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ABSTRACT: Targeted delivery of imaging agents and
therapeutics to tumors would provide early detection
and increased therapeutic efficacy against cancer. Here
we have screened a phage-displayed peptide library to
identify peptides that selectively bind to lung tumor cells.
Evaluation of individual phage clones after screening
revealed that a phage clone displaying the CSNIDARAC
peptide bound to H460 lung tumor cells at higher extent
than other phage clones. The synthetic CSNIDARAC
peptide strongly bound to H460 cells and was efficiently
internalized into the cells, while little binding of a control

CSNIARAC-

4000
3000
2000
1000

b i s i o

Tumor volume(mm?)

03 7T1014161821
Days after treatment

peptide was seen. It also preferentially bound to other lung tumor cell lines as compared to cells of different tumor types. In vivo
imaging of lung tumor was achieved by homing of fluorescence dye-labeled CSNIDARAC peptide to the tumor after intravenous
injection into mice. Ex vivo imaging and microscopic analysis of isolated organs further demonstrated the targeting of CSNIDARAC
peptide to tumor. The CSNIDARAC peptide-targeted and doxorubicin-loaded liposomes inhibited the tumor growth more
efficiently than untargeted liposomes or free doxorubicin. In vivo imaging of fluorescence dye-labeled liposomes demonstrated
selective homing of the CSNIDARAC-liposomes to tumor. In the same context, higher levels of doxorubicin and apoptosis in tumor
tissue were observed when treated with the targeted liposomes than untargeted liposomes or free doxorubicin. These results suggest
that the CSNIDARAC peptide is a promising targeting probe that is able to direct imaging agents and therapeutics to lung tumor.
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B INTRODUCTION

Lung cancer is the leading cause of cancer deaths i in the United
States and worldwide for both men and women.' The high
mortality may be caused by late detection of lung cancer due to
the lack of adequate diagnostic biomarkers and by unsatisfactory
treatment efficiency of conventional chemotherapeutic agents
due to their high degree of cytotoxicity. One promising approach
to improve treatment efficiency is the targeted therapy using anti-
cancer drugs that act on tumor-specific targets. For example, a
small molecule inhibitor of epidermal growth factor (EGF) recep-
tor, such as Gefitinib, has shown promising therapeutic effects in
patients with lung cancer.” However, Gefitinib is effective only in
patients with mutant EGF receptor, and the population of such
patients accounts for only a small portion of the whole popula-
tion of patients with lung cancer,’ limiting the popular use of the
drug.
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In this regard, the targeted delivery of therapeutic agents to
lung tumors would be another promising approach. This may be
achieved by coupling therapeutic agents with targeting probes
such as antibodies, RNA aptamers, and peptides, which direct the
drugs to tumor tissue and thus enhance the therapeutic efficacy.
Both conventional chemotherapeutic agents and novel targeted
therapeutic agents would be available for this purpose. For
example, transferrin or an antibody to transferrin receptor that
is known to be overexpressed in many types of cancer has been
widely used for drug delivery.”> An RNA aptamer against pros-
tate-specific membrane antlgen has been used for directing
nanoparticles to prostate cancer.® A typical example of a peptide
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probe for drug delivery to tumors is the RGD peptlde that binds
to awvf3 integrin of tumor endothehal cells.” Octreotide, an
octapeptide analogue of somatostatin,® has also been used for
diagnosis, radlonuchde therapy, and drug delivery to neuroendo-
crine tumors.”” "' When compared to antibodies, peptides appear to
have advantages as a targeting probe for both imaging and drug
delivery. They have smaller sizes and better tissue penetration than
antibodies, and coupling therapeutics or unagmg agents with
peptides is ea51er than that with antibodies."”

