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Abstract

Cancer cell-specific diagnostic or therapeutic tools are commonly believed to significantly 

increase the success rate of cancer diagnosis and targeted therapies. To extend the repertoire of 

available cancer cell-specific phage fusion proteins and study their efficacy as navigating moieties, 

we used two landscape phage display libraries f8/8 and f8/9 displaying an 8- or 9-mer random 

peptide fusion to identify a panel of novel peptide families that are specific to Calu-3 cells. Using 

a phage capture assay, we showed that two of the selected phage clones, ANGRPSMT and 

VNGRAEAP (phage and their recombinant proteins are named by the sequence of the fusion 

peptide), are selective for the Calu-3 cell line in comparison to phenotypically normal lung 

epithelial cells and distribute into unique subcellular fractions.
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Introduction

Respiratory neoplasms remain a significant health problem in the United States accounting 

for an estimated 14% of new cancer cases and approximately 30% of cancer mortalities for 

both men and women [1]. Lung cancer is classified into two major groups based on observed 

histological differences: non-small cell lung cancer (NSCLC) and small cell lung cancer 

(SCLC) [2]. Both NSCLC and SCLC display a high level of heterogeneity within the tumor 

[3] that may limit successful therapeutic responses due to a small population of cells 

escaping the effects of treatment and causing recurrent diseases demonstrating resistance to 

the treatment. Several strategies have been suggested to overcome drug resistance and 

decrease undesired side effects by the use of precision medicines or ‘magic bullets’, a 

concept pioneered by Paul Ehrlich, to deliver lethal concentrations of drug to cancer cells 

before resistance develops [4,5]. The use of nanomedicines, encapsulated forms of existing 

drugs, has shown to significantly increase the therapeutic index of existing drugs and 

concurrently reduced dose-limiting side effects. Commonly, nanomedicines accumulate at 
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the site of tumor pathology due to the enhanced permeation and retention (EPR) effect, 

which involves their passive diffusion through vascular defects commonly associated with 

rapidly forming blood vessels in certain tumor types. [6]. Although significant progress has 

been achieved with passive targeting, chemotherapy resistance and tumor relapse are still 

observed clinically in a number of cancer types. It was demonstrated that the tumor-specific 

effects achieved by passive targeting can be enhanced by attachment of nanomedicines with 

targeting molecules specifically interacting with receptors expressed on cancer cells and 

cancer vasculature to create actively targeted nanomedicines [5,7]. Since the tumor 

microenvironment has been shown recently to be more complex than previously believed, 

actively targeted nanomedicines have failed to show significant improvements compared to 

their passively targeted counterparts. As the poorly understood biological and technical 

barriers that limit the precise delivery of drug to the site of disease are identified, actively 

targeted nanomedicines with desired functional activites can be designed. A limited number 

of ‘smart’ navigating and targeting ligands with specific cancer cell binding and penetrating 

activity have been identified to address these barriers. Therefore, a need for novel ligands 

and novel drug navigation strategies remains a challenge for adequate active tumor targeting 

and drug delivery.

Phage display [8] has been used extensively over the past three decades for generation of 

peptide and protein ligands interacting with cellular components or surface receptors across 

a wide range of diverse sources including isolated molecules, intact bacterial cells, and 

mammalian cells (in vitro, in vivo, or ex vivo). In particular, vectors based on filamentous 

bacteriophages of the class Ff (M13, fd, and f1), supporting a variety of different display 

formats depending on the host protein used, have been used extensively for displaying 

foreign peptides and proteins [8]. Structurally, filamentous phage consist of a small, ~9 kb 

single-stranded, circular genome surrounded by 5 structural proteins (pIII, pVI, pVII, pVIII, 

and pIX) to produce long, filamentous particles [9]. Phage display on the Ff class of 

bacteriophage vectors has produced numerous libraries with large structural complexities on 

the order of ≥109 unique sequences. These libraries contain a number of constrained and/or 

randomized structures which provide a rich source of targeting ligands for numerous 

applications [8,10]. Thus, phage display in minor coat protein p3 has been used to identify 

cancer specific peptides for a variety of tumor types including lung cancer [11].

Landscape phage libraries of type f8 [10,12,13] designed on the filamentous bacteriophage 

vector fd-tet, consist of a collection of phage with random inserts introduced at the N-

terminal end of every copy of the pVIII major coat protein of the phage vector and are 

subsequently expressed in ~4,000 copies across the length of the phage particle (Figure 1A). 

This layout dramatically alters the physical properties of the phage surface so that each 

phage particle is structurally unique compared to the remainder of the library and each 

phage possesses a specific ability to interact with the surrounding environment. In contrast 

to display on the p3 protein, the multivalent display of foreign peptides on the p8 protein 

allows easy identification of families containing homologous phage binders and select 

phages with desirable cell binding or penetrating propensities[14–16]. Landscape phage 

virions are an ideal targeting material compared to traditional antibodies as large quantities 

of pure phage or phage proteins can be produced inexpensively and very rapidly while 

retaining high product purity and shelf-storage stability. Numerous platforms derived from 
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the cancer cell-selective phage proteins and their fusion peptides have been developed over 

the past decade for various diagnostic and therapeutic applications. These platforms, 

reviewed elsewhere [17], include targeted nanoparticles for gene delivery to specific cells 

[18,19], probes for diagnostics and imaging [20–23], cancer-specific liposomes or micelles 

containing various therapeutic payloads [24–26], cancer-specific siRNA nanoparticles [27], 

and nanorods for photothermal therapy [28,29]. Given the wide number of platforms being 

targeted with phage display-derived peptides, there is an increasing need for diverse 

collections of targeting ligands that possess tumor cell specificity and also capable of 

intracellular delivery.

