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Abstract: Earlier, we have shown that doxorubicin-loaded liposomes (Doxil) modified with a
chimeric phage fusion coat protein specific toward MCF-7 breast cancer cells identified from a
phage landscape library demonstrated a significantly enhanced association with target cells
and an increased cytotoxicity. Based on some structural similarities between the N-terminus of
the phage potein and known fusogenic peptides, we hypothesized that, in addition to the specific
targeting, the phage protein may possess endosome-escaping potential and an increased
cytotoxicity of drug-loaded phage protein-targeted liposomes may be explained by an advanta-
geous combination of both, cell targeting and endosomal escape of drug-loaded nanocarrier.
The use of the fluorescence resonance energy transfer (FRET) technique allowed us to clearly
demonstrate the pH-dependent membrane fusion activity of the phage protein. Endosomal
escape and cytosolic delivery of phage-liposomes was visualized with fluorescence microscopy.
Endosome acidification inhibition by bafilomycin A 1 resulted in decreased cytotoxicity of the
phage-Doxil, while the endosome disruption by chloroquine had a negligible effect on efficacy
of phage-Doxil, confirming its endosomal escape. Our results demonstrated an endosome-
escaping property of the phage protein and provided an insight on mechanism of the enhanced
cytotoxicity of phage-Doxil.
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Introduction of efficient drug carriers to transport drugs to their sites of
action in the cytosol or nuclei. An ideal delivery system
should circumvent both extracellular and intracellular bar-
riers. Liposome formulations have proved to be versatile
pharmaceutical carriers with increasing number of clinical

Cytoplasmic delivery of drugs and drug-loaded nanocar-
riers is highly desirable but difficult to achieve. The poor in
vivo performance of conventional therapeutics and novel
biomedicines, such as proteins, DNA, antisense oligonucle-

. . 1 . . . . . .
tides (ODN), and siRNA, is often associated with the lack applications.” While surface modification ?V.lth blocompatll?le
polymers (such as PEG) allows for stability and longevity
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specific for cell surface receptors enables liposomes to access
target cells and induces internalization via receptor-mediated
endocytosis.'>*® However, upon endocytic uptake, the major-
ity of liposomes and their contents still are transported to
lysosomes for subsequent degradation.”® Thus, the promotion
of rapid endosomal release is a critical strategy for improved
efficiency of liposomal drugs.®

Viruses have naturally evolved an effective strategy to
escape from the endosome to the cytosol by exploiting the
biological process of endosomal acidification. Influenza virus,
for example, bears a fusogenic peptide with a short chain of
N-terminal amphiphilic anionic peptide residues (termed as
HA2). At neutral pH, the HA2 subunit exists in a nonhelical
conformation due to charge repulsions from the ionized
glutamic acid residues at positions 11 and 15 and the ionized
aspartic acid residue at position 19 within HA2. Upon virus
entry into the endosomal compartment, however, the HA2
subunit undergoes a structural transition into a stable helical
secondary structure as a consequence of the protonations of
glutamic and aspartic acids triggered by the endosomal acidic
interior. Helix conformation is believed to promote mem-
brane interactions between internalized virus and the endo-
some of host cells, resulting in cytosolic release of the viral
genome.’

Inspired by the mechanism of virus invasion, synthetic
peptides mimicking virus fusogenic peptides have been
designed. Their capacity for pH-dependent release of payload
from liposomes has been explored to facilitate their endo-
some escape.'® Synthetic peptides, such as diINF7, INF6,
are hemagglutinin derivatives with an N-terminal domain
similar to that of the influenza virus HA2 subunit and have
pH-sensitive fusogenic properties. Coloading diINF7 and the
diphtheria toxin A chain (DAT) into liposomes provoked
an enhanced cytotoxicity of DAT toward ovarian carcinoma
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cells as a result of increased cytoplasmic delivery of DAT
under the action of pH-driven membrane fusion of diINF7."!
Additionally, 1000-fold increased transfection efficiency has
been observed upon INF6 modification of transfectam/DNA
complexes.'? Synthetic amphipathic peptide GALA, com-
posed of 30 amino acid residues with a repeated glutamic-
ananine-leucine-aninine unit, has shown pH-responsive
membrane destabilizing activity and demonstrated cytoplas-

mic delivery."*™1°

Recently, we have used the phage-display technique to
identify a chimeric phage fusion protein specific toward
MCEF-7 breast cancer cells from a phage landscape library
as a targeting moiety for drug-loaded pharmaceutical nano-
carriers.'® We have found that doxorubicin-loaded liposomes
(Doxil) modified with the hybrid phage fusion coat protein
(phage-Doxil) demonstrated a significantly enhanced as-
sociation with target cells and a remarkably increased
cytotoxicity.'” However, the mechanisms of phage protein-
mediated intracellular delivery of phage-Doxil remain to be
elucidated.

