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Abstract
EGFR serves as an important therapeutic target because of its over-expression in many cancers. In
this study, we investigated a peptide-based therapy aimed at blocking intracellular protein-protein
interactions during EGFR signaling and evaluated a targetable lipid carrier system that can deliver
peptides to intracellular targets in human cancer cells. EEEEpYFELV (EV), a nonapeptide
mimicking the Y845 site of EGFR which is responsible for STAT5b phosphorylation, was
designed to block EGFR downstream signaling. EV was loaded onto LPH nanoparticles that are
comprised of a membrane/core structure including a surface-grafted polyethylene glycol (PEG)
used to evade the reticuloendothelial system (RES) and anisamide (AA) for targeting the sigma
receptor over-expressed in H460 human lung cancer cells. EV formulated with PEGylated and
targeted LPH (LPH-PEG-AA) was taken up by the tumor cells and trafficked to the cytoplasm
with high efficiency. Using this approach, EV acted as a dominant negative inhibitor of STAT5b
phosphorylation, arrested cell proliferation, and induced massive apoptosis. Intravenous
administration of EV loaded in LPH-PEG-AA led to efficient EV peptide delivery to the tumor in
a xenograft mouse model, and multiple injections inhibited tumor growth in a dose-dependent
manner. Our findings offer proof-of-concept for an intracellular peptide-mediated cancer therapy
that is delivered by carefully designed nanoparticles.
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Introduction
Most biopharmaceutical drugs act by binding to a protein target, resulting in a change in the
protein’s behavior. Protein interactions crucially mediate many signaling pathways
controlling cellular proliferation and apoptosis; blocking such interactions in an intracellular
compartment holds great therapeutic potential for the development of anti-cancer drugs [1,
2]. Small molecules, however, have difficulty targeting these interactions because of the
nature of the protein interface, which is normally extensive, shallow and hydrophobic [3].
Moreover, antibody therapeutics, albeit popular candidates because of advantages including
high affinity and specificity, also demonstrate serious disadvantages, such as unfavorable
immunogenicity, low drug penetration and hypersensitivity reactions [4]. Peptide drugs are
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an excellent compromise, as they moderate extensive, specific and highly affinitive
interactions with proteins. In addition, peptide drugs are smaller than antibodies and are thus
more readily deliverable into cells.

In order for a peptide to be an effective therapeutic, however, the peptide must either mask
the active site of the target protein or distort the target sufficiently in order to suppress its
biological activity [5]. Most importantly, the peptide must gain access to the intracellular
compartment. To address this issue, we have developed strategies for the delivery of a
peptide drug into the intracellular site of the target protein.

Although the protein transduction domain of a cell penetrating peptide can bring a peptide
cargo into cells, the activity is non-specific and is accompanied by unexpected side effects
[6, 7]. A few polymeric conjugates or nano-size carrier systems have been developed to
enable the delivery of venom toxin or cell-lysis peptide [8–10]. In addition, polymer and
gold nanoparticles have been used for intracellular peptide delivery [11–15]. Despite these
advances, there have been no reports documenting a successful peptide drug delivery and
subsequent inhibition of an intracellular signaling event in an animal model

In previous studies, we have developed effective LPD nanoparticle carriers for the
intracellular delivery of negatively charged cargo such as oligonucleotides, including siRNA
[16, 17]. These nanoparticles are especially modifiable; particle membranes can be coated
with PEGylated targeting ligands, such as anisamide, that bind with the sigma receptor. In
this paper, we demonstrate the use of a new carrier system (LPH), modified from LPD, for
targeted, intracellular delivery of a peptide drug to block an important signaling protein in
NCI-H460 human lung cancer cells.

Signal transducer and activator of transcription (STAT) proteins are latent cytoplasmic
transcription factor proteins that regulate cellular processes such as proliferation,
differentiation, and survival [18]. In particular, STAT5b, which is a crucial factor for
controlling cell survival, cell cycle arrest, and cell death, can be activated by the
phosphorylated Y845 kinase domain of EGFR in EGF stimulated tumor cells [19]. STAT5b
activation is usually dependent on tyrosine phosphorylation. After reciprocal
phosphotyrosine (pTyr)-SH2 interaction, STAT5b dimerizes, translocates to the nucleus,
and begins controlling downstream gene transcription [20–22]. Also, loss of STAT5 can
affect Bcl-2 and Bcl-xL expression with subsequent loss of mitochondrial membrane
potential, followed by apoptosis through the Apaf-1/caspase-9 pathway [23, 24]. Thus, the
inhibition of DNA binding STAT5b can induce apoptosis and arrest cell proliferation.

We selected a negatively charged peptide, EEEEpYFELV (EV peptide), that mimics the
sequence of the Y845 kinase domain of EGFR. This fragment is likely to inhibit the
phosphorylation of STAT5b by competitive interaction with EGFR. This paper will show
the successful delivery of EV peptide by nanoparticles to block the phosphorylation of
STAT5b and to induce apoptosis in tumor cells.

