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Abstract

Filamentous phage as a bacteria-specific virus can be conjugated with an anti-cancer drug and has
been proposed to serve as a carrier to deliver drugs to cancer cells for targeted therapy. However,
how cell-targeting filamentous phage alone affects cancer cell biology is unclear. Phage libraries
provide an inexhaustible reservoir of new ligands against tumor cells and tissues that have
potential therapeutic and diagnostic applications in cancer treatment. Some of these identified
ligands might stimulate various cell responses. Here we identified new cell internalizing peptides
(and the phages with such peptides fused to each of ~3900 copies of their major coat protein)
using landscape phage libraries and for the first time investigated the actin dynamics when
selected phages are internalized into the SKBR-3 breast cancer cells. Our results show that phages
harboring VSSTQDFP and DGSIPWST peptides could selectively internalize into the SKBR-3
breast cancer cells with high affinity, and also show rapid involvement of membrane ruffling and
re-arrangements of actin cytoskeleton during the phage entry. The actin dynamics was studied by
using live cell and fluorescence imaging. The cell-targeting phages were found to enter breast
cancer cells through energy dependent mechanism and phage entry interferes with actin dynamics,
resulting in reorganization of actin filaments and increased membrane rufflings in SKBR-3 cells.
These results suggest that, when phage enters epithelial cells, it triggers transient changes in the
host cell actin cytoskeleton. This study also shows that using multivalent phage libraries
considerably increases the repertoire of available cell-internalizing ligands with potential
applications in targeted drug delivery, imaging, molecular monitoring and profiling of breast
cancer cells.
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1. Introduction

Breast cancer is one of the most serious death-causing diseases among women.
Identification and understanding the detailed mechanism of new breast cancer cell
internalizing peptides is potentially beneficial for clinical improvements of cancer imaging
and therapy 1. Recently, the search for new cell-penetrating peptides has been very active as
they can assist in delivering molecules to a variety of cells. Earlier studies on tat protein
from HIV-1 and antennapedia homeodomain from drosophila showed that short proteins and
peptides can cross the plasma membrane through translocation process and enter the cells 2.
However, cell-penetrating peptides are limited in applications bytheir lack of specificity to a
particular cell type 3. Such limitation has led the scientists to search for new cell-
internalizing peptides that can show specific binding affinity towards a target cell. The cell-
targeting peptides specific to a particular cell type can be taken into the cells through initial
electrostatic interactions between their amino acids and plasma membrane components and
internalized through endocytosis or energy independent mechanisms 4. Arginine-glycine-
aspartic acid (commonly known as RGD) is one of the most extensively studied cell-
targeting peptides 5 and its derivatives, such as galacto-RGD, have already been used in
therapeutic assays 5. Phage particles displaying cyclic peptide RGDAC can bind surface
integrins and be effectively internalized into cells 6. Recently, the heptapeptide LTVSPWY
was identified as a potential cell-targeting peptide against the erbB2 receptor 7. However,
there is a need for more diverse repertoire of the cell-recognizing peptides that can help in
diagnosis and treatment of breast cancer and other tumors. Development and understanding
of new short peptide ligands that can specifically recognize the cancer cells could facilitate
the design of cell-targeting nanomedicines for breast cancer diagnosis and treatment.

Dynamic actin reorganization during cell migration and other physiological processes plays
an important role in both normal and metastatic cells 8. Actin, a 43 Kda cytoskeletal protein
plays a significant role in maintaining cell structure and migration 9. Several proteins are
associated with polymerization and depolymerization of actin during cell migration 10.
Previous /n vitroand /n vivo studies have highlighted the importance of actin cytoskeleton
and its binding proteins in breast cancer development 1, 11. The polymerization of actin
near the cell surface is usually dependent on the signals from the surrounding matrix to
further stimulate actin assembly. Foreign bodies such as pathogens may modify actin or
actin binding proteins, rendering cell signaling pathways leading to actin rearrangements.
Since actin plays a vital role in reshaping the plasma membrane during various cell
internalization processes such as phagocytosis, macropinocytosis, clathrin and caveolae
mediated endocytosis 12, we are interested in understanding the role of actin dynamics
during filamentous phage internalization. Even though earlier studies showed the link
between the actin cytoskeleton and endocytosis process 12d, 13, to the best of our
knowledge, there have been no reports showing the actin dynamics when a filamentous virus
enters mammalian epithelial cells. The goal of this part of the study is to initiate more
detailed research in this area to further our understanding of cell-phage interaction before the
clinical significance of filamentous phage therapy is worked out.

Phage display has been previously demonstrated to be a powerful approach for the selection
of short cell-targeting and/or internalizing ligands 14. The principles and applications of
phage display for studying protein-ligand interactions were reviewed elsewhere 15. Here we
used landscape phage library — a multibillion collection of phages with random octamers
fused to each of the ~3900 copies of the major coat protein (called pVIII) (supplementary
information, Figure S1) to select new cell internalizing phages against SKBR-3 cells. The
multivalent display of the binding peptides on the side walls of landscape phage
dramatically increases the affinity of peptide-cell interaction because of avidity effect and
increases a repertoire of selected binding clones 16. Furthermore, the fusion pVIII protein
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comprises a dominant fraction (~95%) of viral mass and can be directly converted into
specifically targeted drug- and gene-delivery vehicles 17. The general strategy of the
selection of cell-internalizing peptides by using a landscape phage library is outlined in
Figure 1 and the detailed selection procedure is described in supporting information. Once
the phage was identified, we investigated the role of actin in internalization of phage in
SKBR-3 breast cancer cells. We studied actin organization in SKBR-3 cells using live cell
imaging and confocal fluorescence imaging where actin filaments were labeled with
rhodamine-conjugated phalloidin. Since the SKBR-3 cells are known to overexpress ErbB2
receptors 18, we believe this might be one of the preferred targeting sites for selected phage.
The newly identified sequences were compared with natural protein ligands that bind to
ErbB receptors and anti-ErbB2 antibody (Table 2 & 3). We propose a hypothetical model
which shows the involvement of actin in phage internalization in breast cancer cells based
on our study (Figure S1).

