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Abstract

A synthetic peptidolipopolymer conjugate, incorporated into liposomes to promote specific
binding to the fibronectin (FBN) matrix surrounding bladder tumor cells and promote cellular
internalization of FBN-integrin complexes, is reported. The peptide promotes association with
MB49 mouse model bladder tumor cells in a sequence-specific and concentration-dependent
manner, with the maximum cell association occurring at 2 mol% RWFV-PEG2000-DSPE. Double
PEGylation of the liposome membrane (i.e., 4 mol% mPEG1000-DSPE + 2 mol% RWFV-
PEG2000-DSPE) enhanced binding by > 1.6-fold, by improving ligand presentation on the
liposome surface. The sequence specificity of the peptide-lipopolymer construct was confirmed by
comparing liposomes containing RWFV-PEG2000-DSPE with scrambled and non-peptidic
lipopolymer liposomal formulations. MB49 tumor-bearing mice showed greater mean radiance
values for FAP peptide-targeted liposomes in tumor-associated regions of interest than for non-
targeted and scrambled peptide liposome formulations. These findings suggest that peptide-
modified liposomes may be an attractive vehicle for targeted delivery to bladder tumors /n vivo.

Introduction

Bladder carcinoma is the most common malignancy of the urinary tract.! It is the fourth
most common cancer in men and eleventh most common in women, translating to a
frequency of 1 in 26 for men and 1 in 88 for women.145 Although 70-80% of bladder
cancer cases are categorized as superficial disease (nonmuscle invasive bladder cancer;
NMIBC) that is surgically treatable with a high survival rate (88-98%), surgical resection is
also associated with a high recurrence rate (70%) that requires extensive follow-up.3% 7 It is
believed that the high recurrence rate may be a consequence of poor detection technology.®
This approach creates challenges for discriminating tumor areas from normal bladder tissue
and for detecting small lesions, potentially leading to lost treatment opportunities.

Mycobacterium bovis bacillus Calmette-Guerin (BCG) is the primary agent used for
adjuvant intravesical immunotherapy of early stage bladder cancer. The therapy consists of
catheter-mediated instillation of live BCG bacteria into the bladder lumen to promote
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adsorption of the organism to exposed fibronectin near exposed bladder tumor cells that lack
a well-formed glycosaminoglycan (GAG) layer in the urothelium. BCG adsorption causes
inflammation and induces an inflammatory response to clear both the adherent BCG and the
neighboring bladder cancer cells.8-% Although BCG immunotherapy has been used
successfully for over 30 years, the utility of this treatment can be limited by high local
morbidity, risk of systemic mycobacterial infection, and limited patient tolerance due to
severe pain and irritation.

Intravesical administration has also been used for local delivery of high doses of
chemotherapeutic agent such as mitomycin C within the bladder to reduce the risk of severe
systemic toxicity.10-11 Unfortunately, constant urine influx and periodic voiding limits the
effectiveness of chemotherapeutic approaches since the agent can typically only be retained
in the bladder for <2 hours.

Despite the long clinical experience with BCG, its detailed mechanism of action is
incompletely understood. Nonetheless, it is known that retention of BCG within the bladder
and internalization of the bacterium by urothelial cells is required to trigger an antitumor
response.®12 The unique organization of the bladder lining is composed of an impermeable
translational epithelium3® and GAG layer that is the principal barrier to permeability of
small molecules, preventing them from reaching the underlying tight junctions and cell
membranes. However, since bladder cancer cells are less differentiated, they are less
polarized and exhibit diminished expression of GAG and uroplakins,14 leading to tumor cell
exposure to the bladder lumen and increased accessibility of small molecules and BCG to
the tumor site. Unfortunately, small molecule therapeutics are washed out during periodic
voiding, whereas BCG undergoes an increased contact time by retention at the tumor site(s).

Previous reports have shown that BCG is retained within the bladder by attachment to the
fibronectin (FBN) matrix in the tumor microenvironment in a protein sequence-specific
manner.12 15-17 The protein responsible for this adhesion is a virulence factor for several
extracellular pathogenic bacteria, leading to their enhanced colonization of mucosal
surfaces.1® The high affinity BCG-FBN interaction is mediated by a bacterial adhesin known
as fibronectin attachment protein (FAP). FAP is a member of the family of FBN-binding
glycoproteins that are highly conserved and expressed by several species of mycobacteria.18
FAP has been identified as the key element that mediates BCG attachment and
internalization by bladder tumor cells. This is achieved by FAP binding to aspq integrin-
FBN complexes present on exposed tumor cells in the lumen of the bladder.14: 19-20
Turnover of fibronectin through receptor-mediated endocytosis of p integrin-FBN
complexes occurs via Cav-1.21 This host cell response likely plays an important role in the
immunotherapeutic activity of BCG.