Currently, '*F-labeled fluorodeoxyglucose (FDG)-positron
emission tomography (PET) imaging is used for the detection
of cancer, which is based on the increased glucose utilization of
cancer cells. FDG-PET imaging is very sensitive at cancer detec-
tion. However, FDG uptake is relatively nonspecific, since it is
also increased in inflammatory lesions. To overcome this limita-
tion, imaging probes that are specific to target cells or molecules
in tumor microenvironment are required. In this regard, peptide
probes that can selectively bind to targets in tumor tissue would
be useful tools for molecular imaging and early detection of
cancer. Monomerlc or multimeric RGD peptide, for example, has
been labeled with '*F and employed for the imaging of tumor
angiogenesis.>'*

Phage display has successfully selected peptides that are spe-
cific for molecular signatures or biomarkers at tumor tissue and
tumor vasculature. In vivo screening that involves intravenous
administration of phage libraries has identified peptides that
home to diverse pathologic tissues such as cancer," tumor blood
vessels,” and ischemic cerebral cortex.'® Ex vivo screening that
involves the binding of phages to primary tissues has identified
peptides that specifically bind to the target tissue, such as dys-
plastic colon mucosa.'” Moreover, in vitro screening that involves
the binding of phages to cultured cells has identified peptldes that
are specific to tumor cells, such as bladder tumor cells,'® lung
tumor cell,'”*® and glioma cells.”!

In this study, we describe the identification of a lung tumor
cell-binding peptide using in vitro screening of phage-displayed
peptide library and its application to both in vivo imaging and
targeted drug delivery to lung tumor.

B MATERIALS AND METHODS

Cell Lines and Cell Cultures. H460 cells, A549 cells, H226
cells, and SNU484 cells were grown in RPMI-1640 medium con-
taining 10% fetal bovine serum (FBS). MBA-MD231and HT29
were grown in Dulbecco’s modified Eagle’s medium (DMEM)
containing 10% FBS. BEAS-2B cells were grown in DMEM/F12
containing 10% FBS.

Biopanning of a Phage-Displayed Peptide Library. A T7
phage library displaying CX,C (C, cysteine; X, any amino acid)
random peptides (Novagen, Madlson, WI, USA) was used for
biopanning. H460 cells (1 x 10° cells) were seeded onto a well/
6-well plate and allowed to grow overnight. Cells were blocked
at 37 °C for 30 min with RPMI-1640 medium containing

% bovine serum albumin (BSA). The phage library at 1 x
10° plaque forming units (pfu) was incubated with cells at 4 °C
for 1 h. After removing unbound phages with phosphate-buffered
saline (PBS) containing 1% BSA, cell-bound phages were eluted
by 1% NP-40 lysis solution and BL21 bacteria culture. Eluted
phages were amplified and subjected to consecutive rounds of
biopanning. After four rounds, forty-seven phage clones from the
third and fourth rounds were randomly picked. Their peptide-
coding DNA inserts were amplified by PCR and sequenced.

Fluorescein isothiocyanate (FITC)-conjugated peptides were synthe-
sized using a standard Fmoc method (Peptron Inc., Daegeon, Korea)

Phage Cell-Binding Enzyme-Linked Immunosorbent As-
say (ELISA). Cells (1 x 10* cells) were seeded in a well/96-well
plate and allowed to grow overnight. Cells were blocked with a
medium containing 1% BSA at 4 °C for 30 min. Individual phage
clones (1 x 10” pfu) were added and incubated at 4 °C for 1 h.
The cells were washed with PBS and incubated with anti-T7-
horse radish peroxidase antibody (Novagen) at room tempera-
ture for 1 h. The cells were washed with PBS and incubated with
the Turbo-TMB (Pierce, Rockford, IL, USA) enzyme substrate
at room temperature for 15 min. Reaction was terminated by
adding 2 M H,SO, and measured with a microplate reader at 450
nm wavelength.

Immunofluorescence Assays of Peptide Binding and In-
ternalization. Cells were plated at 1 x 10" cells onto a well/
8-well chamber slide. After overnight culture, cells were blocked
with a culture medium containing 1% BSA at 37 °C for 30 min and
then incubated with a FITC-conjugated peptide in serum-free
culture medium at 37 °C for 1 h. After washing, cells were fixed with
4% paraformaldehyde and incubated with 4',6'-diamidino-2- phe-
nylindole (DAP], Sigma-Aldrich, St. Louis, MO, USA) for nuclear
staining. The chamber slides were mounted with Antifade reagent
(Invitrogene, Carlsbad, CA, USA) and visualized under a fluor-
escent microscope (Zeiss, Oberkochen, Germany).