We aimed to develop a comprehensive panel of phage proteins with fusion peptides specific 

towards a representative NSCLC cell line, which could be used for construction of targeted 

anticancer nanomedicines and studying their activity as imaging probes and therapeutics. We 

explored the Calu-3 cell line derived from a metastatic site in a patient receiving prior 

chemotherapy to mimic the advanced stage disease commonly treated as a recurrent or 

metastatic disease. In this study, we used previously characterized 8- and 9-mer landscape 

phage display libraries f8/8 and f8/9 as a source of novel protein ligands identified against an 

advanced stage NSCLC cell line in vitro to expand the collection of available ligands with 

specificity to NSCLC molecular subtypes. Our molecular selection schemes are specifically 

developed to identify ligands that possess a desired outcome – for example, the ability of a 

ligand to bind cancer cell receptors, penetrate and accumulate into subcellular 

compartments, and ultimately produce the expected cytotoxic effect when loaded with 

appropriate drugs. We were able to identify two novel phage clones containing a commonly 

identified NGR motif that display unique cellular distributions that should be studied further 

using our previously developed active-targeting nanomedicine platforms.

Materials & Methods

Cells

All cell lines were purchased from the American Type Culture Collection (ATCC, Manassas, 

VA) as a frozen vial and maintained as described in the technical bulletins. All cell passages 

were cultured in 25-cm2 cell culture treated flasks (Corning, Corning, NY) in a humidified 

37°C incubator with 5% CO2. Cells were subcultured when they reached 80–90% 

confluence by trypsin-EDTA treatment and reseeded at a density of ~4×104 cells/cm2.

Phage Display Libraries

As a source of diverse binding ligands we used multibillion clone landscape phage display 

libraries f8/8 and f8/9, constructed from the fd-tet type vectors f8-1 and f8-6 [30], which 

respectively display an 8- or 9-mer peptide fusion at the N-terminus of every copy of the 

pVIII major coat protein [10,13]. Phage derived from these landscape libraries have a 55 

amino acid mature pVIII major coat protein sequence of NH2-AXXXXXXXX[D/
X]PAKAAFDSLQASATEYIGYAWAMVVVIVGATIGIKLFKKFTSKAS‐COOH rather 

than a 50 amino acid wild-type protein, where X can be any random amino acid (coded by 

NNK codons, where N is any base and K is G or T bases). The 10th position of the pVIII 

protein fusion is D for phage derived from the 8-mer library and X for phage derived from 
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the 9-mer library. Herein, we commonly identify phage by their fusion peptide sequence, 

however all protein references refer to the full-length, 55 amino acid protein sequence unless 

specified otherwise. All general phage handling, propagation, purification, titering, and 

DNA sequencing procedures have been described previously [31]. The number of phage 

particles was estimated using either spectroscopy to measure the number of physical phage 

particles (virions) or by titering phage in a bacterial host as colony forming units (CFU). 

Physical titering of phage was performed when phage concentrations were higher than 1011 

virions/mL by measuring the absorbance at 269 nm and converted to vir/mL by the 

following formula for f8/8 and f8/9 libraries (9198 nucleotide genome) as derived previously 

[12]:

Selection of Lung Cancer Specific Phage

(A) First Round—Calu-3 and SAE cells were cultured in 25-cm2 flasks until ~90% 

confluent. An aliquot of each library containing 1.2×1011 virions, with each unique fusion 

sequence being represented by ~100 copies, was diluted in blocking buffer (0.5% BSA + 

EMEM with 10% FBS) and transferred to an empty, cell culture treated 25-cm2 flask for one 

hour incubation at room temperature to remove phage binding to the treated plastic. 

Unbound phage were recovered and transferred to a flask that had been treated overnight 

with EMEM/10% FBS for one hour at room temperature to remove medium and serum 

binding phage. The f8/8 library underwent a single round of serum depletion, while the 

library f8/9 underwent two rounds of serum depletion. The unbound phage were recovered 

and then incubated with normal lung airway epithelial cells (SAE cells) for 1 hour at room 

temperature. The resulting depleted libraries were then transferred to flasks containing target 

Calu-3 lung cancer cells and allowed to incubate for one hour at room temperature. Cells 

were washed and phage recovered as in section C.

(B) Second to Fourth Rounds—For further rounds, an aliquot of 1×1011 virions from 

each of the eluate and lysate sublibraries generated from the previous round was incubated 

with confluent Calu-3 cells in EMEM with 10% FBS in an incubator at 37°C and 5% CO2 

for 1 hour. A schematic of selection is presented in Figure 1B. Cells were washed and phage 

recovered as in section C.