Nanoparticle-based drug delivery has been widely studied as a potential means to overcome
the lack of tissue specificity of conventional cancer chemotherapy.22-23 Liposomes are one
class of lipid-based nanoparticles derived from naturally occurring phospholipids that
feature high biocompatibility, biodegradability, and low immunogenicity properties.
Liposomes have been widely used to improve the therapeutic index of low molecular weight
drugs by modifying the solubility and biodistribution of the agent, while also prolonging its
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biological half-life and reducing its systemic toxicity.24-25 Liposomes can be prepared in a
size controlled manner (50—-150 nm)26-27 and can be surface functionalized to confer long-
circulation or target-specific adhesion properties. Grafting of poly(ethylene glycol) (PEG)
polymers onto the liposome surface is a common technique that reduces the particle
aggregation and protects the liposome from rapid degradation by the host immune system,
28-29 hereas incorporation of ligands on the liposome surface enables the delivery of drugs
to specific target tissue areas.

Liposome PEGylation has been previously employed to prevent aggregation and enhance
particle stability in the bladder lumen.30-31 Unfortunately, this strategy does not overcome
the low retention and frequent voiding challenges inherent in bladder tumor therapy.
Targeted formulations have been developed to address this issue, with bladder cancer
specific PLZ4 ligands developed for micelle formulations32 and transferrin conjugated
liposomes33 reported for the selective delivery of paclitaxel and the photodynamic sensitizer,
AIPcS,*, respectively. Moreover, bioadhesive nanoparticles comprised of chitosan/
poloxamer gels were developed to increase the residence time in the bladder34. However, it
was demonstrated that some PLZ4-micelles ended up in the liver and lungs, whereas
transferrin-liposomes competed with transferrin in blood, and poloxamer gels lost their
stability at body temperature, thus requiring additional steps to overcome these limitations
that impact their practical application in the clinic.

In a previous study, we reported that full length hexahistidine-FAP could trigger the selective
binding and uptake of nitrilotriacetic acid-modified liposomes by MB49 mouse bladder
cancer cells.14 This work also showed that multivalent FAP-bearing liposomes induced the
crosslinking of FBN-integrin complexes, leading to microaggregation-induced
internalization via the caveolar pathway when the liposome size (< 70 nm) and FAP ligand
surface density were controlled. Unfortunately, full length FAP is prone to aggregation,
making this liposome formulation a challenging one to deploy from a routine therapeutic
perspective due to the need for protein expression and purification immediately prior to use.
In an effort to obviate this problem, while retaining the favorable properties of FAP, we
sought the development of a targeted liposomal delivery system using a synthetic peptide
construct derived from FAP to promote selective and efficient localization of the carrier
system at the tumor site.

Ratliff and coworkers characterized the FAP protein sequence and identified the residues
responsible for FBN binding via alanine scanning.1® The key sequence involved in FBN
binding was identified as residues 269-292 (i.e., GNRQRWFVVWLGSTNDPVDKVAAK).
This sequence contains several charged and polar residues outside the proline rich areas of
the protein. A minimal binding sequence at residues 269-280 (i.e., GNRQRWFVVWLG)
was further identified as the domain that was most responsible for functional activity, with
the RWFV sequence being essential for FBN binding.16

We sought to leverage this information to develop a liposomal carrier system that displayed
the unique binding specificity and affinity characteristics of FAP, while improving the
stability and batch-to-batch uniformity and manufacturability of a targeted liposome
formulation. Our efforts focused on the preparation of a synthetic FAP peptide,
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GNRQRWFVVWLGSTNDPV,! for ligation to the distal terminus of a PEG2000-DSPE
lipopolymer for incorporation within a liposome formulation to promote the site specific
binding and internalization of this carrier system by MB49 cells (Figure 1). In brief, we find
that this system can successfully target bladder tumors /in vitroand /n vivo, thus suggesting
that it may form the basis of an important new bladder cancer therapeutic vehicle.

Results and Discussion

Synthesis of FAP peptide-lipopolymer conjugates

We sought the preparation of an octadecameric FAP peptide-lipopolymer construct that
could recapitulate the high affinity binding of FAP with fibronectin, while avoiding some of
the aggregation and instability issues associated with the full length protein. The FAP-
derived peptide, GNRQRWFVVWLGSTNDPV-propargylglycine, containing the essential
RWFV tetrapeptide sequence for FBN engagement and a terminal alkynylglycine residue for
subsequent CUAAC conjugation, was prepared by SPPS. The alkynyl moiety was installed at
the C-terminus of FAP peptide to enable proper orientation of the FBN binding sequence
after CUAAC-mediated coupling with the lipopolymer for liposome incorporation. The
hydrophobic character of the peptide and lipopolymer components required a solvent
mixture (8:2 DMF/H,0) and bath sonication to sufficiently solubilize the peptide and lipid
components for an efficient coupling reaction. After RP-HPLC purification of the coupling
product between the peptide with N3-PEG2000-DSPE, MALDI-TOF mass spectrometry
analysis revealed a predominant signal that was consistent with the molecular weight of the
GNRQRWFVVWLGSTNDPV-PEG2000-DSPE FAP peptide-lipopolymer conjugate at m/z
~ 5200 (Figure 2). The FBN targeted construct, RWFV-PEG2000-DSPE, and the
corresponding scrambled peptide construct, WVRF-PEG2000-DSPE, were used in
subsequent liposome experiments to evaluate the role of target ligand density and sequence
specificity on bladder tumor cell targeting efficiency.

