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Cell-penetrating peptides (CPPs), also referred to as protein transduction domains (PTDs), canmediate the cellu-
lar uptake of a wide range of macromolecules including peptides, proteins, oligonucleotides, and nanoparticles,
and thus have received considerable attention as a promising method for drug delivery in vivo. Here, we report
that CPP/PTDs facilitate the extravasation of fused proteins by binding to neuropilin-1 (NRP1), a vascular endo-
thelial growth factor (VEGF) co-receptor expressed on the surface of endothelial and some tumor cells. In this
study, we examined the capacity of the amphipathic and cationic CPP/PTDs, PTD-3 and TAT-PTD, respectively,
to bind cells in vitro and accumulate in xenograft tumors in vivo. Notably, these functions were significantly
suppressed by pre-treatment with NRP1-neutralizing Ab. Furthermore, co-injection of iRGD, a cyclic peptide
known to increase NRP1-dependent vascular permeability, significantly reduced CPP/PTD tumor delivery. This
data demonstrates a mechanism by which NRP1 promotes the extravasation of CPP/PTDs that may open new
avenues for the development of more efficient CPP/PTD delivery systems.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

The enhanced delivery of drugs from the blood vessels into tumor
tissue improves therapeutic outcome in cancer therapy [1]. Most solid
tumors contain blood vessels with defective architecture, resulting in
disordered angiogenesis and lymphangiogenesis due to the aberrant
production of various angiogenic factors. These abnormalities can lead
to enhanced vascular permeability and retention in tumors, referred
to as the enhanced permeability and retention (EPR) effect [2]. As a re-
sult, macromolecules or particles can seep from blood vessels and accu-
mulate within the tumor [3]. In addition to the EPR effect, recent studies
have demonstrated that some synthetic peptides can increase vascular
permeability by stimulating the permeability-regulating receptor,
neuropilin-1 (NRP1). NRP1 is a multifunctional 130 kDa transmem-
brane protein with five extracellular domains: a1, a2, b1, b2, and c [4].
A phage display mediated peptide screen revealed that R/KXXR/K
sequences located at the C-terminal end of peptides are sufficient to
induce NRP1-dependent vascular permeability. This finding was subse-
quently defined as the C-end rule (CendR) [5,6]. CendR peptides have
since been optimized for the tumor-penetrating delivery of drugs
and imaging probes in vivo. These include NRP1-binding peptide
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(RPARPAR), iRGD peptide (CRGDK/R), and carboxyl-terminated CRPPR
peptide [5–8].

The endogenous ligands of NRP1, vascular endothelial growth factor
(VEGF) and semaphorin 3A (Sema3A), bind to NRP1 on vascular endo-
thelial cells and activate distinct downstream signal pathways to in-
crease vessel permeability [9,10]. Like CendR peptides, the C-terminal
arginine residue of VEGF is essential for its interaction with NRP1 [11].
Sema3A has no C-terminal arginine, but contains a RNRR furin recogni-
tion sequence in its C-terminal domain. As such, Sema3A is thought to
interact with NRP1 after furin-dependent cleavage exposes an internal
CendR sequence [12]. Synthetic CendR peptides exploit this physiologi-
calmechanism to enhance vascular permeability. In addition, both VEGF
and Sema3A contain cationic residues in their respective heparin-
binding and semaphorin domains, which further enhanceNRP1 interac-
tions [13,14].

Cell penetrating peptides (CPPs), also called protein transduction
domains (PTDs) are able to facilitate the transport of fused materials
across cellular membranes through multiple mechanisms, including
an energy-dependent endocytosis, macropinocytosis, and direct mem-
brane translocation [15–20]. CPP/PTDs are categorized into two types,
polycationic and amphipathic, based on their amino acid sequences;
however, both contain clusters of cationic residues [21]. Certain subsets
of these CPP/PTDs are capable of delivering fused proteins into tissues
systemically. Notably, the intraperitoneal injection of a β-galactosidase
protein fused to the TAT-PTD (YGRKKRRQRRR) derived from the
human HIV virus TAT protein, results in the delivery of a biologically ac-
tive fusion protein to all tissues in mice, including the brain [22]. In
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addition, the intravenous injection of a near-infrared fluorescence
labeled imaging probe, POH-N, containing a synthetic PTD (PTD-3;
KKKKKKKKKETWWETWWTEW) has been used to successfully image
target cells in several cancer models [23] and a focal stroke model
[24]. These results indicate that CPP/PTD-fused proteins can transverse
both arterialwalls and the blood–brain barrier. However, the extravasa-
tion mechanisms of CPP/PTD-fused proteins are not well understood.

