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Abstract

We have developed a series of attenuated cationic amphiphilic lytic (ACAL) peptides that
can efficiently bring immunoglobulin G (IgG) and other functional proteins into cells.
Delivery is generally achieved through the coadministration of ACAL peptides with cargo
proteins. However, conjugation of ACAL peptides with cargos may be a promising
approach for in vivo application to link in vivo outcomes of ACAL peptides and cargos.
This study describes the creation of a new cell-permeable ACAL peptide, L17ER4. L17E
is an optimized prototype of ACAL peptides previously developed in our laboratory for
efficient delivery of IgGs into cells. Delivery was improved by functionalizing L17E with
a tetra-arginine (R4) tag. Compared to the use of RS, a representative cell-penetrating
peptide with high intracellular delivery efficacy, conjugation with L17ER4 afforded
approximately four-fold higher cellular uptake of model small-molecule cargos
(fluorescein isothiocyanate and HiBiT peptide). L17ER4 was also able to deliver proteins
to cells. Fused with L17ER4, Cre recombinase was delivered into cells.
Intracerebroventricular injection of Cre-L17ER4 into green red reporter mice, R26GRR,
led to significant in vivo gene recombination in ependymal cells, suggesting that L17ER4
may be used as a cell-penetrating peptide for delivering protein therapeutics into cells in

Vivo.
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Introduction
Considerable research interest has been focused on the development of ways to deliver
bioactive peptides and proteins into cells.!-* Cell-penetrating peptides (CPPs) are among
the most promising means to achieve such delivery.*’ Conjugation or complexation of a
protein or peptide of interest with CPPs can confer membrane permeability. Arginine-rich
peptides derived from the HIV-1 Tat protein and oligoarginines are widely used CPPs.3!!
In addition, CPPs with secondary and primary amphiphilic structures (e.g., penetratin and
TP-10, respectively) have been developed.!* 13

The internalization routes of these CPPs and conjugates include direct penetration
through the plasma membrane.!* 1> However, in most cases, endocytosis is the dominant
route, especially for conjugated proteins of high molecular weight. After endocytic uptake,
some fractions of CPPs and their conjugates are thought to be released through endosomal
membranes to reach the cytosol (i.e., endosomal escape) and thus exert their expected
effect in cells. However, the efficiency of endosomal escape by CPPs is generally
unsatisfactory, and there is still room for improvement in efficacy.!®

One potential approach to improve the efficacy of endosomal escape of CPPs is to
form a conjugate with peptides and other chemical species that can rupture endosomal
membranes. Peptides possessing this ability (i.e., endosomolytic peptides) generally have
an amphiphilic structure, leading to rupture of membranes to allow the leakage of
endocytosed materials into the cytosol.!” Perturbation of the cell membrane should allow
leakage of cellular components to outside cells, accompanied by damage to cells.
Therefore, preferential perturbation of endosomal membranes over the cell membrane is
required.

One of the most popular approaches to gain this functionality is to utilize the pH
difference between the cell surface and endosomal interior. A decrease in pH accompanies
endosomal maturation and reaches mildly acidic level (approximately pH 5), whereas the
condition outside cells is considered to be almost neutral (about pH 7).” Accordingly,
various pH-sensitive peptides have been designed to exploit this pH difference.!®2! Many
of these methods have been employed for gene/nucleic acid delivery often with
satisfactory results. However, higher efficiency is often required for intracellular protein
delivery.

