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The blood-brain barrier (BBB) is a major obstacle to drug delivery into the central nervous system (CNS), in
particular for macromolecules such as peptides and proteins. However, certain macromolecules can reach the
CNS via a receptor-mediated transcytosis (RMT) pathway, and low-density lipoprotein receptor-related protein 1
(LRP1) is one of the promising receptors for RMT. An LRP1 ligand peptide, Angiopep-2, was reported to pass
through the BBB and deliver covalently conjugated drugs into the CNS. While conjugation of LRP1 ligands with
drugs would be an effective approach for drug delivery to the CNS, no other reliable LRP1 ligands have been
reported to date. In this study, we aimed to identify novel LRP1 ligands to further investigate LRP1-mediated
RMT. Using phage display technology, we obtained a novel peptide, L57 (TWPKHFDKHTFYSILKLGKH-OH), with
an ECsg value of 45 nM for binding to cluster 4 (Ser3332-Asp3779) of LRP1. L57 was stable in mouse plasma for
up to 20 min. In situ brain perfusion assay in mice revealed the significantly high BBB permeability of L57. In
conclusion, we discovered L57, the first artificial LRP1-binding peptide with BBB permeability. Our findings will

contribute to the development of RMT-based drugs for the treatment of CNS diseases.

1. Introduction

Many substances are prevented from entering the central nervous
system (CNS) by the blood-brain barrier (BBB), formed by brain ca-
pillary endothelial cells and pericytes, to maintain brain homeostasis.
Although the BBB is a major obstacle to drug delivery into the CNS,
there are several mechanisms to cross the BBB [1]. Passive diffusion is a
major mechanism that facilitates the delivery of lipophilic small mo-
lecules to the CNS; however, macromolecules, such as peptides, pro-
teins, and nucleic acids, cannot cross the BBB via this mechanism be-
cause of their hydrophilicity. Certain macromolecules, including
endogenous proteins, are known to pass the BBB via adsorptive-medi-
ated transcytosis (AMT) or receptor-mediated transcytosis (RMT),
where vesicles are formed and translocated across brain endothelial
cells through an endocytosis-like mechanism [2]. Several polycationic
molecules, such as protamine, avidin, and albumin, have been reported
to accumulate on the cellular surface to induce AMT [3]. However, non-
specific adsorption of such cationic molecules may cause adverse ef-
fects.

Several receptors have been identified as receptors for RMT, in-
cluding the insulin, transferrin, and leptin receptors, and low-density
lipoprotein receptor-related protein 1 (LRP1). LRP1 is a large single-
pass transmembrane receptor (600 kDa) that is highly expressed in the

CNS, including brain endothelial cells [4]. A variety of LRP1 ligands,
such as aprotinin, apolipoprotein E, lipoprotein lipase, and factor XIa,
have been identified. In 2008, Demeule et al. identified Angiopep-2, a
19-amino-acid peptide (TFFYGGSRGKRNNFKTEEY-OH), by sequence
alignment of aprotinin and other LRP1-binding proteins harboring a
Kunitz-type domain [2,5-9]. Angiopep-2 was shown to cross the BBB,
and its conjugate with paclitaxel (ANG1005) is now in Phase II study for
the treatment of recurrent brain metastases of pretreated breast cancer
patients [7,9]. Thus, conjugation of LRP1 ligands with drugs such as
ANG1005 is an effective approach for drug delivery to the CNS. How-
ever, to date, no reliable LRP1 ligands apart from Angiopep-2 have been
reported. The identification of other LRP1 ligands would be valuable for
verifying the potential of LRP1-mediated RMT and a variety of ligands
with different affinity for LRP-1 are expected to provide further clar-
ification of RMT. Therefore, we are investigating LRP1-mediated RMT
using other ligands to further improve drug delivery to the brain.

As targeting molecules, peptides are very attractive as they bind
target proteins potently and selectively, and display technologies are
available for discovering binding peptides [10]. Moreover, a variety of
derivatization methods exist to ensure the generation of peptide analogs
with adequate pharmacokinetic profiles; peptide analogs are prepared
homogeneously by chemical synthesis.

In this study, we used the phage display technology to discover
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LRP1-binding peptides. This technology offers a powerful approach to
finding novel artificial peptides binding to target proteins from highly
diversified peptide libraries displayed on phage particles [11-14]. As
targeting domains, cluster 2 (Arg786-Leull65) and cluster 4
(Ser3332-Asp3779) of LRP1 were selected because these two clusters
interact with various endogenous ligands [4]. Random peptide libraries
displayed on T7 phage were screened against Fc-fused LRP1(Ar-
g786-Leul165) (LRP1(CL2)-Fc) and Fc-fused LRP1(Ser3332-Asp3779)
(LRP1(CL4)-Fc). Subsequently, in situ brain perfusion and intravenous
(i.v.) administration were carried out to evaluate the BBB permeability
of the novel peptides in mice.