Cysteine-rich and basic peptides from TAT protein, including
TAT-PTD peptide, inhibit the co-binding of VEGF to NRP1 and VEGF
receptor-2, resulting in the suppression of VEGF-induced angiogenesis
and the onset of endothelial cell apoptosis [25]. In addition, the ability
of a TAT-PTD-displaying T7 phage to bind the NRP1-expressing human
prostate carcinoma cell line, PPC-1, was inhibited by treatment
with both RPARPAR CendR peptide and RPARPAR-coated Q-dot nano-
crystals in vitro [6]. These results strongly suggest that TAT-PTD binds
to NRP1, despite its lack of a CendR motif; however, the significance
of this interaction with regard to the extravasation process has not
been investigated.

Here, we describe a mechanism by which NRP1 promotes the
extravasation of CPP/PTD-conjugated peptides and proteins. Notably,
we demonstrate that both amphipathic and cationic CPP/
PTDs—represented by PTD-3 and TAT-PTD, respectively—are sufficient
to bind NRP1 and facilitate the efficient delivery of fused cargo into
tumor tissue. These findings provide further insights into the functions
of CPP/PTDs in mediating the extravasation of polypeptides from
tumor blood vessels and provide evidence for the continued exploration
and optimization of CPP/PTDs as useful modalities in drug delivery.

2. Materials and methods

2.1. Mice

All animal experiments were performed with the approval of
the Animal Ethics Committees of Tokyo Institute of Technology (No.
2010006) and in accordance with the Ethical Guidelines for Animal
Experimentation of Tokyo Institute of Technology. Male BALB/c nude
mice were purchased from Oriental Yeast Co., Ltd. (Tokyo, Japan). All
mice underwent experiments at 6–10 weeks of age.

2.2. Cells and culture conditions

The SUIT-2 human pancreatic cancer cell line harboring a HIF-
activity reporter gene (SUIT-2/HRE-Luc cells) has been described previ-
ously [26]. The MDA-MB-231 human breast cancer, the bEnd3 mouse
endothelial, and the 4T1mouse breast cancer cell lines were purchased
from the American Type Culture Collection (Manassas, VA, USA). Cells
were maintained at 37 °C in Dulbecco's-modified Eagle's medium (Life
Technologies, Carlsbad, CA, USA) containing penicillin (100 U/mL)
and streptomycin (100 μg/mL) (Nacalai Tesque, Kyoto, Japan) and 5%
FBS for SUIT-2 or 10% FBS for MDA-MB-231, bEnd3, and 4T1 cells, and
MDA-MB-231/NRP1-KD cells were cloned after transfection with
pSuper.gfp/neo vectors (Oligoengine, Seattle, WA, USA) encoding 63
mer shRNA specific for human NRP1 or scramble shRNA into MDA-
MB-231 cells. DNA sequences cloned into the vector are 5′-GATCCCCG
CAGTGTCTCAGAAGATTTCATTCAAGAGATGAAATCTTCTGAGACACTGC
TTTTT-3′ for targeting NRP1 and 5′-GATCCCCTGTCTAAATCTGAGACACT
GCTTCAAGAGAGCAGTGTCTCAGATTTAGACATTTTT-3′ for scramble.

2.3. Preparation of synthetic peptides

TAT (H2N-YGRKKRRQRRRGC-COOH) peptides were obtained
from Operon Biotechnologies (Tokyo, Japan). The PTD-3 (H2N-
SKKKKKKKKKETWWETWWTEWGC-CONH2) and iRGD (H2N-
CRGDKGPDC-COOH) peptides were generated by Fmoc solid-phase
synthesis. iRGD peptide (2 mg/mL) was oxidized by the atmospheric
oxidation in 1 mL of Tris–HCl pH 8.5 for 1 day. The peptides were
purified by reverse phase-HPLC and characterized by MALDI-TOF MS.

