with
microvascular endothelium. Obviously, the effectiveness of such an interac-
tion, likely driven by a mechanism involving cell surface localized adhesion mo-
lecules, would be a prerequisite for potential successful transcellular transport of
stem cell-derived plasma membrane vesicles. Accordingly, we first investigated
the interaction of C17.2 NSCs, using an in vitro BBB model constituted by polar-
ized monolayers of human brain endothelial hCMEC/D3 cells. To this end the
stem cells were fluorescently labeled with CMFDA as described, and were sub-
sequently added to the apical side of the hCMEC/D3 cells, cultured in a transwell
system. Microscopic analysis of the cells was carried out after an overnight in-
cubation. In order to visualize cell-cell contacts in the hCMEC/D3 monolayer,
the filter-grown cells were fixed at the end of the incubation, and immunostained
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for PECAM-1, a specific cell surface localized cellular adhesion molecule present
on endothelial cells [27]. As revealed by fluorescence microscopy, when visual-
ized from the apical surface, the neural stem cells were found engrafted in the
hCMEC/D3 monolayer (Fig. 1a), while visualization of the monolayers at the
basolateral surface demonstrated the occasional protrusion of the green-labeled
stem cells and the presence of whole cell bodies (Fig. 1b).

Figure 1: Translocation of neural stem cells across BBB endothelial cells in vitro
occurs by paracellular transport. (a) CMFDA-labeled C17.2 neural stem cells (green)
intercalate in and squeeze through a monolayer of hCMEC/D3 cells, grown on transwell
filters. The cell boundaries of hCMEC/D3 cells were immunolabeled for the cell surface
marker PECAM (red); apical view – top of the filter. (b) Projections of the neural stem
cells are apparent at the basolateral surface, while some cells have completely transversed
the monolayer and filter support; basal view – bottom of the filter. (c) Focal points of
adhesion between an endothelial cell and neural stem cell (white arrows), scale bar 2
µm. (d) Tight junctional connections between hCMEC/D3 cells remain intact at places
where the monolayer is not invaded by C17.2 NSCs. (e) Consecutively acquired images,
combined in a panorama view, show a neural stem cell, filling the paracellular space
between two endothelial cells.

To further clarify the route of migration of the C17.2 NSCs across an in vitro
BBB model, the process was also examined by transmission electron microscopy.
For that purpose the stem cells were allowed to interact with hCMEC/D3 cells
plated on 12-wells plate. As shown in Fig. 1c, hCMEC/D3 cells are characterized
by the presence of a relatively large nucleus (N). Invasive cells, as indicated
by their cellular boundaries, are readily distinguished as C17.2 NSCs, and it is
apparent (Fig. 1c and e) that the C17.2 neural stem cells use the paracellular route
to migrate through hCMEC/D3 monolayers. It should be noted that at places
where the monolayer is not invaded by C17.2 NSCs (Fig. 1d) tight junctional
connections between hCMEC/D3 cells remain intact (Fig. 1d). Together, these
data indicate that neural stem cells display a capacity to migrate across an in
vitro BBB model. Next, we therefore set out to prepare NSC-derived plasma
membrane vesicles to verify whether such particles would display similar
properties and hence may display potential of acting as a biological nanocarrier.
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Figure 2: Electron micrograph
of C17.2 NSC derived plasma
membrane vesicles. Plasma
membrane vesicles were prepared
as described in Materials and
Methods. Vesicles, purified by
sucrose gradient centrifugation
and extruded through a 200
nm filter, were visualized by
transmission electron microscopy
after staining with uranyl acet-
ate (which gives rise to artificial
clustering of the vesicles). Note
that the diameter of most PMVs
is between 150 and 250 nm.

Preparation and characterization of NSC-derived plasma mem-
brane vesicles

Crude plasma membranes were obtained from lysed C17.2 cells by pelleting
and subsequent fractionation on a sucrose gradient, as described in Material
and Methods. Plasma membrane vesicles were obtained by resuspending the
membrane fraction in isotonic buffer and subsequent passage of the suspension
through a LiposofastTM vesicle extruder, using a 200 nm filter. As detailed in
the Methods and Materials section, to allow visualization for microscopic ana-
lysis and detection by fluorometry, the obtained vesicle fraction was labeled with
either fluorescein isothiocyanate (FITC) or the fluorescent lipid marker N-Rh-PE,
the latter being incorporated into the membrane preparation prior to its extru-
sion. Typically, application of this procedure resulted in the assembly of ves-
icles with a diameter varying between 150-200 nm, displaying a slightly negative
charge, as determined by light scattering and surface potential measurements,
respectively, summarized in Table 1 1. Consistently, a similar range in diameters

Vesicle preparation Size (nm) PDI ζ-potential (mV)

crude PMVs 208.4 0.235 -14.7
FITC PMVs 152.2 0.220 -22.7

Table 1: Characterization of polymersomes.

could be visualized upon examination of the NSC-derived vesicles by electron
microscopy (Fig. 2).
It should be noted that the presence of clusters is an artifact, resulting from vesi-
cular staining (and subsequent clustering) with uranyl acetate.
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NSC-derived plasma membrane vesicles are internalized by en-
dothelial hCMEC/D3 cells

To investigate the interaction of NSC plasma membrane vesicles with
hCMEC/D3 cells, FITC labeled vesicles (FITC-PMVs) were incubated with the
endothelial cells, grown on coverslips or 12-wells plates as described in Mater-
ials and Methods. To appreciate individual cells in the confluent monolayer of
the brain endothelium, cellular boundaries were labeled for PECAM-1. After an
incubation for 18 hours, FITC-PMVs appear intracellularly, as visualized by fluor-
escence (Fig. 3a) and electron microscopy, showing unique intracellular vesicular
structures with a typical double membrane structure (Fig. 3b and c).
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Figure 3: Intracellular localization of PMVs in polarized hCMEC/D3 cells. PMVs were
added from the apical site to hCMEC/D3 cells, grown to confluency on coverslips or 12-wells plates.
After 18 hours of incubation at 37 ◦C, the cells were fixed and processed for fluorescence or electron
microscopy, as described in Materials and Methods. (a) PECAM-1 (pseudocolored in blue) marks
the cell boundaries of single cells. FITC-PMVs (pseudocolored in green) are detected as round
shaped objects within the endothelial cells. Occasionally, PMVs colocalize with PECAM-1 (white
arrow). Scale bar, 20 µm. (b) Intracellular localization of PMVs (arrows), showing a typical
appearance of double membrane vesicular structures in the cytoplasm of the cells. Scale bar, 500
nm. (c) Magnification from (b).

Over this incubation period the PMVs localized in the cytosol, and no asso-
ciation with lysosomal compartments could be detected. Most interestingly
however, occasionally the FITC-PMVs colocalized with PECAM-1 (Fig. 3a, white
arrow). Since PMVs accessed the BBB endothelium from the apical site whereas
PECAM-1 is sorted basolaterally, i.e., opposite of the apical surface, these data
may support the notion that apically added PMVs engage in transcytosis, i.e.
transcellular transport from the apical to the basolateral surface. To obtain
further supportive evidence for these observations we next investigated in
further detail the pathways of entry of the PMVs.

The internalization of PMVs is energy-dependent and occurs via
different endocytic pathways

While paracellular transport appears to be the primary mechanism by which
NSCs were translocated across the polarized hCMEC/D3 cells, as described
above (see Fig. 1), significant paracellular transfer of the membrane vesicles
was not observed, Accordingly, we anticipated, supported by the observations
reported in Fig. 3, that endocytotic internalization mechanisms mediate the
potential translocation in case of the PMVs. To investigate the involvement of
these pathways, a variety of inhibitors was employed, previously verified to
effectively inhibit the entry of distinct ligands along either of these pathways.
Since all endocytic pathways are energy-dependent first the energy dependence
of the internalization of FITC-PMVs was investigated by depleting the cells of
ATP by exposure to 10 mM sodium azide (NaN3) and 10 mM 2-deoxyglucose
for 30 min in a calcium- and magnesium- containing PBS medium [28]. Next,
the uptake of FITC-PMVs was determined after incubation for 2 hours in the
presence of inhibitors of specific endocytotic pathways, at conditions which
did not affect cell viability. As shown in Fig. 4, energy depletion inhibited
PMV uptake by approximately 80 %, indicating that their internalization is an
active, energy-dependent process, consistent with endocytosis as the mechanism
of entry and hence, its potential involvement in transcellular transport of the
PMVs. Dynasore, an inhibitor that interferes with dynamin GTPase activity
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Figure 4: Effect of metabolic inhibitors on the uptake of PMVs by hCMEC/D3
cells. hCMEC/D3 cells, grown on coverslips, were preincubated with sodium
azide/deoxyglucose (NaN3/2DG) to deplete the cells of energy, dynasore (dyn), a dy-
namin inhibitor, dimethylamiloride (DMA), an inhibitor of macropinocytosis, nystatin
(nys) and filipin (FIII) – inhibitors of caveolae-mediated enocytosis, and chlorpromazine
(CPM), an inhibitor of clathrin-mediated endocytosis, for 30 min at 37 ◦C. Subsequently,
10 mg/ml of plasma membrane vesicles were included in the incubation medium, keeping
the inhibitors present during the entire incubation period. After 120 min, the cells were
washed and fixed, after which the number of vesicles per field of view was quantified. The
uptake obtained in the absence of inhibitors was set at 100 % (control).

[29] and affects both clathrin- and caveolin-mediated endocytosis, accounts
for approximately 50 % inhibition of the internalization of the labeled PMVs
(Fig. 4). Neither dimethylamiloride (Fig. 4) nor wortmannin (data not shown)
affected PMVs internalization, indicating that macropinocytosis as mechanism
of internalization can be excluded. By contrast, chlorpromazine, an inhibitor
of clathrin- mediated endocytosis and, nystatin and filipin III, inhibitors of
caveolae-mediated endocytosis, blocked PMV internalization by approximately
45, 45 and 35 %, respectively. Taken together these data indicate that multiple
endocytic pathways, including clathrin- and caveolae-mediated endocytosis are
involved in the internalization of PMVs, derived from NSC by hCMEC/D3 cells.
Next, we examined the extent to which this mode of internalization subsequently
contributed to transcellular transport, i.e., the processing of PMVs across the
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in vitro BBB cell model from the apical medium/cell surface to the basolateral
surface and ensuing secretion into the basolateral medium.

