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"They that hope in the LORD will renew their
strength, they will soar as with eagles' wings;
They will run and not grow weary, walk and not
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Abstract

Tumor-specific Delivery of Anticancer Nucleic
Acids by Anti-EGF Receptor

Immunonanoparticles

Department of Biomedical Laboratory Science

The Graduate School, Yonsei University

Cancer gene therapy is the treatment of cancers by transferring therapeutic
genes (plasmid DNA, micro RNA or small interfering RNA) with gene delivery
systems. The drawbacks of gene delivery systems in the issues of safety and
transfection efficiency make their clinical applications difficult. Liposomal gene
delivery systems have been considered to be relatively safer, less
immunogenic and non-infectious than viral gene delivery systems. Typically,
cationic liposomes have been widely utilized for in vitro and in vivo gene
transfection because of easy and stable formation of liposome—-DNA complexes
called lipoplexes. In recent years, the liposomal gene delivery systems have
been improved in terms of transfection efficiency and stability 2 vivo. For
example, virosomes, fusogenic viral envelop proteins reconstituted in liposomal
vesicles, were more effective in transfection to various cells and tissues than
other conventional cationic lipoplexes. However, gene transfection efficiency
of liposomal systems still needs to be further improved for clinical
applications. In this study, anti—epithermal growth factor receptor (EGFR)
immunonanoparticles (immunoliposomes, immunovirosomes, immunolipoplexes
and immunoviroplexes) were developed for EGFR-directed gene delivery to
cancer cells. The four different types of EGFR-targeted liposomal systems
were finally constructed by conjugation of Cetuximab, anti—-EGFR monoclonal
antibody, to PEG termini on the liposomal surface. The resulting anti—EGFR

antibody-conjugated immunonanoparticles were able to effectively deliver
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genes (pDNA and siRNA) to EGFR-positive cancer cells (A549 and SK-OV-3
cells), but not to EGFR-negative ones (MCF-7 and B16BL6). Especially, the
anti—-EGFR immunoviroplexes exhibited the most efficient transfection to
EGFR-expressing tumor cells than the others. The anti-EGFR
immunonanoparticles were able to more selectively deliver to SK-OV-3
tumors xenografted in mice than conventional cationic DMKE/Chol lipoplexes.
The two different types of anticancer genes (pDNA; IL12 gene and/or
salmosin gene, siRNA; vimentin siRNA and/or JAK3 siRNA) were encapsulated
in anti—-EGFR immunolipoplexes and anti—-EGFR immunoviroplexes and then
intravenously injected to the SK-OV-3 tumor-xenografted mouse model. The
gene transfected mice were also treated with anti—cancer drug, doxorubicin.
According to the experimental data, the anti—-EGFR immunonanoparticles
containing both types of anticancer genes were more effective in inhibition of
tumor growth and metastasis. In addition, the combined treatment with
doxorubicin was able to synergistically inhibit SK-OV-3 tumor growth in mice.
Among the anti~-EGFR immunononoparticles, the anti—-EGFR immunoviroplexes
exhibited the most efficient EGFR-specific transfection, resulting in the most
effective therapeutic efficacy. This study suggests that the anti—-EGFR
immunonanoparticles, specially the anti—-EGFR immunoviroplex formulation,
would be wuseful as an efficient tumor-specific gene delivery system for
cancer gene therapy. Also, combination of conventional chemotherapy and
tumor—directed anticancer gene therapy can be an acceptable modality for

anticancer therapy.

Key words : gene therapy, anti—EGFR immunonanoparticle, immunoliposome,
immunolipoplex, immunovirosome, immunoviroplex, EGFR,
Cetuximab, Sendai F/HN protein, IL12 gene, salmosin gene,
vimentin siRNA, JAK siRNA



PART 1

Tumor-specific anticancer gene delivery by
anti~-EGFR immunonanoparticles



I . INTRODUCTION

Gene therapy 1is becoming a promising approach for the treatment of
diseases such as hereditary or acquired diseases. Recently, more gene
therapy studies are aimed at cancer treatment. Cancer gene therapy can be
defined as cancer treatment by transferring anti—tumoral plasmid DNA (pDNA),
micro RNA (miRNA) or small interfering RNA (siRNA) with gene delivery
systems (1). However, the lack of safe and efficient gene delivery systems
makes their clinical application difficult at this moment.

There are two different types of gene delivery strategies for gene
transferring to cancer cells, gene transfection mediated by viral vector or
non-viral vector systems. Viral vectors have shown higher transaction
efficiency and long-term gene expression than nonviral vectors. Hence, viral
vectors, such as adenoviruses, adeno—-associated viruses, and retroviruses
including lentiviruses have been considered to be promising gene delivery
carriers. However, the viral vectors have been reported to have serious
side—effects, such as toxicity, immunogenicity and inflammatory responses in
host cells, limited loading capacity, and difficulties in large-scale production
(2). Therefore, nonviral vectors, such as liposomal vectors (liposomes or
virosomes), cationic peptides or cationic polymers, have recently received
increasing attention as gene delivery systems (3). Non-viral vectors have
become widespread because of their capacity to transfer large-scale genes,
site-specific  transfer, and their less immunogenic, non-toxic and
non-infectious properties. However, the clinical usefulness of non-viral
methods is also limited by their low transfection efficiency and relatively poor
transgene expression (4).

Cancer is still a severe uncontrollable disease with high rates of morbidity
and mortality although many therapeutic treatments have been developed.
Generally, cancer treatment includes the surgical removal of cancer lesions
along with the surrounding normal tissues, followed by chemotherapy and
radiotherapy. However, in many cases the cancer cells are not completely
eliminated from the body, which allows the tumors to recur (5). To suppress

the growth of residual cancer after surgery of malignity cancers, numerous



anticancer drugs, reagents or therapeutic procedures have been developed.

The tumor specific molecular targets for cancer diagnostics and therapy has
led to the specific detection and treatment of cancer cells in several types of
cancer (6, 7). The concept of targeted drug or gene delivery was proposed
by Paul Ehrlich in 1906 as a ‘magic bullet’ (8), and the tumor-specific
delivery system for cancer was developed more after when Bangham defined
liposomes (9). Thus, tumor cells can be specifically detected based on
characteristic alterations in oncogene expressed products and other specific
molecules as a key. Oncogene products can therefore be used as targets for
diagnosis, imaging and therapy (6).

The epidermal growth factor receptor (EGFR) has been recognized as a
therapeutic target molecule for cancer treatment. It is a cell surface receptor
over—expressed in several cancers such as breast, ovarian, lung, head and
neck, prostate, and colorectal cancers, and have been proposed as a
prognostic marker for cancer progression and survival (10). Preclinical and
clinical studies have shown that targeting the epidermal growth factor
receptor (EGFR) family is a valid strategy for diagnosis and anticancer
therapy (11-12). The EGFR family is the prototypic member of the class I
family of receptor tyrosine kinases, which includes EGFR, HER2 (ErbB2),
HER3 (ErbB3) and HER4 (ErbB4) (13). The EGFR expressed on the cell
surface is activated by binding of its specific ligands including epidermal
growth factor and transforming growth factor a (TGFa).

Dysregulation of EGFR signaling has been known to contribute to malignant
transformation of cells. As a target antigen, EGFR is a readily accessible cell
surface receptor. When over—expressed, provides a basis for selective
antibody-based targeting of varied types tumor cells (14). Consequently,
strategies targeting EGFR have been developed as a treatment option,
including monoclonal antibodies, small molecule inhibitors of EGFR-mediated
signal transduction, and antibody-based immunoconjugates. Some of these
reagents have already been approved for cancer therapy such as monoclonal
antibodies (Cetuximab, Panitumumab) and small molecule inhibitors (Gefitinib®,
Erlotinib®). Actually, monoclonal antibodies (MAbs) against EGFR such as
Cetuximab can inhibit the proliferation of EGFR-overexpressing cells i vitro

and in tumor xenograft models (15-18).



Liposomal gene delivery systems such as liposomes and virosomes have
been used as sustained-action delivery vectors for a wide variety of vaccines,
drugs and genetic oligonucleotides (DNA or RNA). Among various liposomal
nanoparticles used as drug or gene delivery systems, liposomes are the most
well studied materials because of their amphiphilic and biocompatible
characteristics (19, 20). Liposome are composed of vesicular lipid bilayers
surrounding a large inner aqueous phase. Various therapeutics are
encapsulated into the liposomes, which eventually break down through natural
processes and release their contents into the bloodstream or into nearby
tissues.

Cationic liposomes have been established as one of non-viral gene delivery
systems for studies and clinical purposes. Cationic liposomes are able to
easily and rapidly prepare cationic liposomes—DNA complexes (called
lipoplexes) via charge interaction. Cationic lipoplexes have relatively high
transfection efficiency in vitro or when locally delivered at low doses (21).
Complexed DNA is strongly compacted and protected from lytic enzymes (22).
Also, because of their surface charge they interact with the cell membranes,
then internalized via endocytosis. Therefore, cationic lipoplexes have the
potential to deliver intracellular large polynucleic acid molecules. However,
their /n wvivo transfection sites are limited to the lung and liver because of
their large size, excessive positive charge and considerable aggregation
property (23, 24).

Virosomes are chimeric gene transfer system combining viral and non-viral
features due to the viral constituents of envelop proteins and artificial
liposomal vesicles. Among the chemical delivery systems, the virosomes are
known to be one of the most effective transfection systems. Therefore, many
different types of virosomes have been formulated from several enveloped
viruses including influenza, HSV, HIV, and Sendai virus (25).

To enhance transfection efficiency of nonviral vectors, target—specific gene
delivery has been continuously explored (26). In recent years, a variety of
target—-specific liposomal systems have been developed adopting various
targeting ligands such as cell-specific antibodies, peptides and other small
ligands. It has been demonstrated that specific delivery of genes to the target

cells is far more efficient with immunoliposomes or immunolipoplexes than



with conventional bare liposomes or lipoplexes lacking antibody (26). The
therapeutic advantages of liposomal immunonanoparticles include the targeting
ability to deliver a large amount of encapsulated drugs to specific target sites,
resulting in improved drug pharmacokinetics and gene transfection efficacy
and reduced cellular toxicity (27-29).

One of the drawbacks of conventional liposomes is that it can be easily
cleared and enhanced uptake of nanoparticles by the reticular endothelial
system (RES) resulting in a reduced targeting yield (30-32). This can be
overcome by modifying the liposome surface with flexible hydrophilic
polymers such as polyethylene glycol (PEG) to produce so-called “stealth”
liposomes (33-35). The increased circulation longevity of the PEG-liposomes
allow enhanced extravasation across the leaky endothelium of solid tumors
(36, 37).

Salmosin, a novel disintegrin derived snake (Gloydius saxatilis) venom, is a
single-chain polypeptide composed of 73 amino acids, including 12 cysteines
and an RGD(Arg—-Gly-Asp) sequence (38). In previous studies, it has been
reported that salmosin strongly inhibited tumor growth by suppression of
angiogenesis without affecting the normal proliferation of endothelial cells
(39). IL12 is a well-known immunostimulatory cytokine that has been reported
as a potential anticancer agent (40). It has been also known to activate NK
cells as well as cytotoxic T cells to promote Thl immune responses (41), and
to inhibit tumor growth and angiogenesis (42). There are many studies that
recombinant IL12 proteins have been tested in preclinical and clinical trials.
However, the IL12 treatment showed significant toxicity in a phase [ clinical
trial (43).

Based on the urgent demands in the field of nonviral gene delviery, the
present study was designed to develop a target-directed liposomal gene
delivery system for enhanced gene transfection to tumor cells. Four different
types of anti—-EGFR (epithermal growth factor receptor) immunonanoparticles
(immunoliposomes, immunovirosomes, immunolipoplexes and immunoviroplexes)
were prepared for intracellular gene delivery targeted to EGFR-overexpressing
tumor cells. The anti—-EGFR immunonanoparticles were evaluated in terms of
their binding affinities to EGFR-overexpressing tumor cells. Also, their

gene—transferring capabilities were compared with conventional cationic



lipoplexes in vitro and in vivo. Anticancer genes (pDNA; IL12 gene and/or
salmosin gene, siRNA; vimentin siRNA and/or JAK3 siRNA) were delivered
using the immunonanoparticles and their anti-tumoral effects were
systematically compared to each other. The all experimental evidence
suggested which immunonanoparticles are an appropriate system for

EGFR-targeted gene therapy.



II. MATERIALS AND METHODS

1. Materials

1-palmitoyl-2-oleoyl-sn—-glycero-3-phosphocholin (POPC), 1,2-distearoyl—
sn—-glycero-3-phosphoethanolamine-N-[methoxy(polyethyleneglycol)2000]
(DSPE-PEG2000), 1,2-distearoyl-sn—glycero—3-phosphoethanolamine-N-[maleimide
(polyethyleneglycol)2000] (DSPE-PEG2000-MAL), cholesterol, 1,2-dioleoyl-sn
-glycero-3-phosphoenthanolamine-N-[lissamine rhodamine B sulfonyl] (Rho
-DOPE) were purchased from Avanti Polar Lipid, Inc. (Alabaster, USA). PD-10
column and sepharose CL-4B were purchased from Amersham Bioscience
(Uppsala, Sweden). Amicon Ultra-4 30K and 50K MWCO were purchased from
Amicon (Beverly, Sweden). 0,0'-dimyristyl-N-lysyl glutamate (DMKE) cationic
lipid was chemically synthesized by Dr. Jang (Department of Chemistry and

Medicinal Chemistry, Yonsei University, Korea).

