1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duasnue Joyiny vd-HIN

éPL "VS)))\

o
R s

NIH Public Access

Y (A
] a2 & Author Manuscript

Published in final edited form as:
Nanomedicine. 2009 March ; 5(1): 83. doi:10.1016/j.nano.2008.07.006.

Liposomes targeted by fusion phage proteins

P.K. Jayannal, V.P. Torchilin?, and V.A. Petrenkol:”
1Department of Pathobiology, College of Veterinary Medicine, Auburn University, AL 36849.

?Department of Pharmaceutical Sciences, Northeastern University, Boston, MA 02115.

Abstract

Targeting of nanocarriers has long been sought after to improve the therapeutic indices of anticancer
drugs. Here we provide the proof of principle for a novel approach of nanocarrier targeting through
their fusion with target-specific phage coat proteins. The source of the targeted phage coat proteins
are landscape phage libraries—collections of recombinant filamentous phages with foreign random
peptides fused to all 4,000 copies of the major coat protein. We exploit in our approach the intrinsic
physico-chemical properties of the phage major coat protein as a typical membrane protein.
Landscape phage peptides specific for specific tumors can be obtained by affinity selection and
purified fusion coat proteins can be assimilated into liposomes to obtain specific drug loaded
nanocarriers. As a paradigm for inceptive experiments, a streptavidin-specific phage peptide selected
from a landscape phage library was incorporated into ~100 nm liposomes. Targeting of liposomes
was proved by their specific binding to streptavidin-coated beads.
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1. Introduction

The concept of using targeted pharmaceutical nanocarriers to enhance the efficiency of anti-
cancer drugs has been proven over the past decade both in pharmaceutical research and clinical
settings. Examples of a successful realization of this concept are listed in numerous reviews
[1-4]. In particular, it is commonly accepted that selectivity of drug delivery systems can be
increased by their coupling with peptide and protein ligands targeted to differentially expressed
receptors [5-7]. A new challenge, within the frame of this concept, is to develop highly
selective, stable, active and physiologically acceptable ligands that would navigate the
encapsulated drugs to the site of disease and control unloading of their toxic cargo inside the
cancer cells. The development of tumor-specific ligands that respond to above criteria may
turn into a routine procedure due to the progress in combinatorial chemistry and phage display
(a long list of different target-specific peptides identified by phage display can be found in
recent reviews, [8-11]). Detailed protocols for obtaining phages and peptides internalizing into
cancer cells [12-18], and phage homing to tumors of human patients [19] have been developed.
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A unique extension of phage display technology was the concept of landscape phages in which
the phage constructs display the guest peptide on every one of the 4,000 pV 111 subunits [20].
It was shown earlier that the tumor-specific peptides fused to the major coat protein pVIII can
be affinity selected from multibillion clone landscape phage libraries by their ability to bind
very specifically to cancer cells [17,21,45,46] demonstrating a high potential of landscape
phage libraries as a source of tumor specific ligands.

To serve as a targeting interface, selected ligands, once identified have to be harnessed into
suitable drug delivery platforms to ensure that their targeting qualities are utilized for a tumor
selective chemotherapy. The development of stealth liposomes and further end-functionalized
PEG derivatives made liposomal formulations a very attractive platform to which target
specific ligands could be coupled to endow the liposomes with specific homing propensities.
Several examples of liposomal targeting using phage display-derived peptides exist [22-26].
In conjunction with the successful realization of peptide targeted liposomes, the technology
required for conjugating the peptides to liposomes has also evolved. A variety of coupling
strategies based on different PEG derivatives have been developed, such as
pyridylditiopropionoylamino (PDP)-PEG [27], hydrazide (Hz)-PEG [28], maleimido (Mal)-
PEG [29], and p-nitro-phenylcarbonyl (pNP)-PEG-PE [30] with their relative merits and
demerits. Also, a ‘post insertion technique’ involving transfer of ligand coupled PEG molecules
from micellar prepartions directly into pre-formed liposomes has been described [31,32],
thereby decoupling the conjugation step from the liposome preparation and allowing for a
combinatorial synthesis of targeted nanoparticles. In these studies, selected peptides have been
coupled to the anchor molecules using various techniques, including formation of a disulfide
bond, cross-linking between primary amines, reactions between a carboxylic acid and primary
amine, between maleimide and thiol, between hydrazide and aldehyde, or between a primary
amine and free aldehyde [33].