Transcytosis of PMVs across hCMEC/D3 cells

Thus far, we showed that PMVs, derived from neural stem cells, are efficiently
internalized by BBB endothelium. To investigate their transcytotic potential we
therefore added the FITC-labeled vesicles (10 µg / ml) to the apical chamber of
the transwell system in which the hCMEC/D3 cells were cultured. After an in-
cubation of 18 hours, fluorescence was determined by fluorometry in both the
apical and basolateral medium and that associated with the cells, present on the
filter. The data thus obtained were expressed as % fluorescence present in each
fraction, relative to total fluorescence. As shown in Fig. 5a, approximately 25 %
of the labeled NSC-derived plasma membrane vesicles had reached the basolat-
eral medium, presumably via transcytosis, after 18 hours. Moreover, the fluor-
escence intensity that was measured in the basal compartment, originates from
intact FITC-PMVs, as evidenced by examination of the basolateral medium by
fluorescence microscopy. As shown in Fig. 5b the fluorescence was found to be
associated with particles of a size that was reminiscent to those of the extruded
vesicles.
Importantly, to exclude that the presence and processing of the PMVs may
have affected the integrity of the endothelial monolayer, and which might have
resulted in leakage of PMVs across the monolayer, we verified in the presence of
non-labeled PMVs the transport of 70 kDa dextran, as a marker for paracellular
leakage. As shown in Fig. 5c, while the fraction of leakage of dextran was
less than 10 %, the presence of the PMV did not modify the integrity of the
hCMEC/D3 monolayer as leakage of the dextran marker was indistinguishable
from the control.
Together these data indicate that PMVs, derived from neural stem cells can be
effectively translocated across a monolayer of hCMEC/D3 cells, serving as a
model for the BBB in vitro. To examine whether PMVs might also engage in
transvascular transport across the BBB in vivo, this possibility was examined next.
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Figure 5: Transcytosis of plasma membrane vesicles across an in vitro model of
the blood brain barrier. (a) hCMEC/D3 cells were cultured on transwell filters. FITC-
PMVs (10 µg/ml) were added to the apical compartment of the transwell system. After an
incubation of 18 hours the fluorescence present in the apical and basolateral medium and
in association with the cells on the filter was determined as described in Materials and
Methods and expressed as the relative fluorescence in each fraction. Note that approxim-
ately 25 % of the total fluorescence was recovered in the basolateral medium, reflecting the
transcytotic capacity of the PMVs. (b) PMVs, recovered from the basolateral compart-
ment, are visualized by fluorescence microscopy. (c) As a control for maintenance of the
integrity of the polarized membrane layer of hCMEC/D3 cells, fluorescent dextran (70
kDa) was included in the apical medium that also contained non-labeled PMVs at other-
wise identical incubation conditions as in (a). Note that the leakage of dextran remains
unchanged, irrespective of the presence/translocation of PMVs. AP-apical compartment,
FIL – filter with cells, BL – basolateral compartment.

Intravenously administrated PMVs reach the brain parenchyma
in vivo

To determine whether PMVs could cross the BBB in vivo and accordingly reach
brain tissue, N-Rh-PE-labeled vesicles were prepared, which were systemically
administered by injection into the tail vein of BALB/c mice. The fate of the
labeled PMVs was subsequently established qualitatively by analyzing the pres-
ence of fluorescence in distinct fractions and/or organs. As shown in Fig. 6a,
twenty four hours after injection, a substantial fraction of the PMVs were still loc-
alizing in the circulation as evidenced by the presence of N-Rh-PE fluorescence
in a blood sample. In addition, sections from lung, spleen and liver, also revealed
the presence of PMVs in these organs (Fig. 6d, e and f). Most importantly, a major
fraction of the injected PMVs was detectable in multiple brain coronal sections,
demonstrating a considerable accumulation in brain parenchyma (Fig. 6b and c).
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Figure 6: Histological analysis of the in vivo body distribution of N-Rhodamine
PE-labeled PMVs in BALB/c mouse. Labeled PMVs were systemically administered
into a BALB/c mouse and after 24 hours a blood sample was taken and the animal was
sacrificed. Blood and the indicated organs were analyzed by fluorescence microscopy for
the presence of labeled PMVs. (a) PMVs (red) in the blood plasma, 24 hours after systemic
administration. PMVs in lung (d), spleen (e) and liver (f). However, note the prominent
accumulation of PMVs in brain parenchyma (b and c).

Discussion

Neural stem cells, when injected intravenously, have been shown to be able of
crossing the blood-brain barrier and migrate into brain lesions. The aim of the
present study was to exploit this capacity by investigating whether relatively
small plasma membrane vesicles could be prepared from NSCs that could po-
tentially be used in this manner as nanocarriers for brain delivery of therapeutic
agents. Here we have demonstrated that such membrane vesicles can be gener-
ated from C17.2 NSC, and that these vesicles can indeed cross the blood-brain
barrier as revealed both in an in vitro human vascular endothelial cell model for
the BBB, as well as in vivo. Our in vitro data show that the mechanism of trans-
cellular transport relies on an energy-dependent mechanism involving internal-
ization by endocytosis at the apical cell surface and subsequent secretion at the
basolateral surface. Although the mechanism of transcellular transport into the
brain of BALB/c mice, following systemic administration, remains to be determ-
ined, the data highlight the potential of applying PMVs as genuine biological
nanocarriers.
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In recent years a great number of different nanocarriers have been developed
and applied for delivery of genes and therapeutics. Many of these systems can
be categorized as a viral- or non-viral based delivery systems, each of them hav-
ing advantages and disadvantages, such as a higher or lower delivery efficiency,
or immunological and toxicological hazards. However, the majority of these sys-
tems appeared highly inefficient in crossing the blood-brain barrier, implying that
for successful delivery of therapeutics into the brain more appropriate systems
are still very much desired. One of the approaches to overcome the blood-brain
barrier, the major hurdle in reaching brain tissue, relies on the use of neural stem
cells, carrying a gene of interest. Thus neural stem cells have been engineered to
produce glial cell line-derived neurotrophic factor [30]. The delivery of this pro-
tein was found to occur in therapeutic quantities, preventing the degeneration of
dopaminergic neurons in a mouse model of Parkinson’s disease. Alternatively,
cells engineered to continuously express ciliary neurotrophic factor were encap-
sulated in alginate polymers. When such polymeric systems were implanted in
the ventricle these microcapsules were able to halt cognitive deterioration in a
mouse model of Alzheimer’s disease [31]. However, given their large diameter
(≥ 15µm), the i.v. application of whole cells might be less desirable and indeed,
after systemic application, a significant fraction of the NSCs becomes entrapped
in lung capillaries [32], [33], consistent with our observations when using C17.2
NSCs [34]. Nevertheless, those cells that reach and interact with vascular en-
dothelial cells are capable of crossing the BBB. Our transwell experiments showed
that C17.2 NSCs integrate into the hCMEC/D3 monolayer and examination of
the interaction on the level of fluorescence and electron microscopy revealed that
C17.2 NSCs invade the monolayer at the level of endothelial cell-cell contacts
leading to their paracellular migration. These observations are in line with pre-
vious studies. For example, it has been shown that also mesenchymal stem cells
can pass endothelial monolayers via the paracellular route both in coculture and
in isolated heart perfusion model systems [35], [36], and in this manner invade
surrounding tissue.
To avoid the pulmonary first-pass effect, and to take advantage of the natural
propensity of NSCs to target the brain, we set out to prepare plasma membrane
derived vesicles from C17.2 cells. Based upon the procedure as described we
obtained membrane vesicles with a diameter of approximately 200 nm, which
is very reminiscent of diameters of chemically produced and commonly applied
nanocarriers. Evidently, the PMVs thus prepared were highly efficiently trans-
located across hCMEC/D3 monolayers, up to approximately 25 % of the added
dose. Although systemic administration in vivo revealed that a fraction of the
PMVs did localize in lung tissue, a qualitative analysis of samples taken from dis-
tinct organs revealed that a substantial fraction had reached brain parenchyma,
implying that efficient translocation across the BBB in vivo similarly occurred. In
terms of the mechanism of endothelial translocation, migration of neural progen-
itors, similarly to leukocytes, is a multistep process that involves clustering of
surface adhesion molecules (CD44, VCAM-1, ICAM-1). This clustering remodu-
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lates the cortical actin cytoskeleton via members of the ezrin-radixin-moesin fam-
ily [37], [38], and causes the formation of endothelial docking structures, required
for diapedesis of the neural progenitors [39]. Being devoid of the cytoskeleton, it
is unlikely that PMVs activate the entire machinery, necessary for cell extravasa-
tion. However, it is possible, that both C17.2 NSCs and the PMVs derived thereof
initially engage with the same cell surface receptors, which leads to internaliza-
tion of the vesicles, whereas paracellular processing seems to be the predominant
transendothelial pathway of the C17.2 NSCs. As revealed by the effect of sev-
eral pharmacological inhibitors, the primary pathways of PMVs entry appear to
be the clathrin- and caveolae- dependent pathways. The latter pathway in par-
ticular may then contribute to transcellular transport of the vesicles as caveolea-
mediated endocytosis in BBB endothelial cells precludes lysosomal delivery and
rather, may eventually lead to transcytosis of the cargo [40]. Importantly, tran-
scytosis of PMVs across the BBB model is an essentially non-toxic process as at
these conditions paracellular permeability, as verified by potential leakage of 70
kDa dextran, was virtually negligible.
At present it is unclear whether the PMVs express ligands that are specifically
recognized by vascular endothelial cells, thereby providing specific targeting of
the PMVs towards the BBB. Clearly, such a targeting mechanism would be be-
neficial in terms of the potential efficiency of delivery. In fact brain targeting
of drug vehicles applied thus far frequently suffer from this shortcoming, thus
showing an inefficient crossing of the BBB and hence a poor accumulation in
the brain. Although several endothelial targeting molecules (transferrin, RI7217,
COG133, angiopep-2, and CRM197) [41], [42], [43], [44], [45] have been proposed,
only RI7217 showed to be effective in brain accumulation of liposomes after in-
travenous administration [46]. Furthermore, although OX26, an anti–transferrin
receptor antibody which has also been used for brain targeting of liposomes, dis-
plays a high ligand/receptor binding affinity at the level of brain endothelium,
the latter appears to interfere with efficient transcytosis of the vehicle [47]. Here
we demonstrated that PMVs accumulate in brain parenchyma, after intravenous
injection in mice. Notably, close examination of the data indicates that the PMVs
occupy perinuclear regions in brain cells, suggesting their active endocytosis fol-
lowing endothelial transcytosis in recipient cells localized within the brain, pre-
sumably neurons. These observations thus highlight the proof of principle of em-
ploying PMVs, derived from NSC, as potential vehicles for brain delivery. From
a fundamental point of view it will be of interest to further characterize the de-
tailed molecular mechanisms underlying overall brain delivery, including efforts
aimed at targeting of these vehicles towards specific brain cell types. In addition,
accomplishing the actual delivery of drugs entrapped within the vehicles will be
another challenge, and merits further work.
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Chapter 8

