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Abstract

Current strategies to identify ligands for brain delivery select candidates based on preferential binding to cell-mem-
brane components (CMC) on brain endothelial cells (EC). However, such strategies generate ligands with inherent
brain specificity limitations, as the CMC (e.g., the transferrin receptor TfR1) are also significantly expressed on periph-
eral EC. Therefore, novel strategies are required to identify molecules allowing increased specificity of therapy brain
delivery. Here, we demonstrate that, while individual CMC are shared between brain EC and peripheral EC, their endo-
cytic internalization rate is markedly different. Such differential endocytic rate may be harnessed to identify molecular
tags for brain targeting based on their selective retention on the surface of brain EC, thereby generating ‘artificial’
targets specifically on the brain vasculature. By quantifying the retention of labelled proteins on the cell membrane,
we measured the general endocytic rate of primary brain EC to be less than half that of primary peripheral (liver

and lung) EC. In addition, through bio-panning of phage-displayed peptide libraries, we unbiasedly probed the endo-
cytic rate of individual CMC of liver, lung and brain endothelial cells. We identified phage-displayed peptides which
bind to CMC common to all three endothelia phenotypes, but which are preferentially endocytosed into peripheral
EC, resulting in selective retention on the surface of brain EC. Furthermore, we demonstrate that the synthesized free-
form peptides are capable of generating artificial cell-surface targets for the intracellular delivery of model proteins
into brain EC with increasing specificity over time. The developed identification paradigm, therefore, demonstrates
that the lower endocytic rate of individual CMC on brain EC can be harnessed to identify peptides capable of generat-
ing ‘artificial'targets for the selective delivery of proteins into the brain vasculature. In addition, our approach identi-
fies brain-targeting peptides which would have been overlooked by conventional identification strategies, thereby
increasing the repertoire of candidates to achieve specific therapy brain delivery.
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peripheral organs. With that goal in mind, great efforts
have been placed to identify targets on brain endothelial
cells (BEC) which promote interaction of therapies with
the brain vasculature. To date, identification strategies
have focused on target proteins with elevated expression
on the surface of BEC [5, 22, 24, 30, 32, 40]. While such
an approach has generated important targeting systems
to increase brain delivery of therapies [6, 8, 35], these
identified ‘natural’ targets have inherent brain-specificity
limitations due to significant expression of the target pro-
teins in peripheral tissues, leading to increased off-target
accumulation of the carriers in peripheral organs [1, 6,
11, 18, 19, 28, 35].

Therefore, novel strategies are required to direct
therapeutic cargo selectively to the brain with minimal
increased uptake by the peripheral vasculature. We have
previously demonstrated that the lower endocytic rate of
BEC, a crucial characteristic of their specialized barrier-
forming phenotype [3], may be harnessed to retain anti-
bodies targeting the protein PECAM1 selectively on the
surface of BEC [13]. This finding opens up the possibil-
ity of exploiting differences in endocytic rates between
endothelial phenotypes to identify molecular tags (e.g.,
peptides or antibodies) which, due to their selective
retention on the surface of BEC, generate ‘artificial tar-
gets’ on the brain vasculature to achieve therapy delivery
specifically to the brain.

However, due to differences in endocytic turn-
over of individual proteins arising from function, it is
unknown whether this phenomenon would hold true
for all cell-membrane components of BEC. Indeed,
cell-membrane protein internalization studies have
shown the transporter proteins transferrin receptor-1
(TfR1) and low-density lipoprotein receptor (LDLR),
two of the principal protein targets employed by brain-
delivery systems (e.g., [25, 26, 31, 38]), have the high-
est rate of endocytic internalization in human brain
endothelial cells [15]. Molecular tags binding such
proteins, therefore, might be removed preferentially
from BEC vs. peripheral endothelial cells (PEC). Hence,
strategies aiming to identify molecular tags capable
of generating artificial brain targets need to probe the
endocytic internalization of individual cell-membrane
components with time across different endothelial
phenotypes. With that in mind, we have developed an
identification paradigm by unbiasedly screening the
endocytic internalization rate of cell-membrane com-
ponents in primary brain and peripheral endothelial
cells extracted from rodents to identify peptides selec-
tively retained on the surface of BEC. We demonstrate
the identified candidates are able to generate artificial
cell-surface targets to promote the intracellular delivery
of model proteins with increasing brain-specificity with

Page 2 of 13

time. Hence, our approach identifies molecular tags to
generate artificial brain targets which would have been
overlooked by conventional identification strategies,
thereby increasing the repertoire of targeting peptides
at our disposal to achieve specific therapy delivery to
the brain.

Results

Determination of endocytic rates in lung, liver and brain
endothelial cells

Among peripheral organs, the liver and lungs sig-
nificantly contribute to the unspecific and off-target
uptake of brain-targeted therapies [13, 35, 36].

Hence, the endocytic rates in primary endothe-
lial cells extracted from rat lung, liver or brain were
determined by measuring the internalization of
cell-membrane proteins over time. To this end, the
extracellular domains of cell-surface proteins were
molecularly tagged with biotin and their retention on
the cell surface after various incubation (37 °C) time-
intervals monitored by quantifying avidin (avidin-
FITC) binding (Additional file 1: Diagram Sla). The
concentration of biotin targets (i.e., biotin-tagged pro-
teins) generated on each endothelial monolayer was
comparable between all EC phenotypes, as determined
by the similar levels of avidin binding at the initial time-
point (t=0 h, Fig. 1a). Saturation of biotin targets did
not account for the comparable levels of avidin binding,
since avidin binding increased comparably in all cell
types with increasing avidin concentrations (Additional
file 1: Fig. S1). However, the retention of biotinylated
proteins on the cell-membrane differed markedly
between brain EC and peripheral EC. While there was
a sharp and comparable decrease in avidin binding to
lung and liver EC with time, binding of avidin to brain
EC decreased at a markedly lower rate (Fig. 1a). One-
phase decay fitting determined the internalization half-
life of biotinylated cell-surface proteins on lung, liver
and brain EC to be 2.09, 2.41 and 5.49 h, respectively.
These results indicate that, while there is a comparable
concentration of cell-membrane proteins in all three
EC phenotypes, they are retained on the cell-surface of
BEC for a markedly longer time. Considering the avi-
din-biotin interaction as a delivery system, the target-
ing to each endothelial phenotype can be assessed by
their respective avidin-binding ratios (Fig. 1b). While
the similar endocytic rates between liver and lung EC
resulted in a constant endothelia targeting ratio, the
targeting to BEC increased with time against both lung
and liver. At the final time-point examined (20 h), brain
targeting with respect to both liver and lung increased
nearly threefold.



Porro et al. Fluids and Barriers of the CNS (2023) 20:88

Q
-

51 —— Brain ty; =5.49
—— Liver tyy = 2.41
— Lung ¢, =2.09

Avidin binding (FITC RFU, x10%)

T T T T 1

5 10 15 20 25
Time (hrs)

Page 3 of 13

z

34 3 Brain/Liver
———————— % Brain/Lung

Endothelia targeting ratio
N
|

II ”::f:__/
2
P
::':
i_ ______ e
1 ; e = Liver/Lung
0 I I | I I
: 10 15 20 25
Time (hrs)

Fig. 1 Selective biotin retention on the surface of brain endothelial cells. Biotin tags were placed on the surface of primary endothelial cells
derived from rat liver, lung or brain through conjugation of biotin-NHS with primary amines of cell-surface proteins. After incubating cells at 37

°C for varying time-points to allow for the endocytic removal of the biotin tags, the remaining cell-surface biotin was measured through binding

of avidin-FITC (a). Endothelial targeting by differential retention of cell-surface biotin tags was assessed by the ratio of avidin-FITC binding

between different cell types with time (b). Results are displayed as mean + SEM, n=2 independent experiments (intercalating time-points), triplicate

measures. One-phase decay non-linear regression

Identification of molecular tags selectively retained

on the surface of BEC

The above results demonstrate the lower rate of endo-
cytosis of cell-surface proteins may be harnessed to
increase the targeting of proteins to BEC. To examine if
this effect held true for individual cell-surface proteins,
we carried out preliminary in vivo experiments testing
whether molecular tags (antibodies) binding TfR would
similarly be retained on the brain vasculature to enhance
brain-targeting of nanoparticles with time (Additional
file 1: Fig. S2). TfR was selected as a target since internali-
zation of anti-TfR antibodies has been extensively exam-
ined in the past, and TfR represents the most established
target for brain delivery [9, 19, 20, 26, 34].