2. Cells and cell culture

Human ovarian adenocarcinoma SK-0V-3 (No. HTB-77), lung
adenocarcinoma A549 (No. CCL-185), and breast carcinoma MCF-7 cells (No.
HTB-22) were purchased from the American Type Culture Collection
(Manassas, USA). Mouse melanoma B16BL6 cells were developed by Dr. I. J.
Fidler at MD Anderson Cancer Center (Houston, USA). SK-OV-3 cells were
maintained as monolayer cultures in DMEM/F12 (Gibco, Carlsbad, USA), A549
cells in RPMI 1640, MCF-7 cells in DMEM, and B16BL6 cells in MEM.
SK-0V-3 and A549 cells are EGFR-positive cell lines while MCF-7 and
B16BL6 cells are not. The culture media were supplemented with 10%
heat-inactivated fetal bovine serum (Gibco) and 100 units/m{ penicillin and 100
ng/ml streptomycin (Gibco). The all cancer cells were cultured in a humidified
atmosphere of 95% air and 5% COgz at 37TC.



3. Plasmid preparation

The luciferase-encoding plasmid pAAVCMV-Luc (pLuc), mouse interleukin
12-encoding plasmid pAAVCMV-mIL12 (pIL12) and salmonsin—-encoding
plasmid pFLAG-Sal (pSal) were propagated in DHba strain of Z. coli under
selective LB (Luria-Bertani) media with ampicillin. The plasmids were isolated
and purified by a Plasmid Mini-prep Kit (spin—-type) (Elpis, Taejeon, Korea).
Purity of the isolated plasmid was confirmed by 1% agarose gel
electrophoresis and their DNA concentrations were measured by UV-

spectrophotometer (Amersham Bioscience, Uppsala, Sweden).



4. Preparation of Sendai viral F/HN proteins

A suspension of 10 mg of Sendai virus (ATCC No. 1698936, VR 907) in
PBS was centrifuged at 100,000 g for 1 h at 4C. The pellet was resuspended
in 2 ml of PBS containing 1% Triton X-100. After incubation at 20C for 2 h,
the suspension was centrifuged at 100,000 g for 1 h at 4T to remove the
detergent-insoluble substances presumably containing nucleocapsids. The
detergent was removed from the clear supernatant by stepwise addition of
SM2 Bio-Beads (Bio—Rad Lab., Hercules, USA) with constant rocking. Initially,
the supernatant was incubated with 100 mg of methanol-washed SM2
Bio-Beads at room temperature. Two hours later, additional 100 mg of SM2
Bio—Beads were added to the reaction solution, which was further incubated
at room temperature for 2 h. Another 200 mg of SMZ2 Bio-Beads were added
and the incubation was terminated 2 h later. The turbid suspension was
separated from the Bio-Beads using a 26-gauge needle. For purification of
the F protein, the HN proteins were removed by dithiothreitol treatment
before addition of Triton X-100. The virus pellet was resuspended in 4 ml of
PBS containing 3 mM dithiothreitol. The suspension was incubated at 37C for
4 h and then dialyzed at 4C for 16 h against three changes of 1 1 of PBS.
The viral particles were centrifuged at 100,000 g for 1 h at 4C and the
pellet was resuspended in 2 ml of PBS containing Triton X-100. After
incubation at 20C for 2 h, the detergent was removed following the same

procedure described above.



5. Preparation of immunonanoparticles

5-1. Preparation of liposomes and virosomes encapsulating plasmid
DNA

DMKE (5 mole%), POPC (91 mole%), DSPE-PEG2oo (3.8 mole%), DSPE-
PEG2000-MAL (0.2 mole%) and Rho-DOPE (0.1 mole%) were dissolved in
chloroform and methanol mixture (2:1, v/v). The organic solvent was
evaporated under a stream of N, gas. Vacuum desiccation for 2 h ensured
removal of the residual organic solvent. The dried films of 2 mg lipids were
hydrated in 1 ml of 0.1 M phosphate buffer (pH 5.5) containing pDNA (10:1,
lipid wt:pDNA wt) and then vigorously mixed by a vortex mixer for 5 min.
After hydration, the liposomes were repeated 10 cycles freezing and thawing,
and extruded 10 times through a polycarbonate membrane with a pore size
from 800 nm to 80 nm using a extruder (Avanti Polar Lipids, Alabaster, USA).
In order to prepared virosomes, after incubation of the extruded liposomes for
30 min at room temperature, Sendai viral F/HN proteins (1:1, pDNA wt:F/HN
protein wt) were added and incubated for 15 min at room temperature with
tapping. Then, the buffer was changed to phosphate buffer (0.1 M, pH 7.2).
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5-2. Preparation of cationic liposomes and cationic virosomes

DMKE (48 mole%), cholesterol (48 mole%), DSPE-PEGso (3.8 mole%),
DSPE-PEG2o0o~MAL (0.2 mole%) and Rho-DOPE (0.1 mole%) were dissolved
in the chloroform and methanol mixture (2:1, v/v). The organic solvent was
evaporated under a stream of Ns gas. Vacuum desiccation of 2 h ensured
removal of the residual organic solvent. The dried lipid films (2 mg lipid)
were hydrated in 1 ml of 0.IM phosphate buffer (0.1 M, pH 7.2) and then
vigorously mixed by vortexing. After hydration, the resulting suspension was
subjected to 10 cycles of freezing and thawing, and extruded 10 times
through a polycarbonate membrane with a pore size of 80 nm using a
extruder. Protamine sulfate (PS) condensed DNA-encapsulating cationic
lipoplexes and viroplexes were prepared by pre-complexation of plasmid
DNA with PS (Sigma, St. Louis, USA) (1:1, DNA wt:PS wt) for 30 min at
room temperature. Lipoplexes (DNA-liposome complexes) were prepared by
gentle mixing of PS-condensed plasmid DNA and the cationic liposome
(DMKE/Chol) solution at various N/P ratios of DNA/lipid. After incubation for
30 min at room temperature, Sendai viral F/HN proteins (1:1, DNA wt:F/HN
protein wt) were added and incubation continued 15 min at room temperature

with gentle mixing. The resulting complex is called viroplexes.

5-3. Thiolation of anti-EGFR antibody

Cetuximab (Erbitux®, Imclone, USA) were thiolated for 1 h at room
temperature by reacting with Traut's reagent in degassed phosphate buffer
(0.1 M, 2 mM EDTA, pH 8.0). Unreacted Traut's reagent was removed by
passing through PD-10 column with the degassed phosphate buffer.
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5-4. Conjugation of anti—-EGFR antibody to nanoparticles

Neutral liposomes consisting of DMKE:POPC:DSPE-PEG2000:DSPE-PEG2000—
MAL:Rho-DOPE and cationic liposomes consisting of DMKE:Chol:DSPE-PEG2o00
:-DSPE-PEGopoo—MAL:Rho-DOPE were prepared by the lipid extrusion method
described above. The thiolated antibodies were conjugated to the maleimide
moiety at the distal-termini of PEG chains on the nanoparticles. Briefly, the
solution of thiolated antibody was added to the liposome and lipoplex solutions
(0.2:1, mole ratio of Ab and maleimide), and then incubated for 20 h at 4T
with continuous rocking. Unconjugated antibodies were separated from the
nanoparticle solution by chromatography through a Sepharose CL-4B column
in phosphate buffer (0.1 M, pH 7.2).
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Table I. Components of anti-EGFR immunonanoparticles containing pDNA

Components Rationale
. It was used for targeting to EGFR in various
Antibody; . .
cells and to enhance selective intracellular

Cetuximab (Erbitux®)

delivery.
) The sulfhydryl groups (SH-) in whole antibody
Linkage; . . . .
were conjugated to liposomes and lipoplexes via
DSPE-PEGsg0—MAL L. . .
. a maleimide moiety for targeted binding and
+ Antibody . .
internalization
It was used for effective pDNA encapsulation
DMKE or complexation with liposomes via charge
interaction.
Liposomes and Lipoplexes and
virosomes viroplexes
Neutrally charged for Positively charged for
Nanoparticles n vivo stability effective cell binding

PEGylated for longer circulation

Small diameter for efficient extravasation

Sendai viral F/HN

proteins

They were inserted to increase membrane

fusogenecity in virosomes and viroplexes

Agent; Nucleic acids

A reporter gene pluc, pIlL12 and pSal

Table II. Components of anti-EGFR immunonanoparticles (mol%)

) DSPE-PEGgo0— DSPE-
nanoparticle DMKE POPC Cholesterol o
maleimide PEG2000
immunoliposomes 5 91 0.2 3.8
immunovirosomes 5 91 0.2 3.8
immunolipoplexes 48 48 0.2 3.8
immunoviroplexes 48 48 0.2 3.8
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6. Gel retardation and enzyme protection assay

6-1. Immunoliposomes and immunovirosomes encapsulating pDNA

To ensure antibody conjugated to immunonanoparticles, the reaction samples
were analyzed by SDS-PAGE with Coomassie blue staining. The samples were
tested by the enzyme protection assay using the DNase I (Sigma) (0.05 unit/
ng of pDNA). Briefly, 2 ul of DNase I was added the solutions of immuno
liposomes and immunovirosomes with plasmid DNA (1 pgg) and the resulting
mixtures were incubated for 2 h at 37C. The reaction was stop by addition
of the stopping solution (0.5 M EDTA) and then further incubated for 45 min
at room temperature. The reaction solutions were treated with 2 ul of 10%
Triton X-100 and incubated for additional 2 h at room temperature to release
pDNA from the immunonanoparticles. Finally, the reaction mixtures were run
on 1% agarose gel and pDNA bands were visualized by UV illumination. The
amount of pDNA encapsulated in immunoliposomes and immunovirosomes were
quantified by Quantity One Program of Gel Doc EQ system (BioRad, Hercules,
USA).

6-2. Cationic immunolipoplexes and immunoviroplexes of pDNA

To ensure complete pDNA complexed with cationic immunoliposomes
(immunolipoplex formation) and cationic virosomes (immunoviroplex formation),
the gel retardation test was performed using agarose gel electrophoresis. A
varied amount of cationic immunoliposomes was added to 1 xg pDNA (N/P
ratio, 1~12) and then incubated at least for 30 min. Each reaction mixture
was run on 1% agarose gel and pDNA bands were visualized by UV
illumination. An appropriate N/P ratio of pDNA and liposomes to complete
formation of immunolipoplexes and immunoviroplexes were decided by

confirming complete retardation of pDNA on the gel.
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7. Analysis of vesicle size and surface charge of anti—-EGFR

immunonanoparticles containing pDNA

To observe the changes in size and surface charge of liposomal vesicle
during pDNA encapsulation (or complexation) and antibody-coupling, the
vesicular size and {-potential were measured using a particle analyzer. The
anti—-EGFR immunonanoparticle samples were diluted with a freshly filtered
isotonic phosphate buffer in order to yield an appropriate counting rate (100
vg lipid/mé). All the samples were placed into the specimen holder of a
Zetamaster S (Malvern Instruments Ltd., Malvern, UK) 5 min prior to

measurement in order to allow equilibration under at room temperature.

8. Analysis of specific immune reactivity of Cetuximab to
cancer cells

[n vitro specific immune reactivity of Cetuximab was evaluated in varied
cancer cell lines by using Zenon® Alexa fluor 488 (Invitrogen, Eugene,
USA)-labeled Cetuximab. Briefly, 25 0 of the Zenon human IgG labeling
reagent (Component A) was added to 5 ug of Cetuximab in 20 wl PBS. After
incubation for 5 min at room temperature, 25 ul of the Zenon blocking
reagent (Component B) was added to the reaction mixture with tapping. The
antibody solution was further incubated for 5 min at room temperature and
then added to SK-OV-3, A549, MCF-7 and B16BL6 cells in separate tubes
(1x10° cells/well). The treated cells were incubated for 30 min at 4C under
the dark condition. After washed twice with PBS, the cells were then counted
by a flow cytometry analysis with FACSCaliber (Becton Dickinson, San Jose,
USA).
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9. In wvitro cellular binding of anti—-EGFR immunonano

particles

Specific cellular binding affinities of anti—-EGFR immunonanoparticles were
evaluated in SK-OV-3, A549, MCF-7 and B16BL6 cells (each 4x<10*well)
with a fluorescence microscopy. The cells were grown on 13 mm cover slips
(Nunclon, New York, USA) in 24-well plates. Twenty four h later, the
immunonanoparticles containing lissamine rhodamine B-dioleoyl phospho
enthanolamine (Rho-DOPE, 0.1 mole%) were added to the A549, SK-OV-3,
MCF-7 and B16BL6 cells and the treated cells were incubated for 30 min at
room temperature. After washed twice with PBS, the cells on cover slips

were immediately examined with a fluorescence microscope (<100).