The blood-brain barrier precludes the entry of many drugs into the central
nervous system, and in particular that of biological macromolecules, including
proteins, peptides, and nucleic acids, that represent an emerging class of poten-
tial therapeutics. In the present work, we address this limitation and propose
a novel drug carrier, G23-polymersomes, with high transcytotic capacity to
transport drugs into the brain.
Ligand-coated nanoparticles hold the potential to target specific tissues, thereby
providing a means to improve the bioavailability of drugs. In brain drug
delivery, however, the targeted tissue is inaccessible from the system circulation,
thus requiring a need for nanoparticles to be surface-modified with ligands that
display an enhanced affinity for the BBB endothelium.
Currently, ligands that target natural transporters and receptors at the BBB,
which are often exploited by pathogens for cell entry, are being exploited to
transport drug-containing nanoparticles into the brain (Chapter 2). Antibodies
to the transferrin receptor, that bind to epitopes that differ from the binding
site of the natural ligand transferrin, can cause accumulation of ligand-drug
complexes in the BBB endothelium. However, the transferrin receptor, although
abundantly present on the BBB endothelial cells, is not brain-specific. Targeting
the insulin receptor, although claimed as a therapeutically active strategy, is
likely to cause the receptor’s own sequestration from the luminal face of the
BBB endothelium, thereby potentially compromising on brain glucose metabol-
ism. Another class of ligands, Angiopeps, that bind the LDL receptor-related
protein (LRP), are already in clinical trials for the treatment of gliomas with i.v.
administered Angiopep-paclitaxel complex. Actually, LRP is abluminally sorted
in the BBB endothelium, and hence LRP-dependent transport of the complex,
as claimed, is unlikely to occur under physiological conditions. Clearly, novel
BBB endothelium receptors, that are brain-specific, show an adequate luminal
expression, and disply the capacity to mediate the transport of nanoparticles,
without disturbing transport of their natural ligands, are necessary. In the work
presented in this thesis, we focused our search on receptors that, together with
a corresponding ligand, are sorted intracellularly for transcytosis, i.e. processed
along a transcellular transport pathway from the luminal to the abluminal
surface in brain endothelium.
The transcellular transport route across brain endothelium is likely to originate
from entry via caveolae, a pathway that is thought to avoid lysosomal delivery.
Alternatively, the glycosylphosphatidylinositol anchored protein (GPI-AP)
specific uptake route - the GEEC pathway - which similarly avoids lysosomal
processing, also constitutes an attractive option for transendothelial transport.
By mass spectrometry we identified (Chapter 3) 33 GPI-APs in hCMEC/D3
human brain endothelial cells. The tissue distribution of one of the identified
GPI-APs, prion protein (PrP), shows specificity to brain capillaries and the
central nervous system (CNS). Moreover, exogenously administered prion is
neurotropic and its CNS spreading is dependent on homophilic interactions with
endogenous prion. Taken together, these data rationalized our further studies

166



Summary and Perspectives

on the prion protein as a potential receptor and ligand for drug delivery into the
brain.
Transcellular vesicular transport in BBB endothelium is classified into two
types, i.e., receptor-mediated and adsorptive (charge-mediated) transcytosis.
These transcytotic transport mechanisms serve to import/export nutrients and
metabolites to and from the brain, and may contribute to the brain delivery of
nanoparticles. However, the mechanism of transcytosis in endothelial cells is
largely unclear. To address this issue, we studied (Chapter 4) the transport of
surface-modified nanoparticles in an in vitro model of the BBB – the hCMEC/D3
cell line. 500 nm nanoparticles (NBs) were directed into the caveolar pathway
by their (large) size. In addition, prion was covalently attached to the surface of
nanoparticles (PrPBs) to induce receptor-mediated endocytosis, while adsorptive
transport was provoked by nanoparticles (PEIBs) carrying the positively charged
polymer PEI (polyethyleneimine). PrPBs showed the highest transcytotic capa-
city (6.0 ± 0.9 %) across the in vitro BBB, followed by NBs with 3.4 ± 0.3 %. The
uptake of PrPBs and NBs was mainly impeded by caveolae-perturbing agents.
However, the intracellular compartments, in which PrPBs and NBs accumu-
lated, are strikingly different. PrPBs reach a sorting compartment, positive for
both clathrin and caveolin, as revealed by immuno- fluorescence and electron
microscopy, whereas NBs are detected in multivesicular bodies (MVBs) and
multilamellar structures. Interestingly, the transcellular transport of low-density
lipoproteins (LDLs) - natural particles with a diameter of 22 nm - across the BBB
is caveolae-dependent and similarly transverses MVBs. The transcytosis of PEIBs
was only 1.3 ± 0.6 %. Although the positive charge strongly promoted uptake of
the PEIBs by the endothelial cells, PEIBs remained entrapped in cellular vacuoles
and hence, charge-enhanced uptake does not appear to promote transcellular
delivery of nanoparticles. Collectively, the results support receptor-mediated
routing of nanoparticles via a caveolar pathway for transcellular delivery.
Importantly, the two morphologically distinct compartments, sorting vesicles
and multivesicular bodies, represent – at least partly – the pool of the cellular
transcytotic compartments.
As we recognized the potential of endogenous PrPc as a receptor for nano-
particles delivery, we next identified novel PrP-binding ligands from a 12-mer
peptide phage library (Chapter 5). Peptides are, unlike proteins, easy to produce
and require no modifications, such as the humanization of antibodies, at the
time of translating animal studies into human therapies. Ligands with affinity
for monosialogagnglioside GM1, which is enriched in caveolae, were selected as
well.
Two prion-binding (Pcs, P9) and two GM1-binding (G88 and G23) peptides were
grafted on the surface of polymersomes (polymeric nanoparticles) and transport
of these peptide-targeted polymersomes was measured across our in vitro blood-
brain barrier cell model. The G23 peptide, selected as GM1 binder, strongly
promoted the transcytosis of G23-polymersomes, accounting for 30.8 ± 1.4 %
basal recovery of the apically administered dose, which represents an approx.
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4-fold increase to the transcytosis of all other peptide-targeted polymersomes
tested. Contrary to our expectations, the PrP-binders, Pcs and P9, caused only
a limited extent of transcytosis of polymersomes, i.e., of the same order as
non-targeted polymersomes (5.7 ± 0.8 %). Interestingly, TAT-peptide failed to
produce a significant effect on the transport of polymersomes across the BBB
(7.2±1.2 %), although it enhanced the total cellular association of polymersomes.
The strong cellular association of TAT-polymersomes may, similar to that of
PEIBs, be attributed to its strong positive charge. Yet again, an increase in
the uptake of nanoparticles in brain endothelial cells, as induced by a positive
charge, not necessarily results in an increase in their transcytosis.
Drug delivery into the brain by the use of ligand-targeted nanoparticles, will
require a ligand that not only facilitates the transcytosis of nanoparticles, but
also mediates their bioaccumulation at the brain endothelium in vivo. Until now,
RI7217-targeted nanoparticles have been described to successfully accumulate
in brain vasculature. Therefore, the issue of brain accumulation was addressed
by comparing the biodistribution of GM1-targeting G23-polymersomes to that
of transferrin receptor-targeting RI7217-polymersomes after tail vein injection in
BALB/c mice. The G23-polymersomes accumulated in the brain of mice to an
extent similar to that of RI7217-polymersomes, which was significantly higher
than the brain accumulation of scrambled G23-polymersomes, signifying the
G23 peptide as a ligand with comparable in vivo brain targeting potential as the
RI7217 antibody.
Currently, the successful development of nanoparticles for drug delivery into the
brain suffers from major data scarcity on the mechanism of transcytosis across
the BBB. Thus, clarifying the intracellular processing of G23-polymersomes, that
showed affinity for the BBB endothelium in vivo together with high transcytotic
capacity in vitro, may provide the mechanistic insight into the process of tran-
scytosis that is critical to an optimal design of nanoformulations with improved
BBB penetration. As such, G23-polymersomes constitute an excellent model to
unravel the process of transcytosis in brain endothelial cells.
The kinetic profile of G23-polymersomes’ transcytosis in brain endothelial cells
in vitro shows a typical saturation curve (Chapter 6), and the percentage of
transcytosed particles decreases significantly when either the G23 peptide is
exchanged for its scrambled form or when the G23 density on the polymersomes
is reduced, suggesting involvement of a specific cellular receptor for G23,
presumably GM1, in the process of transcytosis.
To reveal the identity of the cell surface receptor(s) for G23-polymersomes in the
hCMEC/D3 brain endothelial cells, competition experiments were carried out
using cholera toxin B, a natural ligand for the GM1 ganglioside. Next to GM1,
GT1b was identified as a putative receptor for G23-polymersomes.
With time G23-polymersomes accumulated in multivesicular compartments,
where they colocalized with the transcytosis marker LDL. These data point to
MVBs as an intermediate compartment in the transcytotic pathway in endothelial
cells, similarly as shown for NBs.
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It was speculated that different pathogens and pathogenic derivatives, such as
the GM1-binding cholera toxin or the Gb3 (glycolipid)-binding B-subunit of
bacterial Shiga toxin, have probably developed a common mechanism based
on glycosphingolipid clustering to drive bending of the plasma membrane as
an initial step for their endocytosis. Concerning the underlying mechanisms
of nanocarrier internalization, G23 might likewise induce lipid reorganization
that favors membrane curvature, which drives the formation of vesicles, derived
from inwardly curved membranes. Internalization of such re-modeled plasma
membranes can generate MVBs for exosome secretion. In light of these findings,
it is tempting to speculate an interplay between a receptor and its local lipid
environment as a sorting mechanism into transcytotic or degradative pathways.
Clearly, the search for receptors to serve in brain targeting should not be limited
to transport proteins, as was done so far, but should include (BBB-enriched) glyco
(sphingo) lipids, as was shown in this thesis. Moreover, lipids are conserved
among species and consequently research in animal models can be directly
translated to humans without the need of generating species-specific targeting
peptide/antibodies. Attention should be paid to both the brain specificity and
the transcytotic potential of the receptors, necessary for accumulation in brain
vasculature and transport of nanoparticles across the BBB, respectively.
The natural capacity of neural stem cells (NSCs) to cross the blood-brain
barrier has been demonstrated to benefit treatment of multiple neurological
disorders (Chapter 7). However, systemic application of stem cells may result
in entrapment of cells and unpredicted complications in other organs with
high blood supply. To avoid this obvious drawback of cell therapy, but also
to make use of the neural stem cells natural affinity for the brain tissue, we
finally investigated plasma membrane vesicles (PMVs) prepared from neural
stem cells, as alternative drug carriers for the brain. Indeed, NSC-derived
PMVs, after systemic administration, showed high brain affinity and significant
accumulation in brain cells, indicating their transcytotic capacity. In vitro the
PMVs showed a transcytotic capacity comparable to that of the aforementioned
G23-polymersomes.
In conclusion, both the targeting of nanoparticles towards natural glycolipids as
well as the use of NSC-derived plasma membrane vesicles, representing natural
biological nanodevices, open promising new avenues for brain-targeted drug
delivery.