Chemical conjugation procedures have allowed for a successful realization of the concept of
targeted vesicles for tumor chemotherapy. However, they would be prohibitive for a volumetric
increase in the targeted liposome preparation which is required for clinical studies. These
considerations led us to study the phage coat proteins as targeting ligands for drug loaded
liposomes. In our approach, disease-specific peptides, genetically fused to the phage major
coat protein pVIII, are isolated from a phage specific for a target organ, tissue or cell and are
directly inserted into liposomes exploiting their intrinsic amphiphilic properties (Figure 1).
Since the targeting peptide is a natural physical extension of the liposomal membrane-spanning
anchor protein, the need for any intervening conjugation procedure is obviated. In essence, the
amphiphilic property of the coat protein qualifies the phage fusion protein as a made-to-order
liposomal ligand.

The ability of the major coat protein pVI1I1 to incorporate into micelles and liposomes emerges
from its intrinsic function as membrane protein judged by its biological, chemical, and
structural properties [34]. The major coat protein pVIIl is a 6.5 kDa protein with 55 amino
acids in landscape phages used in this study. Numerous studies have investigated the propensity
of the “wild type” pVIII to insert into micelles and phospholipid bi-layers as well its behavior
in the same [35-38]. Figure 2 depicts the phospholipid bilayer spanning conformation of a
phage major coat protein. The 16 A long amphipathic helix rests on the membrane surface,
while the 35 A long transmembrane helix crosses the membrane at an angle of 26° upto residue
Lys40 where the helix tilt changes. The helix tilt accommodates the thickness of the
phospholipid bilayer, which is 31 A for typical lipids used in liposome construction. The usual
size of liposomes being 100 nm phage fusion proteins would be suitable targeting ligands for
liposomes. To this end, we investigated whether target-specific fusion pVI11 units of landscape
phage retains their targeting properties as components of PEGylated liposomes. For our model
experiments we chose to use commercial DOXIL® as a source of lipids because of the ease of
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availability, standard composition and the possibility of using constituent doxorubicin as a
fluorescent marker. Accordingly, pVIII coat protein units of a streptavidin specific phage
VPEGAFSS (here and after the phage is designated by the structure of the fusion peptide) were
isolated in cholate solution, purified and allowed to interact with lipid components of
DOXIL® under reconstitution conditions. The resulting liposomes were then tested for
streptavidin specificity in a functional test using streptavidin-conjugated colloidal gold
particles which demonstrated that the modified liposomes acquire streptavidin-targeting
properties by virtue of the incorporated fusion proteins.

2. Methods

Preparation and purification of pVIII coat protein

Streptavidin-targeting phage previously selected from the 8-mer landscape library, f8/8 [20,
39] was solubilized using the procedure outlined by Sprujit et al [38]. Briefly, 350 ul phage in
1x TBS buffer (~1 mg/ml) was mixed with 700 ul 120 mM cholate in 10 mM Tris-HCI, 0.2
mM EDTA and chloroform (2.5% v/v final concentration), pH 8.0. The suspension was
incubated at 37°C for 1 h with occasional mixing. The mixture was then applied to a sepharose
6B-CL (Amersham Biosciences, NJ) column (1 cm x 45 cm) and eluted with 10 mM cholate
in 10 mM Tris-HCI, 0.2 mM EDTA pH 8.0 to separate major coat protein from viral DNA and
traces of bacterial proteins. The chromatographic profile was monitored by Econo UV monitor
(Bio-Rad, CA); 5 ml fractions were collected and stored at 4°C. Concentration of protein in
samples was determined spectrophotometrically by use of the formula,

1 A280:0.69 mg/ml,

and the molar extinction coefficients (8250 + 412 liters/mole-centimeter) predicted by the
program Protean (DNASTAR) [40]. The predicted charge on the protein at pH 8 was +0.5 as
determined by the same program.