To this end, the biodistribution of avidin-function-
alized nanomicelles in mice was assessed as a function
of increasing time-intervals between biotinylated anti-
TfR antibody and nanomicelle injection. While anti-TfR
antibodies increased nanoparticle accumulation more
strongly in the brain vs. lungs at short time-points, there
was no statistically significant difference at longer time-
points (Additional file 1: Fig. S2a). Hence, the brain-
to-lung targeting ratio actually decreased with time
(Additional file 1: Fig. S2b), indicating the rate of endo-
cytosis of anti-TfR antibodies was faster in brain EC com-
pared to lung EC.

Therefore, to identify molecular tags selectively
retained on the surface of BEC by harnessing the differ-
ential endocytic profiles of EC, we developed a screen-
ing method to unbiasedly probe the endocytic rate of
individual cell-membrane components. To this end, we
screened a library of phage-displayed peptides against

lung, liver or brain endothelial cells to identify two pep-
tide populations in each endothelial phenotype: either
peptides with the highest binding to the cell membrane
(i-e., the ‘binding population’), or peptides with the lowest
endocytic removal from the cell surface (i.e., the ‘retained
population’) (Additional file 1: Diagram S2). By compar-
ing the peptide composition of these two populations,
and contrasting them to the populations of each endothe-
lia phenotype, we aimed to identify peptides with a long
internalization half-life specifically in brain EC.

To assess whether the screening procedure enriched
phage-displayed peptides preferentially retained on
cell surfaces, we firstly quantified the amount of phages
recovered from the cell-surface after each bio-panning
round (Fig. 2a). Phage recovery was c. tenfold lower in
the retained population compared to the binding popu-
lation for all cell types after the first bio-panning round,
indicating strong removal of phages from the cell surface.
The retained/binding phage ratio of the first round in
each EC phenotype (Additional file 1: Fig. S3) mirrored
their cell-surface protein endocytic half-lives, with the
highest ratio in brain EC, followed by liver and lung EC.
Phage recovery increased in the binding population with
each bio-panning step, indicating enrichment of phage-
displayed peptides which successfully bind to the cell-
membrane. Importantly however, phage recovery from
the retained population increased even more strongly
(Fig. 2a), resulting in an increased ratio of retained/
binding phages with each bio-panning round (Fig. 2b).
Such increase suggested enrichment of phage-displayed
peptides with successful binding to, and slow endocytic
removal from the cell-membrane.
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Fig. 2 Identification of phage-displayed peptides selectively retained on the surface of endothelial cells. Sequential bio-panning steps

of an M13-phage-bound peptide library were carried out on primary endothelial cells derived from rat lung, liver or brain to identify peptides
which either bind to each endothelial cell type (binding population), or which bind and are retained on the cell surface after an 8 h time-period
(retained population). Peptide recovery after each selection round (bio-panning step) was measured by quantifying phage concentration (PFU)
(a). Progressive selection of peptides retained on the cell surface was assessed by the ratio of recovered peptides between binding/retained
populations after each selection round (b). The composition of the final peptide population was assessed by sequencing the DNA of individual
phage clones after the third bio-panning step (c). Population similarities were assessed by comparing sequences shared between each endothelial
phenotype (d). *Denotes the VSWP peptide found on brain shared 50% sequence homology with VSVP peptide found on lung and liver

To verify the enrichment of phage-displayed peptides
by the selection paradigm, we sequenced individual
phage clones recovered from the third bio-panning step
of each population. In the binding population there
was weak peptide enrichment across all endothelia

phenotypes, with the most enriched peptides account-
ing for only 13-17% of the population (Fig. 2c). In
addition, there was a strong overlap in the peptide
composition between endothelia phenotypes, with a
total of 8 individual sequences shared by at least two
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phenotypes, including the most enriched peptides
(Fig. 2d, visualized as Venn diagram in Additional file 1:
Fig. S5). The heterogenous peptide composition within
individual binding populations and their homogene-
ity between EC phenotypes suggests a large number
of cell-surface components available for peptide bind-
ing, which are strongly conserved between endothelial
phenotypes.

In contrast, in the retained population there was a
strong peptide enrichment across all endothelia phe-
notypes, with the most enriched peptides accounting
for 43-50% of the population (Fig. 2¢). In addition, the
majority of the enriched peptide sequences were unique
to each cell type, with only two shared sequences
between phenotypes (Fig. 2d, visualized as Venn dia-
gram in Additional file 1: Fig. S5) (full peptide sequence
composition of each population shown on Additional
file 1: Fig. S4). These results indicate that while the cell
membrane components are highly conserved between
endothelial phenotypes, the endocytic rates of indi-
vidual components have a strong variability both within
and between endothelial phenotypes.

Next, we compared individual peptide sequences
of the binding and retained populations of each cell
type to identify candidates selectively retained on
brain endothelial cells. To this end, we focused on
sequences enriched in the retained population but
not in the binding population of BEC, thereby avoid-
ing retention due to high initial binding (as opposed
to slow endocytic removal). Furthermore, we focused
on sequences enriched in the binding population of
peripheral endothelial cells, but which were not pre-
sent (or with decreased enrichment) in their retained
population, thereby ensuring selection of peptides
with slow-endocytic rates specifically in brain EC.
One such peptide sequence fulfilled these characteris-
tics: CFAGTPSILMLA (hereafter termed CFAG) was
enriched in the binding population of both the liver and
lung endothelial cells (7 and 13% population composi-
tion, respectively), but disappeared from the former,
while it reduced to 9% in the latter in their respec-
tive retained populations. Conversely, CFAG had the
strongest enrichment in the retained population of
brain endothelial cells, while it was not present in the
binding population (though its presence in the retained
population logically implies that it was present in the
initial binding population, but is absent from the final
binding population due to competition from peptides
with higher cell binding). These results suggest CFAG
binds to a cell membrane component which, though
present in all three endothelial cell types, has a lower
endocytic removal rate from the cell-membrane of
brain endothelial cells.
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Generation of artificial targets for protein delivery
specifically on brain endothelial cells

Following the identification of phage-displayed peptides
selectively retained on the surface of brain endothelial
cells, we investigated whether the peptides in their free-
form (i.e., synthesized peptides not bound to phage parti-
cles) could be employed to generate artificial cell-surface
targets for the selective delivery of proteins into brain
endothelial cells. To this end, the two most enriched
peptide sequences on the retained population of brain
EC (i.e., CFAG and VQNP) were synthesized with a bio-
tin conjugate on their N-terminal to deliver avidin as
a model protein. As control, we synthesized a reverse
sequence of VQNP. As comparison to known brain-tar-
geting ligands, we synthesized a commercially available
peptide targeting TfR1 (Tf peptide HAIYPRH) (Addi-
tional file 1: Table S1).