Materials and Methods
Materials

NCI-H460 human lung cancer cells were obtained from ATCC. Cells were maintained in
RPMI 1640 supplemented with 10% fetal bovine serum (Gibco, Invitrogen Corp., CA), 100
units/ml penicillin, and 100 μg/mL streptomycin (Gibco). NCI-H460 cells were shown to be
sigma receptor positive by immunostaining and Western blot (data not shown). siRNAs for
STAT5b were purchased from Thermo Scientific Dharmacon (siRNA SMART pool®
reagent). Primary antibodies against p-STAT5b (mouse monoclonal), STAT5b (mouse
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monoclonal) and AIF were purchased from Santa Cruz Biotechnologies (Santa Cruz
biotechnology Inc., CA). Caspase-3 antibody for IHC was obtained from Calbiochem (EMD
chemical Inc. Germany), and alexa-488, used for synthesizing fluorescence peptides, was
purchased from Invitrogen (Invitrogen Corp., CA). Phosphatase inhibitors (phosphatase
inhibitor cocktail 1 and cocktail 2 including proteinase inhibitors) were obtained from Sigma
(Sigma Aldrich Corp. MO). Therapeutic phosphorylated EV peptide (EEEEpYFELV) and
control EE scrambled peptide (EpYELFEEVE) were synthesized commercially with ca.
90% purity (Peptide 2.0 Corp. VA).

Preparation and Characterization of LPH nanoparticle with EV peptide
Liposome-protamine-heparin (LPH) nanoparticles were prepared as follows. Briefly, small
unilamellar liposomes consisting of DOTAP and cholesterol (molar ratio = 1:1) were
prepared by thin film hydration followed by membrane extrusion. To prepare the cores of
EV or EE peptide/LMWH and protamine, protamine (2 mg/mL) and a mixture of peptide (1
mg/mL) and LMWH (2.5 mg/mL) of weight ratio 1:1 were mixed in a 1.5 mL tube. The
complex was allowed to stand at room temperature for 10 min, then the complex size and
zeta potential were analyzed. The complex prepared with the determined optimal ratio of
peptide and LMWH and protamine was mixed with 80 μL of DOTAP/cholesterol liposomes
(total lipid concentration = 6.5 mM). Again, the particle size and zeta potential of the
resulting particles were analyzed. In order to determine the EV peptide loading efficiency in
the LPH nanoparticles, nanoparticles were applied on a Sepharose CL-2B (Amersham
Biosciences, Uppsala, Sweden) column using distilled water as eluent. The optimal ratio of
the LPH formulation was determined by the results from particle size, zeta potential and in
vitro delivery efficiency. Non-targeted LPH and targeted LPH were prepared by incubating
the LPH solution (238 μL) with a 10% micellar solution of either DSPE-PEG2000 or DSPE-
PEG2000-anisamide (10 mg/mL), respectively, at 50 °C for 10 min. After incubation, the
particles were allowed to stand at room temperature for 10 min, then the distribution of
particle size of the samples was measured using a submicron particle sizer (NICOMP
particle sizing systems, Autodilute PAT Model 370, Santa Barbra, CA) in the NICOMP
mode. The polydispersity index was also checked to evaluate distribution characteristics.
The zeta potential of the samples diluted in 1 mM KCl was determined by the Zeta Plus zeta
potential analyzer (Brookhaven Instruments Corporation, Holtsville, NY). STAT5 siRNA
was formulated in LPD-PEG-AA nanoparticles according to published procedure [17]

The H460 cell viability and cell growth changed by EV peptide
The MTT assay (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) acts as an
indirect measure of H460 cell viability. The assay is based on the ability of viable cells to
reduce MTT to insoluble colored formazan crystals. H460 cells were plated in 96-well plates
(1×104) one day before treatment. After culture with or without LPH formulations (LPH-
PEG-AA or LPH-PEG with EV or EE), cells were washed twice with PBS buffer and were
incubated in 10 μl PBS buffer with MTT (0.5 mg/ml) for 4 hrs at 37°C. The supernatant was
discarded, and cells in each well were lysed with 100 μl of dimethyl sulfoxide (DMSO) and
were incubated for 20 min at room temperature. The colorimetric assay was measured at 570
nm on a Micro plate reader. After LPH formulation treatment, H460 cell growth was
monitored by cell counting for 2 days. Optical microscopy was used to determine the
proportion of live cells after tryphan blue staining.