Preparation and characterization of FAP peptide-targeted liposomes

The FAP peptide conjugates were formulated with DPPC and cholesterol to produce
dispersions that could remain stable during storage and under /n vitro and in vivo conditions.
35 Probe sonication was used to fabricate SUV particles capable cellular internalization via
the clathrin-independent, caveolae-dependent uptake pathway having a strict < 70 nm
diameter size restriction.1# The formulations were also designed to present multiple copies
of targeting peptide ligand on the liposome surface to promote MB49 cell association and
internalization. Dynamic light scattering analysis of multivalent FAP peptide-targeted
liposomes (Figure Sl 1a) revealed a mean hydrodynamic radius of 58 + 22 nm (PDI 0.177)
and a mean C potential of =36 £ 7.5 mV that has been reported to limit non-specific
liposome uptake.36 Negative stain TEM analysis (Figure Sl 1b) reveals the presence of a
spherical, unilamellar liposome population. In this formulation, the FAP peptide ligand is
immobilized on the liposome surface through hydrophobic interactions between the DSPE
lipid anchor and the membrane bilayer3” and connected via a flexible hydrophilic polymer
tether to provide conformational flexibility for optimizing the engagement of the ligand with
its FBN binding partner.38
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Cell association induced by targeting mechanism

Intracellular

The targeting efficiency of FAP peptide-targeted liposomes for FBN:integrin complexes was
evaluated in murine urothelial carcinoma MB49 cells by monitoring their liposome-
associated fluorescence intensities via flow cytometry. Previous studies have shown that
multivalent liposomes need an optimal surface ligand density with appropriate ligand
separation to promote receptor crosslinking and internalization.14 39 We tested this concept
by varying the FAP peptide-lipopolymer concentration (0.1, 0.5, 1, 2, 4 mol%) in the
liposomal membrane and measuring its impact on the magnitude of MB49 cell association.
Cell binding progressively increased with increased FAP peptide-lipopolymer concentration
in the liposome up to a maximum at 2 mol%; however, the extent of cell association
decreased with further increases in RWFV-PEG2000-DSPE loadings to 4 mol% (Figure 3A).
We attribute these findings to a target ligand oversaturation phenomenon wherein the peptide
targeting ligands are entangled and/or buried within the PEG corona and unavailable to
engage the FBN:integrin complexes.*? In addition, it is also known that increasing the
average number of ligands per nanoparticle increases the chance that two ligands exist in
close proximity, resulting in a competition between multivalently bound nanoparticles and
unbound nanoparticles for the receptors available on the cell surface.39 Regardless of the
mechanism operating in this system, we elected to use liposomes bearing 2 mol% of FAP
peptide-lipopolymer in all subsequent studies.

We then compared the extent of MB49 cell association with FAP peptide-free and FAP
peptide-containing liposome formulations. The data in Figure 3B show that liposomes
containing 2 mol% RWFV-PEG2000-DSPE had significantly greater cell association than
the non-targeted (2 mol% mPEG2000-DSPE) or control (no liposomes) groups. The
minimal cell association displayed by the non-targeted liposomes suggest that the PEG
corona surrounding the liposome serves as an effective barrier toward blocking non-specific
adsorption to MB49 cells.

trafficking of FAP-peptide targeted liposomes

Since cell-carrier system interactions can greatly impact their internalization rate and
therapeutic efficacy,* we monitored the binding and intracellular trafficking of FAP
peptide-lipopolymer targeted liposomes by confocal microscopy. Using FITC-labeled
liposomes, we observed that targeted liposomes had an enhanced binding to MB49 cells
relative to non-targeted liposomes when monitored under the same imaging parameters
(Figure 4A), a finding that is consistent with the flow cytometry observations in Figure 3B.
Time-dependent z-stack images of targeted liposomes (2 mol% RWFV-PEG2000-DSPE)
showed that 2 h after liposome addition, most of the particles were plasma membrane bound,
with some internalization and co-localization with the acidic lysosomes as indicated by
yellow fluorescence in the images due to overlap of the red AlexaFluor® 680 WGA-stained
lysosome and green FITC-labeled liposomes (Figure 4B). After 10 h incubation, more
internalization and co-localization of the targeted liposomes with the lysosomal
compartments was apparent. These findings suggest that binding and internalization of FAP
peptide-lipopolymer targeted liposomes occurs in MB49 cells in a kinetic window that is
similar to that reported for full length FAP internalization via the caveolar pathway1*
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Assessment of peptide sequence specificity toward targeting of FBN:integrin complexes