2. Experimental Section

2.1. Selection of SKBR3 breast cancer cell-targeting peptides from a landscape phage

library

2.1.1 Landscape phage library and cells—We used an 8-mer landscape phage display
library (called f8/8) in our selection experiments. 19 The detailed information about the
library construction was described elsewhere. Random peptides in this library are fused to
N-terminus of the major coat protein pVI1II of fd-tet bacteriophage, so that each landscape
phage virion displays a unigue 8-mer random peptide on each of the 3900 copies of pVIII.
The human breast carcinoma SKBR-3 (HER positive) cells were obtained from the
American Type Culture Collection (ATCC, Rockville, MD). As a control we used normal
breast MCF-10A (HER negative) cells purchased from ATCC.

2.1.2 Cell culture—The target SKBR-3 cells and control MCF-10A cells were cultured in
25 cm? culture flask containing McCoys 5A modified medium and Dulbecco’s modified
Eagles medium, respectively, supplemented with 10% ( v/v) fetal bovine serum, 11.2 pg/L
penicillin, 11.2 pg/L stepromycin, and 11.2 pg/L ampicillin. The cells were incubated at
37°C with 5% CO5 and the cell culture medium was changed once every two days until the
cells reached 90% confluence. The cells were harvested for 5 min incubation at 37°C with a
0.25% trypsin, 1 mM EDTA solution followed by centrifugation at 2100 rpm for 5 min. The
cell pellet was dissolved in 5 ml of medium and cell count was determined.

2.1.3 Preparation of the bacterial host starved cells—A fresh loop of £. Co/i K91
BlueKan cells was inoculated into three test tubes containing 2 ml NZY/Kanamycin (100 pl/
ml) in each tube. The tubes were incubated in a shaking incubator at 220 rpm, 37°C
overnight. 300 .l of overnight cultures were transferred into a 300 ml flask containing 20 ml
NZY medium. The flask was incubated at 220 rpm, 37° C until ODggg =0.45, followed by
gentle shaking (50 rpm) for additional 8 min. The cells in the sterile tube were then
centrifuged at 2000g for 10 min at 4°C. The supernatant was discarded and the cells were
gently re-suspended in 20 ml of 80 mM NaCl solution. The re-suspended solution was then
gently shaken at 50 rpm for 45 min, followed by centrifugation as above. The cell pellet was
re-suspended in 1 ml of cold sodium ammonium phosphate buffer (NAP buffer) (80 mM
NaCl, 50 mM NaH4PO,4 pH=7.0 adjusted with NH4OH) and stored in a refrigerator.

2.1.4 Affinity selection of SKBR-3 cell-binding phage clones—The affinity
selection procedure is shown in Figure 1 with a slight modification of our previous protocol.
14 Briefly, the f8/8 landscape phage library (~1x1011 virions containing 1x10° unique
clones) was first incubated with empty 25 cm? culture flask at 37°C for 1 h to remove the
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phages that specifically bound to the culture flask. This process is known as depletion. The
resultant depleted library was then used as an input library to the culture flask containing the
control MCF-10A cells (HER negative cells). This process is known as negative selection,
which was performed to remove phage that binds to the receptors of healthy cells and
increase a portion of the phage binding to target SKBR-3 cancer cells. The depleted phage
library was transferred to the flask with target SKBR-3 cancer cells (HER positive cells),
and incubated at room temperature for 1 h. The flask was washed 10 times with bovine
serum albumin (BSA)/Tween washing buffer to remove the unbound phages. The cell
surface bound phages were eluted from the culture flask with 800 I of low pH elution
buffer (0.1N HCI, 1 mg/ml BSA and pH adjusted to 2.2 with glycine) for 10 min. The eluate
was transferred into a 1.5 ml Eppendorf tube and neutralized by mixing it with 150 .l of 1
M Tris-HCI (pH= 9.1) immediately. At the same time, the cell internalized phages were
recovered using a cell lysis buffer (2% sodiumdeoxycholate, 10 mM Tris, 2 mM EDTA, pH
8.0). The tubes were stored at 4°C for further use.

2.1.5 Amplification of eluates—The entire first-round eluate (950 pl) was concentrated
to reach a final volume of 150 pl by using a Centricon 100-KDa Ultrafilter (Amicon). 150
pl of concentrated eluate was added to 150 .l of the starved cells and incubated for 15 min
at room temperature. The phage-infected cells were transferred to 40 ml of NZY medium
with tetracycline (0.2 pg/ml) in a 125 ml flask and incubated for 45 min at 37°C with
shaking. The tetracycline concentration was increased to 20 pg/ml and the shaking of the
flask was continued at 37°C for 24 h.

2.1.6 Amplification of cell lysate fraction to identify cell-internalizing peptides
—The SKBR-3 cell-internalized phage clones were recovered using the cell lysis buffer (2%
sodiumdeoxycholate, 10 mM Tris, 2 mM EDTA, pH 8.0). In order to recover internalized
phages, the cell monolayer from the cell culture flask was scraped with a sterile pasture
pipette and taken into 5 ml of cell culture medium and centrifuged at 130 g for 10 min.
Later, the supernatant was removed and 200 | of the cell lysis buffer was added to the
pellet. The fraction was stored at 4°C until amplification. The phages were used for
amplification and further selection as stated above.