Analysis of the fusion major coat protein in chromatographic fractions and liposomal
preparations by Western Blot

The presence of the fusion major coat protein in relevant fractions/preparations collected was
verified by a Western blot using biotinylated rabbit anti-fd 19G. Briefly, samples of fractions
were mixed with an equal volume of a sample buffer (8% SDS, 24% glycerol, 0.1 M Tris pH
6.8, 4% 2-Mercaptoethanol, 0.01% Brilliant blue G, 2X) and heated at 95°C for 10 min. 10 pl
aliquots of the denatured samples were then loaded onto a 16% Non-Gradient Tris-Tricine gel
(Jule Inc. CT). Electrophoresis was carried out for 90 min at 100 v. Proteins in the gel were
transferred to an Immobilon-P PVDF membrane (Millipore, MA). The resulting blots were
probed with biotinylated anti-fd 1gG (0.12 pg/ml, prepared according to [41] followed by
incubation with NeutrAvidin™-HRP (PIERCE, IL) and were visualized using a
chemiluminescent substrate solution (PIERCE, IL).

Preparation of Targeted Liposomes

As a source of liposomal constituents, we used DOXIL® containing, N-
(carbonylmethoxypolyethylene glycol 2000)-1, 2-distearoyl-sn-glycero-3-
phosphoethanolamine sodium salt (MPEG-DSPE), 3.19 mg/ml; fully hydrogenated soy
phosphatidylcholine (HSPC), 9.58 mg/ml; and cholesterol, 3.19 mg/ml, doxorubicin 2 mg/ml.
To incorporate the fusion coat protein into the liposomes, 100 ul of DOXIL® (~1.6 mg total
lipids based on the above composition) was first mixed with 100 pl of 120 mM cholate in 10
mM Tris-HCI, 0.2 mM EDTA pH 8.0. An aliquot of the solubilized protein (~24 g protein in
800 ul of 10 mM cholate, 10 mM Tris-HCI, 0.2 mM EDTA pH 8.0) was added to this mixture
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and incubated for 2 h at 30°C. The mixture was then dialyzed against a gradually decreasing
concentration of cholate as follows (all dialysis steps were carried out in 500 ml of dialysis
buffer): 15 mM cholate for 30 min, 10 mM cholate for 30 min, 7.5 mM cholate for 30 min, 5
mM cholate for 30 min, 2.5 mM cholate for 30 min followed finally by an overnight dialysis
with buffer containing no cholate. The cholate free liposomes were then purified on a superose
6 (GE Healthcare Bio-Sciences Corp., NJ) column 1 cm x 30 cm using 10 mM Tris-HCl, 0.2
mM EDTA pH 8.0 as eluent. The chromatographic profile was monitored by Econo UV
monitor (Bio-Rad, CA); 2.5 ml fractions were collected and stored at 4°C until further analysis.

Functional test of targeted liposomes with streptavidin-conjugated colloidal gold

3. Results

To determine whether the fusion coat protein integrated into the liposomes retains its binding
activity towards its target streptavidin, we adapted a functional test using streptavidin-
conjugated colloidal gold nanoparticles. Briefly, Carbon/Formvar-coated electron microscopic
grids (Ted Pella Inc., CA) were incubated with drops of relevant fractions containing targeted
liposomes or non-targeted DOXIL® liposomes (control) for 20 min. The non-specific binding
sites on the grids were then blocked by incubation with separate drops of 2% BSA in 10 mM
Tris-HCI, 0.2 mM EDTA pH 8.0 for 20 min. Following the blocking step, the grids were
incubated with separate drops of 20 nm streptavidin-conjugated colloidal gold (Ted Pella, Inc.,
CA) containing 1012 beads/ml in ultra pure water for 60 min. The grids were then washed five
times with separate drops of 10 mM Tris-HCI, 0.2 mM EDTA pH 8.0 and dried. The grids
were negatively stained with 2% phosphotungstic acid containing 0.1% BSA as wetting agent
and dried before being visualized by a Phillips transmission electron microscope (FEI Co.,
OR).