We have noticed, however, that the phage fusion coat
protein shares some common structural features with the
fusogenic components of virus and synthetic amphipathic
peptides. The phage fusion protein is composed of 55 amino
acid residues: ADMPGTVLPDPAKAAFDSLQASATEYI-
GYAWAMVVVIVGATIGIKLFKKFTSKAS. The amino
acid sequence from the residues 1 to 26 is the hydrophilic
N-terminus, which displays the cancer cell-binding proper-
ties. The residues from 27 to 40 represent a highly hydro-
phobic “membranophilic” segment, which allows the phage
coat protein to accommodate readily into the liposomal
membrane. At the same time, the phage fusion coat protein,
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Table 1. Liposomes Used in the Study

use of liposomes

designation

lipid composition and % molar ratio

phage proteins % (w/w)

artificial membrane fusion?

intracellular membrane fusion®

endocytic uptake®
endosome release?
cytoplasmic delivery of HPTS?

cytotoxicity®

double-labeled liposomes

phage -liposomes

plain liposomes

phage-liposomes

plain liposomes

phage-liposomes

plain liposomes

phage-Doxil

Doxil

EPC:DPPG:CHOL:Rho-PE:NBD-DOPE 0.0
47:46. 5:5:0.5:0.1

EPC:CHOL:DPPG:DOTAP:PEG-PE 1, 0.5 0r 0.05
45:30:20:2:3

EPC:CHOL:DPPG:DOTAP:PEG-PE 0.0
45:30:20:2:3

EPC:CHOL:DPPG:DOTAP:PEG-PE:Rho-PE:NBD-DOPE 0.5
43.5:30:20:2:3:0.5:0.1

EPC:CHOL:DPPG:DOTAP:PEG-PE:Rho-PE:NBD-DOPE 0.0
43.5:30:20:2:3:0.5:0.1

EPC:CHOL:DPPG:DOTAP:PEG-PE:Rho-PE 0.5
44:30:20:2:3:1

EPC:CHOL:DPPG:DOTAP:PEG-PE:Rho-PE 0.0
44:30:20:2:3:1

HSPC:CHOL:PEG-PE 0.5
56.2:38.3:5.3

HSPC:CHOL:PEG-PE 0.0
56.2:38.3:5.3

2 Liposomes with PBS, pH 7.4. ? Liposomes with 35 mM of HPTS and 50 mM of DPX. ¢ Liposomes with doxorubicin.

similar to HA2 and GALA, contains acid residues such as
aspartic acid and glutamic acid in its N-terminus (position
2,5, 10, and 17). Therefore, one may speculate that, within
the acidic environment of the endosome, the protonation of
carboxylic groups of the aspartic acid and glutamic acid
residues will allow the phage protein to acquire more
hydrophobicity, which could induce the interaction between
phage-liposomes and the endosomal membrane, with car-
boxylic groups in acidic surrounding absorbing protons like
a “proton sponge” and resulting in swelling and rupture of
the endosomal membrane. Thus, we expect that the phage
protein attached to the surface of a drug-loaded pharmaceuti-
cal nanocarrier not only mediates the specific recognition
and targeting, but also facilitates the cytoplasmic delivery
of the nanocarrier and loaded drug via endosomal membrane
destabilization. Presumably, the dual function of the phage
protein contributes to enhanced cytotoxicity induced by
phage liposomes.

In this study, we examined the pH-dependent membrane
fusion activity of the phage fusion protein using the
fluorescence resonance energy transfer (FRET) technique and
the cytosolic delivery of phage-liposomes using fluorescence
microscopy. The cytosolic delivery of doxorubicin-loaded
phage-liposomes was confirmed by the results of endosome
acidification inhibition and use of an endosome disrupting
agent.

Experimental Section

Materials and Reagents. Doxil was purchased from Ben
Venue Laboratories Inc. (Bedford, OH). L-a-Phosphatidyl-
choline (egg; EPC); 1,2-dipalmitoyl-sn-glycero-3-[phospho-
rac-(1-glycerol)] (sodium salt; DPPG); 1,2-dioleoyl-3-
trimethylammonium-propane (chloride salt; DOTAP); 1,2-
distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino(po-
lyethylene glycol)2000] (ammonium salt; PEGyyo-PE); cho-
lesterol (98%); 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-