We have designed a series of peptides, intended to exhibit effective entrapment by
endosomes followed by membrane lysis at the decreased endosomal pH.??>® Cationic
amphiphilic peptides generally have potent membrane lysis activity while the placement
of glutamate (negatively charged at neutral pH) in the hydrophobic face of the

amphiphilic peptides should lead to a decrease in membrane rupture tendency against cell
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membranes. Such peptides are collectively termed attenuated cationic amphiphilic lytic
(ACAL) peptides.> When the peptides are delivered in endosomes, the decrease in pH can
lead to protonation of glutamate. The accompanying increase in the net hydrophobicity
of the peptides then leads to an increase in the membrane perturbation ability and
subsequent membrane rupture. The cell surface presents a weak negative charge. Limiting
the number of glutamate insertions in the hydrophobic face and their retention of a net
positive charge, favors cell surface accumulation which in turn favors endocytosis into
endosomes. Pronounced cytosolic delivery of bioactive proteins, including
immunoglobulin G (IgG), was achieved in the presence of these peptides. However,
chemical conjugation of the ACAL peptides with proteins to be delivered into cells (i.e.,
cargos) can actually yield poorer results than their mixing together.?” The relatively high
hydrophobicity of ACAL peptides and the resulting rupture of the membrane allow cargo
to translocate into the cytosol when a mixture of cargos and ACAL peptides are
administered to cells. However, once conjugated, although the membranes are perturbed,
the cargo is anchored with ACAL peptides attached to membranes and thus may not be
effectively liberated into the cytosol. On the contrary, when in vivo application of ACAL
peptides is intended, conjugation of the ACAL peptides and cargos is a practical approach.
These peptides should be peripheral to the target cells for cargo delivery. Due to their
potential difference in pharmacokinetics and in vivo fate, optimal in vivo delivery cannot
usually be achieved without conjugation or packaging into vehicles such as lipidic or
polymer nanoparticles.

In this study, the efficacy of the intracellular delivery of peptides and proteins
conjugated with L17E and its derivatives was evaluated. Although L17E was not very
effective in this type of application, an L17E analog tagged with four arginine residues at
the C-terminus (L17ER4) was found to be effective, showing comparable or higher
delivery activity when tagged with octaarginine (R8), a representative CPP.2%- 3 The
efficacy of L17ER4 was exemplified in the delivery of HiBiT peptide (an 11-residue
peptide to form a complex with ~18 kDa LgBiT protein segment for split luciferase assay)
and Cre recombinase (38 kDa) into HeLa cells. Cerebral ventricle injection of a Cre
recombinase fusion protein with L17R4 (Cre-L17ER4) led to Cre/loxP recombination in
Cre-reporter knock-in mice, suggesting the potential of L17R4 for in vivo delivery.



Material and Methods

Materials

Fmoc-protected amino acids and coupling agents were purchased from Peptide Institute,
Watanabe Chemical Industries, and Novabiochem. Other reagents, including salts and
incubation media, were obtained from Sigma-Aldrich, FUJIFILM Wako Chemicals, and
Thermo Fischer Scientific unless otherwise specified. Peptides were dissolved in
dimethylsulfoxide (DMSO) to yield a final DMSO concentration (1%) when diluted in

the culture media.

Peptide synthesis

All the peptides used in this study were synthesized on a Shimadzu PSSM-8 peptide
synthesizer using Fmoc (=9-fluorenylmethyloxycarbonyl)-solid-phase peptide chemistry
with TGS-RAM resin (Shimadzu) as reported previously.’! A coupling system using 2-
(1H-Benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU)/1-
hydroxybenzotriazole (HOBt)/N,N-diisopropylethylamine (DIEA) was employed. After
synthesis, deprotection of the protecting groups and detachment of peptides from the resin
were performed using trifluoroacetic acid (TFA)/1,2-ethanedithiol (EDT) (95:5) at 23 °C
for 3 h followed by purification via reverse-phase high-performance liquid
chromatography (RP-HPLC). FITC (=fluorescein isothiocyanate)-labeled peptides were
prepared as reported, by the selective on-resin modification of lysine with FITC using the
Mtt (=methyltrityl) group as the side chain protecting group.*? The masses of the obtained
peptides were confirmed by matrix-assisted laser desorption ionization time-of-flight
mass spectrometry (MALDI-TOFMS) (Table S1).

Cell Culture

HeLa cells (human epithelial carcinoma cell line) obtained from The European Collection
of Authenticated Cell Cultures (ECACC) (93021013) were cultured in o-minimum
essential medium (a-MEM) supplemented with 10% (v/v) heat-inactivated bovine serum
(BS) (a-MEM(+)). The cells were maintained at 37 °C, in a humidified 5% CO; incubator,
and subculture was conducted every 3-4 days.