Both CFAG and VQNP efficiently delivered avidin to
primary brain endothelial cells (Fig. 3a, Additional file 1:
Fig. S6a), demonstrating that the peptides maintained
their ability to bind to the endothelial cell surface in their
free form, and that they were able to display the biotin
conjugate for engaging avidin. Importantly, no avidin
delivery was seen by the control peptide (Fig. 3a, Addi-
tional file 1: Fig. S6a). Furthermore, the identified pep-
tides achieved higher avidin delivery than the Tf peptide
(Additional file 1: Fig. S6c). The delivery of avidin was
also examined in brain endothelial cells derived from
mice (b.End3 cells). Interestingly, CFAG had a stronger
effect on avidin delivery to b.End3, while VQNP failed
to increase avidin delivery (Fig. 3b, Additional file 1: Fig.
S6b). Similarly to primary brain EC, the control pep-
tide had no effect on avidin delivery while the Tf pep-
tide induced lower avidin delivery than CFAG (Fig. 3b,
Additional file 1: Fig. S6b, d). CFAG induced compara-
ble levels of avidin binding to primary brain and liver EC
(Fig. 3c), demonstrating lack of intrinsic targeting ability.
The specificity of avidin delivery by CFAG was examined
by measuring the delivery of albumin as a control protein.
No increase in albumin delivery was seen with increasing
CFAG concentrations (Fig. 3d), demonstrating the deliv-
ery of avidin was specifically due to the protein-bioti-
nylated peptide interaction. In addition, CFAG was able
to increase avidin binding to brain endothelial cells in the
presence of serum proteins (Additional file 1: Fig. S7a)
and had selectivity for brain EC over astrocytes (Addi-
tional file 1: Fig. S7b). To test saturation of peptide bind-
ing, b.End3 cells were treated with fluorescently-labelled
CFAG (Cy5) in the presence of increasing concentrations
of unlabelled CFAG (CFAG-biotin). CFAG-Cy5 effi-
ciently bound to the cell surface, but a binding plateau
was not reached with the highest concentration tested
(100 um) (Additional file 1: Fig. S7c). Co-treatment with
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Fig. 3 Delivery of avidin-FITC to endothelial cells by biotin-conjugated peptides. Peptides selectively retained on brain endothelial cells were
synthesized with biotin conjugated to their N-terminal. Their ability to increase avidin delivery to primary brain endothelial cells (@) and b.END3 cells
(b) was assessed by incubating cells (1 h, 4 °C) with increasing concentrations of peptides followed by incubation (30 min, 4 °C) with avidin-FITC (50
pg/ml) (@, b). CFAG-biotin-mediated binding of avidin-FITC was similarly compared in primary brain and liver endothelial cells (c). The specificity

of protein binding was assessed by measuring CFAG-mediated binding of avidin-FITC or albumin-FITC (both at equal molar concentrations)

to b.END3 cells (d). Internalization rate of CFAG (50 um) was compared in brain (b.End3) vs. liver EC (e) or primary brain EC vs. peripheral EC (f)

by treatment with avidin-FITC following different time-periods of incubation (37 °C) after CFAG-biotin binding (e, dotted line indicates plateau

of one-phase decay fitting). Results are displayed as mean + SEM, of triplicate separate measurements from 3 (a, b, e) or 1 (¢, d, f) independent

experiments. Slope statistical significance vs. zero value (c)

unlabelled CFAQG led to a reduction in CFAG-Cy5 bind-
ing at the highest concentrations tested (Additional file 1:

Fig. S7d).

Next, we examined whether the CFAG peptide in its
free form could still exploit the differential endocytic

internalization rate of cell-membrane components to
generate artificial targets selectively on brain EC. To this
end, we measured the internalization dynamics of bioti-
nylated CFAG on brain (b.End3) and liver EC through
avidin binding (Additional file 1: Diagram Sla). The
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half-life of CFAG was shorter in brain EC (0.21 h) vs.
liver EC (0.99 h) (Fig. 3e). Interestingly, however, this was
due to avidin binding to brain EC decreasing abruptly
in the initial hour of incubation, stabilizing thereafter.
This effect might be due to serum proteins displacing
weakly bound CFAG peptide, akin to the Vroman effect
of competitive protein adsorption [17], leaving a popu-
lation of peptides with higher binding affinity efficiently
retained on the cell surface. Hence, despite the shorter
half-life, one-phase decay fitting predicted avidin-bind-
ing reaching a plateau earlier and at higher avidin levels
in brain EC (c. 2 h and 3151 RFU, respectively) vs. liver
EC (c. 6 h and 1068 RFU, respectively). Importantly, the
differential endothelia cell-surface retention of CFAG
resulted in an increased targeting of avidin to brain EC
with time (Additional file 1: Fig. S8a). To corroborate the
results obtained with the b.End3 cell line, we measured
the CFAG internalization rate employing primary brain
endothelial cells, and compared it against both primary
lung and liver endothelial cells (Fig. 3f). While CFAG
binding was highest for lung>liver>brain EC (mirror-
ing the CFAG enrichment found in the phage ‘binding
population; Fig. 2c), CFAG internalization was slowest
for brain EC, followed by lung EC and liver EC (mirroring
the CFAG enrichment found in the phage ‘retained popu-
lation; Fig. 2c). Similarly to b.End3 cells, there was a fast

Avidin-FITC

Hoechst

Merge
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CFAG internalization into primary BEC within the first
two hours of incubation, stabilizing thereafter. Impor-
tantly, the differential endocytosis led to an increased tar-
geting of avidin to brain EC vs. peripheral EC with time
(Additional file 1: Fig. S8b, c). While the targeting ratio
increased sharply in brain vs. liver, the increase in brain
vs. lung was less pronounced, indicating differences in
endocytic rates of individual cell-membrane components
even between peripheral endothelial phenotypes, as can
also be seen in the peptide composition of the retention
population of liver vs. lung endothelial cells.

Intracellular protein delivery into brain endothelial cells

by identified ligands

The ability of CFAG peptide to generate artificial targets
for selective protein delivery to brain EC relies on its low
endocytic internalization rate. Therefore, we next exam-
ined whether despite its retention on the cell surface,
CFAG could induce avidin internalization into brain EC
following protein binding. To this end, brain EC (b.End3
cells) were decorated with CFAG peptide and imme-
diately treated with avidin at 4 °C to avoid endocytosis.
Protein localization was then visualized at various time-
points following incubation at 37 °C (Additional file 1:
Diagram Slc) (Fig. 4) (specificity of avidin binding due to
presence of biotinylated CFAG peptide was demonstrated