N-(7-nitro-2—1,3-benzoxadiazol-4-yl) (ammonium salt) (NBD-
DOPE); and 1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine-
N-(lissamine thodamine B sulfonyl) (ammonium salt; Rho-
PE) were purchased from Avanti Polar Lipids Inc. (Alabaster,
AL). NH,Cl, bafilomycin Al, and chloroquine diphosphate
salt were from Sigma (St. Louis, MO); trihydrochloride,
trihydrate (Hoechst 33342); 8-hydroxypyrene-1,3,6-trisul-
fonic acid (HPTS; pyranine); p-xylene-bis-pyridinium bro-
mide (DPX), and Alexa Fluor 488 transferrin were from
Invitrogen Inc. (Eugene, OR); sodium cholate and BCA
protein assay kits were from Pierce (Rockford, IL); CellTiter-
Blue Assay kit was from Promega (Madison, WI); Fluor
Mounting Medium was from Trevigen Inc. (Gaithersburg,
MD). MCF-7 human breast adenocarcinoma (HTB 22) cells
were obtained from the ATCC (Manassas, VA). All cells
were grown as recommended by the ATCC at 37 °C, 5%
CO,.

Preparation of Liposomes. Phage-liposomes were pre-
pared using a postinsert protocol'” and liposomes with the
compositions as shown in Table 1. Briefly, plain liposomes
were prepared by the hydration of the lipid film followed
by a 30 min bath sonication and extrusion through 200 nm
polycarbonate membrane. To prepare phage-liposomes, plain
liposomes were incubated with phage fusion coat protein at
the indicated phage protein-to-lipid weight ratios and with
15 mM final concentration of sodium cholate. After the
overnight incubation at 37 °C, the crude formulation was
dialyzed at 4 °C against PBS to remove sodium cholate. To
prepare double-labeled liposomes, Rho-PE and NBD-DOPE
were added to the liposome composition. The liposomes were
dialyzed against PBS to remove nonincorporated markers.
Phage-Doxil was prepared by incubating Doxil with the
cholate-stabilized phage fusion coat protein at 0.5% protein-
to-lipid weight ratio and subsequent dialysis as describe
above. Liposomes encapsulating 35 mM HPTS and 50 mM
DPX were prepared using a freezing—thawing protocol.'®
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Artificial Membrane Fusion. The fusion between the
membranes of plain- or phage-liposomes and double-labeled
liposomes with the FRET donor NBD-PE and acceptor Rho-
PE was followed by monitoring the fluorescence resonance
energy transfer between FRET pairs. Briefly, double-labeled
liposomes with 0.1 mol % NBD-PE and 0.5 mol % Rho-PE
were added to plain liposomes or phage-liposomes with a
varying concentration of phage fusion coat protein in either
citrate-PBS buffer (pH 5.3) or PBS buffer (pH 7.4) at a 1:4
molar ratio and a total lipid concentration of 100 uM.
Samples were incubated at 37 °C, and fluorescence intensities
of the samples were measured. An emission spectrum
between 500 and 650 nm was obtained at predetermined time
points using the excitation wavelength of 470 nm. Changes
in the fluorescence intensity ratio (R value) of NBD-PE (530
nm) to Rho-PE (585 nm) served as an indicator of the
occurrence of the fusion. The net membrane fusion activity
mediated by phage protein was indicated by the normalized
R value, which is the difference in R values between phage-
liposomes and plain liposomes.

Intracellular Membrane Fusion. MCF-7 cells were
grown in a 6-well microplate to 70—80% confluence, then
treated with 1 M of double-labeled phage-liposomes or plain
liposomes at 4 °C for 1 h, and then incubated at 37 °C in
the presence or absence of NH4CI (20 mM) for 1 h. Cells
were scraped and suspended in 1 mL of PBS buffer, pH 7.4.
Fluorescence intensities of the samples were monitored at
excitation wavelength of 470 nm, emission wavelength of
530 and 585 nm. Changes in the fluorescence intensity ratio
(R value) of NBD-PE (530 nm) to Rho-PE (585 nm) served
as an indicator of the fusion. The R value was normalized
to protein concentration of the sample detected by the BCA
protein assay.

Effect of Bafilomycin A1 and Chloroquine on Cyto-
toxicity of Doxil and Phage-Doxil. MCF-7 cells were seeded
into 96-well microplates at a density of 4 x 10* cells/well
and grown until cells reached 40—50% confluence. For
bafilomycin A1 (BFA) inhibition studies, MCF-7 cells were
treated with 0.1 uM of BFA for 30 min and then incubated
with 51.7 uM of Doxil or phage-Doxil in a serum-free MEM
containing 0.1 uM of BFA for 24 h. For chloroquine
inhibition, MCF-7 cells were treated with 51.7 uM of Doxil
or phage-Doxil for 24 h in a serum-free MEM containing
50 uM of chloroquine. As a control, MCF-7 cells were
treated with 51.7 uM of Doxil or phage-Doxil, 0.1 uM of
BFA or 50 of uM chloroquine in a serum-free MEM for
24 h. After cells were washed 3 times with PBS, pH 7.4,
cell viability was evaluated by the CellTiter-Blue Assay kit
as described in the manufacturer’s manual. Briefly, cells were
incubated with the fresh complete MEM medium (100 uL/
well) along with the CellTiter-Blue Assay kit reagent (20
uL/well) at 37 °C for 2 h. The fluorescence intensity was
measured using the multidetection microplate reader (Bio-
Tek, Winooski, VT) with 525/590 nm excitation/emission