2. Material and methods
2.1. Peptide screening by phage display

Human LRP1(CL2)-Fc (2368-L2) and human LRP1(CL4)-Fc (5395-
L4) were purchased from R & D Systems (Minneapolis, MN, USA). To
generate T7 phage libraries displaying random peptides, X;, X16, X20
(X is a mixture of twenty natural amino acids) mixed-oligonucleotides
as template DNA were internally constructed, purified with a QIAquick
PCR Purification kit (QIAGEN, Hilden, Germany), and ligated into the
T7Select 10-3 vector (Merck Millipore, Darmstadt, Germany), ac-
cording to the manufacturer's manual. The total library diversity was
estimated to be 3.1 X 10° plaque-forming units (pfu). For the screening
of T7 phage libraries, 20 pg of LRP1(CL2)-Fc or LRP1(CL4)-Fc was
immobilized on Dynabeads Protein A (200 pL; Invitrogen, Carlsbad, CA,
USA) in PBS (045-29795; Wako, Osaka, Japan) containing 0.5% BSA.
After washing of the beads with PBS containing 0.1% Tween-20 (PBST),
they were incubated with 1.0 x 10'2 pfu of phage libraries (mixture of
X12, X16, and X5p) for 1 h at room temperature, and then washed with
PBST (three times for the first round, five times for the second round,
and 10 times for the third to sixth rounds). Bound phages were eluted
with 200 pL. of 0.5% SDS and then transfected into 80 mL of E. coli
BLT5615 cells (Merck Millipore) in the log phase of growth for ampli-
fication. After bacteriolysis, the phages were recovered from the culture
supernatant by centrifugation and PEG precipitation, according to the
T7Select manual. The recovered phages were dissolved in 1 mL of PBS
and 0.5 mL of the phages was used for the next round of biopanning.

2.2. Evaluation of phage- or synthetic peptide-binding to recombinant
proteins by plate ELISA

The wells of a Nunc Maxisorp microplate (460 —518) were coated
with an anti-human Fc goat polyclonal antibody (10 ug/mL) (Jackson
ImmunoResearch, West Grove, PA, USA) at 4 °C overnight and then
blocked with 0.5% BSA in PBS at room temperature for 2 h. Fe-fused
proteins (1 ug/mL) were captured by the antibody, and phage solution
(1.0 x 10! pfu/mL) or biotinylated peptide solution was added to the
wells and incubated at room temperature for 1h. After three times
washing with PBST, bound phages or peptides were detected using
horseradish peroxidase (HRP)-conjugated anti-T7 antibody (5000-fold
dilution in PBS with 0.5% BSA) (Merck Millipore) and HRP-conjugated
streptavidin (1000-fold dilution in PBS with 0.5% BSA) (Vector
Laboratories Inc., Burlingame, CA, USA), respectively. The amount of
HRP in each well was measured colorimetrically with the chromogenic
reagent tetramethylbenzidine (Wako, Osaka, Japan). ECso binding va-
lues were calculated with Prism 5 (GraphPad Software, La Jolla, CA,
USA).

2.3. Chemical synthesis of peptides

L57 (TWPKHFDKHTFYSILKLGKH-OH), Angiopep-2, and Angiopep-
7 (TFFYGGSRGRRNNFRTEEY-OH) were synthesized by fluor-
enylmethoxycarbonyl-based solid-phase peptide synthesis [15]. Crude
peptides were purified with preparative reversed-phase (RP) high-
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performance liquid chromatography (HPLC) using a Kinetex” 5-um XB-
C18 column (250 X 21.10 mm I.D.) (Phenomenex Inc., Torrance, CA,
USA) at a flow rate of 8 mL/min with a linear gradient of acetonitrile
(MeCN)/H,0 (10% increases) containing 0.1% TFA over 1 h. Peptide
purity was ascertained by analytical HPLC, and structures were as-
signed by matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry on a Bruker autoflex speed system (Bruker, Billerica,
MA, USA).

2.4. Biotinylation of peptides

After Cys-L57, an L57 derivative with additional Cys at the N-ter-
minus, was prepared and reacted with N-[2-[2-[2-[(3-mal-
eimidopropionyl)amino]ethoxy]ethoxy]ethyl]biotinamide in N,N,-di-
methylformamide, purification by preparative RP-HPLC yielded
biotinylated L57. Angiopep-7 was N-terminally modified with a poly-
ethylene glycol-based linker and biotin by solid-phase peptide synth-
esis. Cleavage from the resins and purification by preparative RP-HPLC
yielded biotinylated Angiopep-7.