2.4. Preparation of fusion protein and peptide probes

GST-tagged fusion proteins were expressed in BL21-CodonPlus
(DE3) cells (Agilent, Santa Clara, CA, USA) and purified as previously
described [23,26]. POH-N, OH-N, and POH-AF488 probes were prepared
by covalent conjugation of a fluorescence dye such as IRDye 800CW (LI-
COR Biosciences, Lincoln, NE, USA) and AlexaFluor 488 (Life Technolo-
gies) to the fusion proteins through Halo-Tag ligand [23]. To prepare
AlexaFluor 546-labeled PTD-3 and TAT peptides (PTD-3-AF546 and
TAT-AF546, respectively), 150 nmol of unlabeled peptides were reacted
with 150 nmol of AlexaFluor 546 C5 Maleimide (Life Technologies) in
PBS for 16 h at 4 °C. Reactants were then purified by reverse-phase
chromatography or Sep-Pak cartridge (Waters, Milford, MA, USA). The
glutathione-AF546 control peptide was prepared by conjugating
200 nmol of reduced glutathione to 20 nmol of AlexaFluor 546 C5
Maleimide in PBS. The final proteins and labeled peptides were equili-
brated in PBS. Size and zeta potential of POH-N were measured by
zetasizer nano-ZSP (Malvern Instruments, Malvern, UK).

2.5. Western blotting

Cells cultured in six-well plates (2.0 × 105 cells/well) were washed
with ice-cold PBS and then lysed with 200 μL Laemmli sample buffer.
The protein samples were separated on 12.5% SDS-polyacrylamide gel
and transferred to Hybond ECL membranes (GE Healthcare, Little
Chalfont, United Kingdom). NRP1 and β-actin were detected with
sheep polyclonal anti-human NRP1 (R&D Systems, Minneapolis, MN,
USA), goat polyclonal anti-mouse NRP1 (R&D Systems) and mouse
monoclonal anti-β-actin antibodies (Sigma-Aldrich, St. Louis, MO,
USA), respectively. Appropriate secondary horseradish peroxidase-
conjugated antibodies were obtained from Cell Signaling Technology
(Danvers, MA, USA).

2.6. Fluorescent cellular imaging

Cells (5.0 × 104 cells/well) were cultured in a slide chamber for
16 h, and then fixed in 4% paraformaldehyde for 10 min. The fixed
cells were incubated with 250 nM proteins in cell staining buffer
(5% FBS in PBS) for 1 h at 4 °C, followed by an additional buffer
wash. Fluorescent micrographs were obtained using BIOREVO BZ-
X710 (Keyence, Osaka, Japan) with the filters (Ex/Em = 472.5 ±
30 nm/520 ± 35 nm).

2.7. In vitro cell binding assay

Cells (1.0 × 105 cells/tube) were cultured in 1.5 mL siliconized
microtubes for 16 h, and then pre-treated with 50 mM NaN3

for 30 min at 37 °C. Proteins (250 nM) or peptides (25 nM) were
added for 1 h at 4 °C. Cells were then washed with PBS, and lysed in
200 μL radio-immunoprecipitation assay (RIPA) buffer. Fluorescence in-
tensity of the lysatewasmeasured using Infinite F500microplate reader
(Tecan, Männedorf, Switzerland). Ex/Em filters were 485 ± 20 nm/
535 ± 25 nm for GST-PTD-3-EGFP and GST-EGFP, or 535 ± 25 nm/
590 ± 20 nm for PTD-3-AF546, TAT-AF546, and glutathione-AF546.
When necessary, cells were incubated with 1 μg sheep anti-human
NRP1 polyclonal antibody (Ab) for 1 h at 37 °C to neutralize NRP1
prior to the addition of proteins or labeled peptides.

2.8. Transplantation of subcutaneous cancer xenografts

SUIT-2/HRE-Luc cells suspended in PBS (1.0 × 106 cells/20 μL) were
mixedwith an equal volume of Geltrex (Life Technologies) and injected
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into both the forelegs of 7-week-old male nude mice. Mice with subcu-
taneous tumors of 10–15 mm in diameter were used for experiments.

2.9. Confocal microscopy

Tumor-bearing mice were injected intravenously with 20 nmol of
POH-AF488, 12.5 μg of DyLight 594 labeled GSL I-isolectin B4 (Vector
laboratories, Burlingame, CA, USA), and 50 μg of Hoechst 33342 (Nacalai
Tesque). Tumors were removed 30 min after the probe injection and
their sections (150 μm thick) were observed in LSM780 confocal
microscopy (Carl Zeiss, Oberkochen, Germany).