Cell uptake and Western Blot
NCI-H460 cells were maintained with hEGF (human epidermal growth factor) in RPMI
media (Gibco, Invitrogen Corp., CA). In order to identify the extent of LPH nanoparticle
cellular uptake, Alexa-488 was conjugated to the amine group of the EV peptide. Alexa488
conjugated EV peptide was loaded into LPH, PEGylated LPH or PEGylated LPH with an
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anisamide targeting moiety, then H460 cells were treated with the various particle solutions
for 4 h. PBS or free EV peptide served as an additional control treatment. After treatment,
cells were exposed to trypsin-EDTA, then were collected to observe fluorescence peptide
uptake. In order to quantify the difference in cellular uptake between LPH-PEG and LPH-
PEG-AA, cells were treated with a mixture of either LPH-PEG or LPH-PEG-AA (2 μM),
EV and Alexa-488 labeled EV for 4 h. PBS or a mixture of EV and Alexa-488 labeled EV
peptide were used as controls. Samples were analyzed by flow cytometry (BD, RUO special
order system, CA).

Protein levels were estimated by first acquiring whole cell extracts using cell extraction
reagents (proteoextract® Native Membrane Protein Extraction Kit, Merck) supplemented
with phosphatase inhibitor cocktails. The inhibition of p-STAT5b in whole cell lysate was
then determined. Whole cell lysates containing the same amount of total protein were
incubated with different concentrations of EV peptide with excess ATP for 1 hour. All
incubated samples were then subjected to SDS-PAGE, transferred to a membrane, then
exposed to anti-stat5a/b-phosphotyrosine (Y694/Y699, 5G4, Santa Cruz) and anti-stat5a/b
(5G2, Santa Cruz), using the conventional Western Blotting method. The inhibition effect of
p- STAT5b in the intact cell by EV or EE peptide formulated with LPH-PEG or LPH-PEG-
AA was then determined. H460 cells were incubated with these formulations for 12 h with
hEGF. Equal amounts of cell lysate were run on a 10% SDS-polyacrylamide gel and were
transferred onto PVDF (Polyvinylidene difluoride) membrane. The detection was performed
by Westernblot ™ 625 western blot kit with bright Qdot substrate. This signal was detected
by the Alphaimager™ (Alpha Innotech, CA).

Flow Cytometry assay for detection of apoptosis and the arrest of cell cycle
Discrimination of apoptotic cellular subpopulations was done by individually staining
groups of treated cells with Annexin V-FITC and PI. For each staining, 1 × 105 cells per
sample were washed once with ice-cold PBS buffer and once with binding buffer (10 mM
HEPES, pH 7.4, 150 mM NaCl, 5 mM KCl, 1 mM MgCl2, 1.8 mM CaCl2). Collected
samples were suspended in 50 μL of calcium binding buffer and 3 μL of Annexin V-FITC
(0.5 mg/mL) was added to each sample. All samples were incubated in darkness for 20 min
at room temperature (25 °C) to ensure adequate Annexin V binding. After washing with
PBS buffer, PI (5 mg/mL) was added to the cells suspended in 500 μL of calcium binding
buffer, and samples were immediately analyzed using a BD FACS Canto™ flow cytometer
(BD, RUO special order system, CA). A 20-mW blue laser (488-nm beam emission) served
as the excitation source for Annexin V-FITC (FL1) and PI (FL2). Green fluorescence of
Annexin V was collected with a 530-nm band pass filter and red fluorescence of PI was
collected with a 610-nm band pass filter. A total of 10,000 cells were analyzed per sample.
The propidium iodide (PI) flow cytometric assay has been widely used for the evaluation of
apoptosis and cell cycle analysis. We collected cells after treating EE or EV peptide
formulated with LPH-PEG or LPH-PEG-AA for 24 h and resuspended the cell pellet in 500
μL of PBS. Cells were then fixed with 4.5 mL of 70% (v/v) cold ethanol to the cell
suspension and were kept for 1–2 d at −20 °C. Supernatant (ethanol solution) was removed
by centrifugation at 400g for 5 min. Cells were washed in 5 mL of PBS and centrifuged at
400g for 5 min. The cells were then treated with 0.1% Triton-X 100 for 5 min and then
centrifuged and resuspended in 100 μL of PBS. The cells were stained with 100 μg/mL
propidium iodide (PI) (Sigma Chemical Co., St. Louis, U.S.A.) solution prepared with 1 mg/
mL RNase (Sigma). The samples were counted for positive staining by FACS Canto (BD,
RUO special order system, CA). The cell cycle distribution was calculated from the resultant
DNA histograms using Cell FIT software, based on a rectangular S phase model, and each
sample was analyzed using at least 10,000 events corrected for debris and aggregate
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populations. The results were expressed as the percentage of cells in subG0, G0/G1, S and
G2/M phase of the cell cycle.

Cell imaging by confocal microscopy
After 12 hours of treatment with alexa 488-conjugated EV peptide, H-460 cells were fixed
with 2% paraformaldehyde and nuclei were counterstained with DAPI (Sigma). Confocal
images were acquired with an SP2 Laser Scanning Confocal Microscope (Leica,
Bannockburn, IL).

