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Establishing drug delivery systems (DDSs) for transporting Famiiar  Novel Familiar  Novel

drugs from peripheral tissues to the brain is crucial for treating central nervous ?E?\d Ob'Dem °Ei°t ObJDeCt
system diseases. We previously reported the interactions of (1) KS-133, a L B =~ (Thisis )
RSO <S-133/KS-487 " soot Vel

nanoparticles

selective antagonist peptide, with vasoactive intestinal peptide receptor 2 guopmenia fny "t n0ve )
(VIPR2), a drug target for schizophrenia, and (2) KS-487, a selective binding =~ ™™ %
peptide, with the cluster IV domain of low-density lipoprotein receptor-related

ﬁ Cognitive
dysfunction
recovered!!

protein 1 (LRP1), which is involved in crossing the blood—brain barrier. We & J L
developed a novel DDS-based strategy for treating schizophrenia using KS-487 y /—\.::.. \ A

as a brain-targeting peptide and KS-133 as a drug. Dibenzocyclooctyne-KS-487 ...:38 \ t

was conjugated with N;-indocyanine green (ICG) using a click reaction and 9o, /
administered intravenously into mice. Fluorescence was clearly observed from Vggilfc";Z%:;;S‘ KS-133/KS-487 m‘z::;‘y‘;’i;g;e‘:)':%e
ICG in the brains of the mice. Nanoparticles (NPs) encapsulating ICG and KS-133 nanoparticles Ks-487

displaying KS-487 were prepared and subcutaneously administered to mice,
resulting in a significant accumulation of ICG in the brain. Pharmacokinetic
analysis of NPs containing KS-133 and displaying KS-487 (KS-133/KS-487 NPs) revealed the time-dependent transport of KS-133
into the brain. KS-133/KS-487 NPs were subcutaneously administered to mouse models of schizophrenia, which significantly
improved cognitive dysfunction. This is the first study to demonstrate the potential therapeutic efficacy of a multifunctionalized
multipeptide NP in inhibiting VIPR2.

Nanoparticles, Click chemistry, Peptides, Drug delivery, Schizophrenia

he number of patients with central nervous system association was reported between vasoactive intestinal peptide
(CNS) diseases continues to increase every year globally, receptor 2 (VIPR2) gene duplication and schizophrenia.””
emphasizing the critical need for drug development in this Therefore, VIPR2-selective inhibitors may aid the development
field. However, developing drugs that target the CNS presents of novel treatments for schizophrenia. In 2021, we discovered a

greater challenges than those that target peripheral tissues. The peptide, KS-133: Ac-(CPPYLP[KYLC)D]LI-NH, (with an S—

primary hurdle lies in the blood—brain barrier (BBB), a S bond between the side7chains of EYSI and Cys'’ and an
protective barrier that rigorously restricts the transfer of drug amide bond between Lys" and Asp ') as a VIPR2-selective
molecules from peripheral tissues to the brain.”” The BBB antagonist, which suppresses the downstream signaling of

VIPR2 in the brain.” However, developing KS-133 as an
antischizophrenia drug was difficult because (1) KS-133 does
not effectively penetrate the BBB and (2) there is no
preclinical proof-of-concept demonstrating that VIPR2 inhib-
ition improves symptoms in a mouse model of schizophrenia.

specifically blocks middle-sized molecules, such as cyclic
peptides, and macromolecules, including antibodies, making
it exceedingly difficult for them to enter the brain. Many
studies on DDSs have explored pathways that facilitate drug
transport across the BBB into the brain.”* One such pathway is
receptor-mediated transcytosis (RMT) using low-density

lipoprotein receptor-related protein 1 (LRP1),>® which will April §, 2024
be investigated in this study. May 31, 2024
Among CNS diseases, the etiology and pathophysiology of June 3, 2024
schizophrenia, which is the focus of this study, are poorly June 20, 2024