To further probe the effectiveness and sequence specificity of FAP peptide targeting for the
FBN:integrin complexes in MB49 cells, we synthesized a FAP peptide-lipopolymer
containing WVREF, a scrambled version of the key RWFV binding motif in the targeting
peptide sequence, to evaluate its impact on fibronectin binding activity. Scrambled peptides
are often used as negative controls to show that a specific sequence is critical for function.#2
Comparison of the time-dependent MB49 cell association of targeted (RWFV) and
scrambled (WVRF) FAP peptide-modified liposomes showed that liposome-based Cy5.5
fluorescence increased with time for 2 mol% RWFV-PEG2000-DSPE containing liposomes,
whereas the Cy5.5 fluorescence of MB49 cells remained constant with time for the 2 mol%
WVRF-PEG2000-DSPE (scrambled) liposomes and control groups (Figure 5). Weak
binding due to the scrambled tetrapeptide sequence was expected since the flanking
sequences in the adhesion protein are thought to contribute to binding affinity via charged
amino acid interactions. Nonetheless, these findings underscore the importance of the
RWEFV tetrapeptide sequence for specific binding to FBN:integrin complexes in MB49 cells.

Cytotoxicity assay

The tolerance of MB49 cells toward liposomes containing FAP peptide-lipopolymers was
studied using LIVE/DEAD® analysis. This assay is based on the irreversible reaction of
viability dyes with the primary amine groups of cellular proteins in live versus dead cells*3
that can easily be discriminated by flow cytometry. We found that all constructs were not
toxic, regardless of the presence or type of FAP peptide-lipopolymer present in the liposome
formulation (Figure Sl 2). The non-toxic targeted delivery system maximizes the chance to
treat the target cells efficiently without risking healthy cells or inducing side effects.

Improvement in Cell Association Efficiency by Double PEGylation

As the data in Figure 3A shows, the FAP peptide targeting moieties can be encumbered by
entanglement in the PEG corona of the liposome. We reasoned that double PEGylation with
two different PEG chain lengths might improve the targeting efficiency by reducing the
masking effect of peptide that is embedded within long PEG chains. Thus, a higher
concentration of short MPEG1000 polymer was used as a non-specific blocking layer while
a lower concentration of longer PEG2000 bearing the peptide targeting group was used to
limit interactions with the shorter PEG corona. This architecture was selected to produce a
dense mushroom layer of mMPEG1000 that would promote stretching of the PEG2000 chains
to more efficiently present the peptide targeting ligand to the FBN:integrin complexes on the
cell surface. Liposome formulations containing only short PEG polymers (4 mol%
mPEG1000-DSPE) and blends with different FAP peptide-lipopolymer constructs (non-
targeted, 2 mol% mPEG2000-DSPE), scrambled (2 mol% WVRF-PEG2000-DSPE), and
targeted (2 mol% RWFV-PEG2000-DSPE) were prepared. Characterization data indicated
that the size and C potential were similar in these preparations (data not shown). Double
PEGylation led to a significant boost in targeting efficiency for the targeted liposome
formulation relative to the scrambled and non-targeted liposome groups (Figure 6). These
findings are in agreement with the hypothesis that the targeting ligands are more available
for target engagement due to reduced encumbrance from occupancy within the PEG corona.
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Based on these findings, liposomal formulations employing double PEGylation with 2% of
FAP peptide-lipopolymer targeting was used in all subsequent studies.

Mouse Bladder Tumor Model In Vivo Analysis

The tumor homing activity of /n vitro optimized FAP peptide-lipopolymer targeted
liposomes was then evaluated in an orthotopic model of bladder cancer to investigate the /n
vivo targeting efficiency of these vehicles. MB49-Luc cells were instilled via catheter into
the bladder of female Balb/c mice. Mice with developed tumors at Day 9 — 11 were selected
based on their bioluminescent signal intensity after i.p. injection of luciferin using an /in vivo
imaging system (Spectral Ami Optical Imaging System). Tumor-bearing mice were then
treated intravesically with non-targeted (2 mol% mPEG2000-DSPE), scrambled (2 mol%
WVRF-PEG2000-DSPE), or targeted (2 mol% RWFV-PEG2000-DSPE) liposome
suspensions containing 4 mol% mPEG1000-DSPE and 0.5 mol% Cy5.5-DSPE and imaged
after 1 h for both luminescent and fluorescent signals. The data in Figure 7A show the color-
coded luminescent signal intensities from bladder tissue of luciferin treated animals. Tumor
positive areas appear in most animals and are heterogeneous in size. Figure 7B depicts the
Cy5.5 fluorescence intensities in the same tissues due to liposome-mediated binding to the
bladder tissue. Then whole bladder was assigned as a region of interest (ROI) to evaluate the
overall binding events. This data shows that RWFV-PEG2000-DSPE targeted liposomes
bind bladder tumors more efficiently than the WVRF-PEG2000-DSPE scrambled or non-
targeted liposomes (p < 0.05 in all cases; Figure 7C). Conversely, scrambled liposomes
displayed reduced tumor engagement than targeted liposomes. Non-targeted liposomes had
little or no binding compared to non-treated controls, confirming that non-specific binding is
minimal in the absence of synthetic FAP peptide-lipopolymer. These findings suggest that
synthetic FAP peptide-lipopolymers contribute to enhanced binding of liposomes to bladder
tumors /n vivo in a sequence-specific manner.