2.1.7 Propagation and purification of phages—Phage was purified by double
polyethylene glycol (PEG) precipitation as described previously 20. Briefly, 40 ml of NZY
medium containing 20 pg/ml tetracycline was inoculated with a fresh single colony of
phage-infected cells in a 250 ml flask. The culture was incubated in a shaking-incubator at
200 rpm, 37°C overnight. The overnight culture was poured into a 250 ml Beckman
centrifuge bottle and centrifuged at 3000 g for 10 min at 4°C. The supernatant was then
poured into a fresh tube and centrifuged at 12000 g for 10 min at 4°C. The resultant cleared
supernatant was again poured into a fresh tube, to which 6 ml PEG/NaCl solution (100 g
PEG 8000, 116.9 g NaCl and 475 ml water) was added. The tube was kept at 4°C overnight
for phage precipitation. The precipitated phages were collected by centrifugation at 31000 g
for 15 min and the supernatant was removed. The pellet was then dissolved in 1 ml Tris
buffered saline (TBS) in a micro-centrifuge tube and centrifuged again at 12000 g for 2 min
to remove any undissolved material. 150 I of the PEG/NaCl solution was added to the
supernatant which was then kept on ice overnight. The tube was then centrifuged at 12000 g
at 4°C for 10 min and the supernatant was removed. The pellet was dissolved in 200 I TBS
by vortexing.

2.1.8 Tittering of phage—Serial dilutions (1072 — 1078) were prepared by using TBS (pH

7.4). For example, a 1072 dilution was reached by mixing 10 pl of phage, 490 .l of TBS and
500 p! of sterilized water. In a 1.5 ml Eppendorf tube 10 .l of starved cells were mixed with
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10 pl of each phage dilution and incubated for 15 min at room temperature. 180 Il NZY
with tetracycline (0.2 pg/ml) was added to each tube and the tube was incubated for 45 min
at 37° C. Suspensions from the tubes were spread onto NZY plates with tetracycline (20 pg/
ml). The plates were incubated overnight at 37° C in an incubator and the number of
colonies on the plates was counted the following day. The phage titer was calculated as
follows:

Titer=N x 100 x dilution factor, where N=number of colonies formed

2.1.9 Second-fourth rounds of affinity selection—The purified phage after each
round was used as an input library for the next round of selection (Figure 1), which was
proceeded similar to the first round as described above. After the fourth round of the
selection, the eluted as well as lysed phages were not amplified. Instead, they were titered
and 40 random colonies were picked up for sequencing in order to determine the SKBR-3-
binding peptides that were fused to the major coat protein pV1I1 of the selected phages.

2.1.10 Sequencing of selected phage colonies—Each colony of phage infected £.
Coli K91 BlueKan cells on the plates was inoculated into a tube containing 2 ml NZY/
Tetracycline (20 pg/ml) and the tubes were kept in the shaking incubator at 220 rpm, 37° C
overnight. 1 ml culture from each tube of phage infected K91 BlueKan cells and 30 .l of
830 M related primer (5" -CAAAGCCTCCGTAGCCGTTG-3") were sent to MC Lab Inc.
for sequencing. The nucleic acid sequences of the insert-coding region of the phage DNA
were translated to the corresponding peptide sequences using EB1 tool Transeq.

2.1.11 Binding assessment of affinity selected phage to SKBR-3 using phage
capture ELISA—Phages that specifically interact with the SKBR-3 cells due to the
presence of specific peptides fused to the major coat protein were revealed using phage
capture ELISA. The target cells (SKBR-3) and control cells (MCF-10A) (~1x10* cells/well)
were applied to the 24 well ELISA plate and incubated at 37°C overnight. All the wells were
blocked with 100 I of 0.1% bovine serum albumin (BSA) and incubated at room
temperature for 1 h. Later each well was washed five times with 200 pl of TBS containing
0.5% Tween 20, and 50 I (1x101° virions/ml) of purified phage preparation was applied to
SKBR-3 cell-coated wells, MCF-10A cell-coated wells and a control well treated with
medium, which were then incubated at room temperature for 1h with gentle mixing. After
incubation the plates were washed with 200 I of TBS buffer and supplemented with 40 p.l
of anti-fd bacteriophage 1gG. The plates were then incubated at room temperature for 1 h,
washed with TBS buffer and incubated with 40 .l anti rabbit 1gG conjugated with alkaline
phosphatase at room temperature for 1 h. After a final washing step, alkaline phosphatase
substrate, p-nitrophenyl phosphate, was added to the wells and the absorbance was measured
at 405 nm using a plate reader. The p-nitrophenyl phosphate is a substrate, which turns
yellow when cleaved by alkaline phosphatase. A relative amount of phage bound to the cells
was determined by measuring the rate of color change in each well. As shown in Figure S2,
many of the isolated phage clones bound to SKBR-3 cells show higher signals than the
control wild type phage, which confirms their binding specificity to SKBR-3 cells. In order
to confirm that the ELISA results were not due to contaminants in the cell culture, we also
performed phage capture ELISA on empty culture flask containing medium without any
cells. As expected, we did not observe any signal (data not shown), which confirms that the
ELISA signal in Fig. 2C resulted from the phage specifically bound to the SKBR-3 cells.

2.1.12 Blocking of L1 phage uptake by 12 mer synthetic peptide—Target

SKBR-3 cells were cultured in 25 cm? tissue culture flask and incubated with 2 ml of
VSSTQDFPDPAK synthetic peptide (Neopeptide, Cambridge, Massachusetts) in Mc Coy’s
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5A medium at a concentration of 0.25mM, 0.75mM and 1.25mM. The synthetic peptide at
these concentrations was incubated with the SKBR-3 cells for 1 h at 4°C as previously
described. 21 After incubation, 1x107 pfu of L1 phage in 1ml of blocking buffer (0.1%
bovine serum albumin, 0.1% Tween 20 in Mc. Coy’s 5A medium) was added to the cells
and incubated for 1 h at 37°C. Unbound phage was removed using sterile pasteur pipette and
the cells were thoroughly washed five times for 5 min each with cold washing buffer. The
phage associated with cells in the presence of synthetic peptide was recovered with lysis
buffer as described above. The amount of phage bound was quantified using phage titration
method.