s [
e ol A |

Fig. 4 Internalization of proteins mediated by cell-surface bound CFAG peptide. The ability of CFAG peptide (conjugated with N-terminal biotin)
to bind and promote internalization of avidin-FITC into b.END3 endothelial cells was examined by labelling their cell surface with CFAG (1 h, 4 °C),
followed by incubation with avidin-FITC (30 min, 4 °C). The cells were then incubated at 37 °C for indicated time-points and avidin-FITC localization
imaged through confocal microscopy (green signal, FITC; blue signal, Hoechst 33342). Scale bar=50 um
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by lack of fluorescence signal in the absence of peptide
treatment, Additional file 1: Fig. S9). At the initial time-
point (0 h), the FITC signal was evenly distributed on
the cell surface (as determined by the homogenous dis-
tribution in the cell-body areas distant from the nucleus)
(white arrows) without penetrating into the cytosol (as
determined by strong signal in the inter-cellular contact
points and lack of signal in the perinuclear space) (red
arrows) (Additional file 1: Diagram S3), indicating avi-
din bound to CFAG peptide widely distributed on the
cell-surface. Within 1 h, the even membrane distribution
was disrupted, and a punctate pattern began to appear,
indicating endocytic internalization of the avidin-CFAG
complex. By 4 h, the cell membrane localization had
completely disappeared, with all the FITC signal pre-
sent in a granular pattern surrounding the nucleus (red
arrow heads), indicating successful internalization of the
majority of peptide-bound avidin into endocytic vesi-
cles. A similar pattern of avidin-FITC internalization by
cell-surface-bound CFAG was seen for primary brain EC
(Additional file 1: Fig. S10). Importantly, CFAG was still
capable of binding and internalizing avidin-FITC even
after a 2 h incubation at 37 °C (Additional file 1: Fig. S11),
demonstrating the peptides selectively retained on the
surface of brain endothelial cells could still induce pro-
tein internalization. Though the extent of internalization
was not as pronounced as with the b.End3 cells (or pri-
mary brain endothelial cells without prior incubation,
Additional file 1: Fig. S10), this could be explained by the
decreased levels of CFAG remaining on the cell surface
after the initial incubation period.

Discussion

In the current work we present a novel paradigm to iden-
tify molecular tags capable of generating artificial tar-
gets to deliver therapies specifically to the brain. Unlike
conventional strategies which identify brain-targeting
ligands binding to ‘natural’ targets on brain endothelial
cells, our strategy identifies molecular tags based on their
selective retention on the surface of brain endothelial
cells, thereby generating ‘artificial’ targets which can be
exploited to deliver cargos specifically to the brain (Addi-
tional file 1: Scheme S1).

We have previously demonstrated that the lower endo-
cytic rate of brain endothelial cells can be harnessed to
retain antibodies (i.e., molecular tags) against the pan-
endothelial protein PECAM-1 selectively on the brain
vasculature, thereby targeting nanoparticles to the
brain [13]. This effect, however, does not hold true for
all cell-membrane components, as the endocytic rate
of individual components will vary depending on their
function. For instance, proteins transporting essential
nutrients across the blood—brain barrier are expected to
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be internalized at a faster rate than structural proteins.
In line with this, we evidenced a higher rate of inter-
nalization of anti-TfR antibodies into brain endothe-
lial cells compared to lung endothelial cells, resulting in
decreased targeting of nanoparticles to the brain with
time. Similarly, a recent proteomic study demonstrated
the transporter proteins TfR and LDLR have the high-
est internalization ratio in human brain endothelial cells
[15]. Hence, strategies to identify ligands selectively
retained on the brain vasculature need to take into con-
sideration differences in endocytic rates of individual cell
membrane components both within individual endothe-
lial cells and between different endothelial phenotypes.

The composition of peptide populations identified
through our selection paradigm demonstrates three
interesting points: firstly, the cell-membrane of endothe-
lial cells presents a wide-range of targets for peptide
binding (as determined by the large number of individual
sequences identified in the binding population) which is
strongly conserved between different endothelial phe-
notypes (as determined by the high degree of overlap
in shared sequences between phenotypes). In addition,
there was higher homology in the cell-membrane com-
position between peripheral endothelial cells compared
to brain endothelial cells, as has been described by ultra-
structural studies of glycocalyx composition in peripheral
vs. brain capillary endothelial cells [2]. Secondly, despite
the similarity in cell-membrane composition, the endo-
cytic rates of individual components differ markedly
between endothelial phenotypes, as determined by the
low number of shared sequences in the retained popula-
tion between phenotypes. Thirdly, the strong enrichment
of a single peptide sequence in each retained population
indicates strong differences in endocytic rates of indi-
vidual components within each phenotype. Interestingly,
the differences in endocytic rates may present a stronger
selection pressure for ligand identification than differ-
ences in cell-membrane composition. Indeed, the peptide
enrichment obtained through this selection paradigm
is significantly stronger than the enrichment achieved
through selection on differential binding to cell-mem-
brane components of brain endothelial cells [7, 24, 27,
32].

While the cell-membrane components mediat-
ing binding of the identified peptides are currently
unknown, it is likely they would not be cell-membrane
proteins. In line with this, the most abundant and read-
ily available cell-membrane components for peptide
binding would be the glycolipids and glycoproteins of
the glycocalyx, a protective matrix layer covering the
surface of endothelial cells [33]. Binding of the pep-
tides to the glycocalyx to generate ‘artificial’ targets for
therapy delivery would have several advantages over
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binding to specific cell-membrane proteins. Firstly, the
steric hinderance experienced by therapies attaching
to the ‘artificial’ targets would be minimized, thereby
increasing the efficiency of delivery. Steric hinderance
by the glycocalyx is known to reduce transport of large
molecules into brain endothelial cells by up to 50% [21].
This may explain the higher avidin delivery we observed
with the biotinylated CFAG peptide vs. the biotinylated
transferrin peptide.

Secondly, peptide binding to the glycocalyx would
generate larger numbers of ‘artificial’ targets, as occu-
pancy of the glycocalyx is expected to be saturated at
higher concentrations than for specific cell-membrane
proteins. As such, adsorptive-mediated transcytosis
(AMT), a transport mechanism based on unspecific
binding to the cell-surface due to electrostatic interac-
tion, is known to be saturated at concentrations several
orders of magnitude higher than receptor-mediated
transcytosis (RMT), a transport mechanism based
on binding to specific cell-membrane proteins [4, 14],
with saturation constants calculated in the micromolar
range. Such glycocalyx binding may explain the lack of
complete saturation of CFAG peptide binding even at
micromolar concentrations. Despite the higher capacity
of AMT for particle uptake, it is usually not preferred
over RMT due to lack of specificity. Therefore, creating
‘artificial’ targets with a saturation constant similar to
AMT, but with an organ distribution restricted to the
brain and efficient therapy binding, would have clear
advantages over current RMT strategies. Hence, it will
be interesting to identify the cell-membrane compo-
nents mediating retention of peptides on the cell-sur-
face in future studies.

A possible disadvantage of creating ‘artificial’ targets
with peptides retained on the cell surface could be lack
of cellular internalization. However, delivery systems
employing multi-valent carriers could themselves trigger
endocytosis through protein clustering or cell-membrane
bending [23, 39]. Indeed, we evidenced efficient intracel-
lular delivery of avidin by cell-surface bound CFAG. We
attribute this internalization to the tetrameric nature of
avidin, being able to multi-valently bind biotin targets to
trigger protein clustering and endocytosis.

In conclusion, the molecular tag identification para-
digm we present demonstrates cell-membrane com-
ponents not exclusively present on the brain may be
employed to generate ‘artificial’ brain targets by selec-
tively retaining peptides on the surface of brain endothe-
lial cells. This paradigm therefore increases the repertoire
of cell membrane components at our disposal for brain
targeting and opens the possibility of developing delivery
strategies with higher efficiency compared to the current
strategies.
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Materials and methods

Materials and reagents

The phage-displayed peptide library was purchased from
New England Biolabs (Ipswich, MA). IPTG, PEG8000,
LB broth, tetracycline, agar, fibronectin, collagen, gela-
tine, bovine fluorescent albumin (albumin-FITC), bovine
pancreas trypsin, collagenase type-I, dispase I, and puro-
mycin were purchased from Sigma-Merck (St. Louis,
MO). Cell-impermeable biotin-NHS (sulfo-NHS-biotin),
deglycosylated avidin (neutravidin)-FITC, and X-gal
were purchased from ThermoFisher Scientific (Waltham,
MA). Rat primary liver and lung endothelial cells, and
peripheral endothelia basal cell culture medium (ECM)
were purchased from Cell Biologics (Chicago, IL). Rat
primary brain endothelial cells were isolated in-house.
Mouse brain endothelial cells b.End3 (CRL-2299) were
purchased from the American Type Culture Collection.
Microvascular endothelial cell growth medium (EGM-2
plus growth factor supplements) was purchased from
Lonza (Basel, CH). All peptides were custom ordered
from GenScript Biotech (Piscataway, NJ).