(18) Torchilin, V. P.; Weissig, V. Liposomes, 2th ed.; Oxford
University Press Inc.: New York, 2003; p 163.
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wavelengths. The percent of cell viability was calculated by
dividing the treated sample value by the value for the
untreated cell sample. The percent of cell viability upon the
treatment with phage-Doxil with BFA or chloroquine inhibi-
tion was normalized to that with BFA or chloroquine
treatment alone.

Fluorescence Microscopy. MCF-7 cells were seeded on
sterile coverslips in 6-well plates at a density of 2.5 x 10°
cells/well and grown to 70—80% confluence. To study the
uptake mechanism of phage liposomes, cells were coincu-
bated with 1 uM of rhodamine-labeled phage-liposomes and
20 ug/mL of Alexa Fluor 488 transferrin in serum-free MEM
medium for 30 min at 37 °C. After triple washing with PBS
at 4 °C, the cells were fixed with 2.5% paraformaldehyde.
To study the endosomal release of rhodamine-labeled phage-
liposomes or plain liposomes, cells were incubated with 1
uM of rhodamine-labeled phage-liposomes or plain lipo-
somes in a serum-free MEM for 30 min at 37 °C, and washed
once with PBS, pH 7.4. The cells were then incubated for
an additional 2 h in a serum-free MEM at 37 °C. Cell nuclei
were counterstained with 5 ug/mL Hoechst 33342 for 10
min. For determination of the cytosolic delivery of liposome-
encapsulated HPTX-DPX, cells were incubated with 1 uM
HPTS-DPX encapsulating phage-liposomes or plain lipo-
somes in a serum-free MEM for 1 h at 37 °C, and washed
with PBS, pH 7.4. Cells were incubated for additional 16 h
in a serum-free MEM at 37 °C. After triple washing with
PBS, a coverslip was mounted on the glass slide over
mounting medium and visualized with a fluorescence mi-
croscopy (Zeiss Co. Ltd. Germany) at 100x magnification
with FITC, TxR and DAPI filters. All images were taken
with monochromatic CCD cameras, and the data was
collected using Openlab software and exported as tagged
image files (TIF).

Statistical Analysis. The statistical significance of the
results was analyzed using SPSS (version 16). Differences
between experiment groups were compared using ANOVA
followed by a Bonferroni post hoc test. The results were
considered statistically significant if the p value was less than
0.05.

Results

Endocytic Uptake of Phage-Liposomes. Using the en-
dosomal acidification inhibitor, bafilomycin A1 (BFA), we
examined the possible involvement of the endocytic pathway
in phage-Doxil-induced cell death. The presence of BFA
significantly reduced tumor cell killing by phage-Doxil,
suggesting that endosomal acidification is required for phage-
Doxil-mediated cell death, and that endocytosis is a pathway
for phage-Doxil internalization (Figure 1A). We also found
that rhodamine-labeled phage-liposomes were entering trans-
ferrin-labeled early endosomes, further confirming the en-
docytic traffic of phage liposomes (Figure 1B). BFA
inhibition of the endosomal acidification lowered the phage-
Doxil-induced cell death to a level comparable to that
induced by the nonmodified Doxil, which showed no
significant change with or without BFA inhibition. Taken
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Figure 1. Endocytic uptake of phage-liposomes (A) shows the effect of endosome acidification on phage-

Doxil-mediated cytotoxicity as revealed by bafilomycin A1

inhibition (*p < 0.05; n = 5, mean + SEM). (B)

Fluorescence microscopy shows that rhodamine-labeled phage liposomes (red) colocalize with transferrin-labeled

early endosomes (green).

together, these results imply that endosome entrapment of
Doxil may be one of reasons for the lower cell death by
Doxil, and suggest that the phage protein may play a role in
endosome escape of phage-Doxil, which, in turn, provokes
its increased cytotoxicity (Figure 1A).