Flow Cytometry Analysis of Peptide Binding. Cells were
grown to 70% to 80% confluence, harvested, and suspended in
culture medium. Cells were incubated with culture medium con-
taining 1% BSA at 37 °C for 30 min for blocking and then with a
FIT C-conjugated peptide in serum-free medium at 37 °C for 1 h.
After washing with PBS, cells were subjected to flow cytometry
(BD Bioscience, San Jose, CA, USA).

In Vivo and ex Vivo Fluorescence Imaging of Peptide
Homing and Immunohistochemistry. All animal experiments
were approved by Kyungpook National University Ammal
Experiment Ethics Committee. H460 tumor cells (S x 10° cells)
were subcutaneously injected into the right flank of 5 week-old
BALB/c nu/nu female mice. Tumor-bearing mice were injected
via tail vein with 200 nanomoles of peptide in PBS. In vivo fluo-
rescence images were taken using Optix imaging system (ART
Inc., Montreal, Canada). After 2 h of incubation, tumor and organs
were isolated, and ex vivo fluorescence images were taken using
Optix. After taking imaging, tumor and organs were fixed with 4%
paraformaldehyde for 2 h and frozen for cryosection. Tissue sli-
des were incubated with a mounting medium containing DAPI for
nuclear staining and observed under a fluorescence microscope.

Preparation of Peptide-Labeled Liposomal Doxorubicin.
Egg L-a-phosphatidylcholine (PC), egg L-O-phosphatidyl-pL-
glycerol (PG), 1,2-diacyl-sn-glycero-3-phosphoethanolamine-N-
[methoxy(polyethylene glycol)-2000] (mPEG;000-DSPE), 1,2-
distearoyl-sn-glycero-3-phosphoethanolamine-N-[maleimide-
(polyethylene glycol)2000] (maleimide-PEG,0o-DSPE) and
1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) were
purchased from Avanti Polar Lipids (Alabaster, AL, USA). Fif-
teen micromoles of peptide was dissolved in water at room tem-
perature. Dithiothreitol (DTT) was added into the peptide solu-
tion at a concentration of 1 mM and stirred for 1 h. Maleimide-
PEG000-DSPE was dissolved in dimethyl sulfoxide, added into
the reaction mixture and then stirred at 4 °C for 16 h in the
presence of DTT. The reaction mixture was placed in a rotary
evaporator to remove the solvent, and then ethyl acetate was
added. The residue was purified by dialysis against water. The
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Figure 1. Screening of a phage library for peptides that bind to H460
lung tumor cells. (A) A T7 phage-displayed peptide library was
incubated with H460 cells. Cell-bound phages were recovered, ampli-
fied, and used for the next round of selection. Bars represent the fold
enrichment of phage titer at each round relatively over the titer at the
first round. (B) Phage cell-binding ELISA. Individual phage clones were
incubated with H460 cells. Cell-bound phages were detected with
peroxidase-conjugated antiphage antibody. Bars represent the absor-
bance at 450 nm of each phage clone as mean & SD of data obtained
from two separate experiments performed in triplicate. (C) Three phage
clones (4R9, 4R17, and 4R22) were incubated with the indicated cells.
Binding of each phage clone was measured by the phage cell-binding
ELISA. Bars represent the absorbance at 450 nm of each phage clone as
mean £ SD of data obtained from two separate experiments performed
in triplicate.

purification resulted in the formation of peptide-PEG,(0o-DSPE
as a colorless viscous oil.

For the preparation of Cy7.5 near-infrared fluorescence dye-
labeled liposomes, 15 umol of Cy7.5 hydroxysuccinimide was
dissolved in water and added into dimethylformamide dissolving
DOPE at room temperature. The mixture was stirred for 16 h,
and the solvent was completely removed by evaporation. Ethyl
acetate was added to the mixture for washing. The crude residue
was purified by column chromatography. The purification re-
sulted in the formation of Cy7.5-DOPE as a green viscous oil.