understood. Several patients with schizophrenia do not
adequately respond to current treatments. In 2011, a strong
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Figure 1. Construction of a KS-487/LRP1(CL4) complex model. a) Chemical structure of KS-487: Gly'-Thr*-Pro’-(Cys*-Thr’-Tyr®-Lys’-Tyr*-
Nle®-Leu'*-Ala'!-Glu'*-Nle"*-Cys'*)—OH. b) The Ca atom root-mean-square deviations (RMSDs) of KS-487 on LRP1(CL4) complex models
from the initial structure after the production phase in three runs are shown. c) Distribution of interaction energies in each run. d) Representative
KS-487/LRP1(CL4) complex structure model (the most stable snapshot of run 3). To clearly indicate the CL4 (Ser***?—Asp*”®) sequence on the
LRP1 structure, CL4 (Ser*’—Cys*"’) (white) of LRP2 (PDB ID: 8EM4) (light blue) is shown on the left. The complex structure model of
LRP1(CL4) (gray ribbon) and KS-487 (ribbon and stick) are shown in the center. Cyan dash lines indicate hydrogen bond interaction. In
LRP1(CL4), amino acids in yellow and cyan represent those engaged in hydrophobic and hydrophilic interactions with KS-487, respectively. The
amino acids in pink are the acidic residues. The figure was generated using PyMOL.

To overcome these challenges, we combined KS-133 with a
reliable brain-targeting technology.

In 2022, we discovered KS-487: Ac-GTP(CTYKY-Nle-LAE-
Nle-C)—OH (with a S—S bond between the side chains of
Cys" and Cys'") (Figure 1a) as a binding peptide to the cluster
IV (CL4) domain (Ser**—Asp*’”®) of LRP1. The perme-
ability of this molecule across the BBB, as demonstrated using
in vitro BBB models, could be diminished by siRNA against
LRP1, suggestin(g that KS-487 crosses the in vitro BBB via
RMT by LRP1."’ Therefore, KS-487 is expected to have in vivo
brain-targeting ability.

In this study, we developed a novel DDS by combining KS-
487 with KS-133 to enhance brain permeability. Furthermore,
we demonstrated, for the first time, that VIPR2 inhibition can
treat schizophrenia. NPs that display KS-487 on the surface
and encapsulate KS-133 can effectively transport from
peripheral tissues to the brain, and their administration can
improve cognitive function in a mouse model of schizophrenia.

The molecular mechanism underlying the interaction of KS-
487 with LRP1 remains unknown. Through recent advance-
ments in molecular structure prediction technologies, such as
AlphaFold2 (AF2), complex molecular models can be
developed with sufficient accuracy.'"'” Previously, we
successfully developed a complex model of VIPR2 and KS-
133 using AF2 and molecular dynamics (MD) simulations,
revealing the detailed binding mechanism.'® Using the same
technique, we attempted to elucidate the binding mechanism
of KS-487 to LRP1(CL4). Initially, we considered predicting
complex models of KS-487 and full-length LRP1 using the
LRP2 structure,"* which is structurally similar to LRPI.
However, the number of amino acid residues in full-length
LRP1 exceeded the limit supported by AF2 on the CollabFold
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server. Subsequently, we attempted to develop KS-487/
LRP1(CL4) complex models and obtained an approved
model by AF2. During the MD simulations (100 ns for 3
runs), the root-mean-square deviation (RMSD) values of each
run remained stable between 1 and 3, indicating that the
constructed KS-487/LRP1(CL4) complex models were highly
accurate (Figure 1b). The average interaction energies were
—62.8674 kcal/mol for run 1, — 66.4988 kcal/mol for run 2,
and —67.444S kcal/mol for run 3 (Figure 1c). Figure 1d shows
the most stable KS-487/LRP1(CL4) complex structure
obtained from run 3. KS-487 adopts a loop-helix structure,
and the side chain of Tyr® engages in a stacking interaction
with Arg™” of LRPI. The basic side chain of Lys’ interacts
with the acidic pocket of LRP1, which comprise Asp®***,
Glu***®, and Asp***®. Moreover, the main chain oxygen of Lys’
forms a hydrogen bond with the nitrogen of the side chain
indole ring of Trp***'. The side chain of Tyr® establishes a
hydrogen bond with Asp***® of LRPI. The hydrophobic
interaction of the Leu'® side chain with Pro®* of LRP1
spatially supports the side chain of Tyr®, which facilitates the
stacking interaction between Tyr® and Arg*”®. The side chains
of Ala'' and Nle'* engage in hydrophobic interactions to fill
the space in the shallow groove comprising Pro***, Trp**,
and Trp***! of LRP1. The side chain of Glu'? forms hydrogen
bonds with nitrogen and Ser**'® from the main and side chains
of LRP1, respectively. The N- and C-termini of KS-487 do not
participate in LRP1 binding and are oriented toward the water-
soluble side.