2.2 Immunofluorescence studies of phage-cell interactions

The SKBR-3 cells were cultured on cover glasses in a six well plate. Two days after
seeding, the medium was removed and the cells were incubated in serum-free medium for 2
h. The medium was removed and 200 pL of phage suspension (approximately 1x1010
virions/ml in TBS) was added to each well and incubated at 37° C for 1 h. The cells were
washed three times with PBS and fixed in 4% paraformaldehyde in PBS for 15 min. The
fixed cells were washed three times in PBS and permeabilized with 0.5% Triton X-100 and
incubated for 1 h in room temperature with 1:10 dilution of Alexa Fluor conjugated anti—pllI
antibody. The detailed procedure for conjugation of dye and antibody and purification of
dye-conjugated antibody from free dye can be obtained from Invitrogen Alexa Fluor® 488
monoclonal antibody labeling Kit (cat# A-20181). The cells on cover glasses were washed 5
times with PBS and then incubated with DAPI, a nuclear staining dye, for 5 min. The cover
glasses were again washed for 5 more times with PBS and mounted on a microscope slides.
The cells were examined using a Zeiss Universal epiflourescence microscope equipped with
Olympus oil immersion DApo UV objectives. Digital images of cells were collected using
Olympus DP-70 camera and software.

2.3 Energy dependent mechanism of phage entry

In order to determine the energy-dependency of phage entry, SKBR-3 cells were incubated
with phage clone, labeled with rhodamine B at either 37°C (in presence and absence of
inhibitors) or 4°C. Briefly, rhodamine B labeling of engineered phages was performed by
mixing 0.2 g of a coupling agent, 1-[3-(Dimethylamino)propyl]-3-ethylcarbodiimide
hydrochloride (DEC), and 2.5 mg of rhodamine B in 10 mL of affinity selected phage stock
solution (1x1012 pfu) in phosphate buffer (pH 5.6). This procedure results in permanent
attachment of the dye through DEC assisted caging. The rhodamine-labeled phages were
extensively dialyzed for 6 days under stirring to remove unbound dye and small organic
molecules. The modified phages were stored at 4°C in dark until further use. SKBR-3 cells
were seeded 48 h prior to phage incubation on cover glasses in the six-well plates (8000
cells/well). The growth medium was replaced with 200 .l of rhodamine conjugated phage in
PBS (1x10° cfu/ml), and cells were incubated for 1 h, either at 37°C (in the absence and
presence of ATP inhibitors) or at 4°C (all the solutions were prechilled to 4°C). Later the
cells were extensively washed three times with PBS at corresponding temperature and fixed
in 4% paraformaldehyde in PBS for 15 min at 37°C. After incubation the cells were washed
twice with PBS and stained with 250 pl of DAPI (1 pg/ml) for 5 min, the cover slips were
again washed for 5 more times with PBS and mounted on a microscope slide. The cells were
examined under Zeiss Universal epiflourescence microscope equipped with Olympus oil
immersion DApo UV objectives. Digital images of cells were collected using Olympus
DP-70 camera and software.

2.4 Live cell imaging of landscape phage treated SKBR-3 cells using video microscopy

SKBR-3 cells cultured on 25-mm cover glasses were transferred to a perfusion filming
chamber. The chamber was placed on Zeiss Standard microscope stage maintained at 37°C
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with an air curtain incubator. The cell images were recorded with Hamamatsu C2400
camera and Scion software. Cells were recorded for 15 min in McCoy’s 5a medium and then
1x1010 pfu/ml selected phage was perfused into the chamber from a 2.5-cc syringe driven
by a syringe pump (Sage model 341 A) and recorded for additional 45 min.

2.5 Immunofluorescence of labeled F-actin with phage internalization

The SKBR-3 cells were cultured on the cover glasses in a six well plate. Two days after
seeding, the medium was removed and the cells were incubated in serum-free medium for 2
h. The medium was removed and 200 pL of phage suspension (approximately 1x1010
virions/ml in TBS) in cell culture medium was added to each well and incubated at 37° C for
15 min, 30 min, and 45 min respectively. The cells were washed three times with D-PBS
and fixed in 4% paraformaldehyde in D-PBS for 15 min. The fixed cells were washed three
times in D-PBS and incubated with 2 wM rhodamine-phalloidin in D-PBS for 15 min in
dark at room temperature. The cover glasses were washed 5 times with D-PBS and mounted
on a microscope slide. The cells were examined using an Olympus fluoview FV 500
confocal laser scanning microscope and the images were acquired at constant PMT, gain,
offset, magnification (60x objective) and resolution.

2.6 Statistical analysis

3. Results

All the statistical analyses were performed using student unpaired two-sided t-test analysis
according to MBEC recommendations as stated before 22. P values were considered to be
statistically significant with p< 0.0002.

