
 

 

 University of Groningen

Ligand-mediated transport of drug delivery devices across the blood-brain barrier
Georgieva, Julia Valerieva

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2012

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Georgieva, J. V. (2012). Ligand-mediated transport of drug delivery devices across the blood-brain barrier.
[Thesis fully internal (DIV), University of Groningen]. s.n.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 24-05-2023

https://research.rug.nl/en/publications/5add5c49-b4be-43c4-9910-75f3e9a823dc




Chapter 5

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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Chapter 5

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].

105



Chapter 5

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.
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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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