We used two approaches to design DDSs using KS-487 as
the brain-targeting peptide. In the first approach, KS-487 was
directly conjugated to the long-wavelength near-infrared
(NIR) fluorescent dye ICG (775 g/mol). The second
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Figure 2. Molecular design and chemical synthesis of DBCO-KS-487. a) Preparation of DBCO-KS-487 using KS-487, azido-PEG4-NHS ester, and
DBCO-PEGS-DBCO. b) Mass (left) and RP-HPLC (center) analytical data of DBCO-KS-487, and confirmation of the click reactivity of DBCO-
KS-487 to 6-azide hexanoic acid as a model molecule possessing an azide group (right).
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Figure 3. Evaluation of the brain-targeting ability of ICG-KS-487 and ICG/KS-487 NPs using bioimaging. a) Chemical structure of ICG-KS-487
prepared using DBCO-KS-487 and ICG azide. b) Brain-targeting ability of ICG-KS-487 (after 48 h of intravenous administration). c¢) Chemical
structure of phospholipid-conjugated KS-487 prepared by DBCO-KS-487 and 16:0 azidocaproyl PE and chemical structure of CrEL. d) Schematic
of NPs encapsulating ICG and displaying KS-487 (ICG/KS-487 NPs) by mixing phospholipids-introduced KS-487, CrEL and ICG. e) Brain-
targeting ability of ICG/KS-487 NPs (after 48 h of subcutaneous administration). If the amount of KS-487 displayed on the surface of ICG/KS-
487 NPs in the second row from the top is 100%, that in the top row is 200%, the third row is 30%, and the bottom row (ICG/NPs) has no KS-487
display (0%). ICG fluorescence was detected by setting the sensitivity of the instrument to values of 1,600—3,000 (fluorescence intensity a.u.).
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Figure 4. Pharmacokinetic study of KS-133/KS-487 NPs and pharmacological effects of KS-133/KS-487 NPs in a mouse model of schizophrenia.
a) Upper panel: Schematic of NPs encapsulating KS-133 and displaying KS-487 (KS-133/KS-487 NPs) by mixing phospholipid-introduced KS-
487, CrEL, and KS-133. Lower panel: Representative transmission electron microscopy analysis (left) (black bar = 100 nm) and representative size
distribution (right) of KS-133/KS-487 NPs. b) Pharmacokinetics study of KS-133/KS-487 NPs subcutaneously administered in mice (n = 3 in
each time point, mean + SD, 3 mg/kg as a dose of KS-133). c) Left panel: Schematic of the novel objective recognition test. The VIPR2 agonist Ro
25—1553 was administered to mice to induce VIPR2 hyperactivation to create the mouse model of schizophrenia. Then, KS-133/KS-487 NPs
(with a dose of 3 mg/kg KS-133) were administered once daily into the mice for 2 weeks. In the novel object recognition test, after training to
remember objects A and B, object B was replaced by novel object C, and the exploration time to familiar object A and novel object C was evaluated.
Right panel: Novel object recognition test results showing the effects of once daily subcutaneous administration of KS-133/KS-487 NPs on
recognition memory. The discrimination index is calculated by the difference between the exploration time for novel and familiar objects divided by
the total time spent exploring both objects. The results are presented as the mean + SEM of 16 mice per group (*p < 0.0, **p < 0.01 by posthoc

Tukey’s multiple comparison test).