Artificial Membrane Fusion. Endosomal escape is usu-
ally associated with destabilization of the endosomal mem-
brane under the action of certain fusogenic components
incorporated into drug carriers. We have used a FRET lipid
mixing assay to examine the potential fusogenic property of
the phage protein. When control liposomes double-labeled
with FRET pairs (such as NBD-DOPE and Rho-PE) were
excited at 470 nm, the FRET acceptor Rho-PE has quenched
the donor NBD-DOPE fluorescence, resulting in FRET. After
the addition of either plain liposomes or phage-liposomes,
FRET was decreased, indicating membrane fusion between
double-labeled liposomes and plain liposomes or phage-
liposomes. At neutral pH, there was no difference in
membrane fusion induced by plain liposomes and phage-
liposomes (Figure 2A). At acidic pH value (5.3), however,
the extent of membrane fusion induced by phage-liposomes
was significantly larger than that by plain liposomes (Figure
2B), suggesting the phage protein facilitated/provoked the
pH-sensitive membrane fusion.

Furthermore, the membrane fusion activities of phage-
liposomes was increasing with the increase in the concentra-

tion of phage fusion coat protein in phage-liposomes, but
only in an acidic and not in a neutral medium (compare
Figures 2C and 2D).

After 92 h monitoring of the membrane fusion induced
by phage-liposomes with varying concentrations of phage
protein (1%, 0.5% and 0.05%), the net membrane fusion
activity mediated by phage protein [as indicated by the
normalized R value] was significantly higher in acidic pH
than in neutral pH, confirming the pH-dependent and dose-
dependent membrane fusion properties of the phage fusion
coat protein (Figure 2E).

Intracellular Membrane Fusion and Endosomal Es-
cape Potential. To further assess the ability of the phage
protein to destabilize cellular membranes, we treated MCF-7
cells with phage-liposomes or control plain liposomes
double-labeled with FRET pairs (e.g., NBD-DOPE and Rho-
PE). The 1 h treatment at 4 °C showed destabilization of
the plasma membrane, whereas the 1 h treatment at 4 °C,
followed by the 1 h treatment at 37 °C, resulted in total
membrane fusions (both plasma and intracellular membrane
fusion). Figure 3 showed that while no significant difference
in plasma membrane fusion induced by either phage-
liposomes or plain liposomes occurred, phage-liposomes
induced much more pronounced intracellular membrane
fusion than plain liposomes did. Furthermore, the inhibition
of the endosomal acidification with NH4Cl blocked the

VOL. 7, NO. 4 MOLECULAR PHARMACEUTICS 1153
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Figure 2. Membrane fusion activity of phage protein detected by FRET. (A, B) pH-dependent membrane fusion by
phage protein. (Blue: double-labeled liposomes only; Pink: double-labeled liposomes + plain liposomes; Green:
double-labeled liposomes + 1% phage-liposomes); (C, D) Effect of dose of phage protein on membrane fusion at
acidic pH. (Blue: double-labeled liposomes only; Pink: double labeled liposomes + 1% phage-liposomes; Turquoise:
double-labeled liposomes + 0.5% phage-liposomes; Green: double-labeled liposomes + 0.05% phage-liposomes). (E)
Time course of the pH- and dose-dependent membrane fusion mediated by the phage protein. (n = 3; mean SD).

intracellular membrane fusion induced by phage-liposomes,
indicating the pH-dependency of intracellular membrane
destabilization with phage-protein. Contrary to phage-lipo-
somes, plain liposomes did not appear to induce intracellular
membrane fusion. NH4CI had no effect on their membrane
fusion, confirming the specific role of phage protein in the
endosomal membrane destabilization and its endosomal
escape potential.

Endosomal Escape of Phage-Liposomes by Medi-
ation of the Endosome Acidification. Phage-liposomes and
plain liposomes (control) were labeled with rhodamine, and
their subcellular localization was visualized with a fluores-
cence microscopy. In the cells treated with plain liposomes,
the fluorescence was visible as a perinuclear punctate
(vacuolar) pattern (Figure 4A), indicating that plain lipo-
somes were taken up by cells via the endocytic pathway and
were ultimately confined within late endosomes or lysos-
omes. In the case of phage-liposomes, however, a diffuse
and relatively weak rhodamine fluorescence was observed
throughout the cells (Figure 4C), suggesting that phage-
liposomes were released from endosomes into the cytoplasm.

1154 MOLECULAR PHARMACEUTICS VOL. 7, NO. 4

To examine the pH-dependence of the endosomal release
by phage-liposomes, again the endosome acidification inhibi-
tor NH4Cl1 was used. In the presence of 20 mM NH,CI, the
diffuse distribution pattern of phage-liposomes returned to
the perinuclear punctate (vacuolar) pattern (Figure 4D). At
the same time, NH4Cl treatment had no effect on the
fluorescence distribution pattern of plain liposomes (Figure
4B). This result clearly confirms the pH-dependent endoso-
mal release of phage-liposomes mediated by the liposome-
attached phage protein.