Cell culturing
Rat primary lung, liver and brain endothelial cells were
extracted from the homogenized organs of 6—8 week-old
Sprague Dawley rats. Peripheral (lung and liver) endothe-
lial cells were purified by pre-coating cells with anti-
PECAM1 (CD31) antibody, followed by separation by
secondary antibody-coated magnetic beads (manufactur-
er’s protocol). Peripheral endothelial cells were plated on
gelatin (0.5% w/v)-coated flasks and cultured in endothe-
lial basal medium supplemented with 10% v/v FBS, 1%
v/v endothelial cell growth supplements and penicillin
(100 IU)/streptomycin (100 pg/mL). Cells were detached
by trypsinization and plated on gelatin-coated culture
wells. Experimentation was carried out once monolayers
reached 100% confluency (2—3 days following plating).
Rat primary brain endothelial cells were extracted
as described previously [12, 13]. Briefly, rat brain corti-
ces (cleaned of meninges and visible blood vessels) were
homogenized and digested with an enzyme mixture
(trypsin, collagenase, dispase). Microvessels were sepa-
rated from the digested tissue homogenate by centrifu-
gation in a separation gradient buffer (25% v/v BSA).
The resulting microvessel pellet was further digested
with enzyme mixture and plated in culture flasks coated
with collagen/fibronectin. Culturing was done in EGM-2
endothelial cell culture medium (with FBS, VEGF, FGF,
IGE, EGE ascorbic acid, hydrocortisone, gentamycin)
(termed full-EGM), supplemented with puromycin (5
days @ 4 pg/mL, 3 days @ 1 pg/mL) to eliminate con-
taminating cells. Once a pure culture was obtained, cells
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were detached by trypsinization and plated on collagen/
fibronectin-coated wells in full-EGM. Once cells reached
90% confluency, VEGF was removed from the culturing
medium to promote a BBB phenotype by reducing para/
transcellular permeability [10, 29, 37]. Experimentation
was carried out once monolayers reached 100% conflu-
ency (2-3 days following removal of VEGF).

Mouse b.End3 cells were detached by trypsinization,
plated in collagen-coated cell culture wells in DMEM
(10% v/v EBS, penicillin (100IU)/streptomycin (100 pg/
mL)) until reaching 100% confluency (4-5 days).

All cells were maintained at 37 °C in a humidified
atmosphere with 5% CO.,,.

Measurement of endocytic internalization of biotinylated
cell-surface proteins

To determine endocytic internalization rates, confluent
monolayers of primary rat liver, lung or brain endothelial
cells were treated with the cell-membrane impermeable
biotinylating reagent sulfo-biotin-NHS (20 min, 4 °C, 500
pg/mL), thereby attaching a biotin molecule to primary
amines of the extracellular domain of cell-membrane
proteins. Following thorough washing, the cells were
incubated in their respective culture medium (37 °C)
for appropriate time-periods, after which the cells were
washed (HBSS) and treated with neutravidin-FITC (30
min, 4 °C, 50 pg/mL). Neutravidin, a deglycosylated, neu-
trally charged form of avidin, was employed to minimize
unspecific interaction with cell-membrane components
[16]. Cells were thoroughly washed (HBSS) to remove
unbound neutravidin-FITC and fluorescence (490/525
em/ex) read with a Spark multimode microplate reader
(Tecan).

Phage-displayed peptide selection

Bio-panning selection was carried out on the M13-phage
combinatorial library displaying 10° unique dodecamer
peptide sequences. Confluent primary rat lung, liver or
brain endothelial cells were treated with phages at an ini-
tial concentration of 10'! pfu/mL (i.e., with 100 copies of
each peptide sequence) in HBSS (1 h, 4 °C). After thor-
oughly washing with HBSS, cells were either incubated
in 100 mM citric acid (pH 2.2) to recover cell-surface
phages (recovered phages were then neutralized with
equal volumes of 1 M Tris-HCI, pH 7.5) or incubated in
corresponding cell culture medium (at 37 °C) for 8 h to
allow phage endocytic internalization. After this time-
point, phages retained on the cell surface were recovered
as above. Recovered phages were amplified in E. coli as
per the manufacturer’s instructions and employed for the
subsequent bio-panning steps. The phage purity/concen-
tration of the amplified phage eluate recovered after each
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bio-panning step was assessed through UV-vis (Addi-
tional file 1: Fig. S12).

Unamplified phages from the final bio-panning step
were titered in LB-agar plates supplemented with IPTG/
X-gal and the DNA from individual plaques derived from
library phages (i.e., blue coloured plaques) sequenced to
determine their peptide composition, as per the manufac-
turer’s instructions. In brief, the individual phage plaque
was amplified in E. coli and the phages isolated through
PEG/NaCl precipitation. DNA was isolated by incubating
phages in Tris-HCI/EDTA/Nal buffer followed by pre-
cipitation in ethanol. The DNA pellet was resuspended
in MilliQ H,O. Purified ssDNA was quantified by fluor-
imetry (Qubit ssDNA assay with a Qubit 4 fluorometer)
(Invitrogen), and sequenced through Sanger sequencing
using the -96 glII sequencing primer (5'-CCCTCATAG
TTAGCGTAACG-3") performed with BigDye" Termi-
nator v3.1 Cycle Sequencing Kit and electrophoresed on
an Applied Biosystems Automated 3730x] DNA analyzer.

Peptide synthesis

All peptides were custom synthesized by GenScript
Biotech. Either biotin or Cy5 were conjugated onto the
peptide N-terminal. In order to recreate the peptide con-
formation adopted when bound to the phage, the amino
acid linker sequence Gly—Gly—Gly-Ser found between
the pIIl phage protein and the peptide sequence was
added to the C-terminal of the 12-amio acid sequence
(X;,GGGS). In addition, the C-terminal was amidated to
avoid a negatively charged carboxylate group not found
in the phage-bound form. Peptide purity was >98%.

Peptide cell-binding

Confluent endothelial monolayers were treated with
increasing CFAG-Cy5 concentrations in HBSS (1 h, 4
°C). Cells were thoroughly washed with HBSS and fluo-
rescence (649/667 em/ex) quantified with a Spark multi-
mode microplate reader (Tecan). For competition assays,
the same protocol was followed, except cells were incu-
bated with CFAG-Cy5 in the presence of increasing con-
centrations of unlabelled CFAG (CFAG-biotin).

Peptide-mediated protein cell delivery

Confluent endothelial monolayers were treated with
increasing peptide concentrations in HBSS (1 h at 4
°C, unless otherwise stated). After removing unbound
peptide, cells were either incubated in appropriate cell
culture medium (37 °C) for varying time-points, or
directly treated with neutravidin-FITC or albumin-
FITC (0.83 mM, in HBSS, 30 min at 4 °C). After remov-
ing unbound protein with thorough HBSS washes,
fluorescence (490/525 em/ex) was quantified with a
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Spark multimode microplate reader (Tecan) or imaged
through confocal microscopy (Additional file 1: Dia-
gram Sla—c).