Liposomes were prepared by a multilamella vesicle method
with a slight modification. For the preparation of liposome solu-
tion, PC, PG, cholesterol, DOPE and peptide-PEG,00o-DSPE
were dissolved at a molar ratio of 5:5:5:0.1:0.2 in chloroform. PG
was used for negative surface charge of liposomes. The lipid mix-
tures were placed in a rotary evaporator under reduced pressure
to remove the chloroform, which resulted in the formation of

Table 1. Phage-Displayed Peptide Sequences Selected for
Binding to H460 Lung Tumor Cells

phage clone peptide sequence
3RS CDPSRGKNC
4R24 CPSDLKDAC
4R4 CRTTRGTKC
4R8 CRMTRNKPC
4R17 CRVSRQNKC
4R9 CAKIDPELC
4R22 CSNIDARAC
3R14 CGGERGKSC

thin lipid films. The films were hydrated with 20 mM 4-(2-
hydroxyethyl)-1-piperazineethanesuffonic acid (HEPES) buffer,
pH 7.4, by vortexing. The resulting multilamellar vesicles were
sized by repeated extrusion through polycarbonate membrane
filters with the pore size of 200 nm. To load doxorubicin into the
negatively charged liposomes, 500 utg of doxorubicin was mixed
with 1 mL of the liposome solutions (PC:PG:cholesterol:DOPE:
peptide-PEG-DSPE = 5:5:5:0.1:0.2 ¢mol/mL). Doxorubicin,
which has a positive charge at pH 7.4 due to its primary amine
group, was complexed onto the surface of negatively charged
liposomes by electrostatic interaction. Excess amount of doxor-
ubicin was removed by gel filtration through a Sephadex G-25 M
column (GE Healthcare, Piscataway, NJ, USA).

Antitumor Therapy with Liposomal Doxorubicin, Doxor-
ubicin Distribution, Tunel Staining, and in Vivo Imaging of
Liposome Homing. Mice bearing a subcutaneous tumor were
intravenously (iv) treated with HEPES buffer, doxorubicin, lipo-
somal doxorubicin (Lipo-Dox), peptide-conjuaged Lipo-Dox (2
mg of doxorubicin/kg body weight, iv injection, twice a week for
total 7 times). Tumor volumes were calculated using the follow-
ing equation: length x (width)* x 0.52. Body weights were mea-
sured twice a week during the treatment period.

The distribution of doxorubicin in tumor tissue was examined
using its autofluorescence (excitation 530—560 nm/emission
573—647 nm). Analysis of tissue apoptosis was conducted by
staining tissues with a modified terminal deoxynucleotidyl-trans-
ferase mediated UTP end labeling (TUNEL) and rhodamine
conjugated antidigoxigenin antibody (Chemicon, Billerica, MA).
Tissue sections were incubated with a mounting solution and
observed under a fluorescent microscope.

For imaging of liposome homing to tumor, a 100 4L solution
of Cy7.5-labeled liposomes without doxorubicin was injected
into tumor-bearing mice. After circulation for the indicated time
period, in vivo near-infrared fluorescence images were taken using
Optix explore.

B RESULTS

Screening of a Phage Library for Peptides That Selectively
Bind to Lung Tumor Cells. A T7 phage library containing CX7C
random peptides was screened in vitro to enrich phages that bind to
H460 cells (a human large cell lung carcinoma cell line). After four
rounds of screening, the phage titer was enriched approximately by
600-fold as compared to the first round (Figure 1A). Forty seven
phage clones were randomly picked from the third and fourth
rounds, and the peptide-coding DNA inserts of the phage clones
were sequenced. After analysis of the peptide sequences, eight
phage clones (3RS, 3R14, 4R4, 4R8, 4R9, 4R17, 4R22, and 4R24)
were chosen for further evaluation (Table 1).