Perspectives

Demographic surveys in the developed societies show a tendency of prolonged
human lifespan, unfortunately paralleled by an increase in the number of
neuropathological incidents. The older population is predominantly susceptible
to neurodegenerative diseases, like Alzheimer’s and Parkinson’s, whereas the
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younger people mainly suffer from anxiety and depression. Symptomatic relief
for these conditions, with old generation medications, mostly relies on correc-
tion of imbalanced neuromediation and requires prolonged treatment, which is in
many cases ineffective. Meanwhile advances in medical research have revealed
molecular targets (genes and proteins) for the causal treatment of neurological
disorders. Novel therapeutic entities (NTEs), aimed at correction of gene tran-
scription and protein expression, including microRNAs, splice-correcting oligo-
nucleotides, and enzyme-inhibiting antibodies, mostly are macromolecular struc-
tures. Hence, these NTEs often show poor cellular penetration due to their size
and physiochemical properties, in addition to their susceptibility to enzymatic
degradation. Thus, their clinical significance remains low and further improve-
ments are necessary to translate NTEs into ready to use neuropharmaceuticals.
Advanced drug delivery systems, in terms of targeted nanoformulations, provide
such opportunities.
The classical view of targeted nanoformulations for drug delivery into the brain
is represented by ≤ 200 nm nanoparticles, prepared from lipids and/or poly-
mers, and loaded with NTEs. Alternatively, natural sources such as the patient’s
own neural stem cells or dendritic cells may be used as “biological“ delivery
vehicles. The intended accumulation in the central nervous system is achieved
via surface-exposed targeting moieties, that enable efficient binding and trans-
port of the nanoparticles across the blood-brain barrier. Interestingly, the G23
peptide has affinity for both GM1 and GT1b gangliosides. While it is still a mat-
ter of future research to determine the precise mechanism by which the two gan-
gliosides contribute to the transcytosis of the G23-polymersomes, one possibility
is foreseeable. The ganglioside GT1b is a natural receptor for the tetanus toxin,
which attacks with high specificity motor neurons in human. Importantly, G23,
which was previously identified and named Tet1, is like tetanus toxin transported
in a retrograde mode to the higher order motor neurons in the CNS after injec-
tion in the sciatic nerve. Retrograde axonal transport of virus particles, which
are of comparable size to the G23-polymersomes, is well documented and it is
possible that G23-polymersomes are transported in a similar manner. Thus, it is
of major interest to verify whether G23-polymersomes will be an efficient drug
carrier with specificity for motor neurons after intramuscular administration, as
such strategy will have an enormous impact on the treatment of amyotrophic lat-
eral sclerosis or other neuropathologies with motor neuron origin.
The G23 peptide may together with the RVG-9R peptide emerge as a new class
of targeting vectors with dual function. On the one hand these vectors poten-
tiate the transport of nano-sized particles across the blood-brain barrier, and on
the other hand they target specific subpopulations of neurons, thus enabling en-
hanced bioavailability within distinct brain regions. While this might be a limit-
ation in addressing disseminated brain tumors, it is a clear advantage in the pre-
vailing CNS malfunctions, where only specific neurons are affected. Notably, in
many instances of Parkinson’s disease, from two parallel neurons with dopamine
innervation, usually only one is affected. This will impose a need for even more
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stringent criteria to targeted therapeutic approaches.
Another issue in successful drug delivery by means of targeted nanoformula-
tions is the nature of the nanocarrier composition. Liposomes, prepared from
natural lipids, are generally well-tolerated, and already provide a successful de-
livery platform for targeted therapy in many pathological conditions. However,
liposomes may destabilize within the transport vesicles in the BBB endothelium
and as a result release their contents before they reach their site of action. In
case of the delivery of lipophilic drugs this may not be detrimental to the treat-
ment as the drugs can diffuse from the endothelial cells further into the brain.
However, for the delivery of biological macromolecules such as proteins, pep-
tides, and nucleic acids, this would mean a dead-end. In contrast, polybutadiene-
polyethyleneglycol polymersomes, as used in our studies, are non-biodegradable
and remain intact throughout the complete transport process. The controlled dis-
integration of the polymersomes, which will allow for the release of a drug at the
site of action, i.e. the brain tissue, is currently under investigation.
Next to the G23-polymersomes, we showed plasma membrane vesicles, derived
from neural stem cells, to efficiently accumulate in the brain parenchyma. Thus,
PMVs represent a potentially attractive alternative delivery systems with major
advantages: their natural origin and presumably lack of immunogenicity, and
their apparent natural affinity for the brain. However, the harvesting of neural
stem cells from the patient is not without risk. One possible solution, i.e., the re-
programming of easy-to-harvest somatic cells such as fibroblasts into neural stem
cells, was recently described. Clearly, bio-inspired nanoformulations belong to
the future of targeted therapy.
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Appendix A

De bloed-hersenbarrière (BBB) belet het transport van veel medicijnen vanuit
het bloed naar het centrale zenuwstelsel, en in het bijzonder dat van biologische
macromoleculen, zoals eiwitten, peptiden en nucleïnezuren, die een opkomende
klasse van therapeutica vertegenwoordigen. In het huidige werk onderkennen
we het probleem dat de BBB vormt voor medicijnafgifte in de hersenen en
introduceren een nieuw type drug afgiftesysteem, G23-polymersomen, nano-
partikels met hoge transcytotische capaciteit om medicijnen naar de hersenen te
vervoeren.
Het is bekend dat door nanopartikels te voorzien van weefsel-specifieke liganden
deze naar bepaalde organen/weefsels kunnen worden gestuurd (getarget), wat
de biobeschikbaarheid van een in het nanopartikel opgesloten medicijn vergroot.
Echter, de hersenen zijn ontoegankelijk vanuit de bloedcirculatie, en voor
medicijnafgifte in de hersenen kunnen nanopartikels beter worden bedekt met
liganden die niet het hersenweefsel (neuronen, oligodendrocyten en astrocyten)
maar het hersenendotheel (de BBB) herkennen.
Liganden die binden aan natuurlijke transporteiwitten en receptoren op de
BBB kunnen worden gebruikt om medicijnen naar de hersenen te vervoeren
(Hoofdstuk 2). Opmerkelijk is dat diezelfde transporteiwitten en receptoren
vaak door ziekteverwekkers worden geëxploiteerd om cellen binnen te dringen.
Men heeft laten zien dat met behulp van antilichamen tegen de transferrine-
receptor medicijnen in het BBB endotheel kunnen worden afgeleverd. Echter,
alhoewel de transferrinereceptor overvloedig aanwezig is op hersenendotheel,
is deze niet hersenspecifiek, en komt het medicijn dus ook op andere plekken in
het lichaam terecht, waar het niet nodig of zelfs schadelijk is. Het targeten van de
insulinereceptor, wat geclaimd wordt als een therapeutische werkzame strategie
voor medicijnafgifte in de hersenen, kent een ander probleem. Aangezien het
binden van medicijnen aan de insulinereceptor aanleiding kan geven tot het
verdwijnen van deze receptor aan de bloedkant van de BBB, bestaat het risico op
verstoring van het glucose metabolisme in de hersenen. Met een andere klasse
van liganden, de zogenaamde angiopeps, die binden aan LDL receptor-verwant
proteine (LRP), werden al succesvolle klinische studies gedaan ter behandeling
van glioom d.m.v. intraveuze toediening van angiopep-paclitaxel complexen. Of
de opname van paclitaxel in de hersenen werkelijk via LRP plaatsvindt, en of
LRP dus een goede targetreceptor is, moet nog worden onderzocht.
Het moge duidelijk zijn dat er voor een succesvolle afgifte van medicijnen in
de hersenen receptoren moeten worden getarget die specifiek zijn voor het
hersenendotheel, die aan de bloedkant beschikbaar zijn voor binding, en die
nanopartikels kunnen transporteren zònder het transport van natuurlijke ligan-
den te verstoren. Het werk dat beschreven wordt in dit proefschrift concentreert
zich op het vinden van receptoren, die -tezamen met de bijbehorende liganden-,
in de cel worden gesorteerd voor transcytose, d.w.z. getransporteerd worden
via een transcellulaire route van de bloedzijde (luminaal) naar de weefselzijde
(abluminaal) van het hersenendotheel.
De transcellulaire transportroute over hersenendotheel is in verband ge-
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bracht met initiële opname via caveolae, een opnameroute die transport naar
lysosomen, en daarmee afbraak, vermijdt. Ook is bekend dat glycosylphosp-
hatidyl-geankerde proteinen (GPI-APs) getransporteerd kunnen worden via
transcytose. De mogelijkheden om caveolae en GPI-APs in hersenendotheel te
targeten ten behoeve van transendotheliaal transport werden verder onderzocht.
Als eerste, identificeerden wij met behulp van massaspectrometrie (Hoofdstuk
3) 33 GPI-APs in hCMEC/D3 humane hersenendotheelcellen. De weefseldis-
tributie van één van de geïdentificeerde GPI-APs, prionproteïne (PrP), toont
specificiteit voor de bloedcapillairen in de hersenen, en het centrale zenuwstelsel.
Bovendien, wordt exogeen toegediend prion opgenomen in zenuwcellen en is de
verspreiding in het CNS afhankelijk van homotypische interacties met endogeen
prion. Al deze gegevens samen rationaliseerden onze verdere studies aan het
prionproteine als een potentiële receptor (èn ligand) voor medicijnafgifte in de
hersenen.
Het transcellulair vesiculair transport in BBB endotheel kan worden onder-
verdeeld in twee klassen: receptor-gemedieerde en adsorptieve (ladings-ge-
medieerde) transcytose. Deze transport mechanismen dienen voor import en
export van nutrienten en metabolieten in de hersenen, en kunnen mogelijkerwijs
bijdragen aan de afgifte van nanopartikels in de hersenen. Echter, het mecha-
nisme van transcytose in endotheelcellen is onduidelijk. Om meer duidelijkheid
hierover te krijgen werd in Hoofdstuk 4 het transport van nanopartikels in een
in vitro model van de BBB bestudeerd. 500 nm nanopartikels (NBs) werden in de
caveolaire opnameroute gestuurd vanwege hun specifieke diameter. Daarnaast
werd prion covalent gebonden aan het oppervlak van nanopartikels (PrPBs) om
receptor-gemedieerde opname te induceren, terwijl opname via de adsorptieve
route werd getriggered door nanopartikels met een positieve lading (PEIBs).
PrPBs vertoonden de hoogste transcytotische activiteit over de in vitro BBB
(6.0 ± 0.9%), gevolgd door NBs met 3.4 ± 0.3%. De opname van PrPBs en
NBs werd voornamelijk geïnhibeerd wanneer de functie van caveolae werd
verstoord d.m.v. farmaceutische middelen. De intracellulaire compartimenten
waarin PrPBs en NBs werden gevonden, verschilden echter aanzienlijk van
elkaar. PrPBs accumuleerden in een sorteringscompartiment, positief voor
zowel clathrine als caveoline, zoals aangetoond m.b.v. immunofluorescentie
en electronenmicroscopie, terwijl NBs in multivesiculaire bodies (MVBs) en
multilamellaire structuren werden aangetoond. Interessant is dat transcellulair
transport van low-density lipoproteïnen (LDLs) over de BBB, caveolae-afhan-
kelijk is en ook via MVBs plaatsvindt. Transcytose van PEIBs was slechts 1.3 ±