Nanomicelle synthesis

Nanomicelles were assembled from oppositely charged
block copolymers consisting of a poly(ethylene glycol)
(PEG) (2.2 k) segment tandemly coupled to either an
anionic polypeptide [poly(a,p-aspartic acid)] or a cati-
onic polypeptide [poly(5-aminopentyl-a,[-aspartamide)]
(average degree of polymerization =75) segment. A reac-
tive azide (N;) group was attached to the a end of the
PEG segment of anionic block copolymers (hereafter,
Nj-anions) to allow functionalization of DBCO-linked
proteins through Click chemistry. A fraction of cationic
block copolymers were labelled with a Cy5 fluorophore
onto the w end of the polypeptide chain (hereafter, Cy5-
cation) to allow for nanomicelle quantification and imag-
ing. Copolymers were blended in 10 mM phosphate
buffer (PB; pH 7.4) (N;-anion:Cy5-cation:untagged-cation
volume ratio=10:4:16 at 1 mg/mL) to promote self-
assembly of nanomicelles with a hydrophilic, noncharged
PEG shell with azide reactive group-surface decora-
tion, and Cy5 fluorescence at the core of the nanomi-
celle. The nanomicelle structure was then stabilized by
cross-linking cationic and anionic polypeptide segments
with 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
(EDC; 15 h, room temperature), followed by washing
through Vivaspin filters (100 kDa molecular mass cutoff
[MMCO], polyethersulfone [PES] membrane) (Sartorius)
with 10 mM PB (pH 7.4) to remove EDC.

Deglycosylated tetrameric avidin (Neutravidin, 60
kDa molecular mass, FITC-labelled) (ThermoFisher)
was reacted with maleimide-PEG4-DBCO (Mal-PEG4-
DBCO) (x10 molar excess Mal-PEG4-DBCO) in 10 mM
PB at pH 8.5 (15 h, room temperature) to promote bind-
ing of maleimide onto primary amines on the protein.
Unreacted Mal-PEG4-DBCO was removed by dialysis
(3.6 kDa MMCO, PES membrane) against 10 mM PB (pH
7.4), with 200 mM arginine (10 mM PB/Arg) to prevent
protein aggregation.

DBCO-linked avidin was then attached to N;-decorated
nanomicelles by mixing at a 5:1 (protein:nanomicelle)
molar ratio in 10 mM PB/Arg (15 h, room temperature).
Unreacted avidin proteins were removed by washing
through Vivaspin filters (100 kDa MMCO) with 10 mM
PB/Arg. To remove contaminating avidin aggregates, avi-
din-NMs were filtered through a 0.2-um PES filter (Mil-
lipore) with Dulbecco’s PBS (D-PBS) without calcium or
magnesium. Avidin-NMs were diluted to a concentration
of 1 mg/mL (polymer weight) and kept in D-PBS to allow
for direct in vivo injection.
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In vivo TfR-targeting experiments

Balb-c mice (female, 5 wk old) were systemically (tail-
vein) injected with D-PBS or biotin-a-TfR (monoclonal
rat anti-mouse, 25 pg; Invitrogen). Following appropri-
ate time intervals, the mice were systemically (tail-vein)
injected with avidin-NM (200 pg in D-PBS). After 16 h,
the mice were anesthetized (isofluorane) and perfused
with D-PBS (transhepatic perfusion followed by tran-
scardial perfusion to ensure complete removal of free
nanomicelles from vascular lumen) before organ collec-
tion into D-PBS and weighing. Organs were then homog-
enized in a multibead shocker homogenizer (Yasui Kikai)
in passive lysis buffer (Promega), followed by nanomi-
celle fluorescence (Cy5) quantification in the homogen-
ates (containing microvessels) with an Infinite M1000
Pro fluorescence microplate reader (Tecan). Nanomicelle
accumulation in antibody-treated animals was quantified
as a percentage of nanomicelle accumulation in D-PBS-
treated animals.

Statistical analysis

Statistical analysis was carried out through linear and
non-linear (one-phase decay) regression analysis, one-
way ANOVA (with Tukey’s post-hoc tests), and t-tests
(unpaired, two-way) for indicated experiments with the
use of GraphPad Prism software. Error bars for target-
ing data (binding ratios) were determined through error
propagation calculations from primary data.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512987-023-00493-6.

Additional file 1: Figure S1. Binding of avidin-FITC to biotin-labelled
extracellular protein domains on endothelial cells. The extracellular
domain of cell-membrane proteins on primary rat lung, liver or brain
endothelial cells was biotinylated by conjugation with cell-impermeable
biotin-NHS (20 mins, 4 °C). Biotin labelling was then assessed by quantify-
ing binding of avidin-FITC (30 min, 4 °C) at increasing concentrations.
Results are displayed as mean+ SEM of triplicate measurements. Figure
$2. Organ accumulation of nanomicelles functionalized with TfR1-target-
ing ligands. Mice were injected with biotinylated a-TfR1 antibody (25 ug,
tail vein injection). After 15 min or 8 h, mice (two separate groups, each
n=4) were injected with avidin-functionalized polymeric nanomicelles
(200 pg, tail vein injection). After 16 h, mice were perfused with PBS and
nanomicelle biodistribution quantified in organ homogenates (a). Brain
targeting ratio at each time-point is calculated by the ratio of nanomi-
celle uptake (b). Results are displayed as mean + SEM,*denotes p <0.05
as determined by a student’s t-test between respective pairs. Figure S3.
Ratio of phages recovered from the'retained population’to the phages
recovered from the 'binding population’from the first bio-panning round
from each endothelial cell type. Figure S4. Full DNA/amino acid sequence
and frequency of analysed individual clones from the third bio-panning
round for each endothelial cell type and selection regime. Figure S5.
Venn diagram of enriched phage-displayed peptide sequences shared
between endothelial phenotypes in both the binding population and
the retained population. Figure S6. Avidin-FITC binding to 1°BEC (a, ¢) or
b.END3 (b, d) mediated by CFAG-biotin, VQNP-biotin or control peptide-
biotin (100 uM) (a, b), or the transferrin peptide HAIYPRH-biotin (c, d).
Figure S7. Avidin-FITC binding to 1°BEC (a) or C6 astrocytes (b) following
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incubation with biotinylated peptides (100 pM) in serum containing
medium (1 h, 37 °C) (a) or HBSS (1 h, 4 C) (b), respectively. CFAG-Cy5
binding to b.End3 cells at increasing concentrations (c). Competition

of CFAG-Cy5 (3.13 puM) peptide binding to b.End3 cells by unlabelled
CFAG (CFAG-biotin) (d). Figure S8. Endothelial targeting of avidin by
differential retention of CFAG on the cell surface was assessed by the

ratio of avidin-FITC binding between each cell phenotype with time (a,

b). Due to the negative value of avidin-FITC RFU at 6hrs for liver EC in (b)
(i.e., avidin-FITC binding was slightly lower compared to binding to cells
without CFAG treatment), the brain/liver ratio could not be calculated for
this time-point. Hence, we have also displayed the liver/brain and lung/
brain targeting ratio (c). Figure S9. Avidin-FITC binding to b.End3 cells