(C) Washing and Sublibrary Generation—Unbound phage were recovered from the 

flasks and saved for titering. The Calu-3 cells were washed ten times with cold washing 

buffer (0.1% Tween 20/0.5% BSA in EMEM) for 5 minutes each to remove low binding 

phage. Washes were collected and saved for titering. Surface bound phage were recovered 

by addition of elution buffer (200 mM glycine, pH 2.2/0.1% BSA in EMEM) followed by 

neutralization with neutralizing buffer (1 M Tris-HCl, pH 9.1). Adherent cells were washed 

with washing buffer two times at room temperature and collected as “post-elution washes” 

for titering. The remaining cell monolayers were scrapped from the bottom of the culture 

flask and transferred to a centrifuge tube. Cells were pelleted and the remaining cell pellets 

were lysed with lysis buffer (2% w/v sodium desoxycholate/10 mM Tris-HCl, pH 8.0/2 mM 
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EDTA) for 10 minutes at room temperature to isolate internalized phage. Recovered surface 

bound and post-elution wash phage were concentrated to ~0.2 mL with Amicon 100 kDa 

MWCO concentrators (EMD Millipore, Billerica, MA). Concentrated phages from eluate 

and post-elution wash fractions were combined as a single eluate sublibrary. Phage from 

eluate and lysate sublibraries were infected into K91BluKan E. coli cells, amplified, and 

purified by PEG/NaCl precipitation the following day for future rounds of selection. All 

recovered fractions were titered and quantified as described previously [31].

(D) Sequencing of Sublibraries—A portion of the amplified library was spread on an 

NZY/Tet agar plate after 45 minutes of growth and placed in an in 37°C incubator overnight. 

Individual clones were gridded on NZY/Tet agar plates and incubated at 37°C overnight. 

The sequence of gpVIII was amplified by PCR as described previously [31]. PCR products 

were purified and sequenced by dye-terminator sequencing at the Massachusetts General 

Hospital (MGH) DNA Core (Cambridge, MA). Unique clones were propagated in 2 mL 

scale and concentrated by a double PEG/NaCl precipitation for storage and future 

experiments.

Computational Analysis

The gpVIII sequence from unique phage clones was translated to their corresponding pVIII 

protein sequences using the EditSeq tool found within the DNASTAR, ver. 11 (Madison, 

WI) suite of molecular biology analysis programs. Phage clones were manually curated for 

common structural motifs and subsequently grouped into families of related peptide motifs 

based on an identified consensus motif. Unique phage clones isolated from both phage 

libraries were analyzed for information content using the INFO tool found within the RELIC 

suite of programs designed for the statistical analysis of combinatorial peptide libraries such 

as the two phage libraries studied here [32]. A histogram showing the relative change in 

information content between both libraries was constructed by subtracting the relative 

abundance of information observed at a given information content in the selected library 

from the relative abundance of information observed in a random sampling of the unselected 

phage libraries. The overall diversity of the two libraries before and after four rounds of 

selection was calculated using the AADIV tool also found within the RELIC suite of 

programs.

Using MimoDB (ver. 4.2, updated April 2014), a manually curated, publicly accessible 

database of peptides identified following selection with random phage display libraries [33], 

unique phage clones that we identified were submitted to the optimized MimoDB BLAST 

tool designed for identification of conserved structural motifs within short peptides and 

compared to the latest released version of the database. Resulting peptide motifs identified 

following selection against other cancer cell lines or known cell surface receptors were 

manually compiled into a single table and conserved peptide motifs were grouped and 

reported in Supplemental Figure 1.

Phage Capture Assay - Selectivity and Specificity

The ability of unique phage clones to bind to their target lung cancer cell line, Calu-3, in 

comparison to other control cells and serum was studied by a phage capture assay described 
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previously [34]. In this assay, small airway epithelial cells were used as phenotypically 

normal lung epithelial cells and MCF-7 breast cancer cells were used as non-related cancer 

cells. Briefly, 5×104 cells per well of each cell type was plated in triplicate for each phage in 

a 96-well plate in EMEM and allowed to grow to 90% confluence. Triplicate wells 

containing EMEM was also prepared for each phage clone to be used as a negative control. 

After overnight incubation, cells were washed for 1 hour with serum-free medium at room 

temperature. Individual phage clones were added to corresponding wells at ~106 CFU per 

well in blocking buffer (0.5% BSA in EMEM) for 1 hour in a 37°C/5% CO2 cell culture 

incubator. Unbound phage were removed by washing with washing buffer (0.5% BSA/0.1% 

Tween 20 in EMEM) for 5 minutes for a total of eight washes. Cells were lysed with 

CHAPS (3-[(3-Cholamidoproply)dimethylammonio]-1-propanesulfonate) lysis buffer (2.5% 

CHAPS/0.5% BSA in EMEM) for 10 minutes with gentle shaking on a rocker. The 

remaining cell lysis was then titered for phage with K91BluKan E. coli. A previously 

identified phage displaying an unrelated peptide, VPEGAFSSD that binds streptavidin [35], 

was used as a negative control in all assays. Phage recovery was calculated as the ratio of 

recovered phage versus the input phage as follows:

Phage Capture Assay - Mode of Interaction

Interactions between phage clones displaying a fusion peptide with high target specificity 

and their target Calu-3 cells were studied by tracking the uptake of intact phage particles. 