432 dx.doi.org/10.1021/mp1002669 [Mol. Pharmaceutics 2011, 8, 430-438
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Figure 2. In vitro binding of the CSNIDARAC peptide to tumor cells and internalization. (A) Binding assays. A 10 #M solution of FITC-conjugated
CSNIDARAC or control peptide (green) was incubated with H460 lung tumor cells at 4 °C for 1 h and then with DAPI (blue) for nuclear staining. Scale bars: S0
um. (B) Binding of FITC-conjugated TDSILRSYDWTY and MTVCNASQRQAHAQATAVSL peptides (10 M) to H460 cells. Magnifications, x400. (C)
Internalization assays. FITC-conjugated CSNIDARAC peptide (S, 10, and 20 M) was incubated with H460 cell at 37 °C for 1 h and observed under a confocal
microscopy. Magnifications, X 200. (D) Z-Section scanning of a confocal microscopic image, along the direction indicated as an arrow, was taken to examine the
intracellular location of FITC-SNIDARAC peptide (10 4M, Left panel). The fluorescence intensity of FITC (green) and DAPI (blue) were shown as a function
of distance (#m) (Right panel). Note that the CSNIDARAC peptide is located in the cytoplasm and nucleus. Magnification, x 800. (E) Flow cytometry. FITC-
conjugated CSNIDARAC or control peptide (20 M) was incubated at 4 °C for 1 h with different types of tumor cells in suspension. Cells (H460, AS49, and
H226, lung tumor; SNU484, stomach tumor, MDA-MB231, breast tumor; HT29, colon tumor) were then subjected to flow cytometry analysis of peptide
binding. Bars represent the percent number of fluorescent cells bound with the peptide as mean & SD of data obtained from three separate experiments.
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The cell binding of the individual phage clones was evaluated
by phage cell-binding ELISA. Of the eight clones, three phage
clones (4R9, 4R17, and 4R22) showed higher binding to H460
cells than other phage clones (Figure 1B). Furthermore, the
4R22 phage clone showed preferential binding to H460 cells over
SNU484 cells (a human stomach adenocarcinoma cell line) and
BEAS-2B cells (a human normal bronchial epithelial cell line) as
compared to the 4R9 and 4R17 phage clones (Figure 1C).

In Vitro Binding of the CSNIDARAC Peptide to Lung Tumor
Cells. To investigate the cell binding of the CSNIDARAC
peptide that is displayed on the 4R22 phage clone, it was syn-
thesized and conjugated with a green fluorescent FITC dye at the
amino terminus. Immunofluorescence analysis demonstrated
that the FITC-conjugated CSNIDARAC peptide strongly bound
to H460 cells, while little binding was observed with the FITC-
conjugated NSSSVDK control peptide, a sequence present in the
phage coat protein (Figure 2A). Two previously described pep-
tides, MTVCNASQRQAHAQATAVSL'® and TDSILRSYDW-
TY,*® also bound to H460 cells at a similar binding activity with
the CSNIDARAC peptide (Figure 2B). More interestingly, the
CSNIDARAC peptide was efficiently internalized into H460
cells within 1 h in a dose-dependent manner (Figure 2C). It was
then distributed through the cytoplasm and nucleus, as shown by
the Z-section scanning of the cells using a confocal microscope
(Figure 2D).

Next, the binding of the CSNIDARAC peptide to H460 cells
versus different types of tumor cells was measured by flow cyto-
metry analysis. The percentage of the CSNIDARAC peptide-
bound H460 cells was 62 & 10% (Figure 2E). In addition, the
percentages of the CSNIDARAC peptide-bound AS549 cells (a
human lung adenocarcinoma cell line) and H226 cells (a human
lung squamous carcinoma cell line) were 35 £ 13% and 35 +
28%, respectively (Figure 2E). On the other hand, the percen-
tages of CSNIDARAC peptide-bound SNU484 cells, MDA-MB-
231 cells (a human breast adenocarcinoma cell line), and HT29
cells (a human colon adenocarcinoma cell line) were 19 =+ 5%,
16 £ 7%, and 14 £ 13%, respectively (Figure 2E). These results
indicate that the binding of the CSNIDARAC peptide to other
types of tumor cells is relatively weak when compared to the bin-
ding to lung tumor cells.

In Vivo Imaging of Tumor by Homing of the CSNIDARAC
Peptide to Lung Tumor. It was important to determine whether
the CSNIDARAC peptide homes to lung tumor and allows the
in vivo detection and imaging of the tumor. In vivo fluorescence
imaging of tumor site demonstrated that much higher levels of
fluorescence signals were detected 1 h after intravenous injection at
the H460 tumor of mice injected with the FITC-SNIDARAC pep-
tide than with the FITC-control peptide (Figure 3A, right panels).
Ex vivo examination of tumors further demonstrated higher levels
of fluorescence signals at the tumor of mice injected with the
CSNIDARAC peptide than the control peptide (Figure 3B).
Minimal levels of fluorescence signals were observed at the liver,
lung, spleen, and heart (Figure 3B), suggesting that the nonspecific
homing of the peptide to other organs, including normal lung
tissues, is negligible. However, strong florescence signals were
detected in the kidney of mice injected with either the CSNI-
DARAC or control peptide at 2 h after injection (Figure 3B),
suggesting the excretion of peptides out of the body through the
urine.