WST-8 assay*

Cell viability was determined using Cell Counting Kit-8 (CCKS) (Dojindo), following
the manufacturer’s protocol. Briefly, HeLa cells were treated with peptides for 1 h in
serum-free o-MEM (a-MEM(-)). WST-8 was then added, and the cells incubated for
another 2 h.



Confocal laser scanning microscopy (CLSM) analysis of FITC-labeled peptides

HeLa cells were seeded in 35 mm glass-bottom dishes (Iwaki) and were cultured at 37 °C,
with 5% CO; for 24 h until 80-90% confluence. Cells were washed twice with phosphate-
buffered saline (PBS) and were then incubated with FITC-labeled peptides in a-MEM(-)
or o-MEM(+) for 1 h at 37 °C. For the 4°C experiment, cells were pre-incubated at 4 °C
for 30 min. Cells were then washed with cold PBS and incubated in the presence of
L17ER4(FITC) (3 uM, a-MEM(+)) for 1 h at 4 °C. For the time course experiment, Cells
were washed twice with PBS and were then incubated with FITC-labeled peptides in a-
MEM(-) or a-MEM(+) for 5, 20, 40, and 60 min at 37°C, respectively. After washing 4
times with PBS containing 0.5 mg/mL heparin sodium, a-MEM(+) was added on dishes
and cellular localization of FITC-labeled peptides was analyzed via live-cell imaging

using FV3000 Olympus confocal laser scanning microscopy (CLSM).

Flow cytometric analysis of FITC-labeled peptides

HeLa cells were seeded in 24-well plate (Iwaki), and cultured at 37 °C with 5% CO; for
24 h until 80-90% confluence. Cells were washed twice with PBS and were then
incubated with FITC-labeled peptides in o-MEM(+) for 1 h at 37 °C. For the 4°C
experiment, cells were pre-incubated at 4 °C for 30 min. Cells were then washed with
cold PBS and incubated in the presence of L17ER4(FITC) (3 uM, a-MEM(+)) for 1 h at
4 °C. For the time course experiment, cells were washed twice with PBS and were then
incubated with FITC-labeled peptides in a-MEM(-) or a-MEM(+) for 5, 10, 15, 30, 45,
and 60 min at 37 °C, respectively. After washing 4 times with PBS containing 0.5 mg/mL
heparin sodium, cells were dislodged using 0.01% trypsin, transferred to microcentrifuge
tubes, and centrifuged (800 x g, 5 min, 4 °C). The supernatant was discarded. The pellet
was washed with PBS containing 0.5 mg/mL heparin sodium. The resulting pellet was
resuspended in 500 uLL PBS containing 0.5 mg/mL heparin sodium, followed by flow
cytometric analysis of 10,000 gated events using Attune NxT (Thermo Fisher Scientific).

HiBiT/LgBiT recombination assay**

HeLa cells (1.0 x 10*cells) were seeded into 96 well microplates (Iwaki). The cells were
washed with PBS(—) twice and transfected with LgBiT Expression Vector (Promega)
using Lipofectamine LTX reagent (Invitrogen) following manufacturer’s protocol for 24
h. After incubation, cells were washed twice with PBS(-) and incubated with 2.5 uM
HiBiT peptides in a-MEM(+) for 30 min at 37 °C. After removing the media, Nano-Glo

live cell assay reagent (Promega) was added, and the luminescence was analyzed by



GloMax Navigator Microplate Luminometer (Promega).