Phage capture assay was performed as above, however phage bound to the surface were 

recovered by eluting with elution buffer (200 mM glycine, pH 2.2/0.1% BSA in EMEM), 

neutralized with neutralizing buffer (1 M Tris-HCl, pH 9.1), and saved for titering. Cells 

were then washed twice with washing buffer and saved for titering. The remaining cell 

monolayer was lysed with lysis buffer to recover internalized phage and saved for titering. 

All recovered fractions were titered as described previously [31]. Recoveries were reported 

as a percentage of the total number of input phage. Cell uptake percentages were calculated 

as the number of phage recovered in a particular fraction by the sum of all recovered phage 

from all fractions as follows:

Results

Selection of Lung Cancer Cell-Specific Phage

To identify a collection of the most prominent phage proteins that interact specifically with 

novel or aberrantly overexpressed receptors of unknown identity present on the surface of an 

advanced stage NSCLC cell line, Calu-3, we used two proprietary landscape phage libraries 

that display a randomized 8- or 9-mer fusion peptide in the N-terminus of every copy of the 

pVIII major coat protein of fd-tet phage. These libraries consist of phage containing random 
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DNA oligomers inserted into a specific region of the pVIII gene of the wild-type phage. This 

fusion allows the translated peptide to be expressed at the N-terminus of the mature major 

coat protein, pVIII. When phage from these libraries are propagated, they express ~4,000 

copies of a single, modified protein containing a fusion between the protein encoded by the 

randomized DNA insert and the N-terminus of the wild-type pVIII major coat protein as 

described in more detail [24].

To identify phage particles that interact specifically with Calu-3 cells, we first removed 

phage interacting with unrelated targets such as: 1) plastic, 2) cell culture medium, 3) serum 

components, and 4) phenotypically normal lung cells. After these depletion steps, we 

enriched each phage library for phage interacting at room temperature with the surface 

receptors of a NSCLC cell line, Calu-3, and separated the binding phage into eluate and 

lysate library fractions that would theoretically contain cell surface-binding and cell-

internalizing phage respectively, as depicted in the flow chart in Figure 1. As expected, we 

saw a moderate recovery of phage from the eluate fractions of both libraries (Figure 2A) and 

lower recovery of phage from the lysate fractions (Figure 2B) for the first round of selection.

To increase the stringency of the following rounds of selection, we increased the temperature 

of phage incubation from room temperature to a more physiologically relevant temperature 

of 37°C as depicted in the flow chart (Figure 1B). We hypothesized that the increase in 

temperature would increase the yield of the phage recovered in the lysate fraction, 

irrespective of input library used, due to increased endocytosis and other metabolically 

active transport mechanisms. This leads to enrichment of our phage library for Calu-3 cell 

line specific phage that are internalized by active transport mechanisms. Beginning with the 

second round of selection, the input was prepared by combining eluate fractions prepared in 

the previous round of selection as depicted in Figure 1. For example, the eluate input was 

prepared as a combination of phage from both eluate and lysate fractions. We observed an 

approximate 10-fold increase in phage recovery for each subsequent round of selection for 

both fractions in both libraries (Figure 2A/B), with the exception for the final round of 

selection with the f8/9 library lysate fraction that resulted in a slight decrease in recovered 

phage. These results suggest enrichment of the recovered phage population for the peptide 

sequences that interact specifically with the target Calu-3 cell line. The significant 

enhancement of phage yield recovered in the lysate fraction after increasing the incubation 

temperature may suggest that active transport mechanisms are probably used to increase 

intracellular phage penetration.

Approximately 100 clones from each library were sequenced after four rounds of selection 

to identify the corresponding fusion peptide sequence of each recovered phage clone and 

determine the overall diversity present in the libraries after selection. Several families of 

phage containing common linear motifs were identified with the f8/8 library (Table I) and 

with the f8/9 library (Table II). Also a few common motifs between both libraries were 

identified, including EPG[Q/E], NGR, RGD and DGR, most families were unique within 

their respective library of origin due to the differences in amino acid diversity in each library 

before selection. We isolated a family of sequences containing the motif DxDY[S/T] that 

had been identified in previous screening of an 8-mer phage library against the MCF-7 

breast cancer cell line [34] suggesting a possible common receptor between the two types of 
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cancer. We also selected a phage clone, VEEGGYIAA, isolated during selection against 

lung cancer cells, that had also been reported previously in selection against breast cancer 

[34] and pancreatic cancer cells [36] using the same library suggesting a common receptor 

between all three cancer types. These ‘promiscuous’ phages [37], discovered recently in our 

selection experiments, have a good prospect of being used as targeting ligands against 

different cancer cell types.

After selection with the f8/8 library, we observed a common EPG[Q/E] motif that was 

enriched in 18% (5/28) of the total unique sequences identified. We have seen previously 

that phage clones containing an EPGX motif often interact non-specifically with an 

unidentified component in serum. From these results, we sought to reduce the number of 

serum-binding clones isolated during screening of the f8/9 library. To accomplish this, we 

performed a second step of serum depletion during the selection scheme of the f8/9 library. 

After four rounds of selection with the f8/9 library, we observed only 4% (2/47) of clones 

containing this motif suggesting an enhanced depletion of serum-binding clones during 

depletion.