3.1 Selection of cell internalizing phage against SKBR-3 cells

Phage clones that bound to SKBR-3 cells were selected from the landscape phage library
f8/8 19 through successive rounds of affinity selection procedure, in which the phage library
was incubated with SKBR-3 cells cultured in a 25 cm? tissue culture flask. During the
affinity selection process, the unbound phages were washed away and the cell surface bound
phages were eluted with mild acid treatment. It should be noted that phage library was
allowed to interact with normal breast cells first in order to get rid of phages that might bind
to normal cells before interacting with breast cancer cells. During each round of affinity
selection, after cell-surface-bound phages were eluted, the cells were lysed to release the
cell-internalized phages to obtain cell-internalizing peptides. The cell-internalized phages
were recovered from cell lysates. Phages that bound to SKBR-3 breast cancer cell surface
and internalized in the initial selection procedure were amplified separately by infecting
bacteria and used as the input for the next round of affinity selection. This procedure was
repeated four times. After the fourth round of affinity selection, 65 clones were randomly
picked from both the eluate and lysate fraction and a segment of genomic DNA encoding the
octapeptide (i.e., insert-coding region) was sequenced. The cell-internalizing peptides
(denoted as L) and cell-surface-targeting ones (denoted as S) and their frequencies were
shown in Table 1 and S1, respectively. A comparison between them indicates that two
peptides (DGSIPWST and VSSTQDFP) are both surface-targeting and cell-internalizing.

3.2 Characterization of selected peptides and phages

Selected peptides were analyzed using the REceptor Ligand Contacts (RELIC) program,
which is a bioinformatics tool for combinatorial peptide analysis and identification of
protein-ligand interaction sites 23. A complete review of RELIC and its principle and
application in analyzing affinity selected peptides can be found in the literature 23. We used
two RELIC programs (RELIC/POPVID and RELIC/INFO) to analyze the binding affinity of
our selected peptides towards SKBR-3 cancer cells. RELIC/POPVID program uses a
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statistical sampling method to estimate the sequence diversity of a combinatorial peptide
library based on the sequence obtained from a limited number of randomly sampled
members of the library. According to this program, affinity selected peptides towards target
SKBR-3 cells should have a less diversity than an equivalent number of randomly selected
peptides from the native library. It has been demonstrated that the decrease in the diversity
of the sequences obtained from successive rounds of selection is an indicator of affinity
selection 24. We calculated the diversities of both affinity selected peptides and random
peptides from the native library by using RELIC/POPVID program. Our affinity selected
peptides yielded a diversity value of 0.00402 whereas the same number of randomly
selected peptides from a native library yielded a diversity value of 0.00913. Compared to
randomly selected peptides, our affinity selected peptides have a less diversified population,
which is a clear evidence for successful selection of peptides with binding affinity towards
SKBR-3 cells. In order to verify that the selected peptides were from affinity selection and
not from amplification noise, we used RELIC/INFO program because the noise from
amplification has regular and measurable patterns 24b, c. This program was designed to
initially calculate the noise pattern and then subtract the noise pattern from the affinity
pattern to obtain information content 23. Information content is defined as —In(Py), where
Pn is the probability of randomly finding a given peptide. The principle of RELIC/INFO
helps in determining the occurrence of information content of the affinity selected peptides
and thereby confirms the binding affinity of selected peptides after affinity selection. A
larger information content (—=InPy) of a peptide indicates a greater chance of observing this
peptide in affinity selection due to specific binding to the target. Indeed, from Figure S2A
the normalized distribution of the information content for our SKBR-3 selected peptides is
positively shifted towards higher information content in comparison to that of the peptides
selected from native phage library. This positive shift of red curve in Figure S2A suggests
that our SKBR-3-selected peptides results from affinity selection. Both observed result are
in accordance with the principle of RELIC/POPVID and RELIC/INFO 23.

Phage capture ELISA shows that the selected cell-targeting phage has high affinity against
SKBR-3 cells (Figure S2B). Immunoflourescence microscopy further shows that wild type
phage (labeled by green dye Alexa Fluor through using anti-plll phage antibody as a linker)
cannot enter SKBR-3 cells but cell-internalizing phage (labeled by the same dye) displayed
with L1 and L2 peptides against SKBR-3 can enter and stain the cells (Figure S3). Figure S3
indicates that the cell-targeting phage is localized in the cytoplasm and nuclei. These results
show that the identified cell-targeting phage can recognize SKBR-3 cells and be internalized
by the SKBR-3 cells due to the presence of the cell-internalizing peptides displayed on the
major coat of the phage.

To see the motif similarities between peptide inserts from selected phages and natural
ligands binding to ErbB family receptors, we used RELIC/MATCH program to align our
selected peptide sequences with the sequences of the proteins that were reported to
recognize SKBR-3 cells. The alignment results are shown in Table 2 and 3 and suggest that
our selected peptides show similarity with some domains on the proteins, which are known
to recognize SKBR3 cells, including antibodies.

3.3 Mechanism of phage entry into SKBR-3 cells

In order to understand the mechanism of phage entry into SKBR-3 cells, initial experiments
were conducted to determine the energy dependency of L1 phage uptake because
endocytosis can be strongly inhibited by lowering the temperature 25. For this purpose,
selected phages were labeled with rhodamine as described earlier 26. Phages conjugated to
rhodamine were then incubated with SKBR-3 cells at 37°C (in the absence of ATP
inhibitors), at 4°C and at 37°C (in the presence of ATP inhibitors, sucrose and sodium
azide). As shown in Figure 2A, the phage uptake is only active at 37°C in the absence of
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inhibitors. In contrast, lowering the temperature completely or in the presence of inhibitors
reduced the phage uptake as shown in Figure 2B and C. The phage internalization efficiency
was found to be less than 5% at 4°C and in the presence of inhibitors as compared to phage
internalization efficiency at 37°C. These findings confirm that selected L1 phage enters the
SKBR-3 cells by energy-dependent uptake mechanism. The detailed fluorescent images are
shown in supplementary information (Figure S4).

3.4 Competitive binding studies using synthetic peptide

SKBR-3 cell internalizing phage clone, L1 bears VSSTQDFP peptide sequence on its N-
terminus. In order to test whether L1 phage internalization takes place through a
VSSTQDFP recognition motif, we performed competitive assay using a synthetic
VSSTQDFPDPAK peptide. This synthetic peptide is the solvent-exposed domain of pVIII
with the selected VSSTQDFP recognition motif terminated. As described in section 2.1.12,
synthetic peptide was incubated with the cells prior to the incubation of L1 phage. Figure S5
shows that incubation of synthetic peptide reduced the L1 phage binding to the SKBR-3
cells in a concentration dependent manner. As the concentration of peptide is increased, less
number of L1 phage was bound to the cells. This confirms that L1 phage internalization is
competitively inhibited in the presence of synthetic peptide.