Endosomal Escape of Phage-Liposomes by the Cyto-
plasmic Delivery of HPTS. HPTS is a membrane-imperme-
able and pH-dependent fluorescent dye (at neutral pH, HPTS
shows strong fluorescence at 450 nm excitation, while at
acidic pH, HPTS fluorescence at 390 nm excitation). Figure
5 showed that, with phage-liposomes, strong green fluores-
cence throughout the cells confirms the cytoplasmic delivery
of the HPTS, while much fewer plain liposomes could be
discovered in the cytosol (significantly weaker fluorescence).
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Figure 3. Intracellular membrane fusion and endosomal
escape potential of phage protein. The inhibition of the
endosomal acidification by NH,Cl blocks phage pro-
tein-induced intracellular membrane fusion detected by
FRET. Black bar: 1 h binding at 4 °C followed by 1 h
internalization at 37 °C. Gray bar: 1 h binding at 4 °C
followed by 1 h internalization at 37 °C with NH,CI.
White bar: 1 h binding at 4 °C. (*p < 0.05; n = 3, mean
+ SD.)
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Endosomal Escape of Phage-Liposomes by Cyto-
toxicity. The endosomal escape of phage-liposomes was also
confirmed by examining the tumor cell killing activities of
Doxil and phage-Doxil in the presence of the chloroquine,
which is an endosome-disrupting agent. The chloroquine
treatment enhanced Doxil-induced tumor cell death, but had
a negligible effect on the phage-Doxil-triggered cell death
(Figure 6), suggesting that endosome disruption by chloro-
quine facilitates the escape of the endosome-entrapped Doxil
into the cytosol thus increasing its cytotoxicity, whereas
phage-Doxil escapes from endosomes without the help of
chloroquine.

Discussion

Previously, we constructed and described a phage fusion
protein composed of a MCF-7 cell-specific-targeting peptide
genetically fused to phage pVIII coat protein.'” The incor-
poration of such a phage protein into doxorubicin-loaded
liposomes (Doxil) resulted in a remarkable increase in the
killing efficiency of targeted tumor cells.'” The enhanced
cytotoxicity was shown to be mediated by the increased
association of phage-Doxil with target cells.'” However, more
specifically, the cytotoxicity of phage-Doxil could depend
on multiple events including cellular uptake of the drug, its
cytoplasmic transport, and nuclear delivery. This, in turn,
suggests a possible involvement of other phenomena, such
as the endosomal escape of the preparation and nuclear
translocation, in the enhanced Doxil cytotoxicity induced by
the phage protein.

The structural similarity between the phage protein and
anionic fusogenic peptides, such as HA2, INF1—4, INF7,
ES, JTS-1 and GALA,'*"37 15 suggests a possible endosome-
escaping activity of the phage protein. Earlier detailed studies
have demonstrated that the pH-sensitive endosome disruption

by anionic fusogenic peptides is attributable to carboxylic
groups within glutamic acid residues, which protonate in the
acidic endosomal environment resulting in transition of the
secondary structure of the peptide from a random coil to a
stable a-helix and subsequent destabilization of the endo-
somal membrane.'®!*!” In the case of the phage protein, its
N-terminus contains several residues of aspartic and glutamic
acids, which should protonate similarly in acidic conditions
and display similar structural and endosome-destabilizing
properties. In addition, a poly(aspartamide) derivative has
been reported to trigger higher transfection efficiency by
facilitating the endosomal escape.?® This led us to explore
fusogenic activity and endosomal escape of the phage protein.

Initially, we confirmed that phage-liposomes are taken by
the target cells via a normal endocytic pathway. Current tools
for the identification of uptake mechanisms fall into two
categories: the use of inhibitors, which perturb intracellular
trafficking, and the use of the markers, which label intra-
cellular organelles.?' To better understand the uptake path-
way of phage-liposomes, we combined both tools in our
study. A decreased tumor cell killing by phage-Doxil upon
the bafilomycin Al treatment served as the first indication
that phage-liposomes are internalized into endosomes, and
that the cytotoxicity of phage-Doxil depends on endosome
acidification. We have also found that rhodamine-labeled
phage-liposomes colocalized with positive transferrin-marked
endosomes (Figure 1). The punctate subcellular distribution
upon the treatment with the inhibitor of the endosome
acidification (Figure 4), along with temperature sensitivity
and energy dependence of phage-liposome-mediated induc-
tion of the intracellular membrane fusion (Figure 3) further
confirm the endocytic pathway of cellular uptake of phage-
liposomes.

pH-responsive membrane fusion and destabilization is
believed to underlay the mechanism employed by enveloped
viruses as well as by synthetic anionic peptides to escape
from the endosomes.'*'>'? In the present study, we used a
well-established method, FRET, to detect the membrane
fusion. With artificial membranes, phage protein triggered
the membrane fusion in an acidic environment, and protein
mediated-membrane fusion was enhanced with increasing
protein concentration, which confirms that phage protein
contributes to the pH-sensitive membrane fusion. In cell
experiments, it was further shown that phage protein triggers
the endosomal membrane fusion. A temperature decrease to

(19) Cho, Y. W.; Kim, J. D.; Park, K. Polycation Gene Delivery
Systems: Escape from Endosomes to Cytosol. J. Pharm. Phar-
macol. 2003, 55 (6), 721-734.