Pull-down assay for peptide activity on STAT5b protein
STAT5b antibodies were conjugated with biotin molecules using an NHS-PEG(4)-biotin
labeling kit (EZ-Link NHS-PEG-Biotin kit, Pierce Co. IL). H460 cells were treated for 12 h
with various concentrations of Alexa® 488 conjugated fluorescence–EE control and EV
peptides in order to observe peptide interaction with STAT5b proteins. Cell extract samples,
possibly including free EV peptide, free STAT5b or STAT5b bound with EV peptide, were
incubated with biotinylated STAT5b antibodies for 10 min. All biotinylated STAT5b
antibodies were captured by streptavidin conjugated magnetic beads immobilized in by an
induced magnetic field column in a by a μMACS Column. Both the μMACS Column and
the streptavidin magnetic beads were purchased from Miltenyi biotechnology. Before
loading samples to the μMACS Column, the column was equilibrated with protein
equilibrium buffer. After sample loading, the column was washed with PBS buffer, and then
500 μL buffer was added to elute the samples.

Tissue distribution and tumor uptake study
Mice with small tumors (0.5 to 0.8 cm in diameter) were given i.v. injections of peptides in
different formulations, including LPH-PEG and LPH-PEG-AA (160 μg/kg). Free peptide
was injected in a control mouse group. After 4 h, treated mice were sacrificed; tissue
samples were collected, and subsequently imaged by the IVIS™ Imaging System (Xenogen
Imaging Technologies, Alameda, CA). The excised tissues were homogenized in lysis buffer
containing phosphatase inhibitors in order to quantify the accumulated doses. After
centrifugation at 14,000 rpm for 10 minutes, 100 μL of supernatant was collected, and
fluorescent–EV peptide was extracted and quantified with an ELISA reader.

Tumor growth retardation study and immunohistology analysis
Female nude mice 5–6 weeks of age were purchased from the NCI. All animal work was
permitted by the UNC IACUC committee. NCI-H460 xenograft tumor- bearing mice (size
40–50 mm2) were produced on the 6th d after intracutaneous injections of 5 × 106 cells in
the back of nude mouse. To quantify the accumulated doses, the excised tissues were
homogenized in lysis buffer (based on organ weight) with phosphatase inhibitors and
incubated at 65 °C for 10 min. One hundred μL of supernatant was collected after
centrifugation at 14,000 rpm for 10 min. Fluorescent EV peptide was extracted in the
supernatant and quantified using an ELISA reader. The accumulated dose in each organ was
calculated from a standard curve obtained by spiking known amounts of free fluorescence
peptide. EE peptide or EV peptide in different formulations (0.36 mg/kg, every other day)
was given to each group for 20 days. Tumor growth in the treated mice was monitored
thereafter and at the end of our experiment, all mice were sacrificed by cervical dislocation.
Tumor tissues from mice were collected for immunohistology study. Samples were fixed in
10% formaldehyde solution for 2 h. A dilution (1:200) of anti-AIF or anti-caspase3 rabbit
serum was produced by a previously described method and incubated for 2 h at 25°C. HRP-
labeled secondary antibody (Santa Cruz biotechnology Inc., CA) was used at a dilution of
1:500 for 20 min. The sections were co-stained with H&E stain and observed with a
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microscope (Nikon Eclipse, Ti-U, Nikon instrument Inc. TX). In order to observe the EV
peptide in vivo, tumor tissue was collected and frozen for further histology analysis 4 h after
the injection of EV peptide.

Statistical analysis
Data was expressed as mean ± SEM and was analyzed using Microsoft Excel (office 2007)
and Sigma plot Ver. 10 software. Statistical analysis was performed using a one-way
Analysis of Variation (ANOVA) followed by Dunnett-test for differences among treatment
groups (Keyplot ver 2.0 software). Values of P<0.05 were considered significant.

Results
The inhibitory effect of EV peptide in cell lysate

The effect of EEEEpYFELV peptide (EV) on STAT5b phosphorylation was measured in an
H460 cell-free system. As depicted in Figure 1a, EV peptide treatment resulted in strong
inhibition of STAT5b phosphorylation. In comparison, treatment against the Y845 site of
EGFR (EEKEpYHAE) resulted in less inhibition of STAT5b phosphorylation. Since the EV
peptide had a stronger inhibitory effect on STAT5b phosphorylation, it was chosen for
further study. Figure 1b shows that STAT5b phosphorylation was inhibited by EV peptide in
a dose dependent manner. The IC50 of EV peptide was determined to be about 2.5 μM after
measuring the inhibition level of the phosphorylation of STAT5b with IMAGE J free
software.