0.6%. Ondanks dat de positieve lading de opname van de nanopartikels door
de endotheelcellen sterk verhoogde, bleven de PEIBs ‘gevangen’ in cellulaire va-
cuoles, en leidt een ladings-gemedieerde verhoging in de opname klaarblijkelijk
niet tot eenzelfde verhoging in transcytose. Deze resultaten duiden op de betrok-
kenheid van receptor-gemedieerd transport van nanopartikels via een caveolaire
route ten behoeve van transcellulaire afgifte. De morfologisch verschillende
sorteringscompartimenten en MVBs vertegenwoordigen -tenminste gedeeltelijk-
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de verzameling van transcytotische compartimenten in de cel.
Vanwege het feit dat endogeen prionproteïne een mogelijk goede receptor is voor
nanopartikel afgifte in de hersenen, selecteerden we nieuwe prion-bindende
liganden uit een 12-aminozuur peptide faagbibliotheek (Hoofdstuk 5). In
tegenstelling tot proteïnen, zijn peptiden gemakkelijk te produceren en vereisen
ze geen modificaties, zoals bijvoorbeeld bij humanisering van antilichamen het
geval is, wanneer proefdierstudies moeten worden vertaald naar therapieën in
de mens. Naast prion-bindende liganden werden ook liganden geslecteerd met
affiniteit voor monosialoganglioside GM1, een lipide dat verrijkt is in caveolae.
Twee prion-bindende (Pcs, P9) en twee GM1-bindende (G88 en G23) peptides
werden gekoppeld aan het oppervlak van polymersomen (polymere nanopar-
tikels) en het transport van deze peptide-getargete polymersomen over een in
vitro model van de bloed-hersenbarrière werd gemeten. Het GM1-bindende
G23 peptide bevorderde sterk de transcytose van G23-polymersomes. 30.8 ±