(20) Kanayama, N.; Fukushima, S.; Nishiyama, N.; Itaka, K.; Jang,
W. D.; Miyata, K.; Yamasaki, Y.; Chung, U. I.; Kataoka, K. A
PEG-Based Biocompatible Block Catiomer with High Buffering
Capacity for the Construction of Polyplex Micelles Showing
Efficient Gene Transfer Toward Primary Cells. ChemMedChem
2006, 1 (4), 439-444.

(21) Watson, P.; Jones, A. T.; Stephens, D. J. Intracellular Trafficking
Pathways and Drug Delivery: Fluorescence Imaging of Living
and Fixed Cells. Adv. Drug Delivery Rev. 2005, 57 (1), 43-61.
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Figure 4. Endosome release of rhodamine-labeled phage-liposomes. (A) Perinuclear punctate pattern of plain
liposomes in the absence of the endosome acidification inhibitor, NH,ClI, suggesting their entrapment into endosomes
or lysosomes. (B) Punctate pattern of plain liposomes in the presence of the endosome acidification inhibitor, NH,CI.
(C) Diffuse subcellular pattern of phage-liposomes, indicating their subcellular locations in cytosol. (D) Perinuclear
punctate pattern, indicating NH,ClI inhibition on endosome release of phage-liposomes.

4 °C and an endosome acidification inhibition by NH4Cl both
significantly decreased the membrane fusion, suggesting
energy- and pH-dependency of membrane fusion mediated
by the phage protein. These results not only clearly dem-
onstrate the endocytic uptake of phage-liposomes, but also
suggest the endosome-escaping potential of the phage protein.

When visualizing the endosomal escape of phage-lipo-
somes with fluorescence microscopy, we found different
intracellular distribution patterns for phage-liposomes and
nonmodified plain liposomes, which reflect their different
subcellular localization. In the case of plain liposomes, the
observed perinuclear punctate localization indicates their
entrapment within endosomes and/or lysosomes. In the case
of phage-liposomes, their predominantly diffuse distribution
pattern suggests the escape of phage-liposome from endo-
somes into the cytosol. This diffuse pattern of endosomal
escape agrees well with the previous reports on the photot-
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riggered endosomal release of 10 kDa dextran and polyplex*?
and cytoplasmic delivery of calcein-loaded liposomes?
Furthermore, the inhibition of the endosome acidification
with NH,CI results visually observed entrapment of phage-
liposomes within perinuclear vesicles, but does not change
the punctate distribution pattern of plain liposomes, further
indicating the pH-sensitive membrane fusion property of
phage protein, which facilitates the endosomal escape of
phage-liposomes. This conclusion is still further supported
by the intracellular behavior of phage-liposomes coloaded
with HPTS and its quenching counterpart, DPX, when

(22) de Bruin, K. G.; Fella, C.; Ogris, M.; Wagner, E.; Ruthardt, N.;
Brauchle, C. Dynamics of Photoinduced Endosomal Release of
Polyplexes. J. Controlled Release 2008, 130 (2), 175-182.

(23) Chu, C. J.; Dijkstra, J.; Lai, M. Z.; Hong, K.; Szoka, F. C.
Efficiency of Cytoplasmic Delivery by PH-Sensitive Liposomes
to Cells in Culture. Pharm. Res. 1990, 7 (8), 824-834.
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Figure 5. Cytosolic delivery of HPTS encapsulated by phage-liposomes. While much less green fluorescence is
observed in the case of plain liposomes, phage-liposome treatment shows strong fluorescence emission at the 494
nm excitation, indicating that HPTS is released into the neutral cytosol.
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Figure 6. Endosomal escape of phage-Doxil. Endosome
disruption by chloroquine showing enhanced cytotoxicity
of Doxil but a negligible effect on phage-Doxil. (*p <
0.05; n= 6, mean + SEM.)

dequenching and cytoplasmic fluorescence of the HPTS is
observed, which is the result of the endosomal escape of
phage-liposomes and release of their contents into the
cytoplasm. This result is in good agreement with the data
on the cytoplasmic delivery of HPTS by pH-sensitive
liposomes composed of fusogenic lipid DOPE and
CHEMS.*