10. Flow cytometry analysis of anti~-EGFR immunonano

particles containing pDNA

Specific  cellular binding affinities of rhodamine-labeled anti—-EGFR
immunonanoparticles were also evaluated by flow cytometry. The
rhodamine-labeled immunonanoparticles were added to the Ab549, SK-OV-3,
MCF-7 and BI16BL6 cells in 6-well plates (each 4x10°/well) and then
incubated for 30 min at room temperature. After trypsinized and washed with
PBS, the cells were treated with 0.2% paraformaldehyde for 5 min at room
temperature in dark. The cells binding to the anti—-EGFR immunonanoparticles
were counted by a flow cytometry analysis with a FACSCaliber (Becton
Dickinson, San Jose, USA)
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11. In vitro plasmid DNA transfection by anti—-EGFR immuno
nanoparticles

In vitro transfection with the anti~-EGFR immunonanoparticles were
performed to SK-OV-3, A549, MCF-7 and B16BL6 in 24-well plates. The
four different types of anti~EGFR  immunonanoparticles containing
pAAVCMV-Luc (1:10 wt ratio of pDNA and lipid) prepared as described
above. The prepared anti~-EGFR immunonanoparticles (1 pg of pDNA) were
added to the cells (each 4x10%/well). After transfection for 4 h and the
treated cells were additionally incubated in fresh 10% FBS-containing media
for 24 h at 37C. The transfected cells were washed twice with PBS (pH 7.4)
and lysed with 200 gl of lysis buffer (1% Triton X-100, 1 mM dithiothreitol
and 2 mM EDTA, pH 7.8) for 2 h at room temperature with gentle agitation.
The plates were incubated at -20C for 20 min and thawed at room
temperature. The cell lysates were centrifuged for 20 min at 4C and 12,000
rpm to pellet debris. Luciferase activities in the supernatant were measured
with a luciferase assay kit (Promega Biosciences, San Luis Obispo, USA) and
a luminometer, Minilumat LB9506 (Berthold Technologies, Bad Wildbad,
Germany). The protein concentration of the supernatant was measured with
the DC Protein Assay Kit (Bio—Rad, Hercules, USA). The data were expressed
as relative light units (RLU) of luciferase/mg of total cellular proteins.
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12. Competitive inhibition of anti-EGFR immunonano

particles mediated in vitro transfection by free Cetuximab

[n vitro competitive inhibition of transfection mediated by the anti-EGFR
immunonanoparticles were performed in various cells cultured in 24-well
plates. After incubation in the presence of free Cetuximab (1 xg) for 30 min,
SK-0V-3, A549, MCF-7 or B16BL6 cells (each 4x10%/well) were treated with
the anti—-EGFR immunonanoparticles encapsulating (or complexed with)
pAAVCMV-Luc (1 pg). Then, the cells were transfected for 4 h and further
incubated in fresh 10% FBS-containing media for 24 h at 37C. The
transfected cells were washed twice with PBS (pH 7.4) and lysed with 200 uf
of lysis buffer (1% Triton X-100, 1 mM dithiothreitol and 2 mM EDTA, pH
7.8) for 2 h at room temperature with gentle agitation. The cell lysates in the
plates were incubated at -20C for 20 min and thawed at room temperature.
The cell lysates were centrifuged for 20 min at 4C and 12,000 rpm to pellet
debris. Luciferase activities in the supernatant were measured with a
luciferase assay kit and a luminometer, Minilumat LB9506. The protein
concentration of the supernatant was measured with the DC Protein Assay Kit.
The data were expressed as relative light units (RLU) of luciferase/mg of total

cellular proteins.
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13. Cytotoxicity assay of anti~-EGFR immunonanoparticles

containing pDNA

Cytotoxcicity of anti~EGFR immunonanoparticles was determined by MTT
assay. SK-OV-3, A549, MCF-7 and B16BL6 cells were plated into 96-well
pates (each 5x10°/well) and cultured for 24 h. The cells were treated with
varied concentrations of the anti—-EGFR immunonanoparticles and then cultured
for 24 h. Fifty @ of MTT solution (1 mg/ml) was added to the cells which
were further cultured 4 h. After the media containing MTT were removed,
100 w¢ DMSO was added to solubilize the MTT-formazan product. The
absorbance at 540 nm was measured with a microplate reader (Molecular

Devices, Sunnyvale, USA).

14. In vivo gene transfection with anti—-EGFR immunonano

particles containing pDNA

For in vivo gene delivery studies, BALB/c nude mice (BALB/cAnNcrjBfi-nu;
Orient, Sungnam, Korea) were subcutaneously injected with 1x10° SK-OV-3
cells on the abdomen right quadrant of 4~5 weeks old. When the tumors grew
to approximately 100 mr, the mice were injected with the prepared anti—EGFR
immunonanoparticles (40 ug of pAAVCMV-Luc, total volume 200 ) via tail
vein. Two days post injection, the tumors as well as other major organs
(spleen, liver, lungs, kidneys, and heart) were excised and homogenized in a
lysis buffer. The tissue lysates were centrifuged at 12,000 rpm for 20 min at
4T to pellet debris. Luciferase activities in the supernatants (10 uf) were
measured with a luciferase assay kit and a luminometer as described earlier.

Transfection efficiency was expressed as RLU per milligram of proteins.
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15. Localization of anti~-EGFR immunonanoparticles containing

luciferase gene in tumor tissues

The anti~-EGFR immunonanoparticles labeled with rhodamine were
intravenously injected to BALB/c nude mice carrying SK-OV-3 tumors at the
size of approximately 200 mm’. The transfected tumor tissues were excised
24 h post administration. The xenografted SK-OV-3 tumors were dissected
and immediately frozen. The frozen tumor tissues were transversally sectioned
(3 ¢m) using a LEICA CM 1510-cryostat (LEICA, Wetzlar, Germany). The

sections were examined by fluorescence microscopy (X100).

16. Immunohistochemical analysis of in vivo expression of

anticancer genes

Anti—~-EGFR immunonanoparticles containing anticancer genes, pAAVCMV-
mlILL12 and/or pFLAG-Sal, were prepared as described above. The prepared
immunonanoparticles (10 g pDNA in 200 ¢ PBS each mouse) were
intravenously administered to mice carrying SK-OV-3 tumors. The tumor
tissues were excised 2 days post administration and transversally sectioned (3
) with a LEICA CM 1510-cryostat (LEICA, Wetzlar, Germany). The tumor
sections were fixed in 4% paraformaldehyde solution for 6 h and stained with
hematoxylin for counterstaining. The tumor sections were additionally stained
with anti-FLAG antibodies (1/10, Abcam, Cambridge, UK) and anti-mouse IL12
antibodies (1/10, Abcam, Cambridge, UK) for examination of salmosin and 1112
expression, respectively. The stained tissues were then examined under a

microscopy (X100).
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17. In vivo tumor growth inhibition by administration of the
anti—-EGFR immunonanoparticles containing [L12 and /or

salmosin genes

SK-OV-3 human ovarian cancer cells (1X10"/mouse) were subcutaneously
inoculated on the abdomen right quadrant of 4~5 week-old female BALB/c
nude mice. When tumors reached a volume of approximately 50 mr
([length><width®]/2), the mice were intravenously injected with the anti-cancer
gene containing anti-EGFR immunolpoplexes and immunoviroplexes (n=5) at
the dose of 0.5 mg/kg (10 ug of IL12 or/and salmosine, four times injection at
intervals of 3 days). For co—administration of anticancer genes and chemical
drugs, doxorubicin was also administered intravenously at the dose of 15
mg/kg (4 times at intervals of 3 days). Tumor growth in the treated mice was
monitored for 37 days post treatment. The mice were sacrificed on day 43

and the lung colonization was counted.
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II. RESULTS

1. Preparation of four different types of anti-EGFR immuno

nanoparticles containing pDNA

Conceptual illustrations of the anti—-EGFR immunonanoparticles (immuno
liposomes, immunovirosomes, immunolipoplexes and immunoviroplexes) are
shown in Figure 1. Anti-EGFR antibody Cetuximab was conjugated to the
liposomal surface by the direct coupling method. Thiolated Cetuximab
antibodies were conjugated to reactive maleimide moiety of PEG termini
exposed on neutral liposomes encapsulating pDNA or cationic lipoplexes. The
analysis of gel filtration chromatography showed effective conjugation of the
antibody molecules to the surface of liposomes and lipoplexes at 0.2:1 molar
ratio of antibody and DSPE-PEGooo—Mal (Figure 2).

To confirm the antibody coupling to the nanoparticle surface, the prepared
immunoliposomes and immunolipoplexes were run on 12% SDS-PAGE under a
reducing condition (Figure 3). The electrophoresis data also showed that

antibody molecules were effectively coupled to the surface of nanoparticles.

_22_



(A) Anti—-EGFR immunoliposomes (B) Anti-EGFR immunovirosomes

Ab pDNA Ab F/HN

w <\ [
110

(C) Anti-EGFR cationic immunolipoplexes (D) Anti-EGFR cationic immunoviroplexes

Ab pDNA PS Ab  pDNA  PS  FHN

Figure 1. Schematic illustration of anti-EGFR immunonano

particles.

(A) Immunoliposomes were prepared by coupling of thiolated antibodies to
neutrally charged liposomes encapsulating pDNA. (B) Immunovirosomes were
prepared by insertion of Sendai viral F/HN proteins into neutrally charged
immunoliposomes. (C) Immunolipoplexes were prepared by coupling of
thiolated antibodies to cationic liposomes and then pDNA complexation. (D)
Immunoviroplexes were prepared by insertion of Sendai viral F/HN proteins

into cationic lipoplexes.
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Figure 2. Elution profiles of anti-EGFR immunonanoparticles

and unbound antibodies.

The reaction mixtures of nanoparticles (liposomes and virosomes) and
Cetuximab antibodies were loaded onto a Sepharose CL-4B gel filtration
column and eluted with 0.1 M phosphate buffer (pH 7.2). The antibody

concentration of each fraction (1 ml) were quantified by protein assay.
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Figure 3. Analysis of antibody conjugation to immunonano
partiles by SDS-PAGE.

Cetuximab antibodies were coupled to liposomal surface at 0.2:1 molar
ratio of antibody and reactive maleimide and uncoupled antibodies were then
removed by gel filtration. The eluted immunonanoparticles were run on 12%
SDS-PAGE. M; molecular weight markers, lane 1; control Cetuximab antibody,

lane 2; immunoliposomes, lane 3; immunolipoplexes.
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2. Immune reactivity of Cetuximab antibody to epithelial
growth factor receptor (EGFR)

Specific immune reactivity of Cetuximab antibody to EGFR over—expressed
on tumor cells was examined by FACS analysis (Figure 4). Varied types of
tumor cells (SK-OV-3, A549, MCF-7 and B16BL6 cells) were incubated in the
presence of fluorescent Cetuximab. The Cetuximab was able to specifically
bind to EGFR-expressing SK-OV-3 and Ab549 cells, but far less bind to
MCF-7 cells. The same antibodies were not able to bind to B16BL6 cells
expressing no EGFR. According to the measurement of MFI (mean
fluorescence intensity), the expression levels of EGFR on the cancer cell
surface were SK-OV-3>>A549>>MCF-7>B16BL6.
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Figure 4. Specific binding of Cetuximab to EGFR-positive
and EGFR-negative cancer cells.

FACS analysis was performed with EGFR-positive cancer cells (SK-OV-3
and A549) (A) and EGFR-negative cancer cells (MCF-7 and B16BL6) (B)

treated with Alexa fluor 488-Cetuximab, providing their mean fluorescence of
intensity (MFD) (C).
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3. Preparation of anti-EGFR immunoliposomes and immuno

virosomes encapsulating pDNA

For preparation of anti—-EGFR PEGylated immunoliposomes and anti—-EGFR
PEGylated immunovirosomes, pDNA encapsulation into liposomes and
virosomes 1s critical. After full hydration of dried lipid components with a
solution containing pDNA, the resulting mixture was repeatedly frozen and
thawed 10 times. To examine pDNA encapsulation, the liposome and virosome
solutions were run on 1% agarose gel after treatment with DNase [ and/or
Triton X-100.

According to the gel retardation result (Figure 5), pDNA was efficiently
encapsulated in the liposomes and virosomes. The pDNA entrapped into
liposomes (Figure 5A) and virosomes (Figure 5B) did not migrate freely in the
agarose gel. However, the liposomes and virosomes lysed with Triton X-100
released intact pDNA. The pDNA encapsulation efficiency was calculated from
comparison of the total pDNA (lane 5) and encapsultated pDNA (lane 6) using
the Quantity one program (Bio—Rad) and estimated to be approximately 70%.
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(A) Anti-EGFR immunoliposomes (B) Anti-EGFR immunovirosomes

M 1 2 3 4 5 6 M 1 2 3 4 5 6

Figure 5. Encapsulation of pDNA in anti-EGFR immuno

liposomes and immunovirosomes.

The anti—-EGFR immunoliposomes (A) and anti—-EGFR immunovirosomes (B)
encapsulating pDNA were run on 1% agarose gel and visualized by UV
illumination. (a) Lane M; A/Hind I DNA molecular weight markers; lane 1,
untreated naked DNA, lane 2; naked DNA treated with DNase 1, lane 3;
untreated, lane 4; treated with DNase I, lane 5; treated with Triton X-100,
lane 6; treated with DNase [ and then Triton X-100.
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4. Preparation of cationic anti~-EGFR immunolipoplexes and

immunoviroplexes

Cationic lipoplexes can be defined as a complex form of cationic liposomes
and negatively charged pDNA, and cationic viroplexes can be prepared by
insertion of Sendai viral F/HN proteins to cationic lipoplexes. Therefore,
lipoplexes and viroplexes have a different polymorphism from pDNA-
encapsulating liposomes. The cationic liposomes were mixed with a buffer
containing pDNA at varied charge ratios of cationic liposomes and pDNA. To
verify complete pDNA complexation with liposomes, the lipoplexes prepared at
1:1 ~ 12:1 N/P ratios of cationic liposome and pDNA were run on 1%
agarose gel (Figure 6). According to the gel retardation test, complete
complexation of pDNA and DMKE/Chol cationic liposomes or virosomes was
seen at 1:3 N/P ratio. Therefore, all lipoplexes and viroplexes utilized in this

study was formulated at 1:3 N/P ratio, otherwise mentioned.
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Figure 6. Complexation of pDNA with cationic anti—~-EGFR

immunolipoplexes and immunoviroplexes.

The cationic anti—EGFR immunoliposomes (A) and virosomes (B) complexed
with pDNA at varied N/P ratios were run on 1% agarose gel and visualized by
UV illumination. Lane M; A Hind II DNA molecular weight markers, lane 1;
naked DNA, lane 2-6; 1:1, 3:1, 6:1, 9:1, 12:1 N/P ratios.
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5. Vesicular size and surface charge of anti-EGFR

immunonanoparticles containing pDNA

The vesicular size and surface charge of anti—-EGFR immunonanoparticles
are major parameters in vivo targeting of nanoparticles to intended cells or
tissues because the particle size and charge influences efficiency of the
enhanced permeation and retention (EPR) effect and cellular uptake through
endocytosis. According to the vesicular size measurement by a particle
analyzer (Table III), generally vesicular sizes of liposomes and virosomes
were slightly increased by pDNA encapsulation (or complexation), regardless
of surface charge. At the same time, pDNA encapsulation reduced the surface
charge of the liposomes and virosomes. Meanwhile, pDNA addition to the
immunoliposomes and immunovirosomes slightly reduced their vesicular sizes
as well as surface charge.