To estimate the library complexity following our selection scheme and identify functionally 

significant clones, we used the RELIC suite of statistical analysis programs which was 

developed specifically for the analysis of combinatorial peptide libraries such as the two 

landscape phage libraries used in this study. Briefly, the information content of any random 

phage displayed peptide can be generally defined as the probability of an amino acid 

appearing following selection versus the probability of the amino acid appearing by chance 

in an unselected library in a defined position. Thus phage with high information content 

contain a fusion peptide with amino acids statistically underrepresented in the unselected 

library and often indicate the presence of a selective pressure to maintain the rare amino 

acid. We next sought to determine the change in total information associated with each 

phage library before and after four rounds of selection against the Calu-3 NSCLC cell line. 

It was hypothesized that following selection, there would be an enrichment of phage clones 

with high information content and a decrease in phage clones with low information content. 

After four rounds of selection with the f8/8 library against the Calu-3 cell line, 30 unique 

phage clones were analyzed for their information content compared to a collection of 73 

random, unselected clones from the f8/8 library. We observed a decrease in phage with low 

information content and a decrease in some phage with moderate information content. We 

also observed a significant increase in some moderate information containing phage as well 

as an increase in high information content phage (Figure 2C, solid line). Overall, selection 

with the f8/8 library produced clones with higher information content than the unselected 

population suggesting a successful selection experiment and enrichment of lung cancer 

specific phage in the generated output library.

Similarly, we analyzed 53 unique phage clones recovered after four rounds of selection with 

the f8/9 library and compared them to a collection of 64 random clones from the unselected 

f8/9 library. We observed a much larger decrease in moderate information containing phage 

as well as a much larger increase in high information content phage (Figure 2C, dashed 

line). We also noticed a slight increase in low information content phage compared to an 
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unselected population. Again our results suggest there was an enrichment of lung cancer 

specific phage clones in the f8/9 library.

Another common characteristic used to measure the quality and utility of a phage display 

library is the calculation of the peptide diversity also referred to as the completeness of 

sequence representation within the libraries. We next determined the observed protein 

diversity of our two generated libraries (composed of the eluate and lysate clones after the 

fourth round of selection) using the AADIV tool found in the RELIC analysis suite. We 

hypothesized that following selection there should be a decrease in the overall population 

diversity compared to an unselected library due to the selective enrichment of cell-binding 

motifs identified through the selection procedure and a loss of non-specific peptides. There 

was a 2.42 fold decrease in overall peptide diversity from 9.14×10−3 ± 4.49×10−3 in the 

unselected f8/8 library to 3.77×10−3 ± 2.76×10−4 (P < 0.0001) following four rounds of 

selection against the Calu-3 lung cancer cell line. Similarly, there was a 4.51 fold decrease in 

overall peptide diversity from 2.67×10−3 ± 1.44×10−3 in the unselected f8/9 library to 

5.93×10−4 ± 3.53×10−4 (P < 0.0001) following four rounds of selection. After selection, 

there was a significant decrease in overall diversity per amino acid from 55.6% to 37.3% in 

the f8/8 library and from 51.8% to 43.8% in the f8/9 library. From these data, we show that 

there was enrichment of both phage libraries for clones with high information content and a 

decrease in overall amino acid diversity as expected following selection against our target 

cells. As suggested previously [10], each of the two f8-type libraries biopanned here occupy 

different sequence spaces resulting in different populations of ligands following the same 

selection protocol.

Interaction of Phage with the Target Lung Cancer Cell Line

Ideal ligands for targeted drug delivery should have the ability to interact specifically with 

their target cancer cells and avoid phenotypically normal cells surrounding the tumor. To 

determine if the enrichment of phage clones observed during our final round of selection 

produced Calu-3 cell-specific phage clones, we used a phage capture assay. In Figure 3A, 

we present the binding specificities of a representative collection of identified phage clones 

from the f8/8 and f8/9 libraries. Clones were screened from the f8/9 library according to 

their associated information content compared to an unselected library (Table III). As 

expected, all representative clones showed a statistically significant increase in binding to 

Calu-3 cells compared to a non-related phage containing the guest fusion sequence of 

VPEGAFSSD, which was shown previously to have an affinity to streptavidin and possess 

little ability to bind cancer cells (P < 0.0001). The ratio of phage yield (output/input) 

obtained for each clone bound to Calu-3 cells by phage yield of non-related phage 

(VPEGAFSSD) is referred to as a phage’s specificity. Alternatively, for each clone the ratio 

of phage yield to Calu-3 cells by yield to another cell line is referred to as a phage’s 

selectivity. A number of clones studied showed minimal binding to normal lung epithelial 

cells or serum components (high specificity), however some of the phage clones identified 

from the f8/9 library showed equal or better binding to serum under identical conditions. 

Clones such as VNGRAEAP, DTSLTTDE, and DESISYIDQ show specific interactions with 

only the target Calu-3 cells (P < 0.0001). Some identified clones such as EVNVEEINL, and 

DAGPMWSG, show moderately high interaction with the target cells and possess the ability 
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to interact with other non-related cancer cells more than normal cells (Tukey-Kramer HSD 

test, non-related cancer vs. normal cells; P = 0.0198 and P < 0.0001 respectively). However 

some phage clones, like ARPILSSE, were shown to have moderately high interactions with 

the target cells (Tukey-Kramer HSD test, target vs. non-related cancer cells, P < 0.0001), but 

also showed minor interacts with a non-related cancer type and phenotypically normal cells 

that were statistically equally to each other. (Tukey-Kramer HSD test, non-related cancer vs. 

normal cells; P = 0.0587). We also observed that some clones, such as ANGRPSMT, 

ASPLAAPA, DAGPMWSG, and GTADQDYS, were selective to a non-related breast cancer 

cell line, MCF-7, when compared to a non-related phage described in materials section (P < 

0.0001). Two prominent phage clones that showed high relative selectivity and specificity at 

the studied concentration were ANGRPSMT and VNGRAEAP that both contain a 

conserved NGR motif shown to interact with aminopeptidase N (CD13), a commonly 

overexpressed marker on tumor cells and vascular endothelium around tumor tissues [38].