Preparation of peptide-fused Cre proteins

An E. coli expression vector, Cre-His6-pET42b, was constructed by inserting DNA
fragment encoding Cre-Myc sequences amplified from pCAG-Cre (plasmid 13775,
Addgene) by PCR into Ndel/EcoRI sites of pET42b(+). CreL17E-His6-pET42b and
CreL17ER4-His6-pET42b plasmids were constructed by inserting DNA fragments
encoding L17E and L17ER4 into BgllI/EcoRI sites of Cre-His6-pET42b, respectively. E.
coli BL21(DE3) cells transformed with one of these expression vectors were incubated
in LB medium at 37°C, added 0.1 mM IPTG at ODgoo = ~0.6, and further incubated
overnight at 18°C. The soluble fraction was purified by the HisTrapFF column (GE
Healthcare) using binding buffer (50 mM Tris-HCI, 500 mM NacCl, 25 mM imidazole,
pH 7.4) and elution buffer (50 mM Tris-HCI, 500 mM NacCl, 250 mM imidazole, pH 7.4).
The eluted proteins were concentrated, and buffer was exchanged by Amicon Ultra 10K
centrifugal filter devices (Merck) using PBS(-) with 400 mM NaCl.

Cre/loxP recombination assay™

LoxP-DsRed-loxP-EGFP-NI plasmid (loxP-reporter plasmid) and Cre protein were
prepared as previously reported.?> LoxP reporter was transfected into HeLa cells using
Lipofectamine LTX following manufacturer’s protocol for 24 h. After incubation, cells
were washed twice with PBS(—) and were incubated with 5 or 10 pM Cre protein in the
presence of a peptide in a-MEM(—) for 1 h at 37 °C. Cells were then washed twice PBS(-)
and incubated in a-MEM(+) for 24 h at 37 °C. After washing twice with PBS(-), a-
MEM(+) were added on dishes and cells were imaged using CLSM.

Cre/loxP recombination assay at the lateral ventricle of Cre-reporter knock-in mice

All mouse experiments were performed under the approval of institutional animal care
and use committee in the University of Tsukuba. ROSA26 Cre-reporter knock-in
C57BL/6N mice (R26GRR mice, adult male)*® were used in this experiment. Under
anesthesia, Cre and peptide-fused Cre (40 uM in 5 uL) were injected into the right lateral
ventricle and fed for seven days. The mice were then sacrificed by perfusion fixation
under anesthesia with phosphate-buffered saline, followed by 4% paraformaldehyde. The
olfactory bulbs and cerebellums were excised from the harvested brains. Fluorescent
images of the posterior cut surface were obtained using a model M165 FC fluorescence
stereomicroscope (Leica) and a VB-7010 cooled CCD color camera (Keyence). After
equilibration with 10%, 20%, and 30% sucrose, the brains were embedded to O.C.T.



compound and sliced frozen brain tissue (10 um) was acquired. The nuclei were stained
with Hoechst 33258 and the fluorescence of tDsRed (a tandem version of dimeric DsRed)

and Hoechst were detected using a model BZ-X710 fluorescence microscope (Keyence).



Results and discussion

Peptide design

To analyze the intracellular fate of L17E, fluorescein isothiocyanate (FITC)-labeled L17E
was prepared. FITC also serves as a model small molecule to be delivered into cells.
Considering that N-terminal interaction with membranes is often important for
amphiphilic peptides,*” and that L17E also has a potential amphiphilic structure, a glycyl-
lysine segment was added at the C-terminus of L17E and FITC was added to the e-amino
moiety of the lysine side chain.

L17E was effective in transiently perturbing membranes to allow extracellular cargo
molecules to translocate into the cytosol. On the contrary, the relatively high
hydrophobicity of L17E may lead to the peptide being retained by the membranes,
hampering their cytosolic distribution. One promising idea to release the peptide from
membranes is to increase the net hydrophilicity while retaining the membrane
perturbation ability of L17E. To this end, a series of L17E analogs having two or four
residues of arginine via a glycine spacer at the N- or C-terminal side of the peptide were
designed [L17ER2(FITC), L17ER4(FITC), R2L17E(FITC), and R4L17E(FITC)] (Figure
1A). The addition of arginine residues may increase the net hydrophilicity of the peptides,
while gently interacting with cell surface molecules via hydrogen bond formation and
electrostatic interactions — it is known that arginine-rich peptides are often membrane
permeable and are generally more capable than lysine-rich peptides.!! The addition of
arginine residues may thus favorably work for cell surface adsorption and endocytic
uptake of peptides, and eventual cytosolic release of peptides after their translocation
through endosomal membranes.