Addition of F/HN proteins to liposomal vesicles for preparation of virosomes
and viroplexes increased the sizes of liposomes and lipoplexes. In addition,
antibody conjugation to the liposomal surface significantly also increased
vesicular sizes of the liposomes and virosomes. However, all of the finalized
anti—-EGFR immunonanoparticles were in an appropriate range of vesicular size

smaller than 220 nm.
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Table III. Vesicular size and surface charge of anti—-EGFR immunonanoparticles

Anti—-EGFR immunonanoparteicles Size (nm)" Zeta-potential (mV)”

Neutral liposomes 130.8 (+ 3.00"" 8.2 (£ 1.0)""
No cationic liposomes 98.6 (£ 3.0) 56.7 (£ 6.0)
pDNA Neutral virosomes 156.3 (£ 4.5) 5.8 (£ 0.5)
No cationic virosomes 121.8 (= 2.3) 45.2 (£ 2.7)
mADb Neutral liposomes 151.8 (£ 8.9) 3.3 (£ 0.2)
with cationic lipoplexes 135.6 (£ 1.0) 50.9 (= 0.3)
PDNA " Neutral virosomes — 192.1 (£ 2.1) ~1.9 (£ 0.5)
cationic viroplexes 136.8 (£ 9.2) 38.5 (£ 1.0)

Anti—~EGFR neutral
immunoliposomes 182.8 (£ 10.6) 2.1 (£ 0.5)

Anti~EGFR cationic
o immunoliposomes 131.3 (£ 2.9) 454 (£ 0.4)

PDNA  Anti-EGFR neutral
IMMUNOVIFroSomes 230.7 (£ 7.6) 0.5 (£ 0.9)

Anti~EGFR cationic
with IMMUNOVIFOSOmes 184.6 (£ 2.7) 42.1 (£ 1.0)

mAb Anti-EGFR neutral
immunoliposomes 173.1 (= 7.5) -4.9 (£ 0.5)

Anti—EGFR cationic
with immunolipoplexes 153.1 (£ 4.2) 25.4 (£ 1.2)

PDNA  Anti-EGFR neutral
IMMUNOVIFroSOmes 213.5 (£ 8.1) -2.3 (£ 0.4)

Anti~EGFR cationic
immunoviroplexes 179.4 (£ 3.7) 21.6 (£ 0.7)

The particle size and zeta—-potentials were measured 4 times using a

zetasizer.

" The particles size (nm); average particle size + S.D.

zeta—potentials (mV); average zeta—potentials = S.D.
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6. In wvitro cellular binding of anti-EGFR immunonanoparticles
containing pDNA

Specific cellular binding of anti—-EGFR immunonanoparticles (immuno
liposomes, immunovirosomes, immunolipoplexes and immunoviroplexes) labeled
with rhodamine to four different cancer cells (SK-OV-3, A549, MCF-7 and
B16BL6) were analysed by flow cytometery (Figure 7) and observed under a
fluorescence microscope (Figure 8). As speculated, all of the anti-EGFR
immunonanoparticles showed high EGFR-specific cellular binding to
EGFR-positive cells (A549 and SK-OV-3 cells). Their binding affinities to
EGFR-negative cell lines (MCF-7 and B16BL6 cells) were much lower than to
the EGFR-positive cell lines. Meanwhile, conventional DMKE/Chol lipopolexes
showed efficient binding to all types of cell regardless EGFR expression on

the cell surface.
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Figure 7. In vitro binding of the anti-EGFR immunonano
particles containing pDNA to tumor cells.

The cancer cells (SK-OV-3, A549, MCF-7 and B16BL6) were incubated
with rhodamine-labeled anti-EGFR immunonanoparticles for 30 min at 4TC.

After washed with PBS, the cells were analysed by flow cytometry.
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(D) B16B16
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Figure 8. In vitro cellular binding of anti—-EGFR immuno

nanoparticles.

SK-0V-3 (A), A549 (B), MCF-7 (C) and B16BL6 (D) were incubated with
rhodamine-labeled anti-EGFR immunonanoparticles for 30 min at 4C. After
washed with PBS, the cells were observed by fluorescence microscopy
(X100). Control; untreated cells.
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7. In vwvitro gene transfection by anti—-EGFR immunonano

particles

[n vitro transfection mediated by the anti~-EGFR immunonanoparticles were
compared in the four different types of cancer cells; A549, SK-OV-3, MCF-7
and B16BL6 cells (Figure 9). According to the in wvitro transfection results,
the anti-EGFR immunoliposomes and immunovirosomes did not show efficient
transfection and expression of luciferase in EGFR-overexpressing A549 and
SK-0OV-3 cells as much as the anti—-EGFR immunolipoplexes and immuno
viroplexes. The anti-EGFR immunolipoplexes and immunoviroplexes exhibited
at least 100 folds higher transfection than the other ones under the same
transfection conditions.

The levels of luciferase expression in the transfected cells were depending
upon the levels of EGFR expression on the tumor cell surface. The anti—-EGFR
immunolipoplexes and immunoviroplexes exhibited efficient transgene
expression in Ab549 and SK-0OV-3 cells, but not in MCF-7 and B16BL6 cells.
(Figure &). Meanwhile, the conventional cationic liposomes, Lipofectamine
2000 and DMKE/Chol were able to efficiently, but nonspecifically transfect the

all types of cancer cells regardless EGFR expression.
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Figure 9. In vitro gene transfection by anti—EGFR immuno
nanoparticles.

A549 (A), SK-0V-3 (B), MCF-7 (C) and B16BL6 (D) cells were transfected
with the luciferase gene delivered by lipofectamine 2000, DMEKE/Chol
lipoplexes, and the anti—-EGFR immunonanoparticles (immunoliposomes, immuno
virosomes, immunolipoplexes, and immunoviroplexes). The levels of luciferase
expression in the transfected cells was calculated to RLU per milligram of
proteins. Each bar represents the mean = S.D. for three separate experiments
of luciferase assay.
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8. Competitive inhibition of in wvitro transfection mediated by

anti~-EGFR immunonanoparticles by free anti-EGFR antibodies

To verify whether efficient transfection by the anti—-EGFR immunonano
particles is mediated via EGF receptors, the cancer cells were pretreated with
anti-EGFR antibodies (Cetuximab) before transfection. The free antibody
pretreatment significantly reduced luciferase expression in SK-OV-3 and A549
(Figure 10). Meanwhile, the expression levels of luciferase in MCF-7 and
B16BL6 cells were little affected by pretreatment with the free antibodies.
This result also shows that the anti-EGFR antibodies coupled to the surface
of nanoparticles is a critical ligand to mediate transfection to cancer cells
overexpressing EGFR.
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Figure 10. Competitive inhibition of in vitro transfection

mediated by anti-EGFR immunonanoparticles by free

Cetuximab.

A549 (A), SK-0OV-3 (B), MCF-7 (C) and B16BL6 (D) cells were pretreated
with free Cetuximab antibodies and then transfected with the anti—-EGFR
immunonanoparticles. Luciferase expression in the cells was calculated to RLU
per milligram of proteins. Each bar represents the mean * S.D. for three

separate experiments of luciferase assay.
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9. In vitro cytotoxicity of anti—-EGFR immunonanoparticles

The wvaried amounts of anti~EGFR immunonanoparticles were treated to
AbB49, SK-0OV-3, MCF-7 and B16BL6 cells to measure their cell toxicity
(Figure 11). Generally, the anti—-EGFR immunonanoparticles were less
cytotoxic to the all types of cells tested than the cationic DMKE/Chol
lipoplexes. At the ranges of nanoparticles concentration for i vitro and in
vivo transfection (1 ~ 50 pg/ml), the anti~-EGFR immunonanoparticles did not
severely damage the four different cultured cells, exhibiting over 80% cell
viability. Among the anti—-EGFR immunonanoparticles, the anti—-EGFR
immunolipoplexes and immunoviroplexes appeared to be more toxic than the
other ones. MCF-7 cells was more sensitive to the anti—-EGFR
immunonanoparticles than other cell lines, resulting in less survival under the

same transfection conditions.
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Figure 11. In wvitro cytotoxicity of anti~-EGFR immunonano
particles.

A549 (A), SK-0OV-3 (B), MCF-7 (C) and B16BIl6 (D) cells were treated with
the various concentrations of anti—-EGFR immunonanoparticles (immunoliposomes,
immunovirosomes, immunolipoplexes and immunoviroplexes) and then cultured
for 24 h. Cell viability was measured by the MTT assay.
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10. In vivo gene transfection mediated by anti—-EGFR

immunonanoparticles

To investigate tumor targeting capabilities and biodistribution patterns of
anti—-EGFR immunonanoparticles (immunoliposomes, immunovirosomes, immuno
lipoplexes and immunoviroplexes) were intravenously injected to BALB/c nude
mice carrying SK-OV-3 tumors. The levels of luciferase expression in
collected internal organs (spleen, liver, lungs, kidneys, heart and tumor) was
compared to each other (Figure 12). The anti-EGFR immunonanoparticles
exhibited 10~250 fold higher gene expression in tumor than the DMKE/Chol
cationic lipoplexes. Among the EGFR-directed nanoparticles, the anti—-EGFR
immunolipoplexes and immunoviroplexes were more efficient than the other
gene delivery systems. However, regardless the types of nanoparticle
formulation, they still showed relatively high nonspecific transfection to the
lungs and liver. Nevertheless, the anti-EGFR immunoviroplexes showed the
highest transfection in the SK-OV-3 tumors overexpressing EGFR. This
implies that the efficient i wivo transfection by the anti—-EGFR
immunoviroplexes may be due to tumor-recognizing ligands (Cetuximab)
coupled to the surface of nanoparticles and fusogenic F/HN viral proteins

reconstituted in the membrane vesicles.
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Figure 12. In vivo gene transfection mediated by anti—~-EGFR

immunonanoparticles.

A tumor-xenografted mouse model was prepared by subcutaneous
inoculation of SK-OV-3 cells to BALB/c nude mice. The anti—-EGFR immuno
nanoparticles containing 40 g pDNA encoding luciferase gene were
intravenously administered to the mice carry tumors (tumor volume ~200 mr).
The mice were sacrified 24 hours post injection and major organs were
collected. The luciferase expression in the spleen, liver, lungs, kidneys, heart
and tumor tissues were assayed and calculated to RLU per milligram of
proteins. Each bar represents the meas £ S.D. for three separate experiments

of luciferase assay.
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11. Tumor localization of anti-EGFR immunonanoparticles

containing pDNA intravenously administered

For histological analysis of rhoamine-labeled DMKE/Chol cationic lipoplexes
and anti-EGFR immunonanoparteicles (immunoliposomes, immunovirosomes,
immunolipoplexes and immunoviroplexes) were intravenously injected to
BALB/c nude mice carrying SK-OV-3 tumors. Then, the dissected tumor
tissues were examined by fluorescence microscopy (Figure 13). All of the
anti—~EGFR immunonanoparticles intravenously administered were specifically
localized in the tumor tissues. Among the anti—~EGFR immunonanoparticles, the
anti~EGFR immunolipoplexes and anti~EGFR immunoviroplexes showed more
effective localization in the tumors than the other ones. Meanwhile, the
conventional DMKE/Chol cationic lipoplexes were little found in the tumors

under the same transfection conditions.
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Figure 13. Localization of anti~EGFR immunonanoparticles in
tumor tissues.

Rhodamine-labeled cationic lipoplexes and anti—-EGFR immunonanoparticles
were intravenously administered to SK-OV-3-xenografted nude mice (tumor
volume, ~100 mr). After 24 h post injection, anti-EGFR immunonanoparticles

localized in tumor cells were observed under a fluorescence microscope (X100).
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12. In vivo gene expressing by systemic administration of

anti-EGFR immunonanoparticles with anti—cancer genes

To verify the in wvivo gene transfection capability of the anti-EGFR
immunonanoparticles, they were administered intravenously to SK-OV-3-
xenografted mice via the tail vain. The anti—-EGFR immunonanoparticles with
10 pg of pIL12 or 10 ug of pSal were injected into each mouse. The tumor
sections were immunostained using anti-IL12 and anti-FLAG antibody and
then examined by fluorescence microscopy. The anti—-EGFR immunonano
particles were relatively more effective in expression of IL12 and salmosin
proteins in the tumor tissues than the conventional DMKE/Chol cationic
lipoplexes (Figure 14). Among the anti—-EGFR immunonanoparticles tested, the
anti—-EGFR immunolipoplexes and anti-EGFR immunoviroplexes showed better

transgene expression in the tumors.
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Figure 14. In vivo expression of IL12 and salmosin proteins

mediated by anti-EGFR immunonanoparticles.

The anti—-EGFR immunonanoparticles containing anti—cancer genes (pILL12 or
pSal) were intravenously administered to SK-OV-3-xenografted nude mice.
The tumor tissues were dissected 24 h post injection. The tumor sections

were immunostained and observed under a microscope (X100).
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13. Inhibition of SK-OV-3 tumor growth by administration of
anti-EGFR immunonanoparticles containing IL12 or/and

salmosin genes

Mice carrying SK-OV-3 tumors were prepared as described above. Since
the anti—EGFR immunolipoplexes and —-immunoviroplexes were more effective
in /n vivo transgene expression, only these two formulations containing 1L12
or/and salmosin genes were prepared and then intravenously injected to the
mice carrying tumors four times at intervals of 3 days. During 37 days of
observation, significant inhibition of tumor growth was seen in all treated mice
with the tendency to tumor inhibition becoming apparent with days (Figure
15). Co-treatment of pIL12 and pSalmosin were able to inhibited tumor
growth more effectively than administration of either gene alone. In addition,
the anti—EGFR antibody-conjugated immunolipoplexes and immunoviroplexes
were clearly more effective in inhibition of tumor growth than the lipoplexes
and viroplexes without anti—-EGFR antibodies (Figure 16).