3.5 Actin dynamics during the phage internalization into SKBR-3 breast cancer cells

In order to understand the mechanism of selected phage internalization into SKBR-3 cells,
we first performed video microscopy to observe the behavior of SKBR-3 cells before and
after the treatment of cells with internalizing phage (L1). SKBR-3 cells are polygonal cells
and display cycles of protrusions and withdrawals of small lamellipodia at the cell edges
forming small ruffles at random places around their periphery. The dorsal (upper) cell
surface is relatively quiescent, with occasional small ruffles (Figure 3a,b). After injection of
internalizing phage into the filming chamber, SKBR-3 cells showed very intense ruffling in
multiple places around the cell periphery. Cells were also rapidly forming numerous ruffles
on their dorsal surfaces. As shown in Figure 3d-f, cell edges and dorsal surface stay very
active over the entire time of recording (45 min). In the control, no significant changes were
observed in the behavior of cells before and after the addition of control wild type phage
Figure 4a—f. The representative still images of SKBR-3 cells before and after the addition of
selected phage and WT phage are shown in Figures 3 and 4 and the original videos are
provided as supporting information. These videos clearly demonstrate that there are
significant changes in the cell behavior in regard to activity of cell edges and dorsal surface
during and after the internalizing phage entry into SKBR-3 cells. It is well established that
formation of protrusions in a variety of cells is associated with dynamic changes in cortical
actin.

In order to better understand the involvement of actin cytoskeleton in phage internalization,
we labeled F-actin with rhodamine-conjugated phalloidin and examined actin distribution
using confocal imaging. SKBR-3 cells were treated with cell internalizing phage for 15, 30
and 45 minutes and immediately after incubation, were fixed and labeled with rhodamine-
phallodin. All fluorescence images were obtained at constant PMT, gain and offset. Figure 5
shows the fluorescence images of labeled F-actin in SKBR-3 cells incubated with phage and
fixed at different time points as stated above. F-actin in control, untreated cells was most
diffusely distributed throughout the cell, and also thin bundles of filaments and occasional
brighter granular structures were present. After 15 min incubation with internalizing phage,
the bright granular structures and diffuse staining greatly diminished and thin actin bundles
stain less intensely. At 30 and 45 min of incubation, small disperse granular structures
became brighter and clearly visible all over the cells, while thin filament bundles were still
less visible than in untreated cells. The F-actin was further quantified using fluorescence
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microplate reader. For all the quantitative measurements, a constant number of cells (1x10%)
were placed in all the wells, treated with phage and labeled with rhodamine-phallodin. For
fluorescence measurements, the rhodamine was excited at 560 nm and the emission was
collected between 590-600 nm. The quantitative measurements showed significant decrease
in the amount of polymerized actin in cells incubated with phage for 15 min, followed by
gradual increase in F-actin content, but still remaining lower than in untreated cells 45 min
after introduction of internalizing phage into cell culture (Figure 6).

4. Discussion

There is a continuing demand for short peptide ligands such as cell internalizing peptides
that can serve as cancer-specific diagnostic and therapeutic probes 3. Phage display has been
proven to be successful in exploring protein-protein interactions between the ligand and the
receptor 27. In this work, we used landscape phage display technique as a tool to identify
such cell internalizing peptides specific to SKBR-3 cells and analyzed their similarity to the
natural protein ligands of the breast cancer cells. Since earlier studies indicated that ErbB2 is
overexpressed on the SKBR-3 cancer cells 28, we compared our selected peptide sequences
with protein ligands and anti-ErbB2 antibody that bind to receptors of the ErbB family. As
expected, our newly identified sequences show homology with natural ligands such as
human EGF, amphiregulin, neuregulin, B-cellulin, heregulin and epigen and anti-ErbB2
antibody (Tables 2 and 3). Our results are also in agreement with earlier reports in which
breast-tumor-binding peptides (SSPWSAY and YSSPTQR) were selected by using a pli|
phage display library (C7C from New England Biolab) 29. Obviously, our selected
sequences (DGSIPWST and VSST QDFP) with highest frequency (Table 1) have at least
four amino acids in common with the previously described tumor-binding peptides
(SSPWSAY and YSSPTQR). Based on the occurrence and phage capture ELISA results
(Table 1 and Figure S2), we categorize the peptides VSSTQDFP and DGSIPWST as the
best binders to SKBR-3 cells under stringent conditions. It is remarkable that the sequences
of these peptides differ from the earlier discovered binding peptide sequences, showing that
the landscape libraries used in this work can provide a more diverse repertoire of the cancer
cell-binding probes 18. It is still unclear why and how the phages displaying VSSTQDFP
and DGSIPWST (our selected cell internalizing peptides) can enter the SKBR-3 cells. From
previous studies, proline and charged amino acids were found to be involved in cell
internalization 30. Thus one possible explanation could be the presence of proline residue in
these peptides in conjunction with charged amino acid residues in these peptides.