The peptide chain was prepared wusing conventional Fmoc (=9-
fluorenylmethyloxycarbonyl)-based solid-phase peptide synthesis, where Lys(Mtt)
(Mtt=4-methyltrityl) derivative was incorporated at the lysine for FITC-labeling. After
completion of peptide chain construction, N-terminus of the protected peptide on resin
was blocked by Boc (=tert-butoxycarbonyl) group, the Mtt group on the lysine was
selectively removed by the treatment with hexafluoroisopropanol and dichloromethane
(1:4 v/v),* and the liberated e-amino acid was labeled with FITC. Final deprotection and
detachment from the resin using trifluoroacetic acid (TFA) in the presence of 1,2-
ethanedithiol (EDT) (95:5), followed by high-performance liquid chromatography
(HPLC) purification yielded the desired peptide. The molecular weight of the product was
confirmed by matrix-assisted laser desorption/ionization mass spectrometry (MALDI-
TOFMS) (Table S1).
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L17E(FITC):  L17E-GK(FITC)-amide
L17ER2(FITC): L17E-GRRGK(FITC)-amide
L17ER4(FITC): L17E-GRRRRGK(FITC)-amide
R2L17E(FITC): RRG-L17E-GK(FITC)-amide
R4L17E(FITC): RRRRG-L17E-GK(FITC)-amide
R8(FITC): RRRRRRRR-GK(FITC)-amide

Relative cellular uptake of FITC

(L17E = IWLTALKFLGKHAAKHEAKQQLSKL)
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Figure 1. (A) L17E and its analogs conjugated with a model small-molecule cargo, FITC.
(B) Confocal scanning microscopy analysis of the cells treated with L17E (FITC) and the
related peptides (6 uM each) for 1 h in serum-containing medium. Upper and lower panels
represent differential interference contrast (DIC) and fluorescence images, respectively.
(C) Flow cytometry analysis of total cellular uptake of FITC after incubation with 6 uM
peptides for 1 h in serum-containing medium. Results are presented as mean + standard
error of mean (SEM) (n = 3). ***: p < 0.0001. Tukey-Kramer’s honestly significant
difference test. (D) CLSM images of cells treated with 3 uM L17ER4 (FITC) for 1 h at
4°C. (E) Time-course observation of cells treated with 3 uM L17ER4 (FITC) and (F) total
cellular uptake. Results are presented as the mean + SEM (n = 3). Scale bars, 40 pm.
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Cellular uptake of L17E and the analogues

Prior to analysis of cellular uptake of L17E (FITC) and its analogs, the cytotoxicity of
these peptides after incubation for 1 h in serum-containing medium was analyzed by
WST-8 assay®® (a mitochondrial dehydrogenase activity-based assay, suggesting no
serious cytotoxicity at a peptide concentration of 6 uM or less (Figure S1). HeLa cells
were treated with L17E(FITC) and its analogs (6 uM) for 1 h, and the cellular distribution
was analyzed by confocal laser scanning microscopy (CLSM) (Figure 1B). FITC-labeled
octaarginine (FITC-R8),!' a representative CPP, was used as a positive control. Cells
treated with 6 uM FITC-RS yielded dot-like or punctate FITC signals in cells, suggesting
that the peptide was taken up into cells by endocytosis and a considerable fraction of the
peptide was retained in endosomes. Cells treated with L17E(FITC) yielded signals that
were hardly detectable under the same microscopy setting, suggestive of lower levels of
cellular uptake. Punctate signals were observed in cells treated with L17ER2(FITC) and
R2L17E(FITC). By contrast, strong FITC signals were observed in cells treated with
L17ER4(FITC) and R4L17E(FITC). The diffuse appearance of fluorescence signals
throughout the cells, in addition to the dot-like signals, were suggestive of cytosolic
translocation of these peptides. Flow cytometry analysis of cellular uptake of these
peptides also suggested that L17ER4 and R4L17E yielded 4.3-fold greater intracellular
FITC signal than other L17E analogs and R8 (Figure 1C), presumably due to the adequate
balance of hydrophobicity and hydrophilicity needed for effective membrane interaction
and translocation of the peptides. Although L17ER4 and R4L17E seem to have
comparable cellular uptake efficacy in flow cytometry analysis, the former peptide
yielded more cytosol-localized fluorescence signals and was thus employed for further
study.