When the mice were treated with the anti—-EGFR immunolipoplexes (or
immunoviroplexes) containing plL12/pSal and doxorubicin together, their
effects on tumor growth were synergistic (Figure 17). Compared with the
untreated one, co-administration of the anti-EGFR immunolipoplexes (or
immunoviroplexes) containing pIL12/pSal was able to inhibit the tumor growth
by 45 ~ 57% by day 37 post tumor inoculation. However, combined treatment
with doxorubicin and the anti—-EGFR immunolipoplexes (or immunoviroplexes)
containing pIL12/pSal further inhibited the tumor growth by 80~84%
reduction), compared with the treatment with the anti—-EGFR immunolipoplexes
(or immunoviroplexes) alone.

On day 37 post tumor injection, the all mice were sacrificed and the number
of metastased colony in the lungs were counted (Figure 17). The pattern of
metastasis inhibition by the anti~EGFR immunonanoparticles containing plL12
and/or pSal was similar to that of tumor growth inhibition by the same
treatment. Co—administration of the two genes was more effective in inhibition
of pulmonary metastasis than treatment with either gene alone. Also, the

anti—-EGFR immunolipoplexes and immunoviroplexes showed more effective
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inhibition of metastasis than lipoplexes and viroplexes with no anti-EGFR
antibodies. Additional treatment with doxorubicin also showed a synergstic

effect on inhibition of metastasis in the lungs.
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Figure 15. Tumor growth inhibition by administration of
anti~-EGFR immunonanoparticles containing IL12 and salmosin
genes.

The varied anti—-EGFR immunonanoparticles containing pIL12 and/or pSal
(0.5 mg/kg) were intravenously administered to mice carrying SK-OV-3
tumors. The tumor growth was measured for 37 days (A) and whereafter
colony numbers in the lungs were counted (B). Solid arrows indicate the
administrations of the anti—~-EGFR immunonanoparticles.
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Figure 16. Tumor growth inhibition by administration of
anti-EGFR immunonanoparticles containing pIL12/pSal and
nanoparticles  without anti-EGFR  antibodies  containing
pIL12/pSal.

The varied anti—-EGFR immunonanoparticles containing pIlLL.12 and/or pSal or
nanoparticles with no anti—EGFR antibodies containing plIL.12 and/or pSal (0.5
mg/kg) were intravenously administered to mice carrying SK-OV-3 tumors.
The tumor growth was measured for 37 days (A) and whereafter colony
numbers in the lungs were counted (B). Solid arrows indicate the
administrations of the anti—~-EGFR immunonanoparticles.
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Figure 17. Tumor growth inhibition by co—administration of
anti-EGFR immunonanoparticles containing plL12/pSal and
doxorubicin.

The varied anti-EGFR immunonanoparticles containing pIL12 and/or pSal
(0.5 mg/kg) and doxorubicin (15 mg/kg) were intravenously administered to
mice carrying SK-OV-3 tumors. The tumor growth was measured for 37 days
(A) and whereafter colony numbers in the lungs were counted (B). Solid
arrows indicate the administrations of the anti—~-EGFR immunonanoparticles.
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IV. Discussion

A variety of gene delivery systems including viral vectors and nonviral
vectors have been adopted in gene therapy. It has been considered that the
viral vectors are a more effective gene delivery system than nonviral vectors.
However, they are more immunogenic, cytopathic, and sometimes carcinogenic
(44). In contrary, the nonviral vectors are safely adaptable gene delivery
systems. Among them, liposomal systems are easy to be formulated by simple
mixing of cationic liposomes and anionic nucleic acids (45). A number of
cationic liposomes have been developed and tested in various in vitro and in
vivo models (46). However, it has been considered that the liposomal vectors
are not efficient in /i vivo transfection as much as viral vectors. Therefore, a
number of groups have spent a great deal of efforts to enhance their in vivo
transfection capabilities in many ways. One of the efforts is development of
virosomes prepared by reconstitution of fusogenic viral envelope proteins into
liposomes to improve gene internalization into cytoplasm (47). Another effort
was conjugating cell-targeting ligands to the liposomal systems to provide
target—specificity. The transfection efficiency of liposomal vectors was
dramatically increased when they bear a ligand recognized by a cell surface
receptor (48-52).

This study aimed to focus on the issue of developments of target-specific
gene delivery systems of liposomal nanoparticles. Next, two different types of
anticancer genes were formulated with the target—specific liposomal
nanoparticles and then delivered to a animal model carrying tumors to verify
their gene-transferring capabilities. At the same time, anti—tumoral activity of
the transgenes delivered by the tumor-directed gene delivery systems was
also evaluated in the animal model.

First of all, four different types of liposomal nanoparticles (liposomes,
virosomes, lipoplexes and viroplexes) containing pDNA molecules inside were
prepared. Liposomes and virosomes are encapsulating pDNA, and lipoplexes
and viroplexes are complexed with pDNA and cationic liposomes via charge
interactions. The all liposomal nanoparticles were PEGylated (4 mol%) to

prolong their in wvivo circulation longevity, presumably resulting in enhanced
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extravasation across the leaky endothelium of solid tumors (53). Therefore,
tumor—directed anti-EGFR antibodies (Cetuximab) were coupled to PEG termini
on the surface of liposomal nanoparticles for the same purposes. The
anti~-EGFR immunonanoparticles were prepared stably small, measured below
200 mm diameter. Their sizes were small enough to extravasate through loose
blood vessels and exhibit enhanced permeation and retention (EPR) effect in
solid tumors.

The prepared four different types of anti—-EGFR immunonanoparticles

(immunolipsomes, immunovirosomes, immunolipoplexes and immunoviroplexes)
were tested in various cancer cells (A549, SK-OV-3, MCF-7 and B16BL6) in
terms of cell binding and gene transfection. All of the systems exhibited
efficient cellular binding to EGFR-positive cells (A549 and SK-OV-3 cells),
but not to EGFR-negative cells (MCF-7 and B16BI6 cells). This result
suggested that the newly developed systems would be a good gene
transfection system for cancer cells overexpressing EGFR.
However, transfection efficiencies of the anti~-EGFR immunonanoparticles were
different depending upon the types of formulations. As expected, the all
anti—-EGFR immunonanoparticles showed a low level of gene transfection to
the EGFR-negative cell line (MCF-7 and B16BL6 cells). Meanwhile, the
anti~EGFR immunolipoplexes and immunoviroplexes were effective in i vitro
transfection to A549 and SK-OV-3 cells, but the other two types were less
effective under the same transfection conditions. The competitive inhibition of
transgene expression by pretreatment of Cetuximab suggested that the
effective gene expression by the immunolipoplexes and immunoviroplexes was
mediated by recognition of Cetuximab by the EGF receptors on the surface of
cancer cells followed by endocytosis. These results suggest that the
anti—-EGFR  immunolipoplexes and  immunoviroplexes are a  better
EGFR-directed gene delivery system than the others. Among them, the
anti—-EGFR immunoviroplexes was the best transfecton system for cancer cells
expressing EGFR.

The same conclusion was drawn from the i/ wvivo gene transfection
experiment. The anti—~-EGFR immunolipoplexes and immunoviroplexes were
shown higher gene expression in SK-OV-3 tumor tissues than the other ones.

Especially, the anti-EGFR immunoviroplexes showed the highest gene
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expression in the tumor mass. This data implied that PEGylation of the
cationic complex types of immunonanoparticles were able to effectively evade
serum proteins, resulting in less taken—up by phagocytes and the RES. At the
same time, the cationic surface charges of the anti—-EGFR immunolipoplexes
and immunoviroplexes might help intracellular translocation of cargo genes via
endocytosis.

Therefore, only the anti—-EGFR immunolipoplexes and immunoviroplexes
containing anticancer IL12 and/or salmosin genes were prepared and then
intravenously injected to mice carrying SK-OV-3 tumors for anticancer gene
therapy. In another set of in vivo experiment, the mice carrying tumors were
intravenously transfected with pILL12 and/or pSal were also cotreated with an
anti-cancer drug, doxorubicin. According to the experimental results,
co-transfection of IL 12 and salmosin genes was able to synergistically inhibit
/n vivo tumor growth and metastasis of SK-OV-3. Another synergistic
inhibition of tumor progression was shown by the combined treatment with
genes and an anticancer chemical drug. The inhibition of tumor growth and
metastasis by the anti—-EGFR immunonanoparticles of pIL12 and salmosin
genes was further enhanced by doxorubicin treatment. These data imply that
varied concepts of anticancer medicine with different anticancer mechanisms
can be combined to elicit a better outcome of cancer treatment regardless of
whether gene medicines or chemical drugs. These iz vivo data also verified
that the anti-EGFR immunoviroplexes are the most effective EGFR-directed
gene delivery system for in vitro and in vivo transfection of anticancer genes
to tumor cells expressing EGFR.

A major difference between liposomes (or virosomes) and lipoplexes (or
viroplexes) was a surface charge on the vesicles. The immunolipsomes and
immunovirosomes had -2.3 mV and -4.9 mV of surface charge, respectively.
Meanwhile, the immunolipoplexes and immunoviroplexes showed a relatively
higher 25.4 mV and 21.6 mV, respectively. This difference may affect the
polymorphism of immunoparticles. The liposome types had to encapsulate
pDNA inside vesicle in a less efficient way. Meanwhile, it was easy for the
lipoplex types to be formed resulting from charge interactions between anionic
pDNA and cationic liposomes.

The differences in charge and particle polymorphism affected their
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transfection processes in vitro and in vivo. Although the cells were treated
with the same amount of pDNA (1 pg/well), the anti-EGFR immunolipoplexes
and immunoviroplexes were more effective in transfection to EGFR-expressing
tumor cells n vitro and in vivo. Some extents of surplus cationicity on the
immunonanoparticles may help interactions between vesicle membranes and
plasma membranes.

In conclusion, the anti~-EGFR immunonanoparticles were able to specifically
recognize the tumor cells overexpressing EGFR. Among the
immunonanoparticles, the anti—-EGFR immunoviroplexes were the most efficient
EGFR-directed transfection systems. Anticancer IL12 and salmosin genes
transferred by the immunoviroplexes were able to most efficiently inhibit
EGFR-expressing tumors xenografted in mice. This system would be
applicable to cancer gene therapy as an efficient tumor-directed gene carrier

system.



PART II

Tumor—directed small interfering RNA delivery

by anti—-EGFR immunonanopaticles



1. INTRODUCTION

RNA interference (RNAIi) gained world-wide attention in 1998 because of its
pivotal role in gene expression (54). RNAi is a mechanism for RNA-guided
regulation of gene expression in which double-stranded RNA inhibits the
expression of genes with complementary nucleotide sequences. This is a
general and fundamental pathway in eukaryotic cells by which target
sequence-specific small interfering RNA (siRNA) is able to target and cleave
complementary mRNA (55).

In recent years, gene therapy using small interfering RNA represents as a
potent and specific method in the field of targeted gene therapy (56, 57). A
number of siRNA molecules have been suggested as a functional mediator of
RNAi that could achieve sequence-specific gene knockdown in cancer cells.
Although siRNA has the potential to be a powerful therapeutic gene as a drug,
it has to be delivered inside cells effectively in order to exhibit its biological
activity.  Therefore, an increasing number of biotechnological and
pharmaceutical companies are attempting to develop RNAi-based drugs for
prevention and treatment of human diseases such as genetic diseases,
infectious diseases and cancers, etc.

Target-specific siRNA delivery systems have been always a primary
concern in the field of clinical applications of siRNAs (58, 59). Therefore, the
major challenge for siRNA applications has been development of an efficient
siRNA systemic delivery system (60, 61). Although there is still much to be
improved, liposomal vector—-based delivery systems have been successfully
utilized in the systemic delivery of siRNAs (61). For example, Li et al.
developed a LPD (liposome-polycation-DNA complex) system coupled with
ligands for a sigma receptor and then showed effective delivery of siRNAs to
tumor cells overexpressing sigma receptors (62, 63). In addition, a number of
research groups has adopted tumor—directed antibodies as targeting ligands
for tumors. Varied monoclonal antibodies (mAbs) or mAb fragments against
specific tumor antigens were the most frequently ligands for tumor-targeted
delivery of siRNA (64).

Antibodies as a targeting ligand for liposomal vectors have many
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advantages. Firstly, antibodis have higher specificity and affinity than the
small molecule ligands such as synthetic peptides. Secondly, antibody
molecules provide easily accessible conjugation sites (carboxyl and thiol
groups) for crosslinking of liposomal vectors (65). Thirdly, many monclonal
antiibodis have been approved by US FDA (Food and Drug Administration) for
cancer therapy, while other ligands such as RGD peptides are not approved
yvet. Among the clinically approved antibodies, Cetuximab, the anti—-EGFR
(epidermal growth factor receptor) mAbs or its derivatives are widely used
for target—specific gene delivery of liposomal vectors to EGFR-overexpressing
cancer cells (66, 67).

EGFR is a 170 kDa glycoprotein consisting of an extracellular ligand-binding
domain, a transmembrane anchoring domain and an intracellular multifunctional
tails (68, 69). Also, it is known to be related to cell migration, proliferation,
and differentiation. Over—expression of EGFR has been linked with tumor
malignancy such as invasion, angiogenesis, and metastasis (70-72). Elevated
levels of EGFR are found on various types of solid tumors, such as breast,
ovarian, lung, head and neck, prostate, and colorectal cancers, and have been
proposed as prognostic markers for disease progression and drug resistance
in chemotherapy (73-76). Therefore, EGFR has been recognized as a
therapeutic target for cancer treatment.