Formulation of EV peptide with LPH nanoparticles
The condition for nanoparticle core formation was optimized with respect to the amount of
both protamine and cationic liposomes (supplementary data I). A high amount of protamine
was necessary for a tight core formation with peptide and low molecular weight heparin
(LMWH), resulting in small, negatively-charged cores (ca. 170–180 nm) and a net negative
charge (− 5~10 mV). Moreover, an appropriate amount (6.5 mM) of DOTAP/cholesterol
liposomes was necessary for the final LPH preparation, with a diameter of less than 150 nm
and a net positive charge (ca. 50–55 mV) [16–17]. After incubation with DSPE- PEG2000 or
DSPE-PEG2000-AA, the final nanoparticles measured 130–150 nm in diameter and
possessed a slightly positive or neutral charge with 70–75% EV peptide encapsulated.

Uptake of EV peptide by H460 cells
EV peptide labeled with Alexa®488 was formulated in different nanoparticles, then
nanoparticle uptake in H460 cells was studied by fluorometry. As shown in Figure 2a, H460
cells treated with EV peptide formulated in LPH-PEG-AA had a 1.5 times higher
fluorescent intensity than that of LPH-PEG. Flow cytometry results clearly show that LPH
modified with PEG or PEG-AA efficiently delivers EV peptide compared to the free peptide
(supplementary data II). We also examined the subcellular distribution of the EV peptide in
H460 cells by confocal microscopy. As can be seen in Fig. 2b, fluorescent EV peptide was
found in the cytoplasm of the cells, and not in the nuclei.

Cytotoxicity and inhibition of cell growth of EV peptide
Having found that EV peptide could be delivered intracellularly by LPH-PEG-AA, we
examined the effect of EV peptide on cell growth and survival. Cells treated with EV
peptide formulated in LPH-PEG-AA showed significant death; viability was reduced by
approximately 45%, 48 h after treatment (Figure 3a), while EV peptide formulated in LPH-
PEG was only slightly decreased. For the control EE peptide, no significant decrease in
viability was observed when the peptide was formulated in LPH-PEG. Some cell death was
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observed, however, when EE was formulated in the targeted LPH-PEG-AA; viability was
about 75% after 48 h. These results suggested that EE peptide also had a minor toxic effect
when it was delivered intracellularly. The cell growth curve was measured by counting cell
survival numbers after peptide treatment. The result was similar to that of the cell viability
measurement (Figure 3b). Cells treated with EV peptide formulated in LPH-PEG-AA
showed the greatest growth arrest compared to the PBS treatment control. All other groups,
including free EV or EE peptide, did not show a significant difference between each other.

In order to elucidate the mechanism of cell growth inhibition by EV peptide, we examined
the status of phosphorylated STAT5b (p-STAT5b) in H460 cells. As shown in Figure 3c,
only cells treated with AA-targeted EV peptide showed a partial inhibition of p-STAT5b; no
inhibition was seen with EV peptide delivered by untargeted formulation or by EE peptide
delivered by either targeted or untargeted formulation. The lower panel of Figure 3c shows a
dose-response inhibition of STAT5b phosphorylation by EV peptide delivered by LPD-
PEG-AA; the apparent IC50 was approximately 4 μM. These results indicate that EV peptide
specifically inhibited STAT5b phosphorylation after entering cells, analogous to results
shown in the cell free system (Figure 1a).

The extent of EV peptide and STATb binding was also determined. Alexa-labeled EV
peptide was delivered to intact H460 cells using LPH-PEG-AA. The amount of EV peptides
bound to STAT5b was detected with biotinylated anti-STAT5b and the immune complex
was eluted with a streptavidin bead column. As shown in Figure 3d, EV peptide binding
with STAT5b increased as the peptide concentration increased. The control EE peptide
showed only a small binding effect with STAT5b even at the highest concentration tested
(17 μM). The result strongly supports the notion that EV, not EE, peptide binds specifically
with STAT5b protein in intact cells.

Apoptosis induction and cell cycle control by EV peptide
After treating cells for 48 hours with either EV or EE peptide in different formulations, cells
treated with EV peptide formulated with LPH-PEG-AA (Figure 4a) became smaller and
more round. In the early stage of EV peptide treatment, cell retraction and plasma membrane
blebbing was also observed (photo not shown). Small and fragmented nuclei were observed
in cells treated with EV peptide using DAPI staining, indicating increased apoptosis. As
shown in Figure 4b, H460 cells underwent extensive apoptosis (70–80%) after treatment of
EV peptide formulated in LPH-PEG-AA for 48 h. Only 17% and 11%, of the cells treated
with EE peptide delivered with LPH-PEG or LPH-PEG-AA, respectively, were induced for
apoptosis. Thus, cell cytotoxicity was both peptide and delivery system dependent. Results
also indicate that EV peptide addition can lead to cell cycle arrest. After treatment with
formulated EV peptide, cells in the subG0 and G1 part of the cell cycle increased, with a
concomitant decrease in G2/M (Figure 4c). It is not clear whether or not cell cycle arrest and
apoptosis were a direct consequence of decreased p-STAT5b.