The involvement of endocytosis in the cellular uptake of L17ER4 was confirmed by
the significant loss of L17ER4(FITC) uptake by cells held at 4°C for 1 h (Figure 1D).
Endocytosis is an energy-driven cellular process that does not occur with high efficiency
at 4°C as ATP is not generated efficiently. In contrast to the treatment at 37°C, no
significant signals were observed in cells treated with L17ER4(FITC) at 4°C. A time-
course study of the cells treated with L17ER4(FITC) also suggested the involvement of
endocytosis (Figure 1E). No substantive FITC signals were observed in cells 5 min after
the addition of L17ER4(FITC) to the cell culture media. Dot-like signals became apparent
at 20 min, and diffuse cytosolic signals were observed after 40 min. Flow cytometry
analysis showed a time-dependent increase in total cellular uptake of FITC (Figure 1F).

These results confirm the potential of L17ER4 as an intracellular delivery peptide.
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Intracellular delivery of the HiBiT peptide

As noted above, FITC can be considered as a model cargo of small molecular weight.
Microscopic observation using fluorescently labeled cargo is frequently employed to
analyze intracellular delivery efficacy. However, it is often difficult to evaluate cytosolic
translocation when a considerable fraction of the cargo is retained in endosomes. In this
circumstance, signals from cytosolic localized cargos are rather weak compared with
intense signals from endosomes and can only obtain marginal signals that cannot be
discriminated from cellular autofluorescence. Therefore, we next evaluated the delivery
efficacy of L17E analogs in terms of the activity of the delivered cargo.

HiBiT is an 11-residue peptide developed by Promega, which can form a complex
with a large fragment [Large Bit (LgBiT), ca. 18 kDa) derived from small luciferase
(NanoLuc) with a dissociation constant (K4) of 700 pM.38 The resulting complex of the
split segments, HiBiT with LgBiT, shows luciferase activity. The delivery efficacy of the
L17E derivatives was evaluated by delivery of the HiBiT peptide tagged with L17E
derivatives into LgBiT-expressing cells (Figure 2A).

The tandem conjugates of L17E and its analogs with HiBiT thus prepared (Figure
2B, 2.5 uM) were treated with HeLa cells transfected with the LgBiT-expressing plasmid
in serum-containing medium for 30 min at 37°C and then luciferase activity was analyzed.
R8-HiBiT and N-terminally acetylated HiBiT (2.5 pM each) were used as controls. We
noted that no marked cytotoxicity was observed at the employed peptide concentration of
2.5 uM (Figure S2). L17ER4 yielded a 5-fold luminescence increase compared to Ac-
HiBiT (Figure 2C). R8-HiBiT yielded a 1.6-fold luminescence increase compared with
Ac-HiBiT, but only ~1/3 that of L17ER4-HiBiT. Considering that R8 has been frequently
employed as a representative CPP of high efficacy, the above results suggest the potential
of arginine-tagged L17E analogs, especially L17ER4, as an intracellular delivery vector.
Additionally, the ability of L17ER2 to deliver HiBiT intracellularly was also evaluated,
and was almost comparable to that of R8. Comparison of the results obtained in Figures
1C and 2C suggested that the cellular activity obtained by the cytosolic delivery of small
molecules by CPPs is in accordance with the total cellular uptake of cargo molecules.