To further investigate the possible mechanism of phage penetration into SKBR-3 cells, we
have studied the effect of energy depletion. The phage internalization was abolished at 4°C
(Figure 2B) and in the presence of ATP inhibitors such as sucrose and sodium azide (Figure
2C), indicating that the cellular uptake is an active process requiring energy supply. Our
energy depletion studies and preliminary studies using specific inhibitors against individual
cell internalization mechanisms such as phagocytosis, pinocytosis and endocytosis show that
the phage is entering SKBR-3 cells through endocytosis or specifically through receptor
mediated endocytosis. One possible reason for the internalization of phage displaying L1 or
L2 sequence could be the intermolecular forces prevailing between the exposed peptides and
amino acid residues in EGF receptor. There could be weak hydrogen bond formation
between the side chains of threonine in selected peptide and asparagine residue in EGFR
leading to the receptor mediated endocytosis. Another possibility could be the formation of
hydrophobic interactions between the isoleucine and phenyl alanine residues from selected
peptides with that of leucine residues in the EGF receptor. Nonetheless, the detailed
mechanism of phage entry displaying these peptides is still under investigation.
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While studying the possible mechanism of phage internalization we also focused on the
actin dynamics when selected filamentous phage (L1) is internalized into SKBR-3 cells. We
hypothesize that phage is internalized using endocytosis mechanism as stated by previous
studies 6. Multiple studies indicate that actin reorganization is involved in the process of
endocytosis 12-13. We believe that in the process of endocytosis, when the phage comes in
contact with the cell membrane receptor, invagination of the membrane is initiated and
might result in the formation of vesicles. Although the contact of phage with the cell
membrane is the key step in the endocytosis, the exact underlying mechanism is not well
understood. Since one possibility could be the involvement of cell cytoskeleton and its
associated proteins in the process of phage internalization, we focused our study on the actin
cytoskeleton dynamics during phage entry into breast cancer cells. We used video
microscopy followed by confocal fluorescence imaging to study cell behavior and visualize
actin filaments before and after the phage entry to further our understanding of the
mechanism of phage entry. We observed two significant changes in cell motile activity
when phage is internalized into SKBR-3 breast cancer cells. One is the change in the
behavior of the leading edges of SKBR-3 cells and another is the change in the dorsal
ruffling of SKBR-3 cells. Lamellipodia, thin protrusive structures that arise from the cell
cortex undergo a dynamic fluctuation at the leading edges of cells. They are protruding and
withdrawing in rather cyclical manner in SKBR-3 cells prior to the introduction of the phage
into the cell environment. After the introduction of the phage, the characteristic increased
ruffling of SKBR-3 cells was observed for the duration of the experiment (45 min). This
increased rate of the lamellipodia formation both at the cell periphery and at the dorsal
surface is a sign of dynamic reorganization of mostly cortical actin in the cells, since it is
well known that actin polymerization and depolymerization is a driving force for the
formation of protrusions and the ruffling of the cell edge 31. The changes in F-actin pattern
of distribution observed in fluorescence images in Figure 5 are characteristics of changes in
the state of actin polymerization. Microspikes, filopodia and lamellipodia are shaped by
dense core of actin filaments and changes in actin state of polymerization and distribution
reflects the dynamic reorganization of actin during phage entry.

Inside the cell, actin exists in two forms either as polymerized helical form commonly
known as filamentous actin or F-actin and as unpolymerized globular form known as G-
actin. In order to investigate the changes in the state of polymerization of actin during phage
internalization, the cells were treated with phage for different times and immediately fixed
with paraformaldehyde and incubated with rhodamine-phalloidin to label F-actin. The
relative fluorescence intensities of rhodamine in Figure 6 represent the amount of
polymerized actin in phage treated cells. During incubation of cells with phages for up to 45
min, we observed a net depolymerization of actin cytoskeleton in the initial 15 min after the
introduction of phage into the cells’ environment. Interestingly, 15 min was the earliest time
we observed phages bound to SKBR-3 cells using scanning electron microscopy in our
previous study 32. Thus the time of increased actin depolymerization correlates with the
time during which the process of the phage entry into the cells takes place. The possible
rearrangement of actin in SKBR-3 cells when landscape phage is internalized is shown in
Figure S1. There have been reports indicating that actin dynamic reorganization is involved
in the entry of the Kaposi’s sarcoma herpes virus into endothelial cells 33 and influenza
virus into epithelial cells 34. Also it has been recently reported that the uptake of charged
polystyrene nanoparticles into HeLa cells is mediated by the reorganization of actin 35. Our
results also show that entry of filamentous phage into the SKBR-3 cells involves the
reorganization of actin cytoskeleton and mechanism similar to the entry of viruses into cells
may be used by the phage to enter breast cancer cells. More detailed biochemical
investigations are necessary to understand the possible signaling pathway/s and associated
actin binding proteins involved in phage internalization into epithelial breast cancer cells.
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In summary, we identified new cell internalizing peptides that are already fused to ~3900
copies of pVIII protein on each phage body, enabling the pVIII protein to become cell
targeting and internalizing vehicle. Our studies confirm that actin plays a major role in the
reshaping of plasma membrane when phage is internalized into the cells. One of the
potential applications of our findings is that the cell targeting/internalizing fusion protein
pVII1, which can be easily purified from one phage particle, can be conjugated with the cell-
killing drugs to form a new type of anti-cancer agents. Such anti-cancer drugs can not only
target cancer cells, and be internalized into the cancer cells, but also kill the cells. For
example, chemotherapeutic drugs such as Doxorubicin usually do not have natural
capabilities of recognizing cancer cells. They can be loaded into a liposome. The identified
cancer cell targeting/internalizing pV1I1 can be conjugated with the liposomes to make them
specific cell-targeting/internalizing agents 17b. Therefore, our work shows that the use of
landscape phage library can identify short cell targeting/internalizing peptides as well as
phage displaying such peptides, which can find applications in targeted cancer treatment.
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Figure 1.