2.5. Evaluation of L57 stability in mouse plasma

An aliquot of each peptide (1 mM, 3 pL) was incubated with mouse
plasma (10 pL) prepared internally from C57BL/6 J mice. After 0, 5, or
20 min of incubation at 37 °C, acetone (100 pL) was added. The mixture
was stored at 4 °C for 10 min and centrifuged at 13,000 rpm at 4 °C for
10 min. The supernatant was recovered, evaporated under a nitrogen
flow, and dissolved in DMSO (50 pL). The remaining amount of un-
modified peptide in the sample was determined by RP-HPLC.

2.6. Preparation of radiolabeled peptides

Peptides were labeled with '2°I using the lactoperoxidase-mediated
iodination method. In brief, 10 uL of 1 mM peptides and 10 pL of
0.01 mg/mL lactoperoxidase (L2005; Sigma-Aldrich, St. Louis, MO,
USA) were added to Na'?°I (74 MBq, 0.02 mL, NEZ033A; PerkinElmer,
Hopkinton, MA, USA). After pipetting, 10 pL of 0.0001% H,0, (Wako)
was added and incubated for 20 min at room temperature. Labeled
peptides were purified over a TSKgel® Super-ODS Column (TOSO,
Tokyo, Japan) on an HPLC system (Shimadzu, Kyoto, Japan).

2.7. In situ brain perfusion in mice

In situ brain perfusion was performed as described previously [16].
Eight-week-old male C57BL/6J mice purchased from Charles River
Laboratories Japan (Kanagawa, Japan) had ad libitum access to diet and
tap water under controlled temperature (20-26 °C), humidity
(40-70%), and a 12-h:12-h light/dark cycle (lights on 8:00-20:00).
Krebs buffer containing 128 mM NaCl, 4.2 mM KCl, 0.9 mM MgCl,,
2.4 mM KH,PO,4, 24 mM NaHCOs3, 1.5 mM CaCl,, and 20 mM HEPES
was prepared. Before an experiment, 10 mM bp-glucose, 0.05% BSA, and
protease inhibitors (1.5 mM E-64, 2 mM leupeptin and 1 mM pepstatin
A) were added, and the perfusate was oxygenated for 10 min with 95%
0,-5% CO,. Male mice anesthetized with pentobarbital at a dose of
40 mg/kg were placed on a heating pad to maintain the body tem-
perature at 37 °C during surgery and perfusion. The right common
carotid artery was exposed, and the common carotid artery and external
common artery were ligated. A catheter (AMI-4; Eicom, Kyoto, Japan)
was inserted into the common carotid artery and connected to an in-
fusion pump. After severing the heart ventricle, **I-labeled peptides
dissolved in Krebs buffer with 0.1% BSA (Sigma) and 10 mM p-glucose
(1.15 mL/min, 5 min) were perfused, followed by perfusion of Krebs
buffer for washing (1.15 mL/min, 1 min). The right hemisphere was
isolated and radioactivity was measured with an AccuFLEX (HITACHI,
Tokyo, Japan). All animal experiments were conducted in accordance
with the protocol reviewed by the Institutional Animal Care and Use
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Committee (IACUC) of Takeda Pharmaceutical Company Limited.

2.8. In vivo i.v. injection of peptides to mice

Seven- to eight-week-old male C57BL/6J mice purchased from
Charles River Laboratories Japan were used. '**I-labeled peptides were
dissolved in 200 pL of saline and administered intravenously. One hour
after administration, the mice were anesthetized with tribromoethanol
(T48402; Sigma-Aldrich) at a dose of 250 mg/kg in saline and lapar-
otomized. Heart blood was withdrawn with a 25-G needle, and was
subsequently removed by introducing saline from the left ventricle to
the left atrial appendage of the heart using an infusion pump (2 mL/min
X 8 min). The right hemisphere was isolated and radioactivity was
measured.

2.9. Statistical analysis

Each experiment was repeated three times. Data are presented as
the mean = SD. Means were compared using Student's t-test. A p-
value < 0.05 was considered significant.