Conclusions

This work demonstrates that FAP peptide-lipopolymers are capable of binding to MB49
cells in a concentration- and time-dependent manner. Optimal cell association occurred
using liposomes bearing 2 mol% RWFV-PEG2000-DSPE combined with 4 mol%
mPEG1000-DSPE in a double PEGylation strategy that presumably enhances FAP peptide
presentation to FBN:integrin complexes in the bladder tumor target cells. These
formulations were non-toxic and could be reproducibly prepared with diameters below 70
nm, a required feature to enable uptake via the caveolar pathway. Orthotopic bladder tumor
model experiments also showed that sequence-specific targeting of liposomes could be
successfully translated to the /n vivo setting. These findings suggest that FAP peptide-
targeted liposomes may serve as an improved therapeutic vehicle for bladder cancer
treatment by utilizing the binding specificity of FAP peptide for the tumor
microenvironment, while offering a flexible and reproducible formulation for triggering
local cytotoxicity in bladder tumors as a potential replacement for BCG therapy.
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Materials and Methods

Materials

Fmoc-protected amino acids, resins, and coupling reagents for solid-phase synthesis were
purchased from EMD Millipore. Tris(3-hydroxypropyltriazolylmethyl)amine (THPTA) was
purchased from Sigma-Aldrich. 1,2-Dipalmitoyl-sr-glycero-3-phosphocholine (DPPC), 1,2-
distearoyl-sn-glycero-3-phosphoethanolamine (DSPE), 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-mPEG1000 (mPEG1000-DSPE), 1,2-distearoyl-sr+glycero-3-
phosphoethanolamine-PEG2000-azide (N3-PEG2000-DSPE), and cholesterol (Chol) were
purchased from Avanti Polar Lipids. Cyanine 5.5-NHS ester was purchased from
Lumiprobe. Cellulose acetate (CA) syringe filters were purchased from Macherey-Nagel
Inc. Sephadex® G-50 and LH-20 were purchased from GE Healthcare. LIVE/DEAD®
fixable green dead cell stain was purchased from ThermoFisher. AlexaFluor® 680-Wheat
Germ Agglutinin conjugate (WGA) and LysoTracker® Blue DND-22 were purchased from
Life Technologies. Cell culture reagents such as DMEM, FBS, trypsin, and PBS were
purchased from Atlanta Biologicals. Ultrapure water (18 MQ) was used for preparation of all
buffers and in all experiments. All solvents were of analytical grade, purchased from
commercial sources and used without further purification, except DMF which was dried
over CaH, under N, filtered, and distilled under reduced pressure.

Peptide Synthesis

The GNRQRWFVVWLGSTNDPV peptide sequence was synthesized following standard
solid phase peptide synthesis (SPPS) procedures using the Fmoc-based approach. Gly-Wang
resin (300 mg, 0.34 mmol) was swelled inside the reactor with DCM for 20 min before
filtration to remove the solvent. The resin-bound amino acid was treated with piperidine
(20% in DMF; 20 min) to effect Fmoc deprotection. The resin was filtered and washed two
times with DMF, DCM, IPA, and DMF, sequentially. The Fmoc-protected amino acids (6
equiv., 2.04 mmol) were treated with HBTU (6 equiv, 2.04 mmol) and DIEA (12 equiv, 4.08
mmol) and added to the resin for a 1 h reaction period. The resin was then filtered and
washed two times with DMF, DCM, IPA, and DMF, sequentially. The coupling and
deprotection procedures were repeated until the synthesis of the full peptide sequence was
complete. Then, the dried resin was treated with cleavage cocktail (95:2.5:2.5

TFA:H,0: Pr3SiH) for 1 h before filtering and washing the resin with fresh cleavage cocktail
two times. The filtrates were collected and evaporated using a N, stream. Then, an excess
amount of water was added and the crude peptide recovered by lyophilization. The peptides
were purified using a AKTA Explorer FPLC equipped with a 22/250 C18 preparative
column. The dried crude peptide was dissolved in a 6:4 H,O:ACN mixture and separated by
gradient elution with solvent A (ACN + 0.1% TFA) and solvent B (H,O + 0.1% TFA) at a
flow rate (22.9 mL/min) using a 70 min gradient (0-70% solvent A). Fractions containing
the desired products were collected (35-45% solvent A), pooled, and lyophilized. The
molecular weight of the peptides were confirmed by matrix-assisted laser desorption
ionization time-of-flight (MALDI TOF) mass spectrometry using a Voyager DE Pro mass
spectrometer.
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FAP Peptide-Lipopolymer Synthesis
FAP peptide-lipopolymers (RWFV- and WVRF-containing sequences) were prepared via
copper-catalyzed azide-alkyne cycloaddition (CUAAC). A solution containing the alkyne-
terminated FAP peptide (0.44 mM in DMF) was added to a 1.5 mL Eppendorf tube,
followed by stepwise addition of THPTA (8 mM in water), CuSO4 (5 mM in water), sodium
ascorbate (10 mM in water), and N3-PEG2000-DSPE (1 mM in DMF). The tube was then
capped under a stream of N, and the mixture subjected to bath sonication for 1 h (37 kHz,
70% power), followed by vigorous agitation with an Eppendorf Thermomixer R (Fisher
Scientific, Pennsylvania, USA) (700 rpm, 50 °C) overnight in the dark. The product was
collected and purified using a Waters Delta Prep 4000 RP-HPLC equipped with a C8
preparative column (5 x 25 cm). The crude product was separated via gradient elution using
solvent A (ACN + 0.1% TFA), solvent B (H>O + 0.1% TFA), solvent C (MeOH), and
solvent D (IPA) at a flow rate of 10 mL/min with a 70 min gradient [0-50 min (5-100%
solvent C), 50-55 min (100% solvent C), 55-56 min (100% solvent D), 56—70 min (100%
solvent D)]. The molecular weights of the purified FAP peptide-lipopolymers were
confirmed by MALDI-TOF.