in the absence (PBS treatment, a) or presence (50 UM, b) of biotinylated
CFAG peptide. Figure $10. Visualization of avidin-FITC internalization into
primary brain endothelial cells mediated by CFAG-biotin (50 uM). Cells
were treated with CFAG-biotin (1 h, 4 °C), followed by binding of avidin-
FITC (30 mins, 4 °C). The cells were then incubated at 37 °C (4 h), fixed, and
imaged by confocal microscopy (scale bar=50 um). Figure S11. Cellular
internalization of proteins mediated by cell-surface bound CFAG peptide.
Biotinylated CFAG peptide was bound to the cell-surface of primary brain
endothelial cells (1 h, 4 °C). The cells were then incubated at 37 °C for 2 h
to allow the endocytic removal of CFAG peptide. Avidin-FITC was then
bound to the CFAG peptide remaining (retained) on the cell-surface and
the cellular internalization of avidin-FITC assessed at various time-points
(incubation at 37 °C) by confocal microscopy. Green signal, FITC; blue
signal, Hoechst 33342. Scale bar=50 um. Figure S12. UV-vis absorbance
spectra of phage library stock and recovered phage population from the
first bio-panning step (a). Calibration curve of uv-vis absorbance of phage
library (b). Diagram S1. Schematic of avidin-FITC binding assays. Diagram
S2. Schematic of bio-panning procedure to select phage-displayed
peptides which bind to (binding population) or are retained on the
surface of endothelial cells derived from rat lung, liver and brain. Diagram
$3. Schematic representation of confocal microscopy visualization of
avidin-FITC binding and internalization dynamics into brain endothelial
cells. Table S1. Synthesized peptide characteristics. Scheme S1. General
overview of the novel brain delivery strategy generating artificial brain-
specific targets (top panel). Strategy to identify molecular tags (peptides)
selectively retained on the surface of brain endothelial cells (bottom
panel, 1.) Ability of biotinylated molecular tags to act as artificial targets for
the intracellular delivery of avidin-FITC proteins into brain endothelial cells
(bottom panel, 2.).

Acknowledgements

We thank the Genomics Unit from the Scientific and Technological Cent-
ers, Universitat de Barcelona (CCiTUB) for their support and advice in DNA
sequencing.

Author contributions

GMP, IL, XL and DG-C carried out research. GMP and DG-C designed research
and analyzed data. KK and GB provided essential reagents and experimental
tools. DG-C wrote the manuscript with input from KK and GB. The project was
conceived and supervised by DG-C.

Funding

The work was supported by a“La Caixa Foundation”Junior Leader Research
Fellowship (LCF/BQ/PI20/11760003) and a “Japanese Society for the Promotion
of Science”Early Career Scientist” Grant (18K14100) to DG-C.

Data availability

Datafiles have been made available through the repository CORA—Reposi-
tori de Dades de Recerca del CSUC (Consorci de Serveis Universitaris de
Catalunya).

Declarations

Ethics approval and consent to participate
DG-C has filed a patent application protecting the identified peptides.

Page 12 of 13

Competing interests

DG-C has applied for patent protection for the identified peptides and the
identification methodology described in the manuscript. All other authors
declare no conflicts of interest.

Received: 24 April 2023 Accepted: 21 November 2023
Published online: 06 December 2023

References

1.

Aguiar S, Dias J, Andre A, Silva M, Martins D, Carrapico B, Castanho M,
Carrico J, Cavaco M, Gaspar M, Nobre R, Almeida L, Oliveria S, Gano L,
Correia J, Barcas C, Goncalves J, Neves V, Aires-da-Silva F. Highly specific
blood-brain barrier transmigrating single-domain antibodies selected by
an in vivo phage display screening. Pharmaceutics. 2021;13(10):1598.
Ando Y, Okada H, Takemura G, Suzuki K, Takada C, Tomita H, Zaikokuji

R, Hotta Y, Miyazaki N, Yano H, Muraki I, Kuroda A, Fukuda H, Kawasaki

Y, Okamoto H, Kawauchi T, Watanabe T, Doi T, Yoshida T, Ushikoshi H,
Yoshida S, Ogura S. Brain-specific ultrastructure of capillary endothelial
glycocalyx and its possible contribution for blood brain barrier. Sci Rep.
2018;8:17523.

Ben-Zvi A, Lacoste B, Kur E, Andreone B, Mayshar Y, Yan H, Gu C. Mfsd2a is
critical for the formation and function of the blood-brain barrier. Nature.
2014,509(7501):507-11.

Bickel U, Yoshikawa T, Pardridge W. Delivery of peptides and

proteins through the blood-brain barrier. Adv Drug Deliv Rev.
2001;46(1-3):247-79.

Cegarra C, Cameron B, Chaves C, Dabdoubi T, Do T, Genet B, Roudieres

V, ShiY, Tchepikoff P, Lesuisse D. An innovative strategy to identify new
targets for delivering antibodies to the brain has led to the exploration of
the integrin family. PLoS One. 2022;17(9): €0274667.

Chen W, Zuo H, Zhang E, Li L, Henrich-Noack P, Cooper H, Qian Y, Xu

Z. Brain targeting delivery facilitated by ligand-functionalized lay-

ered double hydroxide nanoparticles. ACS Appl Mater Interfaces.
2018;10(24):20326-33.

Diaz-Perlas C, Sanchez-Navarro M, Oller-Salvia B, Moreno M, Teixido M,
Giralt E. Phage display as a tool to discover blood-brain barrier (BBB)-
shuttle peptides: panning against a human BBB cellular model. Biopoly-
mers. 2017;108(1). https://doi.org/10.1002/bip.22928.

Edavettal S, Cejudo-Martin P, Dasgupta B, Yang D, Buschman M, Domingo
D, Kolen K, Jaiprasat P, Gordon R, Schutsky K, Geist B, Taylor N, Soubrane
C,Van Der Helm E, LaCombe A, Ainekulu Z, Lacy E, Aligo J, Ho J, He Y,
Lebowitz P, atterson J, Scheer J, Singh S. Enhanced delivery of antibodies
across the blood-brain barrier via TEMs with inherent receptor-mediated
phagocytosis. Med. 2022;3(12):860-82.

Faresjo R, Bonvicini G, Fang X, Aguilar X, Sehlin D, Syvanen S. Brain phar-
macokinetics of two BBB penetrating bispecific antibodies of different
sizes. Fluids Barriers CNS. 2021;18(1):26.

Fetsko A, Sebo D, Taylor M. Brain endothelial cells acquire blood-brain
barrier properties in the absence of VEGF-dependent CNS angiogenesis.
Dev Biol. 2023;494:46-59.

. Gaillard P, Appeldoorn C, Dorland R, Kregten J, Manca F, Vugts D,

Windhorst B, van Dongen G, de Vries H, Maussang D, van Tellingen O.
Pharmacokinetics, brain delivery, and efficacy in brain tumor-bearing
mice of glutathione pegylated liposomal doxorubicin (2B3-101). PLoS
One. 2014,9(1): e82331.

Gonzalez-Carter D, Ong Z, McGilvery C, Dunlop |, Dexter D, Porter A.
L-DOPA functionalized, multi-branched gold nanoparticles as brain-
targeted nano-vehicles. Nanomedicine. 2019;15(1):1-11.

Gonzalez-Carter D, Liu X, Tockary T, Dirisala A, Toh K, Anraku Y, Kataoka K.
Targeting nanoparticles to the brain by exploiting the blood-brain bar-
rier impermeability to selectively label the brain endothelium. Proc Natl
Acad Sci USA. 2020;117(32):19141-50.

Herve F, Ghinea N, Scherrmann J. CNS delivery via adsorptive transcytosis.
AAPS J.2008;10(3):455-72.

Ito S, Oishi M, Ogata S, Uemura T, Couraud P, Masuda T, Ohtsuki S. Identifi-
cation of cell-surface proteins endocytosed by human brain microvascu-
lar endothelial cells in vitro. Pharmaceutics. 2020;12:579.


https://doi.org/10.1002/bip.22928

Porro et al. Fluids and Barriers of the CNS (2023) 20:88

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34.

35.