1.4% van de luminaal toegediende dosis bereikte de abluminale kant van de in
vitro BBB, wat een viervoudige toename is t.o.v. de transcytose van alle andere
peptide-getargete polymersomen. In tegenstelling tot onze verwachtingen,
veroorzaakten de prion-bindende peptiden Pcs en P9 nauwelijks transcytose
van de polymersomen, d.w.z. transcytose was van dezelfde orde van grootte
als dat van niet-getargete polymersomen (5.7 ± 0.8%). Interessant genoeg,
was ook het TAT-peptide, wat verantwoordelijk wordt gehouden voor de
transcytose van HIV, niet in staat het transport van polymersomen over de BBB
te stimuleren (7.2 ± 1.2%), alhoewel het de cellulaire associatie (binding plus
opname) wel verhoogde. De sterke cellulaire associatie van TAT-polymersomen
kan verklaard worden door hun sterke positieve lading, net zoals in het geval
van de PEIBs. Dit bevestigt dat een toename in de opname van nanopartikels
door hersenendotheelcellen die geïnduceerd wordt door een positieve lading,
niet noodzakelijkerwijs leidt tot een toename van hun transcytose.
Medicijnafgifte in de hersenen door het gebruik van ligand-getargete nanopar-
tikels, zal een ligand vereisen dat niet alleen de transcytose van nanoparticles
veroorzaakt, maar allereerst hun accumulatie in de hersencapillairen in vivo
bewerkstelligt. Van RI7217-nanopartikels is beschreven dat ze accumuleren in
de hersenvasculatuur. Daarom werd in een biodistributiestudie de accumulatie
van de GM1-bindende G23-polymersomen in de hersenen vergeleken met die
van de transferrine receptor-bindende RI7217-polymersomen, na intraveneuze
toediening in BALB/c muizen. De G23-polymersomen en RI7217 polymerso-
men vertoonden een vergelijkbare accumulatie in de hersenen, die significant
hoger was dan dat van polymersomen met een gescrambelde versie van het
G23-peptide, wat aantoont dat het G23-peptide een specifiek ligand is met
een vergelijkbaar vermogen tot het in vivo targeten naar de hersenen als het
RI7217-antilichaam.
De succesvolle ontwikkeling van nanopartikels voor medicijnafgifte in de
hersenen wordt bemoeilijkt door de beperkte kennis van het mechanisme van
transcytose over de BBB. Het in kaart brengen van de intracellulaire transport
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route van G23-polymersomen, die binding aan hersenendotheel in vivo laten
zien en ook een transcytotische activiteit vertonen, kan mechanistisch inzicht in
het proces van transcytose geven wat essentieel is voor een optimaal ontwerp
van nanoformuleringen met verbeterde BBB penetratie. Als zodanig zijn de
hier beschreven G23-polymersomen een uitstekend model om het proces van
transcytose in hersenendotheelcellen te ontrafelen. In Hoofdstuk 6 werden de
eerste stappen om de transportroute van G23-polymersomen in kaart te brengen,
gezet. Wij vermoeden dat G23 aanleiding kan geven tot lokale clustering
van bepaalde lipiden (GM1, GT1b) in de plasmamembraan, gevolgd door het
instulpen en afsnoeren van de membraan. Internalizatie van de zo gevormde
vesikels zou kunnen leiden to te vorming van MVBs, structuren waarvan men
heeft aangetoond dat ze een rol kunnen spelen in transcytose. Wij pleiten dat de
zoektocht naar receptoren voor het targeten van medicijnen naar de hersenen
zich niet langer beperkt tot transportproteïnen, zoals tot nu toe gedaan is, maar
ook de glyco(sphingo)lipiden omvat. Een bijkomend voordeel van het targeten
van lipiden i.p.v. proteïnen is dat lipiden gelijk zijn tussen de verschillende
soorten van dieren, en de mens, waardoor resultaten behaald met diermodellen
direct vertaald kunnen worden naar de kliniek, zonder de noodzaak van het
maken van soort-specifieke targeting peptides/antilichamen. Zowel de hersen-
specificiteit als de transcytotische activiteit van receptoren, welke nodig zijn voor
respectievelijk de accumulatie in de hersenen en het transport van nanopartikels
over de BBB, verdienen de aandacht.
Tenslotte kan de natuurlijke capaciteit van neurale stamcellen (NSCs) om de
bloed-hersenbarrière te passeren, gebruikt worden in de behandeling van
neurologische stoornissen (Hoofdstuk 7). Echter, systemisch toegediende stam-
cellen kunnen weggevangen worden door organen met een hoge bloedtoevoer,
zoals hart, longen en lever, wat kan leiden tot complicaties. Om dit nadeel
van celtherapie te ondervangen, maar toch gebruik te kunnen maken van de
natuurlijke affiniteit van NSCs voor de hersenen, onderzochten wij ten slotte
de mogelijkheid om plasmambraan vesikels (PMVs) die gemaakt werden van
NSCs, te gebruiken als alternatief afgiftesysteem voor de hersenen. NSC-PMVs
vertoonden na systemische toediening inderdaad een hoge affiniteit voor de her-
senen tezamen met een significante accumulatie in het hersenweefsel, wat hun
transcytotische capaciteit aantoonde. In vitro was de transcytotische capaciteit
van de PMVs vergelijkbaar met die van bovengenoemde G23-polymersomen.
In conclusie, het targeten van nanopartikels naar natuurlijke glycolipiden
alsmede het gebruik van NSC-PMVs creërt, gebruik makende van natuurlijke
biologische processen, interessante nieuwe mogelijkheden voor medicijnafgifte
in de hersenen.
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Хранителните вещества и лекарствата, които попадат в системното кръво-
обращение, могат свободно да преминават в прилежащите тъкани, но не и
към централната нервна система (ЦНС). В действителност, обратно на много
други тъкани, хомеостазата в мозъка е стриктно регулирана. По този начин
невроните, които представляват 90 % от всички клетки в мозъка, биват пред-
пазени от потенциално токсични молекули, като същевременно се осигурява
оптимална доставка на глюкоза, кислород и други регулаторни и хранителни
вещества. От съществено значение при изпълнението на тази двойна роля, т.е.
прецизен контрол върху веществата, които достигат ЦНС или биват обратно
експортирани в кръвообращението, е кръвно-мозъчната бариера (КМБ), коя-
то е изградена от плътно прилепени ендотелни клетки, базална мембрана и
терминални участъци на прилежащите астроцити (виж глава 1, фигура 1).
Различни молекули, в зависимост от техните физико-химични свойства, мо-
гат да навлязат в ендотелните клетки на КМБ чрез дифузия през апикалната
мембрана (която изгражда лумена на кръвоносния съд), чрез улеснен тран-
спорт през специфични транспортни молекули или посредством процес на
интернализация, свързан с вътреклетъчния транспорт (виж глава 2, фигура
1). Още на апикалната мембрана обаче се намират първите защитни механиз-
ми, т.нар. експортни помпи — мембранни гликопротеини, кодирани от гените
за множествена лекарствена резистентност, които, след активиране от АТФ,
изпомпват обратно в кръвообращението множество вещества. Дори молекули,
които не са субстрати на протонните помпи и успеят да преминат тази първа
защитна линия, за да достигнат до базолатералната мембрана (която е в кон-
такт с мозъчните клетки) и накрая да навлязат в мозъчната тъкан, трябва
да бъдат транспортирани през клетката по маршрут, който избягва срещата
с разграждащи ензими.
По този начин КМБ не само защитава невроните и другите клетки в ЦНС
от влиянието на токсични вещества, но и значително възпрепятства навли-
зането на лекарствени молекули и затруднява терапията на заболявания ка-
то болест на Паркинсон, болест на Алцхеймер и мозъчни тумори. С много
малко изключения съвременните лекарства, които се използват за лечението
на неврологични и психиатрични заболявания, достигат ЦНС чрез пасивна
дифузия. При това тези вещества трябва да са мастноразтворирми, с ниска
молекулна маса (< 500 Da) и ограничен брой функционални групи, способни
да образуват водородни връзки. В действителност повечето от лекарствата,
които се употребяват в терапията на мозъчни заболявания, са деривати на ве-
щества с естествен произход или синтетични молекули със случайно открита
активност (барбитурати, бензодиазепини). След като са известни функцио-
налните групи, носители на фармакологичното действие, физико-химичните
и фармакокинетичните свойства на лекарственото вещество могат да бъдат
допълнително модифицирани с цел по-добра проникваема способност през
КМБ. Например с ацетилирането на морфин до хероин се увеличава фарма-
кологичният отговор, което се дължи на повишената липофилност на херо-
ина спрямо морфина, неговата улеснена дифузия и по-висока бионаличност.
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В случая с морфина обаче ниската бионаличност се компенсира от неговата
потентност, т.е. силен фармакологичен ефект. На същите критерии се базира
и успешният маркетинг на антидепресантите fluoxetine и sertraline.
Към момента са познати почти 1000 генни и дегенеративни заболявания, кои-
то засягат мозъка. При това напредналите технологии при терапията на тези
заболявания целят цялостно лечение, като адресират молекулярните причини,
а не целят просто овладяване на симптомите. Въпреки че малки хидрофоб-
ни молекули често са достатъчни за симптоматично лечение на психологични
разстройства, обещаващи нови подходи се основават на регулация на генна-
та експресия в засегнатите неврони. Така терапевтични единици се явяват
протеини, антитела или микроРНК-и. Успоредно с въвеждането на биотехно-
логични продукти като носители на фармакологичното действие се налага и
разработването на подходящи лекарствени форми, които да осигуряват транс-
порта им от мястото на приложение до мястото на действие, като същевремен-
но запазват тяхната структурна и функционална цялост. Така например при
орално приложение лекарствените молекули с биологичен произход трябва да
са резистентни на действието на храносмилателните ензими. Интравенозното
приложение крие риск от активиране на имунната система или инактивиране
на био-лекарството вследствие на свързване със серумните протеини. Освен
това, за да се осигури оптимална бионаличност тези молекули трябва свободно
да преминават през биологичните мембрани. Оптимална бионаличност може
да се постигне и чрез стимулирано натрупване на био-лекарството в мястото
на действие — т.нар. таргетиране, като по този начин се намалява и рискът
от нежелани лекарствени реакции, породени от неблагоприятно тъканно раз-
пределение.
Всички тези изисквания и предизвикателства при разработването на лекарс-
твени форми за биотехнологични лекарства се разглеждат в научната област,
позната като наномедицина. Доставянето на лекарствени вещества през КМБ
до ЦНС с помощта на носители — насочени наночастици — преминава през
няколко етапа (виж глава 1, фигура 2). Лекарственото вещество обикновено се
загражда в кухината на наночастицата като разтвор или се вгражда в хидро-
фобната обвивка, като наночастиците могат да бъдат изградени от липиди или
амфифилни полимери. След като наночастиците попаднат в системното кръ-
вообращение, специфичното им насочване към ендотелните клетки на КМБ
се осигурява посредством лиганди, прикрепени към тяхната повърхност. Тези
лиганди разпознават специфични за КМБ рецептори, които след активиране
се поглъщат от клетката заедно с наночастицата и навлизат в трансклетъчния
път, познат като трансцитоза. Накрая наночастиците напускат клетката чрез
екзоцитоза през противоположната мембрана, т.е. освобождават се в мозъч-
ната тъкан.
Целта на описаната работата беше да се идентифицират нови трансцитозни
рецептори на КМБ и техните съответстващи лиганди, които позволяват разра-
ботването на подобрени наноносители за специфично доставяне на лекарстве-
ни вещества в ЦНС. Предлага се нов лекарствен носител – G23-полимерзоми
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– полимерни наночастици с висок капацитет да транспортират лекарства в
мозъчната тъкан чрез трансцитоза през кръвно-мозъчната бариера (КМБ).
В момента лиганди, които се свързват с естествените транспортни молеку-
ли и рецептори на КМБ, се използват за транспортирането на лекарство-
съдържащи наночастици в мозъчната тъкан (Глава 2). Антителата, произве-
дени, за да взаимодействат с рецептора на трансферина, при това в епитоп,
различен от естественият лиганд — трансферин, предизвикват натрупване
на лекарство-лиганд комплекса в ендотелните клетки на КМБ. Въпреки то-
ва рецепторът на трансферин е повсеместно разпространен в цялото тяло и
не притежава специфичност за КМБ. По подобен начин лигандите, които се
свързват с инсулиновия рецептор, успешно пренасят лекарствени молекули
през КМБ, но същевременно предизвикват ендоцитоза на инсулиновите ре-
цептори и съответно могат да нарушат глюкозния метаболизъм в ЦНС. Друг
клас от лиганди, т. нар. Ангиопептиди, които се свързват с протеина, отнасящ
се до нископлътностния липопротеин рецептор (LRP), вече са в процес на кли-
нични проучвания за лечение на глиома под формата на комплекс Angiopep-
paclitaxel за интравенозно приложение. В действителност LRP се намира на
базолатералната мембрана на ендотелните клетки, т.е. е невидим за лиган-
ди в кръвта при физиологични условия и съответно LRP-зависим пренос на
комплекса е малко вероятен. Очевидна е необходимостта от нови рецептори на
КМБ, които са специфични, експресирани са на апикалната мембрана, т.е. от-
към лумена на кръвоносния съд, и имат потенциал да пренасят наночастици,
без да нарушават транспорта на ендогенните лиганди. В работата, представе-
на тук вниманието е съсредоточено върху търсене на рецептори, които, заедно
със съответните им лиганди, се транспортират вътреклетъчно от апикалната
до базолатералната страна през ендотелните клетки на КМБ чрез процеса на
трансцитоза.
Трансклетъчният транспорт през ендотелните клетки на КМБ вероятно про-
изхожда от ендоцитоза през мембранни структури, наречени кавеоле, тъй ка-
то се предполага, че по този начин се избягва доставянето на пренасяното
вещество в лизозомите и неговото ензимно разграждане. Друга възможност
представлява специфичният механизъм на ендоцитоза на протеините, свър-
зани към клетъчната мембрана посредством гликозил фосфатидилинозитол
(GPI-APs), които след интернализация в клетката се рециклират обратно до
клетъчната мембрана и по този начин избягват вътреклетъчното смилане в
лизозомите. Посредством мас-спектрометрия бяха идентифицирани 33 (Глава
3) GPI-APs в човешката клетъчна линия hCMEC/D3, която представлява удо-
бен in vitro модел на КМБ. Тъканното разпределение на един от така наме-
рените протеини, прион, е специфично за кръвномозъчните капиляри и ЦНС.
Освен това екзогенният прион притежава невротропичност и неговото раз-
пространение в ЦНС зависи от наличието на неговата ендогенна изоформа.
Основавайки се на тези данни, беше изследван допълнително прионът като
потенциален лиганд и едновременно рецептор за пренос на наночастици през
КМБ в мозъчната тъкан.
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Трансклетъчният везикуларен транспорт през ендотелните клетки на КМБ
се разделя на два типа: рецептор-зависима и адсорбираща (заряд-зависима)
трансцитоза. Тези два механизма работят в две посоки, като осигуряват тран-
спорта на хранителни вещества и метаболити от системното кръвообращение
в мозъка и обратно. Точният механизъм на тези процеси обаче не е напълно
изяснен. Този въпрос е засегнат в Глава 4, в която е описан трансклетъч-
ният транспорт на повърхностно-изменени наночастици в in vitro модел на
КМБ hCMEC/D3 клетки. Наночастици с диаметър 500 nm бяха насочени към
кавеоле-зависима ендоцитоза посредством техния размер (не-таргетирани на-
ночастици, НТНЧ). Допълнително прион беше ковалентно свързан към по-
върхността на наночастиците (прион-покрити наночастици, ППНЧ), за да
провокира рецептор-зависима ендоцитоза, докато адсорбиращ транспорт бе-
ше стимулиран с наночастици (ПЕИНЧ), които носят положителен заряд на
повърхността, дължащ се на полимера полиетиленимин. ППНЧ проявиха най-
висок трансцитозен потенциал (6.0 ± 0.9 %) през in vitro модела на КМБ,
последвани от НТНЧ с 3.4 ± 0.3 %. Ендоцитозата на ППНЧ и НТНЧ беше
инхибирана в най-силна степен от вещества, които извличат наличния хо-
лестерол от клетъчната мембрана и по този начин нарушават целостта на
кавеоле-структурите. Независимо от това вътреклетъчните структури, в кои-
то се натрупват ППНЧ и НТНЧ, се различават значително. ППНЧ достигат
до т.нар. междинни вътреклетъчни отделения за сортиране на молекули, ха-
рактеризирани с едновременното наличие на протеините кавеолин и клатрин
чрез флуоресцентна и електронна микроскопия, докато НТНЧ се натрупват в
мултивезикуларни телца и мултиламеларни структури. Интерес представля-
ва фактът, че трансклетъчният транспорт на нископлътностен липопротеин —
естествени частици с диаметър 22 nm — през КМБ е кавеоле-зависим и подоб-
но преминава през формирането на мултивезикуларни телца. Трансцитозата
на ПЕИНЧ беше 1.3 ± 0.6 %.Въпреки че положителният заряд съществено
индуцира ендоцитозата на ПЕИНЧ, тези частици се задържат във вакуоли и
следователно заряд-зависимата ендоцитоза е малко вероятна като входна вра-
та за трансклетъчния транспорт на наночастици. В обобщение, тези резулта-
ти подкрепят кавеоле-зависимата ендоцитозата като възможен път за пренос
на наночастици през КМБ от кръвообращението към ЦНС. При това особен
интерес представляват междинните, сортиращи звена и мултивезикуларните
телца в клетката като два органела, през които преминават веществата, на-
сочени за пренос към ЦНС.
Позовавайки се на данните, подкрепящи ролята на прион протеина като ре-
цептор за транспорт на наночастици, бяха екстрахирани нови лиганди, спо-
собни да се свързват с прион протеина, от библиотека, която съдържа 2× 109