2.10. Immunofluorescence staining

Tumor (8 mm in diameter) and muscle tissues removed from
tumor-bearing mice were embedded in OCT compound (Sakura
Finetechnical, Tokyo, Japan). Cryosections (10 μm thick) were fixed
in 4% paraformaldehyde for 10 min and blocked by 10% donkey
serum (Sigma-Aldrich) for 30 min. The primary antibodies, rat
anti-endomucin monoclonal (Santa Cruz Biotechnology, Santa
Cruz, CA, USA) for staining of blood vessels and goat anti-mouse
NRP1 polyclonal antibodies, were incubated for 1 h at room temperature,
then the secondary antibodies, Alexa Fluor 647-labeled chicken anti-rat
IgG (Life Technologies) and Alexa Fluor 546-labeled rabbit anti-goat IgG
(Life Technologies) antibodies, were incubated for 30 min at room
temperature. For nucleus staining, the sections were mounted in
Fluoromount (Diagnostic BioSystems, Pleasanton, CA, USA)with Hoechst
33342. Fluorescent micrographs were obtained using BIOREVO BZ-X710.

2.11. In vivo bioluminescence imaging

Tumor-bearing mice were intraperitoneally injected with 150 μL D-
luciferin solution (10 mg/mL in PBS, Promega, Madison, WI, USA) and
imaged at 15 min post-injection in an IVIS-spectrum in vivo photon-
counting device (Caliper Life Sciences, Hopkinton, MA, USA). The mini-
mum and maximum photons/s/cm2/sr of each image are indicated in
each figure by a rainbow bar scale.

2.12. In vivo fluorescence imaging

Goat anti-mouse NRP1 polyclonal Ab labeled with NIRF dye (NRP1
Ab-NIRF dye) was prepared using IRDye 800CW protein labeling kit
(LI-COR Biosciences). To acquire fluorescence images, 40 μg of NRP1
Ab-NIRF dye, 500 pmol of POH-N or 500 pmol of OH-N in 100 μL PBS
were injected intravenously into tumor-bearing mice. The following
conditions were used for image acquisition: excitation filter = 710 ±
15 nm, emission filter = 800 ± 10 nm, and exposure time = 1 s. The
minimum and maximum photons/s/cm2/sr of each image are indicated
in each figure by a yellow-red bar scale. NRP1 was neutralized or
stimulated by injecting either 20 μg of goat anti-mouse NRP1 polyclonal
Ab or 50 nmol of iRGD peptide in 100 μL PBS intravenously at 30 or
5 min prior to probe injections, respectively.

2.13. Analysis of tumor/background (T/B) ratio

Photon flux/s in the same area (region of interest: ROI) of the tumors
and muscle in the lower limbs were measured at the indicated time
after probe injection. T/B ratio was calculated by dividing the normal-
ized tumor values by those from the muscle.

2.14. Ex vivo fluorescence imaging

Five nanomoles of TE proteins, with or without 50 nmol of iRGD, in
100 μL PBS was injected intravenously into tumor-bearing mice. After
30min, tumors were removed and divided into two pieces. Fluorescent
images of tumor sections were acquired in the following conditions:
excitationfilter=465±15nm, emissionfilter=520±10 nm, and ex-
posure time = 1 s. The minimum and maximum photons/s/cm2/sr of
each image are indicated by a rainbow bar scale.
2.15. Miles assay

iRGD peptides (50 nmol) or POH/TE proteins (5 nmol) in 100 μL
PBS were injected intravenously into tumor-bearing mice, followed
by 1 mg of Evans Blue (Sigma-Aldrich) in 100 μL PBS. Tumors were
dissected from the mice after 30 min. The dye was extracted in
N,N-dimethylformamide for 24 h at 37 °C and quantified by measur-
ing the absorbance at 595 nm.
2.16. Permeability assay

bEnd3 cells (1 × 105 cells) were cultured in 6.5 mm Transwell with
0.4 μmpore (Corning, Corning, NY, USA). After the cells reached conflu-
ence, they were treated with 5 nM mouse VEGF 164 (Biolegend, San
Diego, CA, USA) or 500 nM POH-N probe, and then their ability to
increase cell permeability was assessed by the amount of 1.25 μM
FITC-conjugated dextran (40 kDa, Sigma-Aldrich) diffused across the
monolayer for 8 h at 37 °C. The amount of FITC-dextran or POH-N flux
to the lower chamber was evaluated using Infinite F500 microplate
reader with the Ex/Em filters of 485 ± 20 nm/535 ± 25 nm or 740 ±
25 nm/780 ± 0 nm, respectively.
2.17. Statistical analysis

Statistical analyses were carried out with Student's t-tests. Values of
p b 0.05 were considered statistically significant.
3. Results