The liposomal nanoparticles (liposomes and virosomes) are small vesicular
carriers consisting of natural or synthetic lipids and additives enhancing
delivery efficacy such as cationic polymers and viral fusogenic proteins.
Liposomes encapsulate various therapeutic molecules including siRNAs. The
liposomal carriers eventually break down through natural processes and spill
their contents into certain tissues (19, 20). Lipoplexes was complexes of
cationic liposomes and nucleic acids. They are good gene delivery systems
for in wvitro transfection (21), but not for in vivo transfection. Therefore, a
great deal of efforts have been spent to improve in vivo gene trasfection
efficiencies of liposomal systems. One of effors was development of
virosomes containing fusogenic viral envelop proteins which were proven to
be a more effective transfection system than conventional lipoplexes (25).

As far as anticancer siRNAs concerned, a number of cellular proteins

essential in maintaining cell wviability have been targeted. Among them,
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vimentin and JAK3 have been extensively investigated as a target protein for
dysregulation. Vimentin is a member of the type III intermediate filaments.
Also, it is a marker of cells of mesenchymal origin such as fibroblasts and
myofibroblasts. Vimentin intermediate filaments are soluble tetrameric
polymers which are important structural proteins in motility, maintenance of
cell shape, and endurance of stress in the cells (77, 78). It is also supporting
structural integrity of quiescent cells as well as participating in adhesion,
migration, survival, and varied cell signaling processes in activated cells (79).
Vimentin—deficiency results in delayed wound healing in tissues (80).
Therefore, the major challenges for vimentin siRNA application have been
tested in 7z vitro and in vivo systems (81, 82).

Janus kinase (JAK) signaling pathways are instrumental for the
differentiation, proliferation, and survival of cells (83). There are four
members of the JAKs (JAK1, JAK2, JAK3, and Tyk?2) constituting a subgroup
of the intracellular nonreceptor tyrosine kinases in mammal cells. Recently, it
has been demonstrated that JAK3 has a pivotal role in signal transduction by
interacting with members of the STAT (signal transduction and activators of
transcription) pathways, resulting in stimulation of cell proliferation (84. 85).
The activating mutations in JAK3 have been identified as causes of cancers
while inactivating mutations of JAK3 are known causes of immune deficiency
(86). Hence, there have been many studies regarding JAK3-targeted gene
therapy for cancer treatment (87).

At this moment, consequently, strategies targeting of vimentin and JAK3
siRNAs to EGFR overexpressing tumors by innovative immunonanoparticles
can be a plausible option for anticancer gene therapy. The present study was
designed to develop anti-EGFR immunonanoparticles (immunoliposomes,
immunovirosomes, immunolipoplexes and immunoviroplexes) for targeted
siRNA delivery to cancer cells overexpressing EGFR. Their siRNA delivery
efficiencies were compared to each others in in vitro and in vivo systems.
Antitumoral activities of vimentin and JAK3 siRNAs transferred by the
anti—-EGFR immunonanoparticles were also investigated In mice carrying
tumors over—-expressing EGFR. The systematic comparison of these delivery
systems will provide useful information in terms of biophysical characteristics,

target—directed binding and gene transfection iz vitro and in vivo.
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II. MATERIALS AND METHODS

1. Materials

POPC, DSPE-PEG2000, DSPE-PEG2000-MAL, Rho-DOPE were purchased
from Avanti Polar Lipid, Inc. (Alabaster, USA). PD-10 column and Sepharose
CL-4B were purchased from Amersham Bioscience (Uppsala, Sweden). Amicon
Ultra-4 30K and 50K MWCO were purchased from Amicon (Beverly, Sweden).
DMKE cationic lipid was chemically synthesized by Dr. Jang (Department of

Chemistry and Medicinal Chemistry, Yonsei University, Korea).

2. Cells and cell culture

Human adenocarcinomic alveolar basal epithelial A549, human ovarian
cacinoma SK-OV-3, human breast adenocalcinoma MCF-7 cells and mouse
melanoma B16BL6 cells were purchased from the American Type Culture
Collection. SK-OV-3 cells were maintained as monolayer cultures in
DMEM/F12 (Gibco), A549 cells in RPMI 1640, MCF-7 cells in DMEM, and
B16BL6 cells in MEM. SK-OV-3 and Ab49 cells were EGFR-positive cell
lines while MCF-7 and B16BL6 cells were not. The culture media were
supplemented with 10% heat—inactivated fetal bovine serum (Gibco) and 100
units/m¢ penicillin and 100 pg/ml streptomycin (Gibco). The cells were cultured
in a humidified atmosphere of 95% air and 5% CO» at 37C.
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3. siRNA preparation

The FITC-labeled control siRNA was synthesized and purified by Bioneer
co. (SN-1023). The FITC-labeled siRNA was 2l-mer of sense/antisense
duplex with the following sequence; 5'-CCUACGCCACCAAUUUCGU-3’ (sense)
and 5 -ACGAAAUUGG UGGCGUAGG-3" (antisense). Luciferase siRNA
(GP-RNA1041) and vimentin siRNA (GP-RNA1015) were provided by
Genolution Pharmaceuticals Inc. (Seoul, Korea). JAK3 siRNA (VHS41248) were
provided by Invitrogen.

4. Purification of Sendai virus F/HN protein

As described in the previous chapter, Sendia virus F/HN proteins were
purified from the cultured Sendai virus and then formulated into liposomes to
prepare virosomes. Briefly, the Sendai virus cultured in the allantoic fluid of
egg embryo was pelleted. The virus was resuspended in 2 ml of PBS
containing 1% Triton X-100, followed by incubation at 20C for 2 h and
centrifugation at 100,000 g for 1 h at 4C to remove the detergent—insoluble
substances. The detergent was removed by stepwise addition of SM2
Bio-Beads (Bio-Rad Lab.) and the final turbid suspension containing F/HN

proteins was then separated.
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5. Preparation of immunonanoparticles

5-1. Preparation of liposomes and virosomes encapsulating siRNA

DMKE (5 mole%), POPC (91 mole%), DSPE-PEGao (3.8 mole%),
DSPE-PEGgooo-MAL (0.2 mole%) and Rho-DOPE (0.1 mole%) were dissolved
in chloroform and methanol mixture (2:1, v/v). The organic solvent was
evaporated under a stream of Nz gas. Vacuum desiccation for 2 h ensured
removal of the residual organic solvent and dry. The dried films of 2 mg
lipids were hydrated in 1 ml of 0.1 M phosphate buffer (pH 5.5) containing
siRNA (10:1, lipid wt:siRNA wt) and then vigorously mixed by a vortex mixer
for 5 min. After hydration, the liposomes were repeated 10 cycles of freezing
and thawing, and extruded 10 times through a polycarbonate membrane with a
pore size from 800 nm to 80 nm using a extruder (Avanti Polar Lipids,). The

virosomes were prepared as described previously.
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5-2. Preparation of cationic liposomes and cationic virosomes

DMKE (48 mole%), cholesterol (48 mole%), DSPE-PEGso (3.8 mole%),
DSPE-PEG2o0o~MAL (0.2 mole%) and Rho-DOPE (0.1 mole%) were dissolved
in the chloroform and methanol mixture (2:1, v/v). The organic solvent was
evaporated under a stream of No gas, followed by vacuum desiccation of 2 h.
The dried lipid films (2 mg lipid) were hydrated in 1 ml of 0.1 M phosphate
buffer (pH 7.2) and then vigorously mixed by vortexing. After hydration, the
resulting suspension was subjected to 10 cycles of freezing and thawing, and
extruded 10 times through a polycarbonate membrane with a pore size of 80
nm using a extruder. Protamine sulfate (PS)-condensed siRNA-encapsulating
cationic lipoplexes and viroplexes were prepared by precomplexation of siRNA
with PS (0.35:1 siRNA wt:PS wt) for 30 min at room temperature.

Lipoplexes of siRNA and cationic liposomes were prepared by gentle mixing
of PS-condensed siRNA and the cationic liposomes (DMKE/Chol) solution at
various N/P ratios of siRNA/lipid. After incubation of the lipoplexes for 30 min
at room temperature, Sendai viral F/HN proteins (1:1 DNA wt:F/HN protein
wt) were added and additionally incubated for 15 min at room temperature

with gentle mixing. The resulting complex is called viroplexes.

5-3. Conjugation of anti-EGFR antibody to nanoparticles

Cetuximab were thiolated for 1 h at room temperature by reacting with
Traut's reagent in degassed phosphate buffer (0.1 M, 2 mM EDTA, pH 8.0).
Unreacted Traut's reagents were removed by passing through PD-10 column
with the degassed phosphate buffer. The thiolated antibodies were conjugated
to the maleimide groups at the distal-termini of PEG chains on the
nanoparticles. Briefly, thiolated antibody solution was added to the liposome
or lipoplex solutions (0.2:1, a mole ratio of Ab ad maleimide), and then
incubated for 20 h at 4C with continuous shaking. Unconjugated antibodies
were separated from the nanoparticles by chromatography through a
Sepharose CL-4B column in phosphate buffer (0.1 M, pH 7.2).
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Table I. Components of anti-EGFR immunonanoparticles

Components

Rationale

Antibody;
Cetuximab (Erbitux®)

It was used for targeting to EGFR in various

cells and to enhance selective intracellular

delivery.
) The sulfhydryl groups (SH-) in whole antibody
Linkage; . . . .
were conjugated to liposomes and lipoplexes via
DSPE-PEGz000—-MAL .. . L
] a maleimide moiety for targeted binding and
+ Antibody . .
internalization
It was used for effective pDNA encapsulation
DMKE or complexation with liposomes via charge
interaction.
Liposomes and Lipoplexes and
virosomes viroplexes
Neutrally charged for Positively charged for
Nanoparticles

in vivo stability effective cell binding

PEGylated for longer circulation

Small diameter for efficient extravasation

Sendai viral F/HN

proteins

They were inserted to Increase membrane

fusogenecity in virosomes and viroplexes

Agent;

Nucleic acids

FITC-labeled control siRNA,
vimentin siRNA and JAK3 siRNA
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6. Gel retardation analysis of anti—-EGFR immunonano
particles with siRNA

To ensure complete siRNA complexation with anti-EGFR immunonano
particles and insertion of Sendai viral F/HN proteins to make
immunovirosomes and immunoviroplexes, the gel retardation analysis was
performed using agarose gel -electrophoresis. As mentioned earlier, the
immunonanoparticles (immunoliposomes, immunovirosomes, immunolipoplexes
and immunoviroplexes) prepared under varied conditions (1 pg siRNA, 70
pmole) were run on 1% agarose gel and siRNA bands were visualized by UV
illumination. An appropriate N/P ratio of siRNA complexation and the amount
of encapsulated siRNA were quantified by the Quantity one program of Gel
Doc EQ system.

7. Analysis of vesicle size and surface charge of anti~-EGFR
immunonanoparticles containing siRNA

To observe the changes of vesicular size and surface charge of the
nanoparticles during siRNA encapsulation (or complexation) and
antibody-coupling, the vesicular size and {-potential were measured using a
particle analyzer. All the samples (100 pg lipid/ml) were placed into the
specimen holder of a Zetamaster S 5 min prior to measurement in order to

allow equilibration to room temperature.
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8. Flow cytometry analysis of anti-EGFR immunonano

particles containing siRNA

Specific cellular binding affinities and siRNA delivery efficiencies of
rhodamine-labeled anti—-EGFR immunonanoparticles containing FITC-labeled
control siRNA were evaluated in SK-OV-3, A549, MCF-7 and B16BL6 cells
(each 4x10°/well) in 6-well plates. The tumor cells treated with the
double-labeled anti~EGFR immunonanoparticles for 30 min at room
temperature were typsinized. After washed with PBS, the cells then treated
with 0.2% paraformaldehyde for 5 min at room temperature in dark. Then, the
cells were counted by flow cytometry analysis.

In order to show the EGFR-mediated siRNA transfection, The cells were
pretreated with free Cetuximab (1 wg/ml each well) for 30 min, The pretreated
cells were transfected with the immunonanoparticles containing FITC-labeled
siRNA (1 pg; 70 pmole/ml) for 30 min at room temperature. The cells were
typsinized and then treated with 0.2% paraformaldehyde for 5 min at room

temperature in dark. The fixed cells were counted by flow cytometry analysis.
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9. In vitro siRNA transfection by anti~EGFR immunonano

particles

[n vitro transfection with the anti—-EGFR immunonanoparticles containing
siRNA were performed in SK-OV-3, A549, MCF-7 or B16BL6 cells in
24-well plates. The prepared anti—EGFR immunonanoparticles containing
siRNA prepared under optimal conditions (12:1, 9:1, 1:6 and 1:3; respective
N/P ratios of andimmunoliposomes, immunovirosomes, immunolipoplexes and
immunoviroplexes) were added to the tumor cells (each 4x10%well, final
concentration of luciferase siRNA; 20 nM). After transfection for 4 h and the
transfected cells were additionally incubated in fresh 10% FBS-containing
media for 24 h at 37C. The transfected cells were washed twice with PBS
(pH 7.4) and lysed with 200 ¢ of lysis buffer (1% Triton X-100, 1 mM
dithiothreitol and 2 mM EDTA, pH 7.8) for 2 h at room temperature with
gentle agitation. The plates were incubated at —20C for 20 min and thawed at
room temperature. The cell lysates were centrifuged for 20 min at 4C and
12,000 rpm to pellet debris. Luciferase activities in the supernatant were
measured with a luciferase assay kit and a luminometer, Minilumat LB9506
(Berthold Technologies, Bad Wildbad, Germany). The protein concentration of
the supernatant was measured with the DC Protein Assay Kit. The data were

expressed as RLU of luciferase/mg of total cellular proteins.
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10. cytotoxicity assay of anti—-EGFR immunonanoparticles

containing anti—cancer siRNA

Cytotoxcicity of anti~EGFR immunonanoparticles containing siRNA was
determined by propidium iodide (PI) staining. SK-OV-3 and A549 cells were
plated into 6-well plates (each 4x<10°/well) and cultured for 24 h. The tumor
cells were treated with various concentrations of siRNA-containing (10 nM
and 20 nM) anti-EGFR immunonanoparticles and then cultured for 24 h. After
typsinization, 2 0 of PI solution (50 pg/ml) was added to the cells followed by

flow cytometry analysis.