3. Results
3.1. Identification of L57 by phage display screening

To discover artificial LRP1-binding peptides, we panned random
peptide libraries displayed on T7 phage including random linear pep-
tides or disulfide-constrained cyclic peptides against human
LRP1(CL2)-Fc or human LRP1(CL4)-Fc. After six rounds of biopanning,
phages binding to LRP1(CL4)-Fc were successfully concentrated in both
types of libraries (Fig. 1). In contrast, phages binding to LRP1(CL2)-Fc
were not enriched (data not shown). There are two possible explana-
tions for these results: 1) no binding peptide motifs against LRP1(CL2)-
Fc were included in the phage libraries, 2) no acceptable binding sites
for such peptides are present on LRP1(CL2)-Fc. After binding screening
of the monoclonal phages and DNA sequencing, 11 independent se-
quences were identified. Among them, L57 showed a three times higher
concentration than the other sequences. Therefore, we selected L57 as a
candidate sequence for further investigation.

3.2. Binding activity of biotinylated L57 to LRP1(CL4)-Fc

Biotinylated L57 was chemically synthesized and its binding activity
to LRP1(CL4)-Fc was evaluated by plate ELISA. Biotinylated L57 was
added to target protein-immobilized wells, and specific binding was
detected with HRP-conjugated streptavidin. Biotinylated L57 bound to
LRP1(CL4)-Fc in a concentration-dependent manner, but not to
LRP1(CL2)-Fc and ActRIIB-Fc (negative control protein). The ECsq
value of L57 for binding to LRP1(CL4)-Fc was calculated to be 45 nM
(Fig. 2). Conversely, biotinylated Angiopep-7, an analog with Arg
substitutions at positions 10 and 15 of Angiopep-2, did not bind to
LRP1(CL4)-Fc. Although Angiopep-2 showed more potent binding ac-
tivity to LRP1(CL2)-Fc than to LRP1(CL4)-Fc, the binding activity was
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not saturated even at 10 uM (data not shown). These data indicated that
L57 selectively interacts with cluster 4 (Ser3332-Asp3779) of LRP1.

3.3. Evaluation of L57 peptide stability in mouse plasma

The stability of L57 was evaluated in mouse plasma. L57 was in-
cubated with mouse plasma at 37 °C for different periods and the re-
maining amount of the parent peptide was determined by RP-HPLC. By
comparison with the peak area of peptide without plasma incubation,
the remaining amount of the parent peptide after plasma incubation
was roughly estimated. As shown in Fig. S1, L57 is stable for at least up
to 20 min under the condition inducing marked degradation of a con-
trol linear octapeptide NMUS8 (YFLFRPRN-NH,), which is considered to
be decomposed at a rate comparable to or faster than that of the linear
peptide NMU25 (complete degradation after 30-min incubation in
mouse plasma) [17].

3.4. CNS delivery of '*I-radiolabeled peptides in mice

The CNS delivery of L57 was evaluated in an in situ brain perfusion
assay in mice. First, CNS entry of '2*I-Angiopep-2 and '?°I-Angiopep-7,
which have been reported to be less permeable than Angiopep-2 [8,9],
was examined. Radioisotope (RI) counts in the right brain hemisphere
were measured after a 5-min cerebral perfusion of the peptides. The “%
input” value represents the enrichment of radiolabeled peptides in the
brain region, and was calculated as follows: % input = brain count/
input count. '**I-Angiopep-2 and '?*I-Angiopep-7 showed similarly low
permeability across the BBB (Fig. S2 and Table S1); therefore, we used
1251 Angiopep-7 as a reference compound in subsequent tests. '2°I-L57
showed higher count per minute values in the right brain hemisphere
than '?°I-Angiopep-7 (Fig. 3A, Table 1). The % input values also in-
dicated the improved CNS delivery of 1251157 (0.220 = 0.052%) as
compared to '2°I-Angiopep-7 (0.053 + 0.019%). Next, the delivery of
1251157 and '?°I-Angiopep-7 to the brain was examined by i.v. injec-
tion in mice. The brain uptake of 12°I-L57 was equal to or slightly more
efficient than that of '?°I-Angiopep-7 (Fig. 3B, Table 1). Together, these
results indicated that L57 has the potential to function as a targeting
peptide to the brain in mice.

4. Discussion

Drug delivery to the brain for the treatment of CNS diseases remains
challenging, although various approaches have been investigated to
date. RMT through LRP1 is one of the promising mechanisms to realize
CNS delivery. It is conceivable that LRP1 ligands can deliver covalently
conjugated drugs into the CNS similar to ANG1005, which is the most
advanced example based on RMT. In this study, we aimed to discover
new LRP1 ligands and to further develop the LRP1-based drug delivery
technology to the brain.