3.1. NRP1 contributes to the cellular binding of CPP/PTDs

VEGF and Sema3A interact with NRP1 through cationic residues in
their heparin-binding and semaphorin domains, respectively [13,14].
As such, we hypothesized that NRP1 might also play a key role in the
extravasation of CPP/PTD-fused proteins. To test this hypothesis, we
first examined if NRP1 contributes to the binding of CPP/PTD peptides
to the cell membrane by using NRP1-positive MDA-MB-231 and
NRP1-negative SUIT-2 cells (Fig. 1a). PTD-3 (synthetic amphiphilic
peptide) [26] and TAT-PTD (residues 47–57 of the HIV-1 Tat protein)
[22] were conjugated to AlexaFluor 546 (AF546) fluorescent dye to
generate PTD-3-AF546 (PA) and TAT-AF546 (TA), respectively (Fig. 1b).
The cells were pretreated with NaN3 and incubated with dye-labeled
CPP/PTD peptides at 4 °C to prevent endocytosis. Glutathione-AF546
(A) was hardly bound to the cells (Fig. 1c); and while PA and TA were
bound to both MDA-MB-231 and SUIT-2 cells, pretreatment with an
NRP1 neutralizing Ab significantly reduced CPP/PTD binding only to
NRP1-positive MDA-MB-231 cells (Fig. 1c). This data indicates that
NRP1 mediates CPP/PTD binding to the cell membrane.

To determine if NRP1 could also contribute to the binding of CPP/
PTDs-fused proteins, PTD-3 and TAT-PTD were fused to enhanced
GFP (EGFP) to generate glutathione S-transferase (GST)-PTD-3-EGFP
(GPE), TAT-EGFP (TE), and the control constructs, GST-EGFP (GE) and
EGFP (E) (Fig. 1b). GE and E failed to bind to cells (Fig. 1d), whereas
GPE and TE bound to both MDA-MB-231 and SUIT-2 cells (Fig. 1d).
Again, a significant reduction in binding was observed following NRP1
neutralization only in MDA-MB-231 cells (Fig. 1e). Knockdown of
NRP1 also reduced the binding (Fig. 1f). Collectively, these results
demonstrate that NRP1 facilitates the binding of CPP/PTD-conjugated
peptides and proteins to the cell membrane.



Fig. 1. Contribution of NRP1 to CPP/PTDs binding to cells. (a) Expression of NRP1 in human SUIT-2 or MDA-MB-231 cells was analyzed by Western blotting. Representative results are
shown. (b) Schematic diagram of fluorescent dye-conjugated CPP/PTDs (PA and TA), CPP/PTD-fused EGFP (GPE and TE), and their controls (A, GE, and E). (c) Evaluation of NRP1-depen-
dent binding of fluorescent dye-conjugated CPP/PTDswithMDA-MB-231 or SUIT-2 cells. Cells were co-culturedwith A, PA, or TA for 1 hwith orwithout a NRP1 neutralizing Ab, and then
fluorescence intensity of cell lysates was measured. *p b 0.05 (n= 3). (d) Bright field (BF) and fluorescent (FL) micrographs of MDA-MB-231 or SUIT-2 cells treated with CPP/PTD-fused
proteins for 1 h. Bar=50 μm. (e) Binding of CPP/PTD-fused proteinswithMDA-MB-231 or SUIT-2 cells. Cellswere co-culturedwith GPE and TE for 1 hwith orwithout a NRP1neutralizing
Ab, and thenfluorescence intensity of cell lysateswasmeasured. *p b 0.05, **p b 0.01 (n=3). (f) Expression of NRP1 inMDA-MB-231 subclones expressing shRNA against NRP1 (sh-1 and
sh-2) and a scramble sequence (Scr) were analyzed byWestern blotting. Representative results are shown (top panel). TheMDA subcloneswere co-culturedwith GPE and TE for 1 h, and
then fluorescence intensity of cell lysates was measured. *p b 0.05, **p b 0.01 (n = 3).
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3.2. NRP1 enhances delivery of CPP/PTD-fused protein to tumors