Most drug delivery applications requiring a cell-specific ligand not only need to discriminate 

the desired target cell from a collection of normal cells, but also have the property of being 

internalized for successful treatment. We therefore sought to determine the relative uptake 

distribution for a select number of Calu-3 cell-specific phages. We hypothesized that 

selective phage clones would undergo different mechanisms of transport based on the 

specific interaction between their fusion peptide and their currently unidentified receptors. 

To determine a general subcellular distribution of phage probes, we studied the interaction of 

intact phage with Calu-3 cells using a modified phage capture assay in which phage were 

recovered from phage-treated cells using different extraction buffers. Phage were split into 

three representative subcellular fractions as performed during selection (eluate, post-elution 

wash, and lysate) and titered. From the studied phage clones, there were three distinct 

classes of phage interactions observed with lung cancer cells: 1) clones that predominately 

bind to the surface of the cells and remain restricted to the cell surface; 2), clones that are 

internalized and associate with an internal membrane or membrane bound organelle; and 3) 

clones that internalize and remain in the cytoplasm (Figure 3B–D).

The first class of phage was represented by phage clones, DNGTFREM and ASPLAAPA, 

which show greater than 70% of phage recovery in the eluate fraction (Figure 3B). We 

hypothesize that these phage clones interact with surface restricted receptors that do not 

undergo endocytosis or have a slow rate of endocytosis, which leads to minimal phage 

uptake. The second class of phage was represented by phage clone, ANGRPSMT, which 

showed greater than 50% of phage recovery in the lysate fraction and <10% recovery in the 

eluate fraction (Figure 3C). We hypothesize that these phage either interact with receptors 

that undergo rapid endocytosis or are able to directly penetrate through the cell membrane 

upon interaction with a surface receptor. We also hypothesize that this class of phage clones 

are internalized and protected from the post-elution washes by a membrane bound organelle 

or other hydrophobic compartment/membrane. The third and most common class of phage 

clones was represented by phage clones: ARPILSSE, DAGPMWSG, VNGRAEAP, 

GTADQDYS, and DPTGTSAP, which were identified by a composition of ~40% of phage 

recovered in the eluate fraction, ~5% in the lysate fraction, and ~60% in the post-elution 

wash fraction (Figure 3D). We hypothesize that this class of phage interacts with a receptor 

that undergoes endocytosis and resides primarily in the cytoplasm of the cells. It was shown 
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previously that phage recovered from the post-elution wash fractions are released from the 

cytoplasm after activation of phospholipases during pH shock, resulting in membrane 

defects and subsequent release of internalized phage [39]. The observed rapid cytoplasmic 

release can also be contributed to the instability of the endosomal membrane after 

accumulation of certain phage particles during intracellular trafficking that leads to the 

collapse and subsequent leakage of infectious phage particles from the endosomal 

compartment to the cytoplasm. This endosomal escape activity of phage proteins was 

demonstrated previously by Wang et al. for phage proteins with the fusion peptide 

DMPGTVLP that were incorporated into liposomal nanomedicines [40]. Nanoparticles that 

enhance endosomal escape and avoid degradation of their encapsulated payload are rapidly 

becoming a requirement for nanomedicines and the identification and classification of 

ligands that promote endosomal escape is an important consideration for effective ligand 

selection in many therapeutic applications.

Discussion

Phage display libraries containing a rich collection of highly diverse molecular probes are 

commonly used in affinity selection protocols to identify protein sequences with high 

affinity and selectivity to a desired target, in a rapid and economical manner. Neoplastic 

cells, including lung cancer cells, often are represented by cells with different molecular 

phenotypes leading to different cell surface receptors being expressed across the cellular 

landscape. This cellular landscape can also be affected by differences in local tumor 

microenvironment following chemotherapy and/or radiotherapy treatments leading to a more 

complex cell surface. Due to the dynamic nature of the cellular landscape, identification of a 

suitable selection scheme and cellular targets is important for the improvement of tumor-

specific therapeutics or diagnostics.

Here, we used a subtractive selection scheme to identify a collection of fusion peptides with 

selectivity towards a lung cancer cell line, Calu-3, previously receiving chemotherapy before 

isolation from a metastatic site, in comparison with phenotypically normal cells. 