11. Reverse—transcriptase PCR analysis of mRNA levels of

vimentin

The prepared anti—-EGFR immunonanoparticles containing vimentin sSiRNA
were added to SK-OV-3, A549, MCF-7 and B16BL6 cells (each 4x<10°/well,
20 nM of vimentin siRNA). After transfection as described above, the
transfected cells were washed twice with PBS (pH 7.4) and treated with
Trizol (Invitrogen, Eugene, USA) to extract all RNA. Reverse-transcriptase
PCR (polymerase chain reaction) was preformd using 2 ug of the extracted
RNA and random primers, the MMLV reverse transcriptase (Invitrogen,
Eugene, USA) and the G-7ag kit (Cosmo GENTECH, Seoul, Korea). Forward
and reverse primers (Cosmo GENTECH, Seoul, Korea) were as follows, the
forward primer of vimentin ; 5'-TGGATTCACTCCCTCTGGTT-3', the reverse
primer of vimentin; 5'-GGTCATCGTGATGCTGAGAA-3', and the forward
primer of control GAPDH; 5'-CGGGAAGCTTGTGATCAATGG-3', the reverse
primer of control GAPDH; 5'-GGCAGTGATGGCATGGACTG-3'). Reverse
transcription was performed at 70 C for 15 min. The reverse transcripts

were run on 2% agarose gel.
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12. Localization of anti~-EGFR immunonanoparticles containing

siRNA in tumor tissues

The anti—-EGFR immunonanoparticles containing rhodamine-DOPE (0.1
mole%) were intravenously injected to BALB/c nude mice carrying SK-OV-3
tumors. Tumor tissues were excised 1 day post administration. The removed
tumors were immediately frozen, transversally sectioned (3 gm) then examined

by fluorescence microscopy (X100).

13. In vivo tumor growth inhibition by administration of the
anti-EGFR immunonanoparticles containing vimentin and/or
JAK3 siRNAs

Female BALB/c nude mice (4~5 week-old) were subcutaneously injected
with 1x107 of SK-OV-3 cells on the abdomen right quadrant. When the
tumors grew to approximately 50 mr of volume (lengtthidthz/Z), the mice
were intravenously or intratumorally injected with the anti-EGFR
immunonanopaticles (injection volumes: 200 pf for the intravenous, 100 wf for
the intratumoral) (n=5) containing vimentin and/or JAK3 siRNAs (0.5 mg
siRNA/kg, 10 pg of siRNA per mouse). In a separated set of animal
experiment, doxorubicin (15 mg/kg) was intravenously co-injected to the mice,
treated with the anti—-EGFR immunonanopaticles containing vimentin and/or
JAK3 siRNAs, at the same injection days. Tumor growth was monitored for 37
days post treatment. The mice were sacrificed on day 43 and the lung

colonization was counted.
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II. RESULTS

1. Preparation of four—different anti—-EGFR immunonano
particles containing siRNA

As shown in Figure 1, anti—-EGFR antibody Cetuximab was conjugated to the
surfaces of four different liposomal delivery systems (immunoliposomes,
immunovirosomes, immunolipoplexes and immunoviroplexes) by the direct
coupling method. Thiolated Cetuximab antibodies were conjugated to reactive
PEG termini exposed on neutral liposomes or cationic liposomes. The analysis
of gel filtration chromatography showed effective conjugation of the antibody
molecules to the liposomal surface. The Ab conjugation reaction was almost
completed at 0.2:1 molar ratio of Ab and DSPE-PEGzgo—Mal (Figure 2).
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(A) Anti-EGFR immunoliposomes (B) Anti-EGFR immunovirosomes

. AborFab® siRNA F/HN
AborFab’ siRNA

/,%
L 1L

(C) Anti-EGFR cationic immunolipoplexes (D) Anti-EGFR cationic immunoviroplexes

AborFab’siRNA PS F/HN

AborFab® siRNA 7 -
. ,, = 4 E L
2 0 1 L Jirl

Figure 1. Schematic illustration of anti-EGFR immunonano
particles with siRNA.

(A) Immunoliposomes were prepared by coupling of thiolated antibodies
neutrally charged immunoliposomes followed by siRNA encapsulation. (B)
Immunoliposomes were preparec by insertion of Sendai viral F/HN protein into
neutrally charged immunoliposomes. (C) Immunolipoplexes were prepared by
coupling of thiolated antibodies to cationic liposomes followed by siRNA
complexation. (D) Immunoviroplexes were prepared by insertion of Sendai

viral F/HN proteins into cationic lipoplexes.
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Figure 2. Elution profiles of anti~-EGFR immunonanoparticles

and unbound antibodies.

The reaction mixtures of nanoparticles (liposomes and virosomes) and

Cetuximab antibodies were

loaded onto a Sepharose CL-4B gel filtration

column and eluted with 0.1 M phosphate buffer (pH 7.2). The antibody

concentration of each fraction (1 ml) were quantified by protein assay.



2. Preparation of anti-EGFR immunoliposomes and immuno

virosomes encapsulating siRNA

The prepared immunoliposomes were mixed with a buffer containing siRNA
at various ratios of liposome and siRNA. To verify siRNA encapsulation into
liposomes, the liposomes and virosomes prepared at 1:1~12:1 N/P ratios of
cationic liposomes and siRNA were run on 1% agarose gel (Figure 3).
According to the gel retardation test, complete encapsulation of siRNA into
liposomes was seen at 9:1 or higher N/P ratios (Figure 3A). Complete
encapsultation of siRNA into virosomes was seen at 6:1 and higher ratios
(Figure 3B). Therefore, all liposomes and virosomes utilized in this study
were formulated at 12:1 and 9:1 N/P ratios, respectively, otherwise

mentioned.
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(A) Anti-EGFR immunoliposomes (B) Anti-EGFR immunovirosomes
(N/P ratio)
M 1 2 3 4 5 6

Figure 3. Encapsulation of siRNA into anti~-EGFR immuno

liposomes and immunovirosomes.

The prepared anti—-EGFR liposomes (A) and anti—-EGFR virosomes (B)
encapsulating siRNA were run on 1% agarose gel and visualized by UV
illumination. Lane M; 100 bp molecular weight markers, lane 1; free siRNA,
lane 2; 1:1 N/P ratio, lane 3; 3:1 N/P ratio, lane 4; 6:1 N/P ratio, lane 5; 9:1
N/P ratio, lane 6; 12:1 N/P ratio.
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3. Preparation of anti—-EGFR immunolipoplexes and immuno
viroplexes

The cationic liposomes were mixed with a buffer containing siRNA at varied
ratios of cationic liposome and siRNA. To verify complete siRNA complexation
with cationic liposomes or virosomes, the lipoplexes or viroplexes prepared at
1:1~12:1 N/P ratios of cationic liposome and siRNA were run on 1% agarose
gel (Figure 4). According to the gel retardation test, complete complexation of
DMKE/Chol cationic liposomes and siRNA and was seen at 3:1 and a lower
N/P ratios (Figure 4A). Complete complexation of cationic virosomes and
siRNA was seen at 1:1 and lower ratios (Figure 4B). Therefore, all lipoplexes
and viroplexes utilized in this study were formulated at 6:1 and 3:1 N/P

ratios, respectively, otherwise mentioned.
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Figure 4. Complexation of siRNA with anti-EGFR cationic

immunolipoplexes and immunoviroplexes.

The cationic liposomes (A) and virosomes (B) complxed with siRNA under
varied conditions were run on 1% agarose gel and visualized by UV
illumination. Lane M; 100 bp molecular weight markers, lane 1; free siRNA,
lane 2; 1:1 N/P ratio, lane 3; 3:1 N/P ratio, lane 4; 6:1 N/P ratio, lane 5; 9:1
N/P ratio, lane 6; 12:1 N/P ratio.
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4. Vesicular size and surface charge of anti—-EGFR immuno
nanoparticles containing siRNA

As shown in Table III of the previous chapter, vesicular sizes of liposomes
and virosomes were slightly increased by siRNA encapsulation (or
complexation), regardless of surface charge. Also, pDNA encapsulation slightly
reduced the surface charge of the liposomes and virosomes. Meanwhile, pDNA
addition slightly reduced the sizes of immunonanoparticles except the cationic
immunovirosomes. The same procedure slightly reduced the surface charges
of all the immunonanoparticles in general.

Addition of F/HN proteins to liposomal vesicles increased the sizes of
liposomes and lipoplexes as same as the previous results. The sizes of
immunonanoparticles were bigger than the nanoparticles without antibodies. All
of the finalized anti-EGFR immunonanoparticles exhibited appropriate vesicular

sizes smaller than 220 nm for n vivo transfection.
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Table II. Vesicular size and surface charge of anti—-EGFR immunonanoparticles

containing siRNA

Anti-EGFR immunonanoparteicles Size (nm)” Zeta— potential (mV)"
Neutral liposomes 130.8 (£ 3.0)"" 8.2 (£ 1.0)”
No cationic liposomes 98.6 (£ 3.0) 56.7 (£ 6.0)
SiRNA Neutral virosomes 156.3 (= 4.5) 5.8 (£ 0.5)
No cationic virosomes 121.8 (= 2.3) 45.2 (£ 2.7)
mAD Neutral liposomes 151.8 (£ 8.9) -3.3 (= 0.2)
with cationic lipoplexes 135.6 (= 1.0) 50.9 (£ 0.3)
SIRNA  Neutral virosomes 192.1 (£ 2.1) -1.9 (£ 0.5)
cationic viroplexes 136.8 (£ 9.2) 38.5 (£ 1.0)
Anti—~EGFR neutral
immunoliposomes 182.8 (= 10.6) 2.1 (£ 0.5
Anti—EGFR cationic
o immunoliposomes 131.3 (£ 2.9) 45.4 (£ 0.4)
siRNA  Anti-EGFR neutral
ant- BGER neutra 230.7 (£ 7.6) 0.5 (£ 0.9)
Anti~EGFR cationic
with IMMUNOVIFOSOmes 184.6 (£ 2.7) 42.1 (£ 1.0)
mAb Anti-EGFR neutral _
T heutra 173.1 (+ 7.5) 4.9 (£ 0.5)
Anti~EGFR cationic
with immunolipoplexes 153.1 (£ 4.2) 25.4 (£ 1.2)
siRNA  Anti-EGFR neutral _
anti-BGER neutra 213.5 (£ 8.1) 2.3 (£ 0.4)
Anti—~EGFR cationic
D oniroquoniC  179.4 (x 3.7) 21.6 (£ 0.7)

The particle size and zeta—-potentials were measured 4 times using a

zetasizer.

" The particles size (nm); average particle size + S.D.

zeta—potentials (mV); average zeta—-potentials = S.D.
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5. In wvitro cellular binding of anti—-EGFR immunonano

particles containing siRNA

Specific cellular binding of anti-EGFR immunonanoparticles containing
FITC-labeled siRNA to four different types of cancer cells (SK-OV-3, A549,
MCF-7 and B16BL6) were analysed by flow cytometry (Figure 5A). As
speculated, regardless of types of nanoparticles, all of the anti—-EGFR
immunonanoparticles showed high cellular binding to EGFR-positive cell lines
(A549 and SK-OV-3  cells). Meanwhile, the same  anti—-EGFR
immunonanoparticles had lower binding affinity to EGEFR-negative cell lines
(MCF-7 and B16BL6 cells).

To verify their EGFR-mediated binding to tumor cells, the tumor cells were
pretreated with anti—-EGFR antibody (Cetuximab) before transfection. Then, the
pretreated cells were incubated in the presence of the anti-EGFR
immunonanoparticles. Binding of the anti-EGFR immunonanoparticles to the
EGFR-positive cells (SK-OV-3 and A549) were significantly inhibited by
treatment with free Cetuximab (Figure b5B). Meanwhile, there was no
significant reduction of binding of the anti~EGFR immunonanoparticles to
EGFR-negative cells (MCF-7 and B16BL6) by free Cetuximab treatment.
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Figure 5. In vwvitro binding of the anti—-EGFR immunonano
particles containing siRNA to tumor cells.

(A) The cancer cells (SK-OV-3, A549, MCF-7 and B16BL6) were incubated
with the anti-EGFR immunonanoparticles containing FITC-labeled siRNA for
30 min at 4C. (B) The same cells were pretreated with free Cetuximab
antibodies followed by incubation with the anti—-EGFR immunonanoparticles
containing FITC-labeled siRNA. After washed with PBS, the cells were
analysed by flow cytometry (n=3). MFI; mean fluorescence of intensity,

control; untreated.
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6. In vitro siRNA transfection by anti~EGFR immunonano

particles

Luciferase siRNA was transferred to Ab549, SK-OV-3, MCF-7 and B16BL6
cells via the anti—~EGFR immunonanoparticles. There was significant reduction
of luciferase expression by luciferase siRNA transfection in the EGFR-positive
AB549 and SK-0OV-3 cells, but much less reduction in EGFR-negative
MCF-7 and BI16BL6 cells (Figure 6). The reduction levels of luciferase
expression appeared to be dependent upon the expression levels of EGFR on
the tumor cell surface. The anti—-EGFR immunolipoplexes and immuno
viroplexes were more effective in reduction of target gene expression. In
contrast, the conventional catonic lipoplexes (Lipofectamine 2000 and
DMKE/Chol) showed effective siRNA transfection to all types of tumor cells.