approach involved indirectly loading the therapeutic molecule,
the VIPR2 antagonist KS-133 (1,558.8 g/mol), inside the
micelles or liposomes that display KS-487. A straightforward
method for conjugating KS-487 as a targeting peptide to
specific molecules involves utilizing a click reaction, such as the
one between a cyclooctyne group (e.g, DBCO) and an azide
group (N;). Initially, we considered introducing DBCO to the
N-terminal amino group of KS-487 using DBCO-PEG4-NHS
(CAS No. 127004-19-0). However, when DBCO was
introduced at the N-terminal amino group with the side
chain amino group of Lys’ protected, followed by deprotection
of the side chain of Lys’, the click reactivity of DBCO was lost
in a series of synthetic methods. Considering our prior
experience in generating artificial receptor agonists through the
synthesis of “peptide—linker—peptide” homodimers using
bivalent reagents,ls’16 we attempted to synthesize “KS-487—
linker—desired molecule” heterodimers using KS-487 with an
azido group, a desired molecule that possesses an azido group,
and the bivalent reagent DBCO-PEGS-DBCO. Consequently,
we proposed introducing DBCO, maintaining click reactivity,

2814

into KS-487 through a click reaction between azide-introduced
KS-487 and an excess amount of DBCO-PEGS-DBCO (Figure
2a). Therefore, we successfully synthesized DBCO-KS-487
with theoretical and actual molecular weights of 2,701.2 g/mol
and 2,701.283 g/mol, respectively, and a purity of 97.2%
(Figure 2b). DBCO-KS-487 and 6-azido-hexanoic acid were
mixed in dimethyl sulfoxide (DMSO)/phosphate-buffered
saline (PBS) (50/50) at pH 7.5 to an appropriate volume
and reacted at room temperature; the peak position shift of
DBCO-KS-487 was then evaluated using reversed-phase high-
performance liquid chromatography (RP-HPLC) (Figure 2b).
The peak (10.2 min) derived from DBCO-KS-487 before the
reaction almost disappeared, and a new peak (7.904 min) was
generated, indicating that the DBCO group of DBCO-KS-487
retains its activity for the click reaction.

For bioimaging analysis, ICG was conjugated to DBCO-KS-
487 via a click reaction (Figure 3a). The LRP1-binding activity
of ICG-KS-487 was confirmed by competitive binding assay
(Figure S1). Subsequently, ICG alone or ICG-KS-487 was
intravenously administered to mice, and the brains were
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harvested after 48 h. Fluorescence was clearly observed in the
brains of mice treated with ICG-KS-487 but not in the brains
of mice treated with ICG alone (Figure 3b), indicating that
KS-487 exhibits robust in vivo brain-targeting ability. Next, we
prepared NPs displaying KS-487 to develop a versatile brain-
targeting DDS with KS-487. DBCO-KS-487 and azidated
phospholipids (16:0 azidocaproyl PE) were mixed at weight
ratios of 3:1, 1:1, and 0:1, and KS-487 was conjugated to the
phospholipids using a click reaction at loading levels of
approximately 100%, 30%, and 0% (Figure 3c). The LRP1-
binding activity of phospholipids-conjugated KS-487 was
confirmed by competitive binding assay (Figure S1). They
were mixed with ICG and Cremophor EL (CrEL), an FDA-
approved pharmaceutical additive, to prepare NPs encapsulat-
ing ICG, with or without displaying KS-487 (Figure 3d).
Subsequently, these nanoparticles (NPs) were administered to
mice through subcutaneous injection, and the brains were
collected 48 h postadministration. As shown in Figure 3e,
slight fluorescence was detected in the brains of mice treated
with NPs encapsulating ICG; however, they did not display
KS-487. In contrast, fluorescence was observed in the mouse
brains treated with ICG/KS-487 NPs based on the amount of
KS-487 displayed. Consequently, we prepared ICG/KS-487
NPs (200%), in which the amount of displayed KS-487 was
increased using twice the amount of phospholipid-conjugated
KS-487 and subjected to them the same test. The results
showed that the transfer of ICG to the brain was reduced.
These findings indicate that although NPs displaying KS-487
can deliver inclusions to the brain, the amount of KS-487
displayed on the surface of NPs should be optimal to achieve
brain-targeting ability.