Tissue distribution of EV peptide after intravenous injection
Before testing the therapeutic effect of EV peptide in vivo, we evaluated the delivery of EV
peptide to the tumor. As shown in Figure 5a, free EV peptide and EV peptide delivered by
LPH or LPH-PEG mainly accumulated in the liver; little or no fluorescence was found in the
tumor 4 h after injection (25, 33). However, EV peptide delivered by LPH-PEG-AA showed
a high level of fluorescence intensity in the tumor and a comparatively minor intensity in the
liver. All other organs did not show accumulation of the peptide, except the kidney, where
some of the injected free peptide was found. Thus, we concluded that EV peptide could be
delivered efficiently to the tumor by the targeted nanoparticle formulation.
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We examined whether EV peptide also exhibited anti-tumor effects after systematic delivery
to xenograph tumors. A growth in tumor size over time in different treatment groups can be
seen in Figure 5c. Tumor growth in mice treated with free EV peptide, EV peptide
formulated in LPH-PEG, or EE peptide formulated in either LPH-PEG or LPH-PEG-AA all
showed no significant differences from the PBS control. The only statistically significant
difference in the growth rate was found in the group injected with EV peptide formulated in
LPH-PEG-AA. Increasing the injection dose brought about an enhanced therapeutic effect
(Figure 5d). Injection with EV peptide at 0.48 mg/kg resulted in the maximal therapeutic
effect; further increase in the injection dose did not bring about any improved effect.

Immunohistological analysis of the tumor
We examined tumors after 7 injections of either EV or EE peptide in different formulations.
Tumor sections were immunostained for the caspase-3 and AIF apoptotic markers. The AIF
staining was strongly observed in the tumor tissues of mice treated with LPH-PEG-AA
formulated EV peptide, but not in other groups (Figure 6, upper panel). This indicated that
caspase independent apoptosis pathway [26] was induced by EV peptide. The same tumor
samples were also stained for caspase-3 activation. Again, tumors in mice injected with
LPH-PEG-AA containing EV peptide showed strong caspase-3 reactivity, but not in tumors
of other groups (Figure 6, lower panel). These results indicated that both caspase dependent
and independent apoptosis pathways in the tumor cells were activated by EV peptide
delivered by the LPH-PEG-AA formulation. Examination of the tumor sections showed that
the peptide was delivered to the interior of the tumor cells, but the distribution within the
tumor was uneven (Figure 6, lower panel f). Most of the peptides were delivered to the cells
in the outer layer of the tumor; only a minor amount was present in the middle of the tumor.
Indeed, apoptosis was localized to the outer layer of the tumor (Figure 6, upper panel e).

Inhibiting other STAT proteins by EV peptide
A western blot analysis was also performed to determine the relationship between other anti-
STAT proteins and EV. We found that EV peptide could indeed have a negative effect on
the phosphorylation of STAT5a, as well as STAT5b, as shown by the western blot analysis
of the cell extract incubated with formulated EV peptide (Supplementary III).
Phosphorylation of other STAT proteins, such as STAT3, was not affected. This result
indicates that EV peptide is specific for the phosphorylation site of STAT5 proteins in EGF–
induced H460 cells.

Discussion
Clinical peptide drugs target extracellular or cell surface receptors. In spite of continuous
efforts, delivery of peptide to an intracellular target site remains a challenge. Although
conjugation with cell penetrating peptide or protein transduction domain can enhance cell
penetration [27–29], the procedure is highly non-specific, and therefore not ideal for
targeted therapies.

In the beginning of this study, we explored several peptide sequences containing EEEEpY,
which had an inhibitory effect on p-STAT5b (data not shown) and found that
EEEEpYFELV (EV) had the strongest activity in blocking p-STAT5b. EV peptide inhibited
STATb phosphorylation far better than the Y845 sequence (Figure 1a). This result is not
surprising; the natural Y845 domain may assume a favorable conformation only when the
sequence is constrained by the context flanking sequences [30–31]. Although EV was active
in inhibiting the phosphorylation of STAT5b, the peptide affinity was not particularly high
(IC50 = 2.5 μM). It is possible that structural analogs of EV can offer higher affinity with
STAT5b. Nevertheless, EV is likely to competitively inhibit activated EGFR.
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In this study, we have developed a nanoparticle carrier system (LPH) for the delivery of
macromolecular therapeutics in vivo by modification of the previously developed LPD
system. LPD particles can be modified with surface grafted PEG chains containing ligand,
such as anisamide, attached at the distal end [16, 32]. The current delivery system worked
remarkably well for introducing EV peptide into cells. The apparent IC50 (4 μM) (Figure 3c)
for p-STAT5b inhibition in intact cells was almost the same as that (2.5 μM) (Figure 1b) in
the cell free system. This result indicates that the intracellular concentration of the peptide
can be as high as the extracellular concentration without causing unreasonable apoptosis.
Our creation of a highly effective, targeted delivery system with such low cytotoxicity is
unprecedented. The result highly suggests that our nanoparticle platform will be clinically
valuable as a safe, selective therapy. In addition, the carboxyl groups of EV peptide glutamic
acids may be protonated in the low pH of endosomes, dissociating the nanoparticle core
complex of EV peptide and macromolecules, and accelerating peptide release to the cytosol.