Consistent with the findings of in vivo and ex vivo imaging,
histological examination of frozen sections of tissue demonstra-
ted that the CSNIDARAC peptide was abundantly localized at

Intensity(NC)
1.8e4003

FITC-CSNIDARAC

FITC-Control

=

Tumor leer Splee

O Lung ol Heart

Zz

= ” by

-

%2 Infensity(NC)
Ll)g ' 5e400)
Vs

EE . . ' .1759475
=

= 90 . ' (o

Se

Qs

Le

“Qui@ege

_—

E‘E

Figure 3. Invivo imaging of lung tumor by homing of the CSNIDARAC
peptide to tumor. (A) FITC-conjugated CSNIDARAC or control
peptide was intravenously injected into mice bearing H460 tumor.
In vivo fluorescence images were taken 1 h after circulation of each
peptide (right panels). Light images were taken before injection,
and dotted circles indicate the location of tumor (left panels). (B) Light
and ex vivo fluorescence and images of tumors and organs that were
isolated from mice after 2 h circulation of each peptide. Scale bars
indicate the normalized fluorescence intensity (NC).

tumor tissue (Figure 4A and C), while the control peptide was
little detected (Figure 4B). Moreover, the levels of the CSNI-
DARAC peptide at control organs such as the liver, lung, and spleen
were minimal (Figure 4D—F).

The CSNIDARAC Peptide-Targeted Delivery of Liposomal
Doxorubicin to Lung Tumor. In order to examine whether the
CSNIDARAC peptide can enhance the delivery of nanoparticle
therapeutics to lung tumor, the peptide was conjugated to the
terminal —OH groups on PEGylated (1.3 mol % of total lipids)

dx.doi.org/10.1021/mp100266g |Mol. Pharmaceutics 2011, 8, 430-438
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Figure 4. Histologic analysis of the CSNIDARAC peptide homing.
Tumors and organs were isolated from mice after 2 h circulation of
FITC-conjugated CSNIDARAC or control peptide. Sections of frozen
tissues were incubated with a mounting medium containing DAPI for
nuclear staining and observed under a fluorescence microscope (A, B
and D—F) and confocal microscope (C). (A, C) FITC—CSNIDARAC
peptide (green) at tumor tissue and DAPI (blue). (B) FITC-control
peptide (green) at tumor tissue and DAPI (blue). FITC—CSNIDARAC
peptide at the liver (D), lung (E), and spleen (F). Scale bars: 50 um. (C)
Magnifications: x400.

liposomal doxorubicin (Lipo-Dox) using PEG as a spacer or
linker (particle diameter, 200 nm). When intravenously adminis-
tered into H460 lung tumor-bearing mice, the CSNIDARAC
peptide-targeted Lipo-Dox inhibited tumor growth more effi-
ciently than untargeted Lipo-Dox and free doxorubicin given at
the equivalent dose of doxorubicin (2 mg/kg body weight;
Figure SA). Body weights of untreated and treated groups were
not significantly changed by the treatment (Figure SB).

To examine the in vivo homing of the peptide-directed lipo-
somes (drug carrier) to tumor, they were labeled with the Cy7.5
near-infrared dye and then intravenously injected into tumor-
bearing mice. Whole body scanning of chest and abdomen at 2 h
after injection revealed that higher levels of fluorescence signals
were observed at tumor of mice treated with the CSNIDARAC-
targeted liposomes than with untargeted liposomes (Figure SC,
right panels).