To assess the necessity of NRP1 in the tumor uptake of CPP/PTD-
fused proteins, we used a PTD-3-fused fluorescent imaging probe,
POH-N, that contains the oxygen-dependent degradation domain of
human hypoxia-inducible factor (HIF)-1α, and has previously been
used to image HIF active cells in vivo [23]. POH-N is 8.7 ± 2.5 nm in di-
ameter with a negative surface charge (Fig. 2a). POH probe labeledwith
AF488 (POH-AF488) clearly revealed that POH probes were able to ex-
travasate into tumor tissues (Fig. 2b). NRP1 expressed in the vascular
endothelial cells of tumor-bearingmice (Fig. 2c) was blocked by the in-
travenous injection of a mouse NRP1-specific Ab, which does not inter-
fere with human NRP1. The Ab remained in the circulation for more
than 24 h after injection (Fig. 2d). As such, NRP1-negative SUIT-2/
HRE-Luc tumors were used to avoid the possible influence of tumor
cell NRP1 on POH-N accumulation. Mice were intravenously injected
with POH-N, and tumor-specific uptake was assessed 10 h post-
injection by the co-localization of the POH-N fluorescent signal with
bioluminescence emitted by the SUIT-2/HRE-Luc tumor cells. Signifi-
cantly, POH-N accumulation was successfully detected in untreated
control mice as reported previously [23], whereas the tumor-specific
fluorescence intensity was dramatically reduced in mice pretreated
with NRP1-neutralizing Ab (Fig. 2e). When quantified, POH-N tumor
accumulation was significantly inhibited by NRP1 blockade, as the in-
tensity observed in anti-NRP1 Ab-treatedmicewas about half of the un-
treated controls (Fig. 2f), and also resulted in significantly decreased
tumor/background (T/B) ratio (Fig. 2g). These results strongly suggest
that NRP1 contributes to the extravasation of CPP/PTD-fused proteins
into tumors.

3.3. Co-administration of iRGD peptide reduced tumor accumulation of
CPP/PTD-fused proteins

To further elucidate the contribution of NRP1 on the extravasation of
CPP/PTD-fusion proteins, we utilized the effects of iRGD peptide, which
binds NRP1 and is known to increase the cellular internalization and
vascular leakage of co-injected molecules in an NRP1-dependent man-
ner [7]. As such, iRGD peptide was injected intravenously into SUIT-2
tumor-bearing mice 5 min prior to the injection of either POH-N or
control OH-N, a POH-N mutant lacking PTD-3 domain. Notably, the

Image of Fig. 1


Fig. 2. NRP1-dependent delivery of POH-N to tumors. (a) Size distribution and zeta potential of POH-N in PBS. (b) Extravasation of POH probes in tumor. POH-AF488 or PBS was intrave-
nously injected into nudemice bearing SUIT-2/HRE-Lucxenografts (SUIT-2 tumor) in both forefeet anddistribution of probes and bloodvessels in tumor sectionwere observedby confocal
microscopy. Bar= 50 μm. (c) Expression of NRP1 on tumor blood vessel. Cryosections of SUIT-2 tumor andmuscle were stainedwith antibodies for blood vessels (endomucin) andNRP1.
Bar = 20 μm. (d) NRP1 Ab in the circulation. SUIT-2-bearing mice were imaged at the indicated times after injection of anti-mouse NRP1 Ab labeled with NIRF dye (NRP1 Ab-NIRF dye).
Dotted-line circles indicate the position of the tumor. The rightmost panel shows a bioluminescence image of the tumor. (e) In vivo imaging of subcutaneous tumor after 500 pmol of POH-
N administration. SUIT-2 tumors in both forefeetwere imaged at the indicated times following probe injection. To block the interaction between CPP/PTD and NRP1 inmice, 20 μg of NRP1
Ab was administered 30 min prior to probe injection. The right panel (tumor) shows bioluminescence images of SUIT-2 tumor at 10 h. (f) Fluorescence intensity of tumors after probe
administration with or without neutralization of NRP1. Relative fluorescence intensities of POH-N in NRP1-neutralizing Ab-treated compared to PBS-treated control tumors at the indi-
cated times are shown. **p b 0.01 (n = 14). (g) Tumor-specific probe accumulation estimated by the ratio of target (fluorescence intensity of tumors) versus background (fluorescence
intensity of muscles) (T/B ratio). **p b 0.01 (n = 14).
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co-injection of OH-N with iRGD peptide increased the signal intensity
observed in subcutaneous tumors (Fig. 3a and b), indicating that
iRGD enhances the extravasation of OH-N from tumor vasculature. In
contrast, co-injections of POH-N with iRGD peptide drastically reduced
the delivery of POH-N to tumors (Fig. 3a and b). As a result, the addition
of iRGD peptide improved the T/B ratio of OH-N, but reduced that
of POH-N (Fig. 3c). Moreover, the tumor accumulation of TE protein
was also hindered by iRGD co-injection (Fig. 3d and e). These results
suggest that iRGD competes with CPP/PTD-fusion proteins for NRP1
binding, subsequently hindering the NRP1-dependent extravasation of
CPP/PTD-fusion proteins.