Jain A, Barve A, Zhao Z, Jin W, Cheng K. Comparison of avidin, neutra-
vidin, and Streptatvidin as nanocarriers for efficient siRNA delivery. Mol
Pharm. 2017;14(5):1517-27.

Jung S, Lim S, Albertorio F, Kim G, Gurau M, Yang R, Holden M, Cremer P.
The Vroman effect: a molecular level description of fibrinogen displace-
ment. J Am Chem Soc. 2003;125(42):12782-6.

Johnsen K, Burkhart A, Melander F, Kempen P, Vejlebo J, Siupka P, Nielsen
M, Andresen T, Moos T. Targeting transferrin receptors at the blood-brain
barrier improves the uptake of immunoliposomes and subsequent cargo
transport into the brain parenchyma. Sci Rep. 2017,7(1):10396.

Johnsen K, Bak M, Kempen P, Melander F, Burkhart A, Thomsen M, Nielsen
M, Moos T, Andresen T. Antibody affinity and valency impact brain
uptake of transferrin receptor-targeted gold nanoparticles. Theranostics.
2018;8(12):3416-36.

Kariolis M, Wells R, Getz J, Kwan W, Mahon C, Tong R, Kim D, Srivastava A,
et al. Brain delivery of therapeutic proteins using an fc fragment blood-
brain barrier transport vehicle in mice and monkeys. Sci Transl Med.
2020;12(545): aay1359.

Kutuzov N, Flyvbjerg H, Lauritzen M. Contributions of the glycocalyx,
endothelium, and extravascular compartment to the blood-brain barrier.
PNAS. 2018;115(40):E9429-38.

LiJ, Zhang Q, Pang Z, Wang Y, Liu Q, Guo L, Jiang X. Identification of
peptide sequences that target to the brain using in vivo phage display.
Amino Acids. 2012;42(6):2373-81.

Liu A, Aguet F, Danuser G, Schmid S. Local clustering of transfer-

rin receptors promotes clathrin-coated pit initiation. J Cell Biol.
2010;191(7):1381-93.

Majerova P, Hanes J, Olesova D, Sinsky J, Pilipcinec E, Kovac A. Novel
blood-brain barrier shuttle peptides discovered through the phage
display method. Molecules. 2020;25(4):874.

Molino 'Y, Davide M, Varini K, Jabes F, Gaudin N, Fortoul A, Bakloul K,
Masse M, Bernard A, Drobecq L, Lecorche P, Temsamani J, Jacquot G,
Khrestchatisky M. Use of LDL receptor-targeting peptide vectors for in
vitro and in vivo cargo transport across the blood-brain barrier. FASEB J.
2017,31(5):1807-27.

Niewoehner J, Bohrmann B, Collin L, Urich E, Sade H, Maier P, Rueger P,
Stracke J, Lau W, Tissot A, Loetscher H, Ghosh A, Freskgard P. Increased
brain penetration and potency of a therapeutic antibody using a mono-
valent molecular shuttle. Neuron. 2014;81(1):49-60.

Smith M, Al-Jayyoussi G, Gumbleton M. Peptide sequences mediating
tropism to intact blood-brain barrier: an in vivo biodistribution study
using phage display. Peptides. 2012;38(1):172-80.

Sonoda H, Morimoto H, Yoden E, Koshimura Y, Kinoshita M, Golovina G,
Takagi H, Yamamoto R, Minami K, Mizoguchi A, Tachibana K, Hirato T,
Takahashi K. A blood-brain barrier penetrating anti-human TfR antibody
fusion protein for neuronopathic mucopolysaccharidosis Il. Mol Ther.
2018,26(5):1366-74.

Suzuki'Y, Nagai N, Umemura K. A review of the mechanisms of blood—
brain barrier permeability by tissue-type plasminogen activator treat-
ment for cerebral ischemia. Front Cell Neurosci. 2016;25(10):2.

Tang F, Staquicini F, Teixeira A, Michaloski J, Namiyama G, Taniwaki N,
Setubal J, da Silva A, Sidman R, Pasqualini R, Arap W, Giordano R. A ligand
motif enables differential vascular targeting of endothelial junctions
between brain and retina. PNAS. 2019;116(6):2300-5.

Thomsen M, Johnsen K, Kucharz K, Lauritzen M, Moos T. Blood-brain bar-
rier transport of transferrin receptor-targeted nanoparticles. Pharmaceu-
tics. 2020;14(10):2237.

Van Rooy |, Cakir-Tascioglu S, Couraud P, Romero |, Weksler B, Storm

G, Hennink W, Schiffelers R, Mastrobattista E. Identification of pep-

tide ligands for targeting to the blood-brain barrier. Pharm Res.
2010,27(4):673-82.

Walter F, Santa-Maria A, Meszaros M, Veszelka S, Der A, Deli M. Surface
charge, glycocalyx, and blood-brain barrier function. Tissue Barriers.
2021;9(3):190773.

Wiley D, Webster P, Gale A, Davis M. Transcytosis and brain uptake of
transferrin-containing nanoparticles by tuning avidity to transferrin
receptor. PNAS. 2013;110(21):8662-7.

Wu L, Ahmadvand D, Su J, Hall A, Tan X, Farhandgrazi Z, Moghimi S. Cross-
ing the blood-brain-barrier with nanoligand drug carriers self-assembled
from a phage display peptide. Nat Commun. 2019;10:4635.

Page 13 of 13

36. Zhang Y, Poon W, Tavares A, McGilvray |, Chan W. Nanoparticle-liver inter-
actions: cellular uptake and hepatobiliary elimination. J Control Release.
2016;28(240):332-48.

37. Zhang Z, Zhang L, Jiang Q, Zhang R, Davies K, Powers C, van Bruggen N,
Chopp M. VEGF enhances angiogenesis and promotes blood-brain bar-
rier leakage in the ischemic brain. J Clin Invest. 2000;106(7):829-38.

38. Zhang Z,Guan J, Jiang Z,Yang Y, Liu J, Hua W, Mao Y, Li C, Lu W, Qian J,
Zhan C. Brain-targeted drug delivery by manipulating protein corona
functions. Nat Comm. 2019;10:3561.

39. ZhaoW, Hanson L, Lou H, Akamatsu M, Chowdary P, Santoro F, Marks J,
Grassart A, Drubin D, CuiY, Cui B. Nanoscale manipulation of mem-
brane curvature for probing endocytosis in live cells. Nat Nanotechnol.
2017;12:750-6.

40. Zuchero J, Chen X, Bien-Ly N, Bumbaca D, Tong R, Gao X, Zhang S, Hoyte
K, Luk W, Huntley M, Phu L, Tan C, Kallop D, Weimer R, Lu Y, Kirkpatrick D,
Ernst J, Chih B, Dennis M, Watts R. Discovery of novel blood-brain barrier
targets to enhance brain uptake of therapeutic antibodies. Neuron.
2016;89(1):70-82.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	Identifying molecular tags selectively retained on the surface of brain endothelial cells to generate artificial targets for therapy delivery
	Abstract 
	Introduction
	Results
	Determination of endocytic rates in lung, liver and brain endothelial cells
	Identification of molecular tags selectively retained on the surface of BEC
	Generation of artificial targets for protein delivery specifically on brain endothelial cells
	Intracellular protein delivery into brain endothelial cells by identified ligands

	Discussion
	Materials and methods
	Materials and reagents
	Cell culturing
	Measurement of endocytic internalization of biotinylated cell-surface proteins
	Phage-displayed peptide selection
	Peptide synthesis
	Peptide cell-binding
	Peptide-mediated protein cell delivery
	Nanomicelle synthesis
	In vivo TfR-targeting experiments
	Statistical analysis

	Anchor 21
	Acknowledgements
	References