Next, it was examined whether the delivery of doxorubicin
(payload) and the subsequent apoptosis of tumor cells were
actually enhanced by the targeting of liposomal doxorubicin to
tumor. Fluorescence microscopic analysis of tumor tissues at the
end of treatment demonstrated that the amount of doxorubicin,
determined by its autofluorescence level, was higher at tumor

tissue of mice treated with the CSNIDARAC-targeted Lipo-Dox
than with untargeted Lipo-Dox or free doxorubicin (Figure SD).
In the same context, the levels of apoptosis, measured by TUNEL
staining, were higher in tumor tissue treated with targeted
liposomes than with untargeted liposomes or free doxorubicin
(Figure SE). Little apoptosis, on the other hand, was observed
in the liver tissue as a control organ when treated with the
CSNIDARAC-targeted Lipo-Dox (Figure SE).

H DISCUSSION

Using a phage displayed-peptide library, we identified the
CSNIDARAC peptide that was able to bind to lung tumor cells,
such as H460, A549 and H226 cells. Its binding was preferential
to lung tumor cells, since weak binding was observed with other
types of tumor cells such as stomach, breast, and colon tumor
cells. In vivo imaging signals were detected at lung tumor of mice
by homing of the fluorescent CSNIDARAC peptide. The label-
ing of CSNIDARAC peptide as a targeting probe on PEGylated
liposomal doxorubicin was able to enhance its antitumor ther-
apeutic efficacy compared to free doxorubicin and untargeted
liposomal doxorubicin. These findings show that the CSNIDAR-
AC peptide is a promising targeting probe for imaging and drug
delivery to lung tumor.

Lung cancers are divided into small cell lung cancer and non-
small cell lung cancer. Non-small cell lung cancer is further
divided into adenocarcinoma (e.g, AS49 and CL1—S5 cells), squa-
mous cell carcinoma (e.g.,, H226 cells), and large cell carcinoma
(e.g, H460 cells). Peptides that preferentially bind to lung
adenocarcinoma cells have been previously described. For ex-
ample, the TDSILRSYDWTY peptide was isolated for binding to
CL1—S5 cells.”® When labeled on liposomes, it enhanced the deli-
very of liposomal doxorubicin to lung tumor and increased its
antitumor growth activity. Another example is the MTVCNA-
SQRQAHAQATAVSL peptide that was identified as binding to
AS349 cells."” Although the previously described peptides were
selected for binding to CL1—S5 or A549 adenocarcinoma cells
and there was no homology in sequence compared to the
CSNIDARAC peptide, we observed that all of them were able
to bind to H460 large cell carcinoma cells with a similar binding
activity. Peptides with similar targeting behavior but containing
different sequences might be identified depending on the cell
type and phage library used for screening. They may bind to
different receptors or recognize different epitopes in the same
receptor on target cells. It may be interesting to examine whether
a multimeric ligand composed of the three different peptide
sequences would show an enhanced, synergistic targeting activity
to lung tumor than a multimeric ligand composed of only one
type of peptide sequence.

PEG-conjugated liposomal doxorubicin has several advan-
tages over free doxorubicin. The primary advantage of PEGylated
liposomal doxorubicin in cancer treatment is the reduction of
cardiotoxicity, which is the main side effect of doxorubicin.>***
This led Doxil, a representative example of PEGylated liposomal
doxorubicin, to be approved for the treatment of cancer such as
AIDS-related Kaposi’s sarcoma and ovarian cancer.” Second, it
can circulate through the bloodstream for 100 times longer than
free doxorubicin (halflife: 84 and 0.8 h, respectively).”* This
longer circulation of nanoparticles may enhance the accumula-
tion of drugs into tumor and thus increase therapeutic efficacy.
Third, nanoparticle carriers may be entrapped within the tumor
tissue due to the EPR (enhanced permeability and retention)

dx.doi.org/10.1021/mp100266g |Mol. Pharmaceutics 2011, 8, 430-438
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Figure 5. The CSNIDARAC peptide-targeted delivery of liposomal doxorubicin to lung tumor. (A) Mice bearing a tumor (approximately 3 mm in
diameter) were treated by the intravenous injection of HEPES buffer, free doxorubicin (Dox), liposomal doxorubicin (Lipo-Dox), and the
CSNIDARAC-labeled Lipo-Dox (2 mg of doxorubicin/kg body weight at days indicated as arrows for total 7 times). Data represent tumor volumes
as mean &+ SD (n = §). *, P < 0.0S by Student’s t-test. (B) Body weights in grams of mice studied in (A). (C) Cy7.S-labeled liposomes were
intravenously injected into tumor-bearing mice and in vivo near-infrared fluorescence images were taken 2 h after circulation of liposomes (right
panels). Light images were taken before injection, and dotted circles indicate the location of tumor (left panels). A scale bar indicates the normalized
fluorescence intensity (NC). (D) Tumors in panel A were isolated and the distribution of doxorubicin in tumor tissue treated with the indicated
agents was examined using the autofluorescence of doxorubicin. (E) TUNEL staining of tumor tissues and the liver tissue treated with the indicated