3.4. Binding of CPP/PTD-fusion proteins to NRP1 did not increase tumor
vascular leakage

Finally, we aimed to investigate the mechanism by which NRP1me-
diates CPP/PTD extravasation. Since iRGD peptide enhances permeabil-
ity by increasing leakiness within the tumor vasculature [6], we
examined whether CPP/PTDs could also elicit this effect. POH and TE
were injected intravenously into tumor-bearing mice, followed by the
administration of Evans blue—a dye with high affinity for serum albu-
min. Notably, neither POH nor TE enhanced the leakage of Evans blue
from the tumor vasculature (Fig. 4a and b). Moreover, although the
cell permeability of NRP1-expressing bEnd3 was increased by VEGF,
an angiogenic factor known to increase endothelial-cell permeability,
it was unchanged by POH-N probe (Fig. 4c), demonstrating that CPP/
PTD-fusion proteins enhance their own extravasation through an
NRP1-mediated mechanism distinct from that used by iRGD or VEGF.

4. Discussion

In this study, we demonstrate that two representative CPP/PTDs,
PTD-3 and TAT-PTD, are capable of binding NRP1 (Fig. 1) and that the
binding significantly enhances tumor delivery of CPP/PTD-fused
proteins: tumor accumulation of OH-N, which was a consequence of
EPR effect, was significantly increased when it was fused to PTD-3

Image of Fig. 2


Fig. 3. Effect of iRGDon the delivery of POH-N and TE. (a) In vivo imaging of tumor-bearingmice after probe administration. Nudemice harboring SUIT-2/HRE-Luc xenografts in both fore-
feet were imaged at the indicated time following injection of either 500 pmol of OH-N or POH-N. iRGD (50 nmol)was administered 5min prior to probe injection. The right panel (tumor)
shows bioluminescence images of SUIT-2/HRE-Luc xenograft at 10 h. (b) Fluorescence intensity of tumors after probe administration with or without iRGD administration. Relative fluo-
rescence intensities of iRGD-treated tumors compared to PBS-treated controls at indicated times are shown. *p b 0.05, **p b 0.01 (n=8). (c) Effect of iRGD on T/B ratio. *p b 0.05, **p b 0.01
(n=8). (d, e) Effects of iRGD on the delivery of TE. Subcutaneous tumorswere removed 30min after intravenous injection of 5 nmol of TEwith orwithout 50 nmol of iRGD. Tumorswere
sectioned and ex vivo images of tumor were obtained. The GFP fluorescence intensity of tumor sections was imaged and the averages (photons/s/cm2/sr) (d) and representative ex vivo
images (e) are shown. **p b 0.01 (n = 12).

Fig. 4. Tumor vascular permeability after the administration of CPP/PTD-fused proteins.
(a) Representative images of SUIT-2/HRE-Luc subcutaneous tumors removed after se-
quential administration of peptide/proteins and 1 mg of Evans Blue dye. (b) Relative ab-
sorbance of eluted dye from the tumors. **p b 0.01 (n = 6). (c) Expression of NRP1 in
bEND3 and 4T1 cell lines were analyzed by Western blotting. Representative results are
shown (top panel). The bEnd3 cell layer in Transwell was treated with POH-N or
VEGF164 for 8 h. The fluorescence intensities of FITC-dextran (FITC) or POH-N (NIRF) in
the lower chamber were measured and the relative fluorescence intensities compared
to the PBS-treated control are indicated. **p b 0.01 (n = 3).
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(Fig. 3a) and the CPP/PTD-dependent tumor accumulation was signifi-
cantly reduced by NRP1-neutralizing Ab (Fig. 2e), which does not inter-
act with POH-N as assessed by immunoprecipitation assay (data not
shown). These results strongly suggest that tumor delivery of various
materials, including conventional drugs, imaging probes, or delivery
carriers, can be improved by the fusion of CPP/PTDs.

NRP1 is a multifunctional receptor with several binding sites for its
various ligands; for example, VEGF binds residues in the b1 and b2
domains, whereas Sema3A binds to the a1, a2, and b1 domains [27].
Crystallographic analysis of the VEGF-heparin binding domain (VEGF-
HBD, residues 115–165) in complex with the b1 domain of NRP1
(NRP1-b1) revealed that the C-terminal arginine and anionic VEGF-
E154 residue is specifically involved in the interaction [11]. Further-
more, mutational analyses lead to the identification of several cationic
residues within the VEGF-HBD, including R123, R124, R156, R159, and
R165, which contribute to the NRP1 interaction [13]. Conversely, a
Sema3A deletion mutant binds the a1, a2, and b1 domains of NRP1 via
positive charge on its molecular surface [14]. This implies that nearly
all CPP/PTDs can bind NRP1, since they also have a net positive charge
and are composed of many cationic residues. The CPP/PTD peptides
used in this study contain the several CendR sequences (R/KXXR/K).