Cy5.5-DSPE Synthesis

Cy5.5-DSPE was synthesized by direct coupling of Cy5.5-NHS ester with DSPE. DSPE (1
equiv.) was dissolved in dry CHCI3 and Et3N (4 equiv.) was added to the Cy5.5-NHS ester
(2 equiv.) dissolved in DMSO. The two solutions were mixed and heated for 1 h at 50 °C
with frequent vortex mixing before incubating in the dark at 22 °C overnight. The crude
product was purified by Sephadex® LH-20 column chromatography using 6:4 CHCl3:MeOH
as eluent. The fractions of pure Cy5.5-DSPE were collected, pooled, evaporated, and dried
under 50 pm vacuum overnight in the dark. The Cy5.5-DSPE molecular weight was
confirmed by MALDI-TOF.

Liposome Preparation and Characterization

Liposomes were prepared by the thin-film hydration method. Native FAP peptide-targeted
liposomes used GNRQRWFVVWLGSTNDPV-PEG2000-DSPE lipopolymer. Scrambled
FAP peptide-targeted liposomes used GNRQWVRFVWLGSTNDPV-PEG2000-DSPE.
Non-targeted liposomes used mPEG2000-DSPE. Single PEGylated liposome formulations
used DPPC, Chol, Cy5.5-DSPE, and peptidolipopolymer (62.5:35:0.5:2 mol%, respectively;
6 umol total lipid). Double PEGylated liposome formulations used DPPC, Chol, Cy5.5-
DSPE, mPEG1000-DSPE, and peptidolipopolymer (58.5:35:0.5:4:2 mol%, respectively; 6
pumol total lipid). The lipids were mixed in CHClI3 in a glass round bottom flask and slowly
evaporated to produce a thin lipid film that was further dried under a 50 pm vacuum
overnight. The lipid film was then hydrated with HEPES buffered saline (HBS: 10 mM
HEPES, 300 mM sucrose, pH 7.4) at 55 °C and re-suspended by vigorous vortexing. The
suspension was transferred to cryogenic vials for ten freeze (-196 °C)/thaw (55 °C)/vortex
cycles to enhance the hydration processes. The resulting large multilamellar vesicles were
downsized by probe-tip sonication (20 min, output 4), followed by filtration through a 0.2
um CA syringe filter, to produce small unilamellar vesicles. Separation of the liposomes
from unencapsulated material was performed by Sephadex® G-50 size exclusion
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chromatography. Particle sizes, size distributions, and C-potentials of the different
preparations were determined using a Zetasizer Nano S dynamic light scattering device. All
measurements were conducted at 25 °C in triplicate and reported as the number mean + SD.
Electron microscopy images of liposomes were collected using a Tecnai T20 transmission
electron microscope operating at a 200 kV with a LaB6 filament. Samples were deposited
onto Formvar/carbon-coated Cu 400-mesh grids and negatively stained with 2% uranyl
acetate prior to visualization.

Liposome Cell Association Analysis

Intracellular

Liposome association with MB49 cells was studied by seeding 10,000 cells per well in 96-
well plates and culturing them at 37 °C, 5% CO,, and 95% relative humidity in complete
FBS supplemented DMEM for 24 h to reach 80-90% confluency. Various liposome
preparations containing different FAP peptide lipopolymer compositions were incubated
with the cells for 1 h at 37 °C under serum-free medium conditions. The unbound liposomes
were removed by aspirating the spent medium and washing the cells with PBS (3X). The
attached cells were detached by trypsinization and diluted with complete medium at the
required concentration for flow cytometric analysis using a Beckman-Coulter FC500.
Emission from fluorescein-tagged liposomes were counted using the FL4 channel.