The original method of L17E to introduce cargo proteins (including antibodies) into
cells involves simply adding a mixture of cargo together with a relatively high
concentration of L17E (typically 40 uM), without conjugating them to each other. In this
study, the delivery efficacy of HiBiT peptide using the L17ER4 conjugate (2.5 uM) was
compared with simple admixture by incubating 2.5 uM HiBiT with 40 uM L17E (Figure
2D). Although co-incubation of 2.5 uM HiBiT with 40 uM LI17E yielded a higher
luminescence than incubation with 2.5 uM L17ER4-HiBiT, the difference was not
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significant. Given the preferable in vivo applicability of the L17ER4-HiBiT conjugate,
the results shown in Figure 2D do not detract from the feature of L17ER4 as a CPP.
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Figure 2. (A) Schematic illustration of evaluation of cytosol delivery ability of CPPs
using HiBiT/LgBiT sprit luciferase system. (B) Sequences of HiBiT peptides conjugated
with CPPs. Luminescence obtained by the intracellular delivery using L17ER4-HiBiT in
comparison with (C) other CPP-HiBiT conjugates (2.5 pM each) and (D) a mixture of 2.5
uM HiBiT and 40 uM L17E. Results are presented as the mean £ SEM (n = 3). *: p <
0.05, **: p <0.001, n.s.: not significantly different (C, Dunnett’s test; D, Tukey-Kramer
test).
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Intracellular delivery of Cre recombinase
Next, we evaluated the applicability of L17ER4 in protein delivery using Cre

recombinase as a cargo. The Cre-loxP recombination assay system was used. Cytosolic
delivery of Cre results in gene recombination, and the efficacy of the delivery system can
be evaluated based on the extent of recombination.

HeLa cells transiently transfected with the loxP-DsRed-STOP-loxP-EGFP reporter
plasmid were treated with fusion proteins of Cre with L17E, and L17ER4 (5 uM each).
When Cre was successfully delivered, the DsRed coding region flanked by two loxP sites
was removed, allowing the expression of EGFP (Figure 3A). The cells were incubated
with Cre fused with peptides for 1 h, followed by replacement with fresh media absent
Cre analogs and incubation for 24 h. CLSM analysis suggested that incubation with Cre-
L17E resulted in ~10% of the total fluorescent protein-expressing cells (DsRed and
EGFP) showing EGFP (Figure 3B, C). Under the same treatment, Cre-L17ER4 yielded
~25% EGFP expression. The efficacy of the 5 pM Cre-L17ER4 fusion protein was also
comparable to that obtained by treatment with 5 uM Cre in the presence of 40 uM L17E
(a previously reported protocol) (Figure 3D). Therefore, conjugation with L17ER4
successfully reduced the needed concentration of the ACAL peptide compared to free
L17E.
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Figure 3. (A) Outline of Cre-loxP recombination assay. (B) CLSM images of loxP-
DsRed-loxP reporter cells treated with Cre and the CPP-fused Cre recombinases for 1 h.
Scale bars, 50 pm. Recombination efficiencies expressed as percent of EGFP-expressing
cells over the total number of fluorescence-emitting cells (DsRed + EGFP cells) after the
treatment of the cells with (C) Cre, Cre-L17E, and Cre-L17ER4 (5 uM each), and (D) a
mixture of 5 uM Cre and 40 uM L17E, respectively. *: p <0.05, **: p <0.001, n.s.: not
significantly different based on Tukey-Kramer’s test.
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In vivo application of LI17ER4 as a delivery peptide

We next analyzed the potential in vivo application of L17ER4 through
intracerebroventricular (i.c.v.) administration of Cre-L17E or Cre-L17ER4 into the
cerebral ventricle of green red reporter mice (R26GRR). Cellular entry of Cre
recombinase leads to an EGFP-to-tDsRed change in fluorescence. Thus, we evaluated the
in vivo distribution and efficacy of Cre delivery using L17ER4. This assay was also
successfully employed previously to assess the potential application of an L17E analog,
HAad peptide, for in vivo cytosolic delivery.® The cerebral ventricles are cavities in the
brain filled with cerebrospinal fluid and i.c.v. administration is a potential route for drug
delivery into the brain.*® The cerebral ventricle is comprised of four interconnected
ventricles (i.e., right, left, third, and fourth ventricles).