We investigated whether the VIPR2 antagonist KS-133
could be transported into the brain when encapsulated in NPs
displaying KS-487. These NPs were prepared based on our
previous report (Figure 4a).'” KS-133 encapsulated in NPs
composed of CrEL was stably retained at 4 °C but was
gradually released from the NPs at 37 °C."” Transmission
electron microscopy and particle size distribution analysis of
KS-133/KS-487 NPs revealed monodisperse particles with
diameters of approximately 12 nm (Figure 4a). The zeta
potential of NPs composed solely of CrEL was —0.05 mV, and
the zeta potential of NPs composed of CrEL and
phospholipids-conjugated KS-487 was —6.37 mV.

A pharmacokinetic study was conducted to evaluate the
time-dependent translocation of KS-133 in the brain after
subcutaneous administration (3 mg/kg) of KS-133/KS-487
NPs (Figure 4b). The concentration of KS-133 in the plasma,
liver, cerebral cortex, hypothalamus, hippocampus, striatum,
and cerebellum was measured using liquid chromatography
with tandem mass spectrometry (LC-MS/MS) at various time
points (1, 2, 4, and 6 h). KS-133 concentrations in all tissues
were consistent, peaking at 1—-2 h after administration. The
average maximum concentration was 8.734 umol/L in the
plasma, 3.265 pmol/kg in the liver, 0.054 umol/kg in the
cerebral cortex, 0.058 pmol/kg in the hypothalamus, 0.062
umol/kg in the hippocampus, 0.044 umol/kg in the striatum,
and 0.103 ymol/kg in the cerebellum (Table 1). These data
suggest that KS-133 is uniformly distributed throughout the
brain. The peak concentration of KS-133 in the whole brain
was estimated to be approximately 70 nM, which is sufficient
for its antagonist activity (ICso = 25 nM).

Finally, KS-133/KS-487 or KS-133 NPs (without KS-487)
at 3 mg/kg doses were subcutaneously administered once daily

Table 1. Pharmacokinetic Study of KS-133/KS-487 NPs“

Cors. e Ty AUC iy
Tissues (umol/L or kg) (h) (h) (umol/Lx h)
Plasma 8.734 2 2.05 38.56
Liver 3.265 2 2.94 17.47
Cerebral cortex 0.054 1 2.38 0.28
Hypothalamus 0.058 2 1.35 0.19
Hippocampus 0.062 2 1.68 0.26
Striatum 0.044 2 1.38 0.15
Cerebellum 0.103 2 2.74 0.54

“NPs were subcutaneously administered in mice (Each value was
calculated using the average concentration of the three animals at each
time point. 3 mg/kg as a dose of KS-133).

for 2 weeks to a mouse model of schizophrenia induced by
early postnatal treatment with a VIPR2 agonist Ro 25—1553,
which were then subjected to the novel object recognition
test.” Mice with good object recognition memory were
expected to spend more time exploring the novel object than
the familiar object during the retention session, thus the
discrimination index is high. However, in schizophrenia model
mice (Ro 25-1553/vehicle-treated group) impaired cognitive
function, the discrimination index was significantly lower than
PBS/vehicle-treated control group (Figure 4c). KS-133/KS-
487 NPs-treated group, but not KS-133 NPs-treated group,
showed a significant increase in discrimination index (Figure
4c). Therefore, cognitive dysfunction was improved in mice
treated with KS-133/KS-487 NPs (Figure 4c), which can be
attributed to VIPR2 inhibition by KS-133 transported to the
brain.

In summary, our study successfully revealed the LRP1-
binding mechanism of the cyclic peptide KS-487 and
introduced a novel NP with significant brain-targeting
capabilities, using KS-487. The combination of KS-133 with
NPs represents a significant advancement in the development
of KS-133 as a potential treatment for schizophrenia. KS-487
has emerged as a promising brain-targeting peptide for DDSs
from peripheral tissues to the brain. In the future, KS-133/KS-
487 NPs could be an effective treatment for schizophrenia, and
KS-487 could advance drug development for refractory CNS
diseases.

All data needed to evaluate the conclusions in the paper are
presented in the paper and/or Supporting Information.
Additional data related to this paper are available from the
corresponding author on reasonable request.
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