The LPH-PEG-AA formulation also delivered EV peptide efficiently to the tumor in a
xenograft model (Figure 5a and 5b). EV peptide delivery was highly targetable, as particle
uptake in the tumor was much higher than observed uptake in the liver and spleen. EV
particles demonstrated a remarkable ability to evade the reticuloendothelial system of the
LPH-PEG-AA nanoparticles while still maintaining a long circulation effect [33]. The
nanoparticles contained a high density of grafted PEG chains on the surface; it is likely that
these chains formed a dense brush to shield the cationic charges and resist opsonization by
serum proteins. In a related formation, i.e. LPD, it was shown that highly PEGylated
nanoparticles effectively evade uptake by liver Kupffer cells [34]. Although LPH
nanoparticles contained a high density of the grafted PEG, the PEG chains will likely shed
from the nanoparticles once injected into the blood [35]. PEG shedding has also been
documented as an important part of peptide endosomolytic release in tumor cells [36]. The
detailed relationship between PEG shedding and PK and pharmacodynamics of the
nanoparticle formulation is the subject of on-going studies.

Cells treated with EV peptide displayed significant apoptosis (Fig. 4). Such phenotype
should be similar to cells in which the target protein STAT5b is down-regulated by RNA
interference. We compared the effect of peptide and siRNA treatments on the apoptotic
status in the treated cells. Western blot analysis of H460 cells shown in Supplementary data
IV indicates that EV peptide had induced more down-regulation of pSTAT5b than the
corresponding siRNA. Such difference in the pSTAT5b status was reflected in the degree of
apoptosis induced by each agent as measured by flow cytometry. Cells treated by PBS,
siRNA and EV peptide showed 1.1 ± 0.1 %, 17.6 ± 2.3 % and 39.0 ± 5.7 % apoptosis,
respectively, (p = 0.03 comparing the two treated groups, n=3). These results are consistent
with the observation by others using a STAT5 knock-down model [37–38].

However, it is interesting to note that significant cell cycle arrest (Figure 4c) and cellular
apoptosis (Figure 4a and b) occurred when p-STAT5b was inhibited to only 50–60%
(Supplementary data V) at the effective dose applied to intact H460 cells. A plausible
explanation is that EV inhibited the downstream signaling of another element, other than
STAT5b, that led to the observed cellular phenotypes. Indeed, we found that EV peptide
effectively interacted with, and inhibited the phosphorylation of another STAT protein,
STAT5a (Supplementary data III). In addition, anionic EV peptide may have interactions
with the positive charged domain of various intracellular proteins.

By blocking these crucial cellular signals, EV peptide was a potent inhibitor of tumor
growth in vitro (Figure 3a and b) and its effect was nicely translated to the anti-tumor
activity in a xenograft model of human lung cancer (Figure 5c). The in vivo toxicity of LPH
formulations was evaluated by the analysis of serological or hematological parameters in
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CD-1 mice after injection of LPH formulations (data not shown). We found that six every
other day injections of 0.36 mg/kg EV peptide formulated in LPH do not induce the
toxicological effects in vivo. Moreover, based on the negative results of antibody probing for
EV peptide and LPH core, we believe that injection of the EV peptide formulation does not
induce an immune response.

In the immunohistochemical analysis for apoptosis in the tumor of the xenograft model, we
observed markers for both caspase dependent (caspase-3) and independent (AIF) apoptotic
pathways in animals injected with EV peptide formulated in LPH-PEG-AA. It is known that
STAT 5b phosphorylation activates bcl-2 and bcl-xl, both of which are important anti-
apoptosis factors [39–40]. Inhibition of STAT5b phosphorylation by the delivered EV
peptide may lead to inhibition of bcl-2 and bcl-xl, which in turn activates the pro-apoptotic
bak and/or bax, as well as apoptosis sensitivity [41]. Interestingly, we found that apoptosis
was frequently induced in the exterior of the tumor and decreased towards the tumor middle.
Indeed, when the distribution of Alexa-labeled EV peptide was examined, many more
peptides were delivered to the exterior region of the tumor than the interior.