Identification of cancerous cells that may have received previous chemotherapy and/or also 

may have metastasized away from the primary lesion still remains a challenge. The phage, 

their fusion proteins, and foreign peptides identified from our library would be ideal 

candidates for detection and targeted cancer chemotherapy applications as demonstrated 

previously [41]. Lung cancer cell-specific peptides have been isolated by other groups from 

pIII phage display libraries displaying 12-mer [42] or 20-mer [43,44] peptide sequences 

within the five copies of the mature pIII protein. The pVIII landscape phage display library 

format, rather than modification of the pIII protein commonly used with other phage display 

libraries, provides a unique molecular landscape across the length of the surface of each 

phage formed by the patterning of thousands of identical copies of each selected fusion 

peptide sequence. A comparison of affinity between selected phage from both types of 

libraries has been described elsewhere [45], with phage identified from landscape libraries 

often displaying higher affinities in the sub-nanomolar Kd range due, in part, to the density 

of ligands within each phage. We recently showed that a landscape phage, displaying a 

breast cancer cell-specific peptide (DMPGTVLP) directed towards cell surface expressed 

nucleolin, had an affinity in the picomolar range (Kd = 1.3×10−12 M) to its target MCF-7 
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breast cancer cell line [34] suggesting the high propensity of landscape phage libraries to 

generate high affinity targeting probes against important targets for anticancer therapy [46].

Using a previously developed phage capture assay, recovered phage clones were screened in 

their target cell line to determine how they interact with the cells. One noted limitation of 

our phage capture assay is that we are only able to identify intact, infective phage particles. 

This could slightly alter the elution profiles of each phage due to phage degradation by 

proteases at physiological temperatures or collapse of phage structure intracellularly. This 

limitation is unlikely given the highly stable structure of phage particles and the short 

incubation time of phage with mammalian cell targets. Using the information content 

generated from the RELIC analysis, we were able to hypothesize that phage with high 

relative information content would bind specifically with our target cells. This information 

content statistic could allow for identification of phage likely to interact with a given target 

compared to the unselected library and provide an ideal starting point for selectivity 

experiments following a final round of selection that may result in a large number of highly 

diverse structural families. However, using this statistic to replace selectivity experiments is 

not recommended, as the degree of selectivity or specificity towards a given target is not 

included in the calculation. For example from the f8/9 clones presented, DESISYIDQ 

showed to be highly selective producing a specificity ratio of 14.01 from an information 

content of 25.029, however EVNVEEINL was less selective with a specificity ratio of only 

3.31 from a higher relative information content of 28.245 (Table III).

As shown with the common RGD motif, neighboring peptides surrounding a shared 

structural motif can modulate the binding or activity of the RGD motif with surface integrins 

as proposed previously [47]. We also show here a similar effect was observed with an NGR 

motif. Structurally the NGR motif was located in the same position on each of the studied 

phages (ANGRPSMT and VNGRAEAP), however the selectivity and subcellular 

distribution were consistently different between the two phages. One clone, VNGRAEAP, 

showed dramatic cell specificity and was commonly found within the cytoplasm of Calu-3 

cells. Alternatively, ANGRPSMT, showed more broad reactivity with cancer cells and found 

predominately in membrane bound organelles or endosomes. Thus we suggest here that 

these neighboring residues are hypothesized to increase the affinity or specificity of the 

parent motif as well as modulate cell signaling and other regulatory events within the cell 

after binding [48]. It was suggested previously that multiple functional domains within a 

selected peptide may also be enriched during the selection procedure that results in modified 

binding specificity or changes in functional activity [37]. We believe that the panel of unique 

landscape phages and their proteins that are specific and selective to this NSCLC cell line, 

Calu-3, can be easily adapted for any of the existing analytical and therapeutic platforms. 

Reviewed in [17].
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(A) Schematic of f8 type landscape phage display libraries. Diverse fusion derivatives of 

filamentous phage fd-tet from f8/8 and f8/9 libraries consist of phage with dimensions of 1.2 

μm × 6.5 nm and contain a randomized peptide (red) fused to every copy of the N-terminus 

of the major coat protein pVIII (blue). The major coat proteins cover the length of the 

single-stranded DNA accommodated at the core of the phage particle. The ends of phage 

particles are closed by minor coat proteins pIII, pVI, pIX, & pVI. Phage composed of 

different random peptide fusions create a library of billions of different phage variants with 

unique surface landscapes. (B) Selection scheme to identify lung cancer cell-specific phage 

clones. Two input sublibraries were used beginning with second round, identified as an 

eluate input (solid line) and a lysate input (dashed line). Each input sublibrary was split into 

two library fractions consisting of eluate and lysate phage that were amplified as individual 

fractions. In subsequent rounds of selection, the eluate input sublibrary was prepared by 

combining the eluate fractions generated from both the eluate and lysate output sublibraries 

from the previous round of selection. A similar scheme was followed for the lysate input.
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Figure 2. 
Recovery of phage (output phage/input phage, %) in (A) eluate selection scheme (solid line 

from Figure 1) and (B) lysate selection scheme (dashed line from Figure 1), isolated from 

the depleted f8/8 library (gray bars) and f8/9 library (black bars). (C) Histogram of the 

change in information content available in each sublibrary generated after four rounds of 

selection against a NSCLC cell line, Calu-3. Information content from clones in f8/8 (black 

line) and f8/9 (dashed line) are presented. Positive values indicate an increase in total 
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information content, while negative values indicate a decrease in total information content. 