Image of Fig. 3
Image of Fig. 4
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However, because CPP/PTD-fused proteins have no carboxyl group at
the CendR C-terminal R/K residue, they likely bind distinct sites in
NRP1 that are separate from the CendR-binding site.

Administration of iRGD peptide enhanced the delivery of OH-N to
subcutaneous tumors, suggesting that tumor vessel permeability
was increased by iRGD peptide (Fig. 3a, b, and c). Surprisingly, the
delivery of POH-N was suppressed by iRGD peptide (Fig. 3a, b, and
c). This is most likely due to the competition between POH-N and
iRGD peptide for NRP1 binding, particularly since binding of iRGD in-
duces NRP1 internalization [5]. Although iRGD increases vascular
permeability, it fails to compensate for the loss of NRP1-dependent
extravasation. While iRGD enhanced the tumor delivery of OH-N
for only a short period of time post-administration (4 h), the delivery
of POH-N to tumors occurred gradually and persistently (Fig. 3c).
These results suggest that the effect of iRGD peptide on vascular perme-
ability is transient, as compared to the persistent effect of CPP/PTD on
NRP1-mediated extravasation.

CPP/PTDs have no effect on vascular leakiness (Fig. 4), indicating
that they enhance the extravasation in amanner distinct from the path-
ways of vascular relaxation. One possible mechanism for CPP/PTD-
mediated extravasation is transcytosis, where proteins are directly
transported from the luminal surface to the basal side of endothelial
cells by means of plasma-membrane vesicles [28]. Several studies
have demonstrated the relocalization of CPP/PTD-conjugated or CPP/
PTD-fused proteins by transcytosis in healthy tissues, and include the
delivery of TAT-PTD-fused β-galactosidase and TAT-PTD-fused Bcl-xL
across the blood–brain barrier after intraperitoneal injection [22,29], as
well as the intestinal and pulmonary absorption of CPP/PTD-conjugated
insulin [30,31]. However, it remains unclear whether CPP/PTD-fused
proteins also transverse the tumor vasculature by transcytosis. Notably,
our work demonstrates that NRP1-dependent extravasation may be one
process by which CPP/PTDs undergo transcytosis.

Surprisingly, vascular leakiness was significantly suppressed by
following administration of TAT-EGFP (Fig. 4). Several potential expla-
nations can be provided for this finding, such as an NRP1-independent
mechanism of tumor vascular leakiness whereby TAT-PTD antagonizes
the binding of endogenous ligands to key molecules in tumor blood
vessels. Alternatively, TAT-PTD peptide may impede the binding of
VEGF to NRP1 and VEGF receptor-2 [25], and subsequently hamper
VEGF-induced tumor vascular leakage [10]. However, PTD-3was unable
to mediate this effect, suggesting that a biochemical trait specific to the
TAT-PTD amino acid sequence may be involved in this process.

NRP1 is expressed in vessels from some normal tissues, such as the
kidney and placenta, as well as in normal tissue adjacent to lung carci-
noma, colorectal adenocarcinoma, and breast carcinoma. Significantly,
an increase in NRP1 expression was identified in vessels associated
with 98%–100% of primary and metastatic cancers [32]. These observa-
tions, together with this study, explicate long-standing questions
centered on how CPP/PTD-fused proteins predominantly deliver to tu-
mors with very little leakage from normal blood vessels. As such, CPP/
PTDs present as a promising tool for the selective delivery of fused
anti-cancer drugs to tumors.
5. Conclusions

CPP/PTDs have been recognized as an effective tool for in vivo
distribution of various materials for cellular uptake. Although many
studies have been focused on the mechanism of their membrane trans-
duction, no study has addressed their role on extravasation in the
delivery processes. In this study, we demonstrate the function of CPP/
PTD in the extravasation of CPP/PTD-fused proteins, by which NRP1
on blood vessels plays an important role in enhancing tumor delivery.
The continued study of the mechanism underlying NRP1-mediated
CPP/PTD extravasation will facilitate the development of strategies to
selectively deliver fused materials to tumors.
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