The cytosolic delivery of phage-Doxil was also confirmed
by the analysis of the effect of chloroquine on its cytotoxicity.
Chloroquine is known to disrupt the endosome integrity by
swelling and bursting the endosome,?® and to inhibit endo-
some delivery to lysosomes.?® Thus, it has been proven to
serve as a helper of DNA transfection presumably by

facilitating the endosomal release and cytosolic delivery of
DNA.* As expected, we found that chloroquine enhanced
the efficacy of Doxil, bringing its effect to the level similar
to that achieved with phage-Doxil; however, chloroquine has
a negligible effect on the efficacy of phage-Doxil. This, along
with results of bafilomycin A1 inhibition, suggests that phage
protein, like chloroquine, stimulates the endosomal release
of phage-Doxil and promotes drug access to the cytosol.
Certainly, it would be interesting to find out if the MCF-
7-specific phage protein can facilitate the endosomal escape
in other cells. However, a very high specificity of the selected
phage toward target cells compared to nontarget ones makes
this task very difficult if not impossible. Considering cell
binding is a necessary upstream event of endosomal escape,
we have not evaluated endosomal escape property of the
MCEF-7 specific phage protein on other cell lines in the study.
Earlier, we have found'” that fre DMPGTVLP phage binds
with MCF-7 cells 12—26 times better than to nontarget cells,
including HepG2 cells (human hepatocellular carcinoma
cells), MCF-10A cells (nontumorigenic human epithelial
cells) and WI-38 cells (normal human lung fibroblasts). The
same remains true for phage protein-decorated pharmaceuti-
cal nanocarriers. According to FACS analysis data,'” MCF-
7-specific-phage-liposomes bind to almost 50% of target
MCEF-7 cells, but only to 2% of nontarget C166-GFP cells

(24) Morilla, M. J.; Montanari, J.; Frank, F.; Malchiodi, E.; Corral,
R.; Petray, P.; Romero, E. L. Etanidazole in PH-Sensitive
Liposomes: Design, Characterization and in Vitro/in Vivo Anti-
Trypanosoma Cruzi activity. J. Controlled Release 2005, 103 (3),
599-607.

(25) Erbacher, P.; Roche, A. C.; Monsigny, M.; Midoux, P. Putative
Role of Chloroquine in Gene Transfer into A Human Hepatoma
Cell Line by DNA/Lactosylated Polylysine Complexes. Exp. Cell
Res. 1996, 225 (1), 186-194.

(26) Mellman, I.; Fuchs, R.; Helenius, A. Acidification of the Endocytic
and Exocytic Pathways. Annu. Rev. Biochem. 1986, 55, 663—700.
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(mouse yolk sac endothelial cells) in a coculture system
consisting of MCF-7 and C166-GFP cells. The binding of
MCEF-7-specific phage-liposomes with the coculture of non-
target cells NIH3T3 (mouse fibroblasts) and C166-GFP was
also negligible. Such a low level of binding of MCF-7-
specific phage protein with other cells does not allow for
any meaningful estimate of its endosomal escape potential
in cells others than target MCF-7 cells. However, we have
to assume the ability of phage protein to induce the
endosomal membrane fusion in various nontarget cells, since
the fusogenic property seems not to be cell type-dependent,
but only pH-dependent. This assumption is confirmed by the
fact that both MCF-7-specific phage-Doxil'” and MCF-7-
specific phage-decorated polymeric micelles built of poly-
ethylene glycol—phosphatidyl ethanolamine conjugate and
loaded with paclitaxel (unpublished data) demonstrated a
higher cytotoxicity toward nontarget cells (C166 or NIH3T3)
compared to controls (e.g., plain Doxil, paclitaxel-loaded
plain micelles, nontarget, doxorubicin-loaded phage lipo-
somes modified with a unrelated phage protein or nontarget,
paclitaxel-loaded phage micelles modified with a unrelated
phage protein) at a higher drug concentration, suggesting that
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the increase in the nontarget cell death may be a result of
the increase endosomal escape mediated by the MCF-7-
specific phage protein even after a nonspecific uptake of
phage-Doxil and phage-micelles loaded with paclitaxel by
nontarget cell lines.

Overall, our results demonstrate that phage protein bears
not only membrane anchoring and cell-specific targeting
activities, but also a pH-dependent fusogenic property
required for endosomal escape. Accordingly, the substantial
increase in the efficiency of target cancer cell killing by
phage-Doxil compared to nonmodified Doxil is a result of
the favorable combination of several different activities of
the phage protein. A drug carrier equipped with the phage
protein should achieve a “one stone, two birds” effect with
respect to tumor cell-specific targeting and endosome escap-
ing properties.
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