Isolation and purification of the fusion phage protein

It has been previously demonstrated that deoxycholate-solubilized wild-type bacteriophage f1
can be readily fractionated by gel chromatography into DNA and coat proteins [42].
Furthermore, it was shown that the phage major coat protein pVIII isolated using sodium
cholate displays lower aggregation numbers at least in the fresh state [38]. These observations
led us to adapt the cholate isolation method for obtaining fusion phage coat protein from
landscape phage. Accordingly, phage particles were disrupted using sodium cholate solution
containing chloroform and fractionated as outlined in the experimental section. Figure 3 shows
the elution profile of disrupted phage particles. As expected, DNA eluted first followed by the
phage coat proteins with a clear distinction between the two peaks. The last peak probably
corresponds to cholate micelles as assumed previously [38]. Analysis of the different
chromatographic fractions by Western blot (Figure 4) revealed the presence of phage coat
protein in the fractions 5 and 6 corresponding to the protein peak.

Preparation of Targeted Liposomes

Targeted liposomes were prepared by reconstitution of DOXIL® liposomes in the presence of
phage coat proteins as outlined in the experimental section. Liposomes were initially disrupted
in cholate solution, followed by incubation with phage coat protein solution. Controlled
uniform integration of phage coat protein into liposomes was achieved by gradient dialysis in
decreasing concentration of cholate, conditions that can prevent spontaneous aggregation of
coat proteins. The reconstituted liposomes were purified by gel fractionation (Figure 5). The
presence of phage coat protein in liposomal fractions, 5 and 6 was demonstrated by Western
blot (Figure 6). Since no free protein was observed during chromatography, the protein content
of the liposomes (1.5%) was calculated based on input (24 pg phage coat protein/ 1.6 mg lipids)
and confirmed by Western blot. Doxorubicin content of the preparations at different stages was
monitored by absorbance at 491 nm. Not surprisingly, we lost ~ 95% of the drug during
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liposome reconstruction that proved the reconstruction mechanism of protein insertion into
liposomes.

Functional activity of targeted liposomes

To validate our postulate that decoration of liposomes with target specific phage proteins
enables target recognition by the liposomes, we exposed liposomes targeted with streptavidin-
specific fusion proteins to streptavidin-conjugated colloidal gold nanoparticles. Non-targeted
liposomes were used as a control. According to figure 7, targeted liposomes bind streptavidin-
coated beads at a much higher level than non-targeted liposomes, as was measured by
calculating the ratio of particles to liposomes which was 1.8 for targeted liposomes and 0.06
for non-targeted liposomes. The functionality of the streptavidin-specific fusion phage protein
in the liposomes as effective targeting ligands has been demonstrated previously by flow
cytometry and microarray tests [43].

4. Discussion

Phage display libraries have been shown to be the reservoirs of specific peptide binders to
tumor vasculature, cancer cells or their isolated receptors [44]. We have in our laboratory
isolated phage peptides specific for glioma, breast and prostate cancer cell lines [17,45,46].
Several peptides selected from phage-displayed peptide libraries have been converted into
therapeutics, which validates peptide-targeting potential [5]. In these and other studies, selected
peptides have been coupled to the surface of the nanocarriers using various chemical techniques
mentioned in brief in the introduction. Although these approaches in anchoring peptide ligands
on the liposome surface may provide target selectivity in vitro and in vivo, the cost and
reproducibility of these derivatives in quality and quantity sufficient for pharmaceutical
applications are challenging problems.