случайни 12-аминокиселинни пептида експресирани върху фаги, т.нар. phage
display технология (Глава 5). Пептидите, за разлика от протеините, се произ-
веждат лесно, не изискват допълни изменения в молекулата, но най-вече при
тях отпада необходимостта от хуманизиране, както е при антителата, което
съществено скъсява времето за пренос на изследванията от лабораторни жи-
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вотни върху хора. Посредством същата технология бяха селектирани лиганди
с афинитет към моносиалоганглиозида GM1, съществен компонент на кавео-
ларната мембрана.
Два прион-свързващи (Pcs и P9) и два GM1-свързващи (G88 и G23) пептида
бяха ковалентно прикачени към повърхността на полимерзоми (наночастици,
изградени от полибутадиен) и транспортът на тези пептид-насочени наночас-
тици беше измерен в нашата in vitro система.
Пептидът G23, който беше селектиран с афинитет към моносиалоганглиозида
GM1, значително индуцира трансцитозата на G23-полимерзомите, която беше
измерена като 30.8±1.4 % от количеството, прибавено в апикалния отдел, т.е.
4 пъти по-висока стойност от всички други пептид-насочени полимерзоми. Об-
ратно на нашите очаквания, прион-свързващите пептиди Pcs и P9 индуцират
трансцитоза на съответните полимерзоми в ограничена степен, приблизително
равна по стойност на тази на не-таргетираните наночастици. Интерес пред-
ставлява и поведението на TAT-полимерзомите. ТАТ — пептид от вируса на
СПИН, за който се знае, че прониква през клетъчните мембрани в голяма
степен, не индуцира съществено трансцитозата на TAT-полимерзомите, въп-
реки високата степен на интернализация в клетката. Ефект, който, подобно
на ПЕИНЧ, вероятно се дължи на повърхностния положителен заряд. И тук
отново повишението в ендоцитозата на наночастиците в ендотелните клетки
на КМБ не съответства задължително на тяхната трансцитоза.
Пренасянето на лекарства в мозъчната тъкан чрез лиганд-насочени наночас-
тици изисква лиганди, които не само улесняват трансцитозата, но и стимули-
рат натрупването на наночастици в ендотелните клетки на КМБ in vivo. Досе-
га успешното натрупване в мозъчните капиляри е описано за RI7217-насочени
липозоми, където RI7217 е антитяло срещу рецептора за трансферин. За то-
ва ние сравнихме биоразпределението на GM1-насочените G23-полимерзоми с
това на RI7217-полимерзоми след интравенозна инжекция в BALB/c мишки.
G23-полимерзомите акумулираха в мозъчната тъкан на мишки в степен по-
добна на тази на RI7217-полимерзомите, но значително по-висока от тази на
полимерзоми, покрити с пептид, който има същият аминокиселиннен състав
като G23-пептида, но позицията на аминокиселините е разменена на случаен
принцип. Тези резултати показват, че потенциалът на G23-пептида като ли-
ганд за in vivo насочване на лекарства към мозъчната тъкан е сравним с този
на RI7217-антитялото.
До момента липсата на достатъчно данни за механизма на трансцитоза през
КМБ възпрепятства съществено разработването на наночастици за доставя-
не на лекарства в ЦНС. G23-полимерзомите, които проявяват афинитет към
ендотелните клетки на мозъчните капиляри in vivo и притежават висока тран-
сцитозна активност in vitro, представляват удобен модел за изучаване на про-
цеса на трансцитоза. Познаването в детайли на вътреклетъчните органели,
през които преминава транспортът на наночастици, може да спомогне за ра-
ционалното разработване на лекарствени форми с подобрено проникване през
КМБ.
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Кинетичният профил на G23-полимерзомите представлява типична крива на
насищане (Глава 6), което заедно с факта, че количеството на преминалите
КМБ in vitro наночастици значително намалява, когато се редуцира броят на
G23-молекулите или G23-пептида се замени с неговата разместена форма, в
действителност подкрепя допускането за наличието на специфичен клетъчен
рецептор в процеса на трансцитоза.
За да открием рецептора (рецепторите), отговорни за преноса на G23-
полимерзомите, бяха проведени експерименти, в които GM1-ганглиозида беше
блокиран от неговия естествен лиганд — холерния токсин. При това заедно
с GM1-ганглиозида, GT1b беше идентифициран като предполагаем рецептор,
отговорен за транспорта на G23-полимерзомите.
С времето G23-полимерзомите се натрупват в мултивезикуларни телца, къде-
то също попадат и нископлътностните липопротеини. Тези резултати допъл-
нително подкрепят твърдението, че мултивезикуларните телца представляват
междинна станция в трансклетъчния път през ендотелните клетки, подобно
на транспорта на НТНЧ.
В момента се дискутира тезата, че различни патогени и токсини, например
холерния или Shiga токсинът, са развили на еволюционно ниво общ механизъм
на ендоцитоза. Първоначално при контакт с клетъчната мембрана инфекци-
озният агент предизвиква струпване на гликосфинголипиди, което провокира
вдлъбване на клетъчната мембрана и последваща интернализация. По подобен
механизъм G23-полимерзомите биха могли да предизвикат пре-организиране
на мембраните липиди, което да доведе до формирането на мембранни вдлъб-
вания и вътреклетъчни везикули. Ендоцитозата на тези участъци от клетъч-
ната мембрана подпомага сформирането на мултивезикуларни телца, които са
предназначени за екзоцитоза. Докато тук се разглежда предимно механизмът
на трансцитоза през ендотелните клетки на КМБ, отворен остава въпросът за
регулацията, която се осъществява в тези клетки при транспорта на различни
вещества. Основавайки се на тези резултати, може да се предположи, че сор-
тирането на дадено вещество за разграждане в лизозомите или трансцитоза
през КМБ до мозъчната тъкан зависи не само от наличието на конкретен ре-
цептор, но и от взаимодействието на този рецептор с близкостоящите липиди.
Очевидно търсенето на рецептори за транспорт на наночастици през КМБ не
бива да бъде ограничено само до транспортни молекули, както е досега, но
може да се разшири и до други класове рецептори, напр. гликосфинголипиди,
както е посочено в тази работа. Липидите не се променят между видовете и
следователно не е необходимо производството на видовоспецифични антите-
ла и/или лиганди, което допълнително улеснява прехода между лабораторни
изследвания и клинични изпитвания. Независимо от това фокусът трябва да
бъде върху специфичността за мозъчната тъкан и трансцитозния потенциал
на даден рецептор, които са необходими както за натрупването в мозъчните
капиляри, така и за транспорта на наночастици през КМБ.
Невроналните стволови клетки са описани като терапия за много невроло-
гични заболявания (Глава 7). Въпреки това съществен недостатък при сис-
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темното приложение на стволови клетки остава тяхното нежелано задържане
в други богато кръвоснабдени органи, което може да предизвика опасни ус-
ложнения. За да избегнем негативите от клетъчна терапия, като същевремен-
но използваме естественият афинитет на невроналните стволови клетки към
мозъчната тъкан, накрая бяха изследвани везикули, приготвени от клетъч-
ните мембрани на невронални стволови клетки като алтернативни носители
на лекарствени вещества в мозъка. Така приготвените везикули се натрупват
в значителна степен в мозъчните клетки след системно приложение. In vitro
тези везикули показват трансцитозна активност, сравнима с тази на по-горе
споменатите G23-полимерзоми.
В заключение, насочването на наночастици към естествените гликолипиди
както и употребата на везикули, произведени от невронални стволови клетки,
които са естествени биологични наноустройства, представляват нови, обеща-
ващи стратегии в разработването на лекарствени форми с увеличена про-
никвателна способност през КМБ и съответно осигуряващи подобрена ЦНС
бионаличност.
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Materials

Copper bromide (CuBr) (FLUKA, >98 %), N,N,N’,N’,N”-pentamethyl diethylen-
etriamine (PMDETA) (Sigma Aldrich, 99 %), N,N’-diisopropylcarbodiimide
(DIPCDI) (FLUKA, > 98 %), 1-Hydroxy-1H-benzotriazole hydrate (HOBt)
(ALDRICH, wetted w. not less than 14 % water, 97 %), tris(2-carboxy-
ethyl)phosphine hydrochloride (TCEP) (Sigma Aldrich, >98 %), Gadolinium(II)
diethylenetriaminepentaacetic acid, hydrate (Sigma Aldrich, > 98 %), Chelex 100
sodium form (Sigma Aldrich) were used as received. Tetrahydrofuran (THF)
(ACROS ORGANICS, 99+ % extra pure, stabilized with BHT) was distilled un-
der argon from sodium/benzophenone and triethyl amine (TEA) (BAKER) was
distilled from calcium hydride under an argon atmosphere prior to use. Poly-
mersome extrusions were performed using 200 nm filters (Acrodisc 13 mm Sy-
ringe Filter, 0.2 µm Nylon membrane) and 0.1 µm PC membrane (WHATMAN).
Dialysis was performed using Spectra/Por molecular porous membrane tubing
(Spectrum Labaratories, Inc, 12-14.000 MWCO).