Trafficking Study of MB49 Cells After Liposome Exposure

Temporal and spatial tracking of targeted liposomes was studied using multiphoton confocal
microscopy. MB49 cells were cultured in complete FBS-supplemented DMEM at a cell
density of 35,000 cells/well in 4 chambered slides. After 24 h, the culture media was
replaced with serum-free medium containing the FAP peptide-targeted liposomes and
incubated for 2 h, followed by removal of the liposome suspension, rinsing of the cells three
times with FBS-supplemented DMEM, and incubation for 0 or 10 h at 37 °C. The cells were
then stained with AlexaFluor® 680 WGA for 10 min to reveal the plasma membrane,
washed with PBS (2X), and then incubated with LysoTracker® Blue DND-22 for 10 min to
stain lysosomal compartments, before washing with PBS (2X) and imaging by confocal
microscopy with a Nikon A1R MP microscope equipped with a 60X oil immersion
objective.

MB49 Cell Viability Assay

Cell viability was measured using LIVE/DEAD® fixable cell stains. MB49 cells were
seeded at 10,000 cells per well in 96-well plates in growth medium and allowed to adhere
overnight at 37 °C. Cells were washed with PBS and incubated with liposome samples in
serum-free media for 1 h. The cells were then washed with PBS, trypsinized, incubated with
0.5 L stain for 20 min in the dark, and analyzed for their LIVE/DEAD cell fluorescence
intensities using the FL1 channel of a Beckman-Coulter FC500 flow cytometer.

Analysis of Liposome Binding to MB49 Bladder Tumors in Mice

All animal experiments followed protocols approved by the Purdue Animal Care and Use
Committee (PACUC). Stably transfected luciferase-MB49 cells (MB49-Luc) were instilled
via a 31G catheter into the urinary bladders of female mice. All mice were imaged using the
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Spectral Ami Optical Imaging System 9-11 days after the tumor implantation procedure to
screen for luciferin-induced bioluminescence to determine tumor-associated luminescence
intensities and tumor implantation rates. Mice without detectable luminescence were sorted
into the control group, whereas tumor-bearing mice were randomly assigned to treatment
groups (n = 5 mice/group). At Day 10, 100 pL of each liposome suspension was instilled via
catheter into the bladder and allow to in-dwell for 1 h. Liposome suspensions were then
removed by aspiration, followed by washing with PBS (5X) /n situ. A luciferin solution was
then injected into the peritoneal cavity 10 min before euthanasia of the animals. Each
bladder was excised, inverted to project the tumor-bearing bladder luminal tissue on the
outside of the bladder, washed with 45 mL of PBS ex vivo, surgically bivalved, and placed
on a plastic support with the luminal surface facing up. Luminescence (Field-of-view
(FOV): 10 cm, object height: 0.5 cm, exposure time: 120 s, f/stop: 1.2) and fluorescence
(FOV: 10 cm, object height: 0.5 cm, excitation: 675 nm, emission: 730 nm, exposure time: 1
s, f/stop: 2) imaging was performed using a Spectral AMI imaging system.

Statistical Analysis

Statistical significance was evaluated by one-way analysis of variance (ANOVA), followed
by Dunnett’s test for multiple comparison between the FAP peptide-targeted liposome
groups and other experimental groups. A p value of < 0.05 was considered to be a
statistically significant. *p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.001.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

FBN fibronectin

FAP fibronectin attachment protein

BCG bovis bacillus Calmette-Guerin

PEG poly(ethylene glycol)

DPPC 1,2-Dipalmitoyl-sn-glycero-3-phosphocholine

DSPE 1,2-distearoyl-srglycero-3-phosphoethanolamine

mPEG1000-DSPE 1,2-distearoyl-sr-glycero-3-phosphoethanolamine-
mPEG1000

N3-PEG2000-DSPE 1,2-distearoyl-sr-glycero-3-phosphoethanolamine-

PEG2000-azide
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Figure 1.

Conceptual diagram of FAP peptide-targeted liposome binding to exposed fibronectin-

integrin complexes on the surface of bladder tumor cells.
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Figure 2.
MALDI-TOF mass spectrum of the RWFV-PEG2000-DSPE conjugate.
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Figure 3.

A: Evaluation of cell association mediated by liposomes bearing FAP peptide-lipopolymer
at various membrane loading densities (0.1, 0.5, 1, 2, 4 mol%). MB49 cells were treated
with Cy5.5-labeled liposomes bearing different concentrations of RWFV-PEG2000-DSPE
and incubated for 1 h at 37 °C. The media was then aspirated and the cells washed with
PBS, trypsinized, and analyzed by flow cytometry for the number of cells displaying Cy5.5
fluorescence. Liposome diameters: 55-65 nm. Liposome composition: 64.5-x:35:x:0.5
DPPC:Chol:RWFV-PEG2000-DSPE:Cy5.5-DSPE. Control: no liposome treatment. Error
bars indicate the standard deviation of the mean with 7=3. B: Comparison of cell association
events between 2 mol% targeted (RWFV-PEG2000-DSPE) and non-targeted (mPEG2000-
DSPE) liposomes in MB49 cells. The liposomes were incubated with cells for 1 h at 37 °C,
followed by media aspiration, washing with PBS, trypsinization, and flow cytometry
analysis for Cy5.5 fluorescence. Liposome diameters: 58 nm. Liposome composition
(targeted): 62.5:35:2:0.5 DPPC:Chol:RWFV-PEG2000-DSPE:Cy5.5-DSPE. Liposome
composition (nhon-targeted): 62.5:35:2:0.5 DPPC:Chol:mPEG2000-DSPE:Cy5.5-DSPE.
Control: no liposome treatment. Error bars indicate the standard deviation of the mean with
m=3 (ANOVA: *p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.001).
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Figure 4.
A: Binding and intracellular trafficking of targeted (top) and non-targeted (bottom)