Conclusions
We have identified a nonapeptide (EV) which mimics the Y845 kinase domain of activated
EGFR. Although the peptide showed only a modest affinity to STAT5b, PEGylated and
targeted nanoparticle formulations were able to able to deliver sufficient EV amounts to
inhibit the phosphorylation of STAT5b in intact cells. Only a partial inhibition of p-STAT5b
was sufficient to induce both cell cycle arrest and cellular apoptosis. The same PEGylated
and targeted formulation also effectively delivered EV peptide to the tumor cells in a
xenograft model, leading to tumor growth inhibition. The current study serves as a proof-of-
concept demonstration for delivering intracellular peptide as a therapeutic agent. It is our
hope that the study will encourage new targeting strategies to block different protein/protein
interactions via peptide delivery.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
The inhibition effect of STAT5b phosphorylation (a) by the Y845 of EGFR and EV peptide
and (b) by EV peptide with different concentrations in H460 cell lysate. And, schematic of
tumor targetable nanoparticles (c).
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Figure 2.
Uptake of Alexa488-labeled EV peptide in different formulations by H460 cells after 4 h
incubation was measured by ELISA (a). Intracellular accumulation of fluorescence labeled
EV peptide (green) formulated with LPH-PEG-AA observed by confocal microscopy.
Nuclei were stained with DAPI (blue) (630×) (b).
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Figure 3.
Cell viability at different incubation times after treatment of EV or EE peptide formulated in
LPH-PEG or LPH-PEG-AA. Viability was measured by the MTT assay (P value: ** < 0.01,
* < 0.05) (a). And, cell growth profile was observed by cell stain counting (b). Western blot
analysis for p-STAT5b in the intact H460 cells after treating with EV or EE peptide (4 μM)
formulated in LPH-PEG or LPH-PEG-AA confirmed the inhibition effect of STAT5b
phosphorylation (upper panel). And, dose-response of STAT5b phosphorylation in the intact
H460 cells after treating with EV peptide formulated in LPH-PEG-AA in different
concentrations was observed by western blot analysis (lower panel). STAT5b serves as a
loading control (c). Pull down assay for EV peptide and STAT5b was performed.
Biotinylated STAT5b antibody was incubated with extracts of cells treated with
fluorescence labeled EV peptide in different concentrations (from 1.5 to 17 μM).
Fluorescence labeled free EE, EV and EE formulated with LPH-PEG-AA were used as the
control (d). Mean ± SEM (n=3~5).
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Figure 4.
Change of cell morphology after treating with EV peptide formulated with LPH-PEG-AA
for 48 h (top panel) and DAPI staining for the observation of fragmented DNA at 24 h after
EV peptide treatment (bottom panel) (a). Flow cytometry for detection apoptotic events
induced by EV peptide formulated with LPH-PEG or LPH-PEG-AA performed. PBS, EE
peptide formulated with LPH-PEG or LPH-PEG-AA as the control treated for apoptosis
study. Apoptosis was detected by annexin V (x-axis) and propidium iodide (PI, y-axis) (b).
Cell cycle arrest of PBS treated H460 cells and those treated with EE peptide formulated
with LPH-PEG-AA, EV peptide formulated with LPH-PEG or LPH-PEG-AA was observed
by FACS analysis. Percentage of cells in sub G0/G1, G0/G1, S and G2/M were determined
after staining with propidium iodide (PI) (c).
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Figure 5.
Distribution of fluorescence labeled EV peptide formulated in LPH in major organs (heart,
lung, spleen, kidney, liver and tumor) was imaged using a Xenogen IVIS imaging system
The LPH was prepared by coating DOTAP liposome on the complexes of EV peptide,
heparin and protamine. LPH-PEG or LPH-PEG-AA was prepared by the inserting of DSPE-
PEG or DSPE-PEG-AA on LPH nanoparticles. Free peptide was injected as the control. (a).
Tissue distribution of EV peptide in mouse organs after intravenously administration of
Alexa-488 labeled peptide formulated with LPH, LPH-PEG or LPH-PEG-AA was
quantified (b). Tumor growth retardation effect of EV (0.36 mg/kg) or EE (0.36 mg/kg)
peptide formulated with LPH-PEG or LPH-PEG-AA in H460 tumor model (b) and dosage
effect of EV peptide formulated LPH-PEG-AA in H460 tumor model (d) was evaluated
after intravenous injection every other d. Doses were 0.36, 0.48, 0.72 and 0.96 mg/kg of EV
peptide formulated with LPH-PEG-AA.. (P value: * < 0.05, ** < 0.001), Mean ± SEM
(n=5).
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Figure 6.
Localization of AIF and caspase-3 by immunohistochemistry in the tumor sections of mouse
treated with EV or EE peptide formulated with LPH-PEG or LPH-PEG-AA. Sections from
mice treated with PBS (a), EE peptide with LPH-PEG (b), EE peptide with LPH-PEG-AA
(c), EV peptide with LPH-PEG (d), EV peptide with LPH-PEG-AA (e) were stained with
AIF or caspase-3 antibody (brown staining). In figure f of lower panel, tumor tissues of mice
intravenously injected with 0.36 mg/kg of Fluorescence-conjugated EV peptide (green)
formulated in LPH-PEG-AA were sectioned and microscopically examined for
fluorescence. 40×
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