agents. Magnifications, X200.

effect and then be taken up into tumor cells by endocytosis, over-
coming the efflux pump-mediated multidrug resistance, or MDR,
common to many tumor cells.”**

On top of that, the therapeutic efficacy of liposomal doxorubi-
cin can be further increased by conjugating targeting ligands on
their surface. It has been suggested that the key role of targeting
ligands is to enhance the internalization of nanoparticles into
cells.***” In general, PEGylation of about 5—20 mol % of total
lipids has been used to achieve long blood circulation of lipo-
somes.”®*” In this study, however, we used a low mol % (1.3 mol
% of total lipids) of PEG as a spacer molecule to minimize the
interaction of the targeting peptide probe with the surface of
liposomes, rather than to confer the long-circulating property.
In vivo imaging of fluorescent liposomes demonstrated that the
accumulation of the CSNIDARAC-directed liposomes, but not

untargeted liposomes, at tumor was already remarkable 2 h after
circulation. This was much earlier than expected for the accu-
mulation of nanoparticles due to the EPR effect at tumor tissue,
which takes about 6 h or longer to peak.”® In the same context
with the low levels of accumulation at tumor, we observed that
the untargeted liposomal doxorubicin had a minimal level of
antitumor activity, which was similar to that of an equivalent dose
of doxorubicin alone. It remains a future direction to establish the
relationship between the mol % of the CSNIDARAC peptide—
PEG conjugate and the therapeutic efficacy. When peptide ligands
are conjugated via a PEG spacer to the surfaces of nanoparticles,
they tend to be protected from proteolysis, while free peptides
tend to be easily degraded by proteases.”’ Moreover, multiple
peptides could be displayed on each nanoparticle, and this may
enhance the targeting activity of the nanoparticles, even when a
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peptide ligand with a low affinity is used (multivalency effect).”
Taken together, peptide-guided liposomal doxorubicin would be
a promising approach for drug delivery and antitumor therapy.

Phage display may play a role as a platform technology for
identifying ligand mimetics and biomarkers on cell surfaces. For
example, the CRGRRST peptide that was selected for homing to
blood vessels of pancreatic islet tumors was shown to share the
RGRRS motif with platelet-derived growth factor-B (PDGF-B)
and to bind to PDGF receptor-beta on endothelial cells.*® Pro-
tein database search of the CSNIDARAC sequence reveals pro-
teins that contain homologous motifs. It is homologous, for
example, with the ***CSDID®*’* sequence of human EGF that
plays an important role for cell proliferation via binding to EGF
receptor. EGF is a polypeptide of 53 amino acids, which is deri-
ved by proteolytic cleavage of pre-proEGF between the residue
971 and 1023.** In order to better understand how the CSNI-
DARAC peptide can target lung tumor cells, it remains to identify
its cognate receptor on the surface of the cells. The receptor may
be either a known protein overexpressed on lung tumor cells
(e.g, EGF receptor) or a novel protein (or biomarker) with an
unknown function.

Early detection of lung cancer is still a major challenge. It
remains to be determined whether CSNIDARAC peptide-
guided PET and magnetic resonance (MR) imaging can enhance
imaging signals and provide earlier detection of lung cancer than
conventional, untargeted imaging. It is expected that the peptide-
guided imaging agents will penetrate into lung tumor tissues
faster than antibody-guided agents. Moreover, multifunctional
nanoparticles equipped with drugs (small molecules or siRNA),
imaging agents (fluorescence, PET, and MR), and the CSNI-
DARAC peptide as a targeting moiety may be useful for thera-
nostic strategy (therapy combined with diagnosis).
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