Herein we provide the proof of principle for anovel approach for targeting of liposomes through
their fusion with purified coat proteins of a target-specific landscape phage, capitalizing on the
structural and biochemical properties of phage coat protein. The “membranophilic” nature of
phage coat proteins drives them to integrate into liposomes and micelles. Thus, coat protein
derived from a tumor-specific landscape phage can be used to create tumor-specific liposomes
by co-incubation of the relevant constituents. The drug of choice can then be loaded into the
liposomes using any one of the available techniques [47]. This modular approach to the
production of targeted therapeutic liposomes provides for a combinatorial setup in which
different components can be added in alternate combinations to obtain different drugs. As a
continuum of the current study, phage fusion peptides specific for MCF-7 breast cancer cell
line were used to prepare targeted liposomes containing Rhodamine-T and such liposomes
were demonstrated to selectively bind cognate target cells (Torchilin et al, unpublished).
Current studies involve also loading anti-cancer drug doxorubicin into targeted liposomes and
monitoring the stability of the formulations. Therapeutic liposomes targeted to the different
cancer cell lines by cognate phage fusion peptides will be prepared and their targeting as well
as cytotoxic potential will be evaluated. The simplicity of the approach as demonstrated by our
results leads us to believe that this approach has definite potential to contribute to not only a
tumor-specific but a patient-specific chemotherapeutic profile.
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Figure 1.

Drug-loaded liposome targeted by the pVI11 protein. The hydrophobic helix of the pVI11 spans
the lipid layer and binding peptide is displayed on the surface of the carrier particles. The drug
molecules are shown as hexagons.
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Figure 2.

The model of pVIII in the lipid environment (adapted from Stopar et al. Protein—lipid
interactions of bacteriophage M13 major coat protein, Biochimica et Biophysica Acta (BBA)
- Biomembranes, 2003)
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Figure 3.

Gel Exclusion Chromatogram of Cholate Solubilized Streptavidin specific phage.
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Streptavidin specific phage (VPEGAFSS) was solubilized in Cholate solution as outlined in
the experimental section.
The mixture was then eluted on a Sepharose 6B-CL column. DNA along with contaminating
bacterial components eluted initially followed by phage major coat protein with a final peak

of cholate micelles. Lines are drawn to specify the schema of fraction collection.
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Figure 4.

Western Blot Analysis of different fractions collected during gel chromatography of cholate
solubilized phage major coat protein.

Aliquots of successive fractions collected during the sepharose 6B-CL chromatography were
mixed with an equal volume of Tricine sample buffer, heated to 950C for 5 min before being
loaded onto a 16% Non-gradient Tricine gel. Proteins in the gel were transferred to a PVDF
membrane and probed with biotinylated Anti-fd 1gG. Visualization was achieved by treatment
with Neutravidin-HRP followed by a chemiluminescent substrate. Numbers on the blot indicate
the respective fractions to correlate with the fractions shown on Figure 3.
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Figure 5.

Gel Exclusion Chromatogram of Targeted Liposomes.
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Liposome carriers in DOXIL® were disrupted using 120 mM cholate, mixed with an aliquot
of cholate solubilized purified phage major coat protein and incubated. The mixture was then
dialyzed against a decreasing concentration of cholate followed by purification on superose 6
prep grade column. The targeted liposomes eluted as a single peak with a broad tail. Lines are
drawn to specify the schema of fraction collection.
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Figure 6.
Western Blot Analysis of different fractions collected during gel chromatography of targeted
liposomes.
Aliquots of successive fractions collected during the superose 6 prep grade chromatography
were mixed with an equal volume of Tricine sample buffer, heated to 95°C for 5 min before
being loaded onto a 16% Non-gradient Tricine gel. Proteins in the gel were transferred to a
PVDF membrane and probed with biotinylated Anti-fd 1gG. Visualization was achieved by
treatment with Neutravidin-HRP followed by a chemiluminescent substrate. Numbers on the
blot indicate the respective fractions to correlate with the fractions shown on Figure 5.
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Figure 7.
Functional test for targeted liposomes with streptavidin conjugated colloidal gold nano-
particles.

Targeted liposomes prepared by co-incubation of purified major coat protein and stealth
liposomal carriers of DOXIL® were tested using streptavidin conjugated colloidal gold
particles for the specificity and functionality of the incorporated phage coat protein. Targeted
liposomes were loaded onto formvar/carbon coated E/M grids, incubated with the colloidal
gold particles followed by visualization with a Phillips transmission electron microscope (FEI
Co., OR). Panel A shows targeted liposomes studded with streptavidin conjugated colloidal
gold particles with a particle to liposome ratio of 1.8. Panel B shows non-targeted DOXIL®
liposomes subjected to the same assay with a particle to liposome ratio of 0.06.
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