More detailed information is given in the results section.
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Figure 3. 
(A) Representative selectivity and specificity assay for select phage clones from the f8/8 

library. Individual phage clones were incubated at a constant concentration with: 1) target 

Calu-3 cells (black), 2) non-related MCF-7 cancer cells (striped), 3) phenotypically normal 

lung small airway epithelial cells (white), and 4) culture medium with 10% serum (grey). 

After washing, mammalian cells were lysed and the remaining phage were titered as 

described in the methods section. Percent recovery was plotted as the number of recovered 

phage per number of input phage particles for each phage clone. All phage clones binding 

Calu-3 cells were statistically different from an unrelated phage (P < 0.0001) and also 

different from paired phage samples with different targets (P < 0.0001). Phage interactions 

with MCF-7 cells were compared between paired phage samples with different targets and 

significant interactions were marked (* P < 0.0001). (B–D) Phage mode of interaction with 

Calu-3 cells after recovery of cell-associated phage by different elution steps with acid and 

detergent. Cells were split into three general subcellular fractions and the amount of phage 

associated with each fraction was determined by titering in K91BluKan E. coli. The portion 

of each fraction was calculated as the part of each fraction per total recovered phage. Three 
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different classes of phage were identified: B) surface bound, C) cytoplasmic, and D) 

membrane bound.
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Table I
Families of peptides identified from f8/8 library

Lung cancer-specific phage clones recovered after the fourth round of selection with the f8/8 library in target 

Calu-3 cells. Phage were grouped into nine different peptide families based on a common consensus sequence 

(shown in bold) identified between phage clones. Orphan phage clones that did not contain a common 

consensus sequence between any identified clones were grouped into another family.

ASP----- ----GTS- V/AD-DYS/T

ASPLAAPA
ASPMDVNS

ASLPGTSQ
 DPTGTSAP

GTADQDYS
 VDPDYTSP

AS/TL----Q --LWS--- Other

ASLPGTSQ
ATLWSLGQ

ATLWSLGQ
 ALWSDSGA

ANEHPMSQ
DAGPMWSG
DNGTFREM
DTSLTTDE
EMSYNADA
ETMMPYGT
VTDPSAST

----EPGQ -NGRP--

AMLMEPGQ
ATLMEPGQ
VTIPEPGQ
ATVIEPGE
VTGHEPGE

 VNGRAEAP
 ANGRPSMT
 ANGRPTHL
 ATGRPTHL

---FSG-- --P-LS-E

APGFSGQP
DNPFSGTQ

ARPILSSE
GTPLLSPE
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Table II
Families of peptides identified from f8/9 library

Lung cancer-specific phage clones recovered after the fourth round of selection with the f8/9 library in target 

Calu-3 cells. Phage were grouped into sixteen different peptide families based on a common consensus 

sequence (shown in bold) identified between phage clones. Orphan phage clones that did not contain a 

common consensus sequence between any identified clones were grouped into another family.

AP---D-DT -EY-E-VNA ------MDQ Other

APAHEYGYD
APMFSDHDT
APYSFDADT

AEYGESVNA
GEYVELVNA

ESYPMHMDQ
GVSYVDMDQ

ANDVYLD
DIPWYGDES
AYDPDLGGD
EDARTAAMA
ADYDFMVDN
DPLAEVTTL
DPRVESMSG
DYPNEYSSA
EFYAESTSL
EHVYDEGSN
EYSPYAGDT
GNATLSSME
VDIAEQSTA

----EYG-- ----RGD--

D/E-S-SYIDQ APAHEYGYD
 AEYGESVNA

GLNGRGDPD
 EPRGDSLDL

 DESISYIDQ
 DSSLSYIDQ
 DASFMAVDQ
 EGMNYHIDQ

------GDS/M ----SYI--

DGESWGGDS
DHVWAEGDS
DMERYSGDM
VESGALGDM

 DMSYIASED
DESISYIDQ
DSSLSYIDQ

------VDS

DGR------ ---GES---  GVDSEIVSL
VGDYDVVDS

 DGRDHDAEN
 DGRFDSETS
 DGRSYTGED
VDGRTGTDS

 AEYGESVNA
  DGESWGGDS
DWMPVEGES

----EASTL GYD--L--- ---VEE---

ADTSEASTL
EIDPEASTL

GYDFNLTDQ
GYDLDLNAD

EVNVEEINL
 VEEGGYIAA

---EPGL-- GSLEE-S-L

 EPFEPGLAS
GMVMEPGLD

GSLEEVSTL
GSLEESSNL
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Table III
Selectivity of Select Lung Cancer Clones

Representative selectivity data for select phage clones from the f8/9 library. Information content refers to a 

statistic generated by RELIC comparing the probability of amino acid occurrence in a selected clone 

compared to an unselected library. Specificity refers to the ability of a clone to identify the target compared to 

an unrelated clone. Selectivity refers to the ability of a clone to discriminate between two cell types, here 

Calu-3 cells compared to phenotypically normal lung cells (SAE).

Phage Information Content Specificity Selectivity (Calu-3/SAE)

EVNVEEINL 28.245 76.91 3.31

GEYVELVNA 26.867 145.12 2.40

GMVMEPGLD 26.092 62.49 2.29

GVSYVDMDQ 25.452 119.53 1.15

AEYGESVNA 25.054 48.11 1.73

DESISYIDQ 25.029 24.04 14.01

VPEGAFSSD – 2.23 4.11
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