liposomes in MB49 murine bladder tumor cells. MB49 cells were treated with liposome
formulations in serum-free medium for 2 h at 37 °C prior to imaging by confocal
microscopy. Targeted liposome composition: 62.5:35:2:0.5 DPPC:Chol:RWFV-PEG2000-
DSPE:Cy5.5-DSPE. Non-targeted liposome composition: 62.5:35:2:0.5
DPPC:Chol:mPEG2000-DSPE:Cy5.5-DSPE. B: MB49 cells were treated with targeted
liposomes (2 mol% RWFV-PEG2000-DSPE) for 2 h, followed by incubation for additional 0
h (left) or 10 h (right). Acidic lysosomes were stained with LysoTracker® Blue DND-22 and
plasma membranes were stained with AlexaFluor® 680 WGA. Arrows indicate regions of
coincident LysoTracker and FITC fluorescence, indicating the co-localization of FITC-
labeled liposomes within acidic late endosome/lysosome compartments. Liposome
diameters: 58 nm. Liposome composition: 62.5:35:2:0.5 DPPC:Chol:RWFV-PEG2000-
DSPE:Cy5.5-DSPE.
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Figureb5.
Evaluation of targeting specificity using targeted and scrambled FAP peptide-lipopolymer

liposomes in MB49 cells. The liposomes were incubated with cells for 20, 40, and 60 min at
37 °C. Then media was aspirated and cells were washed with PBS, trypsinized, and analyzed
by flow cytometry for Cy5.5 fluorescence as a measure of cell binding. Liposome diameter:
52 nm. Targeted liposome formulation: 62.5:35:2:0.5 DPPC:Chol:RWFV-PEG2000-
DSPE:Cy5.5-DSPE. Scrambled liposome formulation: 62.5:35:2:0.5 DPPC:Chol:WVRF-
PEG2000-DSPE:Cy5.5-DSPE. Control: no liposome treatment. Error bars indicate the
standard deviation of the mean with /7=3.
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Figure 6.
Cell association of single and double PEGylated liposomes incorporating different

functionalized FAP peptide-lipopolymers (non-targeted, 2 mol% mPEG2000-DSPE;
scrambled, 2 mol% WVRF-PEG2000-DSPE; and targeted, 2 mol% RWFV-PEG2000-
DSPE) in MB49 cells. mPEG1000-DSPE (4 mol%) was included in the liposome
formulation to reduce non-specific binding and enhance targeting efficiency. The liposomes
were incubated with cells for 1 h at 37 °C. Then, the media was aspirated, the cells washed
with PBS, and trypsinized before flow cytometry analysis of Cy5.5 fluorescence as a
measure of cell binding. Liposome diameter: 58 nm. Liposome formulation: 58.5:35:4:2:0.5
DPPC:Chol:mPEG1000-DSPE: X:Cy5.5-DSPE, where X = RWFV-PEG2000-DSPE
(targeted), WVRF-PEG2000-DSPE (scrambled), or mPEG2000-DSPE (non-targeted).
Control: no liposome treatment. Error bars indicate the standard deviation of the mean with
n=3. Right: Conceptual diagram of FAP peptide ligand presentation on single vs. double
PEGylated liposome surfaces.
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Figure7.

lngvivo bladder tumor tissue targeting evaluation using double PEGylated liposomes
incorporating different functionalized lipopolymers (non-targeted, 2 mol% mPEG2000-
DSPE; scrambled, 2 mol% WVRF-PEG2000-DSPE; or targeted, 2 mol% RWFV-PEG2000-
DSPE) versus untreated controls. A: Luciferin-induced luminescence signal from MB49-
Luc bladder tumor cells; B: Cy5.5 fluorescence arising from liposomes bound to bladder
tissue; and C: Mean radiance (whole bladder ROI’s) of control and treated tissues using
different liposome preparations. The liposomes were instilled into the bladder intravesically
and allowed to in-dwell for 1 h before aspirating the liposome suspension and washing the
bladder with PBS. Luciferin was then injected i.p. before euthanasia. The bladder was then
harvested, inverted, washed, and placed for imaging. Liposome diameter: 61 nm. Liposome
formulation: 58.5:35:4:2:0.5 DPPC:Chol:mPEG1000-DSPE: X:Cy5.5-DSPE, where X =
mPEG2000-DSPE (non-targeted); WVRF-PEG2000-DSPE (scrambled); or RWFV-
PEG2000-DSPE (targeted). Control: no liposome treatment. Error bars indicate the standard
deviation of the mean with /=5 (ANOVA: *p < 0.05, **p < 0.01, ***p < 0.005, ****p <
0.001).
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