Illustration of the procedure of selecting cancer cell-targeting/internalizing peptides from a
landscape phage library (affinity selection). (a) The SKBR-3 breast cancer cells are cultured
in 25 cm? flask. (b) Some phages bind the cancer cells while some don’t after a landscape
phage library is added to the cancer cells. (c) non-binding phages are washed away and the
cell-binding phages still bind to the cells in the flask; (d) the cell-specific phage is eluted
from the flask by using an elution buffer; (e) the eluted phage is amplified by infecting
bacteria £. Coli; (f) Amplified phage clones are propagated by PEG/NaCl precipitation and
re-dissolved in TBS buffer (pH 7.0); (g) part of phage genome (insert-coding region) is
amplified by PCR and sequenced; (h) scheme of a single phage particle, which shows that 5
copies each of plll and pVI are at one distal end and 5 copies each of pVII and pIX are at the
other end of phage whereas ~3900 copies of pVIII form a protein coat wrapping single-
stranded DNA. It should be noted that an inserted foreign peptide is inserted in the solvent-
exposed end of each of the ~3900 copies of pV111 which constitute the side walls of phage.
To identify a cell-internalizing peptide, the procedure is same as above except that after Step
(c) the cancer cells are lysed by using a cell lysis buffer to release the cell-internalized
phage, which is followed by step (e).
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Figure 2.

Energy dependency of phage internalization. (A) L1 phage incubated with SKBR-3 cells at
37°C (in the absence of ATP inhibitors). (B) L1 phage incubated with SKBR-3 cells at 4°C.
(C) L1 phage incubated with SKBR-3 cells at 37°C (in the presence of ATP inhibitors,
sodium azide and sucrose).
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point of L1 phage injection

with L1 phage after 15 min with L1 phage after 30 min with L1 phage after 45 min

Figure3.

Live SKBR-3 cells recorded using digital video microscopy in the presence of selected
SKBR-3 cell internalizing phage (L1): (a—c) before and (d—f) after phage injection. Red
arrows indicate some areas of increased ruffling at the cell edges in the presence of
internalizing phage.
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Figure4.

Live SKBR-3 cells recorded using digital video microscopy in the presence of control wild
type fd-tet phage (a—c) before and (d—f) phage injection. There was essentially no cell
response to the presence of the wild type phage in the environment.
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15 min phage incubation

30 min phage incubation 45 min phage incubation

Figureb5.

F-actin distribution before and during internalization of phage (L1) into SKBR-3 cells.
Control: SKBR-3 without phage treatment; SKBR-3 cells treated with selected phage for
15min, 30min, and 45min (the actin is labeled with rhodamine conjugated phalloidin). F-
actin organization in cells changes during incubation with L1 phage.

Mol Pharm. Author manuscript; available in PMC 2012 February 01.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Abbineni et al.

Page 21

90000

P=2.3*103
f—l—\

80000
7

@ 70000
=
7}
c

@ 60000
-
£

8 so000
c
o
?

¥ 40000
-
3

&= 30000
®
2

® 20000
[
14

10000

0

Control 15min 30min A5min

Incubation of L1 phage at different time points

Figure6.

Quantitative estimation of F-actin labeled with rhodamine-phalloidin in SKBR-3 cells
treated with selected phage clone (L1) at different time points (control, 15min, 30min and
45min) using microplate reader.
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New SKBR-3 cell internalizing peptide clones recovered from landscape phage library by using a lysis buffer.
L: denotes cell internalization fraction.

New Cell-internalizing clones

ClonelD | Motif sequence | Frequency
L1 VSSTQDFP 13
L2 DGSIPWST 8
L3 AFSEAAQT 5
L4 ADAPSNGW 1
L5 DNDNYAFP 1
L6 DYADYSDL 1
L7 AADYDPLA 1
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Alignments of selected peptides with ErbB family binding proteins in human
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Alignment of peptides with

human proteins

Name of aligning human
protein

Role of the protein

DNEEGEEY [clone S3]

26 GLDLEBTHSGKREPFS 41

DEENEAFP [clone L5]

(AC# NP_001648)

25 LEEKKEKEMBRRLPRR 41 Epidermal growth | Regulate Cbl recruitment
to endosomes and EGF
oNgSETEW [clone 53] factor(ACH AAS83395) | 270 0"
56 EMSSESEMErvSEMPS 71 Amphiregulin protein | Differentially regulate Cbl

recruitment to endosomes
and EGF receptor.

181 FSFLPSIMBBFRSPTR 196 Neuregulin-1 (ACH# | Possible role in
myelination and sensory
DTK-AW[clone S4] AAHT73871) function.
ATHEBEYB (clone S6]
1 MDPTAPEESVESLPLLL 17 Beta  cellulin  (AC# | Induces angiogenesis
through activation of
DNEEGER" [clone s3] NP_031594.1) mitogen activated protein
kinase. (Kim et.al.)
11  GKGKKKEREEEKKPESA 27 Heregulin Mainly involved in
(ACHAAAS58638) forming heterodimers with
DNEEE 1S [clone 3] orphan receptor.
43 KSQESHEGSHLVERCET 59
.éTlSD. [clone S7]
14 NAMTALTESEEVEVTPP 30 Epigen Precursor for epithelial
. mitogen
AFSEElcl (clone 13] protein(AC#Q6UWS88) g
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Table 3

Alignments of selected peptides with anti ErbB2/Her2 proteins in human

Alignment of peptides with

Anti erbB2/Her2 sequences

Name of aligning
protein

LvTVSSHSEBOP SVEPLAPSSKSTSGG

ANABBSDL [clone S7]

Anti-Erbb2 Fab2c4
(AC#1L71_H)

GSKLEIKGSTS[HBBKESEGKQVQLOES
DNEBBEWw [(clone s3]

Anti-erbB2 antigen
binding region

(AC#AAB22458)

TITCRASOBVNEVEMlY OOKPGKAPKLLIYS

BrxlrEll (clone S4)

antigen binding
domains Anti-P185-
Her2 (AC#1FVE)
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