Cre-L17ER4 was injected into the right lateral ventricle of R26GRR mice3® (Figure
4A). Seven days later, the mice were anesthetized and perfused with paraformaldehyde
in phosphate-buffered saline (PBS). Brains were then dissected at the coronal section, and
sliced frozen brain tissue (10 um) was acquired (Figure 4B, C).

The cryosection images with Hoechst 33258-stained nuclei (indicating localization
of the cells in the brain) close to the injection site showed red signals of tDsRed,
suggesting successful gene recombination by the internalization of Cre-L17ER4 (Figure
4C, Cre-L17ER4). Significant recombination was observed in ependymal cells (cells
lining the cerebral ventricle) that face the lateral ventricle. No significant tDsRed signals
were observed in the brain parenchyma, suggesting the limited accessibility of the current
systems to cells located on tissue surfaces. Notably, tDsRed signals were also observed
in ependymal cells facing the left lateral ventricle, suggesting that Cre-L17ER4 likely
spread into the other lateral ventricle. Cre-L17E and Cre alone also induced tDsRed
expression in ependymal cells (Figure 4C, Cre-L17E, Figure S3A, Cre); however, the
efficacy was much lower than that attained by Cre-L17ER4.

When the brain was sliced at the posterior and observed from the cerebellum side,
the cerebral ventricle is observed in the central part of the brain (i.e., third ventricle)
(Figure 4D, E). Fluorescence microscopic analysis of the slice obtained from Cre-
L17ER4-treated mice showed red tDsRed signals around the cerebral ventricle, while the
whole section had green EGFP signals (Figure 4E, Cre-L17ER4). This also suggested the
distribution of Cre-L17ER4 in the cerebral ventricle, entering the cells. Marginal red
signals were observed in mice treated with Cre and Cre-L17E, compared with control
mice treated only with buffer (Figure 4E and Figure 3SB, Cre-L17E/Cre versus buffer).
Additionally, the tendency was comparable to that obtained using the HAad peptide.*®

Taken together, the results suggest the potential applicability of L17ER4 for in vivo
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delivery.
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Figure 4. CPP-mediated i.c.v. delivery of Cre recombinase into ependymal cells and
choroid plexus faced to the lateral ventricle. (A) Mouse brain and (B) the coronal section
of the brain along the red line in (A), observed from the brain anterior. Cre recombinase
fused with CPPs (40 uM in 5 pL) were injected into the right lateral ventricle. (C)
Fluorescence images of the cryosection of the brain close to the injection site
(corresponding to the boxed area in (B)). Nuclei were stained with Hoechst 33258 (blue).
Appearance of the tDsRed signals around both the lateral ventricles suggested spread of
CPP-fused Cre in the cerebral ventricle. Observation of brain slice from the brain

posterior (D) also showed expression of tDsRed in Cre-L17ER4-treated mice (E).
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Conclusion
In this study, the ability of L17E and its arginine-modified derivatives for intracellular

delivery of peptides and proteins was evaluated. Analysis of the cellular uptake efficiency
of fluorescein-labeled peptides (fluorescein can be regarded as a small-molecule model
cargo) showed that L17E had a relatively low cell-permeation activity compared with the
frequently employed R8. However, notably, arginine modification was effective in
improving the cell permeation ability, especially in the case of L17ER4. Intracellular
delivery efficacy analyzed by activity-based assays on the delivery of the HiBiT peptide
and Cre recombinase suggested the potential ability of L17ER4 as a CPP, especially for
intracellular delivery of bioactive peptides. Additionally, the applicability of L17ER4 to
in vivo protein delivery was also exemplified though gene recombination assay using a
Cre-reporter knock-in mouse. Considering that a similar approach of adding arginine
residues to ACAL peptides may be applicable to other ACAL and other endosomolytic
peptides, this study illustrates a viable approach to designing novel CPPs with unique

delivery characteristics.
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