Using phage display technology, we found L57 as a novel artificial
peptide binding to LRP1. L57 selectively bound to cluster 4 of LRP1 and
did not show sequence homology with Angiopep-2. Recently, several
studies reported that cell-penetrating peptides, such as TAT

— J
5th 6th

Fig. 1. Binding activity of polyclonal phages to LRP1(CL4)-Fc.
Binding activity of polyclonal phages to LRP1(CL4)-Fc was eval-
uated by plate ELISA. Phage binding was detected with an HRP-
labeled anti-T7 phage antibody and was measured by determining
the absorbance at 450 nm. (A) Binding activity of polyclonal
phages displaying linear peptide, and (B) binding activity of
polyclonal phages displaying disulfide-constrained cyclic peptide.
IgG is a counter protein.
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: 24 24 tected with HRP-conjugated streptavidin and was
: measured by determining the absorbance at 450 nm.
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5 The absorbance at 450 nm of biotinylated L57 was
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< 030 sokok < 0.080 of LRP1(CL4)-mediated transcytosis.
5 025 = 0.060 In the case of i.v. administration in mice, the brain delivery of L57
£ 020 £ was slightly better than or equal to that of Angiopep-7; however, the
® 015 s 0.040 difference was smaller than that in the in situ brain perfusion assay. This
:g S0 E 0.020 suggests that the pharmacokinetic property of L57 may be limiting BBB
£ 0.05 g permeability in i.v. administration. Thus, more effective LRP1 ligands
= 000 Ang-7 157 = 0.000 L for drug delivery to the brain would be obtained by optimizing L57

Fig. 3. Brain uptake of Angiopep-7 and L57 in mice. (A) The brain uptake of '**I-labeled
peptides [Angiopep-7 (Ang-7) and L57] was evaluated by in situ brain perfusion in mice.
Radioisotope counts in the right brain hemisphere were measured after 5 min perfusion.
(B) The brain uptake of 1251 1abeled peptides (Ang-7 and L57) was evaluated after i.v.
injection in mice. Radioisotope counts in the whole brain were measured 60 min post
injection. Data are means + SDs (n = 6, ***p < 0.001, t-test).

(GRKKRRQRRRPPQ) and octaarginine (RRRRRRRR), can enter the
brain across the BBB [18-20]. These highly basic peptides are likely to
transit via AMT, and there remains a concern about non-specific
binding to negatively charged surfaces in the body. In contrast, L57 is
less basic than TAT and octaarginine, indicating a low risk of non-
specific binding. In addition, L57 was stable in mouse plasma up to
20 min at 37 °C, suggesting the potential of L57 for use in vivo.

The BBB permeability of L57 was significantly higher than that of
Angiopep-7, which showed comparable or slightly better BBB perme-
ability than Angiopep-2 and thus was used as a reference peptide in the
in situ brain perfusion assay in mice. The difference between Lys!®!®
residues in Angiopep-2 and Arg'®'® residues in Angiopep-7 was not
considered to affect the BBB permeability of Angiopep peptides. Indeed,
ANG1005, in which Lys'®'® residues are conjugated with paclitaxel,
has been used to treat recurrent brain metastases of pretreated breast
cancer patients in a Phase II study. The improved permeability of L57
indicates that L57 is a more effective carrier for CNS delivery than
Angiopep-7, because in situ brain perfusion can minimize the effects of
distribution to and metabolism in other organs. Biotinylated L57 bound
to LRP1(CL4)-Fc more efficiently than Angiopep-7, which might explain
the improved BBB permeability of L57. It has been a matter of debate
whether higher binding affinity of ligands contributes to the efficiency
of transcytosis [21-23]. Intracellular access of Angiopep-2 peptides has
been shown to be independent of the interaction with LRP-1 in human
neuroblastoma cells [24], suggesting that the BBB permeability of An-
giopep-2 peptides is largely owing to receptor-independent pathways.
Further investigation of the relationship between the binding affinity of

Table 1
Brain uptake of '**I-labeled peptides in mice.

(e.g., replacement with natural/unnatural amino acids, modification
with polyethylene glycols or alkyl chains, and cyclization) to improve
the pharmacokinetic parameters.

In conclusion, we discovered L57, the first artificial LRP1-binding
peptide, and significant BBB permeability of L57 was demonstrated in
mice. To further clarify the function of L57, conjugation of L57 with
centrally acting agents and evaluation of physiological effects will
contribute to the development of RMT-based drugs for the treatment of
CNS diseases.
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Name Sequence In situ brain perfusion (% input) i.v. injection (% input)
L57 TWPKHFDKHTFYSILKLGKH-OH 0.220 + 0.052" 0.042 + 0.017
Angiopep-7 TFFYGGSRGRRNNFRTEEY-OH 0.053 + 0.019 0.032 + 0.020

Data are means = SDs (n = 6, t-test).
**% p < 0.001.
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