Instrumentation

MilliQ water was obtained from a Labconco water pro PS system. Thin layer
chromatography (TLC) was performed on Merck precoated silica gel 60 F-254
plates (layer thickness 0.25 mm). Compounds were visualized by UV or perman-
ganate reagent. Column chromatography (CC) was carried out using silica gel,
Acros (0.035-0.070 mm, pore diameter ca. 6 nm). Proton nuclear magnetic res-
onance (1H NMR) spectra were recorded on a Varian Unity Inova 400 FTNMR
spectrometer. Chemical shifts are expressed in parts per million (δ scale) rela-
tive to the internal standard tetramethylsilane (δ=0.00 ppm). Molecular weight
distributions were measured using size exclusion chromatography (SEC) on a
Shimadzu (CTO-20A) system equipped with a guard column and a PL gel 5 µm
mixed D column (PolymerLaboratories) with differential refractive index and UV
(λ=254 nm and λ=345 nm) detection, using tetrahydrofuran (Sigma Aldrich chro-
masolv 99.9 %) as an eluent at 1 ml/min and T = 30 ◦C. Particle size distributions
were measured on a Malvern instruments Zetasizer Nano-S.

Synthesis and characterization

Polymers 1, 2, 5, 6 and 7 were synthesized according to procedures as will be
published elsewhere [1]. Maleimide reagent 9 was synthesized according to [2].
Prior to use, all polymers were extensively washed with Chelex 100 resin in THF
to remove any traces of copper. The amount of residual copper was in all cases
determined by ICP-MS and found to be equal or less than MilliQ references.
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Figure 1: Overview of block copolymers and their synthesis.

3. PBd-b-PEG-Fluorescein

50 mg 2 (10 µmol) was dissolved in 10 ml THF and 1 ml triethylamine was added.
Fluorescein isothiocyanate (1.5 eq.) was added and allowed to react for 24 hours.
Solvents were removed and product 3 was purified on a silica column, eluting
with 8 % methanol in dichloromethane DCM (Rf = 0.5). The product was a single
spot on TLC (8 % methanol in DCM) which appeared fluorescent. No further
analysis was performed.

4. PBD-b-PEG-Rhodamine

50 mg 2 (10 µmol) was dissolved in 10 ml THF and 1 ml triethylamine was added.
Rhodamine isothiocyanate (1.5 eq.) was added and allowed to react for 24 hours.
Solvents were removed and product 4 was purified on a silica column, eluting
with 8 % methanol in DCM (Rf = 0.5). The product was a single spot on TLC
(8 % methanol in DCM) which appeared fluorescent. No further analysis was
performed.
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8. PBd-b-PEG-COOH

80 mg 7 (0.08 mmol) and 800 mg 6 (2.6 eq. 0.21 mmol) were dissolved in 10 ml
dry tetrahydrofuran under an argon atmosphere. The temperature was raised to
55 ◦C and 30 mg CuBr and 70 mg PMDETA were added. The reaction was al-
lowed to proceed for 12 hours after which all solvents were removed. The crude
product was dissolved in 50 ml dichloromethane and washed three times with 25
ml 0.33 M EDTA. The organic layer was dried over MgSO4 and poured on a short
silica column, which was eluted with dichloromethane. After all non-reacted
polybutadiene was flushed off the product was eluted with 8 v % methanol in
dichloromethane. After removal of all solvents 250 mg of the product was ob-
tained in 60 % yield. The product was analyzed by size exclusion chromatog-
raphy, showing a single size distribution with a shift toward higher hydrody-
namic volume compared to polybutadiene (6). 1H-NMR (CDCl3): δ 1.16 (m,
134H, CH2CH), 2.11 (m, 67H, CH2CH), 3.64 (m, 90H, CH2CH2O), 4.00 (s, 2H
OCH2COO), 4.94 (m, 134H, CHCH2), 5.45 (m, 67H, CHCH2). SEC (THF): Mn =
4.7 kg/mol, Mw/Mn = 1.17.

10. PBd-b-PEG-mal

100 mg 8 (21 µmol) was dissolved in 6 ml dichloromethane. 400 µl of a DIPCDI
solution in DMF (1M) and 450 µl of a HOBt solution in DMF (1M) were added.
After ten minutes, 20 mg of 9 (0.14 mmol) was added and the solution was stirred
overnight. All dichloromethane was removed and 10 ml ice cold methanol was
added at once. The precipitate was gently shaken to dissolve side products and
excess of 9. After 1 hour the suspension was centrifuged at 5000 rpm for 30 min.
Methanol was decanted and a new aliquot was added to repeat the centrifuge
step three times. The product was dried under vacuum to yield 60 mg of product.
1H-NMR (CDCl3): δ 1.16 (m, 134H, CH2CH), 2.11 (m, 67H, CH2CH), 3.65 (m,
90H, CH2CH2O), 4.08 (s, 2H, OCH2CON), 4.94 (m, 134H, CHCH2), 5.45 (m, 67H,
CHCH2), 6.70 (s, 2H, maleimide); SEC (THF): Mw/Mn 1.17, Mn = 4.7 kg/mol.

Fluorescent, maleimide displaying polymersomes

8 mg 1 (1.7 µmol), 1 mg 3 or 4 (0.2 µmol) and 1 mg 10 (0.2 µmol) were dissolved
in 200 ml THF. Polymersomes were formed by the slow addition of 0.8 ml PBS
buffer pH 7.4. The samples were passed six times through a 200 nm syringe
filter (Aerodisc) to yield polymersomes of ≈220 nm. To obtain polymersomes of
around 160 nm the solution was extruded six times over a 100 nm filter (extrusion
kit). The resulting opaque suspension was purified over a Sephadex G200 column
(1.5 x 8 cm). The opaque fractions were combined and PBS was added to a total
volume of 10 ml, i.e. a polymersome suspension containing 1 mg polymer per
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ml. The final polymersome solution was analyzed by DLS to determine the mean
size and polydispersity index.

Radiolabed, maleimide displaying polymersomes

9 mg 1 (1.9 µmol), 0.1 mg 5 (0.02 µmol) and 1 mg 10 (0.2 µmol) were dissolved
in 200 ml THF. Polymersomes were formed by the slow addition of 0.6 ml 0.1 M.
2-(N-morpholino)ethanesulfonic acid buffer of pH 5.5. The samples were passed
three times through a 200 nm syringe filter to yield polymersomes of ≈250 nm.
The solution was extruded six times over a 100 nm filter (extrusion kit) to obtain
polymersomes of around 160 nm. The resulting opaque suspension was purified
over a Sephadex G200 column (1.5 x 8 cm), eluting with MES buffer. The opaque
fractions were combined and the mean particle size was determined by DLS.
To 0.2 ml of polymersomes, 25 MBq of 111InCl was added and allowed to react
for 20 minutes, after which the coupling efficiency was analyzed by ITLC-SG,
developed in 0.1 M CH3COONH4 (pH 5.5)/0.1 M EDTA (1:1, v/v). The sam-
ple was purified over a PD10 desalting column, eluting with PBS buffer pH 7.4,
and diluted with PBS to a total volume of 10 ml, i.e. a polymersome suspension
containing 1 mg polymer per ml.

Gd loaded maleimide displaying polymersomes

9 mg 1 (1.9 µmol) and 1 mg 10 (0.2 µmol) were dissolved in 200 ml THF. Poly-
mersomes were formed by the drop wise -while gently shaking- addition of 0.2
ml PBS buffer pH 7.4 containing 5 mg DTPA-Gd complex per ml. Then 0.6 ml
of pure PBS buffer was added and the samples were passed six times through a
200 nm syringe filter (Aerodisc) to yield polymersomes of ≈220 nm. The result-
ing opaque suspension was purified over a Sephadex G200 column (1.5 x 8 cm).
The opaque fractions were combined and PBS was added to a total volume of
10 ml, i.e., a polymersome suspension containing 1 mg polymer per ml. The fi-
nal polymersome solution was analyzed by DLS to determine the mean size and
polydispersity index.

Peptide Synthesis

All peptides were synthesised by means of standard fmoc chemistry. To the C
terminus of all native peptide sequences (selected from the phage display library
5), cysteine was added to allow bioconjugation. All peptides were more than 90
% pure as analyzed by means of HPLC running in water/acetonitrile with 0.1 %
TFA. The fraction of acetonitrile (0.1 % TFA) was increased from zero to hundred
percent over 30 minutes. In all cases the right mass was found by means of Maldi-
TOF (Table 1).
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Code Peptide sequence Charge,
pH 7

Mw theoretical

S37 H-HRRLSQWPLLKPC-OH 3 1633.96
G88 H-NPAGPSPAHIISC-OH 0 1262.61
G23 H-HLNILSTLWKYRC-OH 2 1646.95

scrambled G23 H-KISHLLNYRTWLC-OH 2 1646.95
TAT H-YGRKKRRQRRRGC-OH 8 1720.02

Table 1: Characterization of peptides.

Conjugation of peptides to polymersomes

0.5 mg TCEP was dissolved in 100 µl PBS pH 7.4 and added to 1 mg peptide
(excess). The solution was allowed to stand for 15 minutes, after which it was
added to 1.5 ml of polymersomes. The coupling was allowed to proceed for three
hours, after which the solution was transferred into a dialysis bag (Spectrapore
MWCO 12-14 kD) and dialysed against PBS buffer for 24 hours (replacing PBS
every 5-10 hours). The size, zeta potental and PDI of the polymersomes were
determined (Table 2).

Peptide code Size (nm) PDI ζ-potential (mV)

Non 220 0.11 -6.32
S37 220 0.11 5.26
G23 220 0.11 -1.7
TAT 220 0.11 9.62
G88 220 0.11 -14.59

scrambled G23 228 0.1 -2.83
G23 5 % 227 0.12 -3.21

G23-GdDTPA 230 0.09 -
G23 111In 166 0.12 -

scarmbled G23 111In 166 0.12 -
G23 Rhodamine 165 0.12 -8.42
Non Rhodamine 164 0.1 -2.64

Table 2: Characterization of polymersomes.
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