To verify EGFR-mediated transfection of the immunonanoparticles, the cells
were pretreated with free Cetuximab antibodies followed by transfection with
the anti-EGFR immunonanoparticles containing luciferase siRNA. The
pretreatment with Cetuximab was able to inhibit luciferase siRNA tansfecton
to SK-OV-3 and Ab549 cells, resulting in less reduction of luciferase
expression (Figure 6). Meanwhile, the same treatment hardly affect the levels

of luciferase expression in MCF-7 and B16BL6 cells.
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Figure 6. In vitro luciferase siRNA transfection by

anti~-EGFR immunonanoparticles.

The anti—-EGFR immunonanoparticles (immunoliposomes, immunovirosomes,
immunolipoplexes, and immunoviroplexes) containing luciferase siRNA were
transfected to A549 (A), SK-OV-3 (B), MCF-7 (C) and BI16BL6 (D) cells
pretransfected with pAAVCMV-Luc in 24-well plates (each 4x10°/well). Also
the same cells were pretreated with free Cetuximab antibodies for 30 min and
then transfected with the anti—-EGFR immunonanoparticles containing luciferase
siRNA. After 4 h transfection, the cells were further incubated for 24 h.
Luciferase expression in the cells was calculated to RLU per milligram of
proteins. Each bar represents the mean £ S.D. for three separate experiments
of luciferase assay.
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7. In vitro cytotoxicity of anti—cancer siRNA

The DMKE/Chol cationic lipoplexes containing a various anti-cancer siRNA
were incubated in A549 (A) and SK-OV-3 (B) cells to measure their cell
toxicity by trypan blue staining. Among the anti-cancer siRNA, vimentin siRNA
and JAK3 siRNA combination showed severe damage to the cultured cell lines,
exhibiting 35% ~ 50% cell cytotoxicity (Figure 7).
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Figure 7. In vitro cytotoxicity of anti—cancer siRNA.

A549 (A) and SK-OV-3 (B) cells were treated with varied combinations of
siRNAs using DMKE/Chol cationic liposomes. Cell viability was measured by

the PI

staining assay 24 h later.
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8. In wvitro vimentin siRNA transfection mediated by

anti-EGFR immunonanoparticles

Vimentin siRNA was formulated in the anti~-EGFR immunolipoplexes and
immunoviroplexes, which showed the most effective siRNA transfection to
tumor cells expressing EGFR. Ab549, SK-0OV-3, MCF-7, and B16BL6 cells
were transfected wusing the prepared anti-EGFR immunonanoparticles or
control carriers containing vimentin siRNA. After 4 h transfection and 12 h
additional incubation, the levels of vimentin mRNA were determined by
RT-PCR and Quantity one program. According to the experimental results
(Figure 8), the levels of vimentin mRNA in A549 and SK-OV-3 cells were
reduced by vimentin siRNA transfection mediated by the immunolipoplexes and
immunoviroplexes. However, the same systems little affected the vimentin
mRNA level in B16BL6 cells. These data imply that the anti—-EGFR
immunolipoplexes and immunoviroplexes were able to effectively deliver
vimentin siRNA to tumor cells overexpressing EGFR. Among the two systems,
the anti—-EGFR immunoviroplexes appeared to be more effective in siRNA
transfection, exhibiting approximately 20~65% higher transfection under the
same transfection conditions. The MCF-7 cells is known to be

vimentin-negative.
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Figure 8. In vitro vimentin siRNA transfection by anti—-EGFR
immunonanoparticles.

AbB49, SK-0OV-3, MCF-7 and B16BL6 cells were transfection with free
vimentin siRNA (lane 1, 5) or vimentin siRNA in cationic lipoplexes (lane 2),
PEG-lipoplexes (lane 3), anti~-EGFR immunolipoplexes (lane 4), cationic
viroplexes (lane 6), PEG-viroplexes (lane 7), and anti—-EGFR immunoviroplexes
(lane 8). After 4 h transfection and 12 h additional incubation, vimentin mRNA

levels in the transfected cells was measured by RT-PCR.
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9. Tumor localization of anti—-EGFR immunonanoparticles

containing siRNA intravenously administered

The rhodamine-labeled anti—EGFR immunonanoparticles (immunoliposomes,
immunovirosomes, immunolipoplexes and immunoviroplexes) were intravenously
injected to BALB/c nude mice carrying SK-OV-3 tumors. Then, cryosections
of the xenografted SK-OV-3 tumors were examined by fluorescence
microscopy. Commonly, all types of the anti—EGFR immunonanoparticles
showed effective localization in the tumor tissues compared with the control
DMKE/Chol lipoplexes (Figure 9). Among the anti—-EGFR immunonanoparticles,
the anti~EGFR immunolipoplexes and immunoviroplexes showed more effective

localization than the others.
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Figure 9. In vivo Localization of anti—-EGFR immunonano
particles containing siRNA in tumor tissues.

Rhodamine-labeled cationic lipoplexes and anti—-EGFR immunonanoparticles
containing siRNA were intravenously administered to mice carrying SK-OV-3
(tumor volume ~100 mw). The localization of the immunonanoparticles in tumor

tissues was observed under a fluorescence microscope 24 h post injection
(X100).
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10. SK-OV-3 tumor growth inhibition by administration of
anti—-EGFR immunonanoparticles containing vimentin and/or
JAK3 siRNAs

The anti—-EGFR anti—-EGFR immunolipoplexes and immunoviroplexes, which
were proven to be effective in in wvivo siRNA transfection to tumors
overexpressing EGFR, were carefully formulated with vimentin and/or JAKS3
siRNAs. Mice carrying SK-OV-3 tumors were treated with the prepared
anti—-EGFR immunonanoparticles four times at intervals of 3 days. In the first
set of animal experiment, the anti-EGFR immunonanoparticles containing
vimentin and/or JAK3 siRNAs were intravenously administered to mice
carrying via tail vain (Figure 10). In the second experiment, the mice carrying
tumors were treated by combinations of the same immunonanoparticles and
doxorubicin (Figure 11). For 37 days of observation, significant inhibition of
the tumor growth was seen in all the treated mice with the tendency of tumor
growth inhibition becoming apparent with days (Figure 10). Cotransfection of
vimentin and JAKS3 siRNAs more effectively inhibited tumor growth and
metastasis than administration of either gene alone.

The intratumorally administered anti—-EGFR immunolipoplexes (or
immunoviroplexes) containing vimentin and JAK3 siRNAs were also effective
in inhibition in tumor growth and metastasis than the carriers without the
antibody (Figure 11). Compared with the untreated one, the mice treated with
the anti—-EGFR immunolipoplexes or immunoviroplexes with the two siRNAs
exhibited an approximately 42% and 75% reduction of tumor growth on day
37 post tumor inoculation, respectively. In addition, intravenous administration
of doxorubicin synergistically enhanced the antitumoral efficacy of the
anti—~EGFR immunolipoplexes and immunoviroplexes containing vimentin and
JAK3 siRNA. Compared with administration of only the anti—~-EGFR
immunonanoparticles containing the two siRNAs, the additional doxorubicin
treatment further inhibited tumor growth by 99.8%. Three mice out of 5
tumor-carrying mice showed complete tumor regression and no pulmonary

metastasis by treatment with doxorubicin and the immunoviroplexes.
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Figure 10. Inhibition of tumor growth and metastasis by
intravenous administration of anti~EGFR immunonanoparticles
containing vimentin siRNA and/or JAK3 siRNAs.

The anti—-EGFR immunonanoparticles containing vementin and/or JAK3
siRNAs were intravenously administered to mice carrying SK-OV-3 tumors.
The tumor growth (A) was measured for 37 days and the pulmonary tumor
colony (B) was counted on day 46 post tumor innoculation. Solid arrows
indicate the administrations of the anti—-EGFR immunonanoparticles.
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Figure 11. Inhibition of tumor growth and metastasis by
intratumoral administration of anti—-EGFR immunonano
particles containing vimentin and/or JAK3 siRNAs and

intravenous adminstration of doxorubicin.

The anti-EGFR immunonanoparticles containing vimentin siRNA and/or JAK3
siRNA were directly administered to SK-OV-3 tumor tissues and doxorubicin
was intravenously administer to the same mice. The tumor growth (A) was
measured for 37 days and the pulmonary tumor colony (B) was counted on
day 46 post tumor innoculation, Solid arrows indicate the administrations of

the anti—-EGFR immunonanoparticles ad doxorubicin.
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IV. Discussion

Gene therapy with RNA interference (RNAi) technology has been considered
to be an innovative procedure to treat numerous cancers (88, 89). Small
interfering RNAs (siRNAs) have been known to be a major class of molecules
inducing RNAIi. Recently, a number of different siRNAs such as VEGF siRNA,
survivin siRNA and Bcl2 siRNA have been developed and utilized to treat a
variety of cancers (90). However, A major limitation to clinical applications of
siRNA is the absence of effective siRNA delivery. To overcome these
problems, liposomal gene delivery systems have been improved to provide
efficient siRNA delivery to the cytoplasm of intended cells with the least
complications (5).

In this study, vimentin and JAK3 siRNAs were loaded in the anti—-EGFR
immunonanoparticles for anticancer therapy. Vimentin is one of the most
widely expressed intermediate filament proteins and essential in maintaining
cell adhesion, migration, and survival (91-95). Recently, vimentin degradation
has been related to a proapoptotic process that can markedly enhance cell
death (96). It is also known that JAK-mediated signaling is important for cell
differentiation, proliferation, and survival in mammalian cells (83). The
dysregulation of JAK3 induced cancers such as hematological or breast
cancers (86). Therefore, inhibition of JAK3 kinase has been reported to be a
reasonable strategy for cancer gene therapy (87, 97).

To deliver vimentin and JAKS3 siRNA to the cytoplasm of tumor cells, four
different types of anti-EGFR immunonanoparticles (immunoliposomes,
immunovirosomes, immunolipoplexes, and immunoviroplexes) were prepared.
Expectedly all of the anti~-EGFR immunonanoparticles exhibited effective
cellular binding to EGFR-positive A549 and SK-OV-3 cells. The same
systems did not show specific binding to EGFR-negative MCF-7 and B16BIl6
cells, but a certain level of nonspecific binding. In addition, the anti—-EGFR
immunonanoparticles were able to deliver siRNA specifically to EGFR-positive
SK-0OV-3 and Ab549 cells. Meanwhile, the same systems did not show efficient
siRNA deliver to the EGFR-negative MCF-7 and B16BL6 cells. Competitive
inhibition of their bindings to A549 and SK-OV-3 cells by pretreatment with
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free Cetuximab implied EGFR-mediated siRNA delivery of the
immunonanoparticles. These results strongly implied that the higher binding
and more efficient siRNA delivery to the EGFR-positive cancer cells are due
to specific interactions between Cetuximab coupled to nanoparticles and EGFR
overexpressed on the cancer cell surface.

The anti-EGFR immunolipoplexes and immunoviroplexes were able to deliver
luciferase and vimentin siRNA to the A549 and SK-OV-3 cells, resulting in
significant reduction of target gene expression in the cells. However, the
same systems showed far less siRNA transfection to MCF-7 and B16BL6
cells, as expected. These results also draw the same conclusion of
EGFR-mediated siRNA transfection by the immunonanoparticles.

The anti~-EGFR immunolipoplexes and immunoviroplexes were efficiently
delivered to SK-OV-3 tumor tissues even though they are positively charged.
This implies that PEGylation of the cationic immunolipoplexes and
immunoviroplexes (total 4 mol% PEG-PE) may provide adequate steric
hindrance to serum proteins, resulting in less taken—-up by RES. Presumably,
the PEGylated immunolipoplexes and immunoviroplexes were able to circulate
long enough to be extravasated to tumor tissues.

Therefore, these two systems containing anticancer vimentin siRNA and/or
JAK3 siRNA were carefully prepared and systemically administered to mice
carrying tumors. According to the in wvo siRNA transfection results, the
anti—-EGFR immunolipoplexes and immunoviroplexes were able to efficiently
deliver the anticancer siRNA molecules to SK-OV-3 tumor tissues, resulting
in significant inhibition of tumor progression. Co-transfection of the two
anticancer siRNA more effectively inhibited growth and metastasis of the
tumors in mice than transfection of either one. The inhibition of tumor
progression by the anticancer siRNAs transferred by the anti-EGFR
immunonanoparticles was further enhanced by intravenous administration of
doxorubicin. Recently, Hu Y. et al also reported enhanced anti—-tumoral effect
of combinational RNAi gene therapy. They showed that intravenous
administration of immunolipoplexes of EGFR siRNA and TERT (telomerase
reverse transcriptase) siRNA caused an additive effect on tumor growth
inhibition in mice (98).

In this study, some of tumor-carrying mice cotreated with doxorubicin and
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the two anticancer siRNAs became cancer—free, complete tumor regression
and no pulmonary metastasis. Among the five mice, three mice became
cancer—free after cotreatment with doxorubicin and the immunoviroplexes
containing vimentin and JAK3 siRNAs. Also, two mice became cancer—free by
cotreatment with doxorubidin and the immunolipoplexes containing the two
siRNAs. Therefore, at this moment it can be concluded that the anti—-EGFR
immunoviroplexes are the most efficient EGFR-directed siRNA delivery system
among the immunonanoparticles tested. Regarding combination of gene therapy
and chemical therapy, an interesting study was reported by Lahat G. et al
(99). They showed that cotreatment with anti—angiogenic withaferin-A and
liposomes containing vimentin siRNA was able to more effectively inhibit
tumor growth than treatment with either one.

This study shows that a rationale of siRNA delivery mediated by specific
interactions between EGFR on tumor cell surface and anti—-EGFR
immunonanoparticles could be realized. Also, this study suggest that these
types of anti~EGFR immunonanoparticles could be applicable to EGFR-directed
delivery of various functional siRNA molecules for a variety of purposes. In
conclusion, the anti—EGFR immunonanoparticles are an improved nonviral
siRNA delivery system for transfection to EGFR-expressing cancer cells.
Especially, the anti—-EGFR immunoviroplexes which are proven to be the most
effective transfection system could be widely utilized for clinical applications
of RNAI.
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