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1 Introduction
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1.1 Gene Therapy — Concept

Growing understanding of genes involved in diseases and the knowledge of the se-
quence of the human genome gave rise to hopes about treatments for until then incur-
able diseases (/, 2). Practical use of this knowledge however, depends on efficient

methods to manipulate or replace defective genes.

Basically, genes can be delivered using an in vivo or an ex vivo approach. The latter
utilizes cells cultured in vitro, which are transfected, selected and expanded outside pa-
tients body and are later implanted. Usually, cells used for this procedure are obtained
from the same patient to avoid rejection of the implant. The in vivo approach tries to
directly administer the genes of interest into the (target-)cells of a patient. This ap-
proach, being technically far more challenging, is often the only viable option if ex vivo

cultivation of cells is not possible or cells can not be re-implanted.

Direct delivery of nucleic acids in the absence of a carrier is only feasible in rare cases
such as intramuscular injection of naked DNA or topical gene therapy using electropora-
tion (for review see (3)). Therefore, carriers are widely used in gene therapy be it ex
vivo or in vivo. These can be divided into two major classes: viral and non-viral vectors.
Viral vectors include different viruses such as retrovirus, adenovirus and vaccinia virus.
These systems impress by their high efficiency but on the other hand also suffer from
serious drawbacks such as high immunogenicity after repeated administration, potential
oncogenicity due to insertional mutagenesis and limited cargo capacity. Furthermore,
viral vectors are less attractive from a technological point of view: large-scale produc-
tion and subsequent modification (e.g. with a targeting moiety) is technically challeng-

ing.

Given these hurdles in developing safe and efficient viral vectors, non-viral vectors
more and more emerge as a viable alternative. Especially with regard to new therapeu-
tics like oligonucleotides and siRNA, which do not depend on translocation into the cell
nucleus but are effective in the cytosol, these vectors are attractive alternatives. Non-
viral vectors again fall into two main classes. Liposomal formulations, and cationic

polymers.
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Liposomal formulations usually consist of cationic lipids with a positively charged head
group and a hydrophobic moiety (e.g. 1,2-dioleoyl-3-tetramethylammonium propane,
DOTAP or N-[1-(2,3-dioleyloxy)propyl]-N,N,N trimethylammonium chloride,
DOTMA). These characteristics cause the cationic lipids to assemble into liposomes
when dispersed in aqueous solution (4). By mixing with nucleic acid the liposome struc-
ture collapses and nanoplexes are formed. Morphology, size and surface charge of these
complexes is usually controlled by mixing ratio between cationic charges from lipids
and negative charges from nucleic acids. Often helper lipids such as dioleoylphosphati-
dylethanolamine (DOPE) or cholesterol are used to stabilize the system, increase en-
dosomal escape and influence DNA binding (5, 6). Despite the success of cationic lipids
in in vitro gene transfer, reflected in the broad use of commercial liposomal formula-
tions such as Lipofectamin® in cell culture experiments, concerns were raised on both in

vitro and in vivo toxicity and stability (7-9).

The class of cationic polymers on the other hand comprises very diverse structures rang-
ing from synthetic polymers like polyethylenimine or polyamidoamine dendrimers to
natural polymers like chitosan (for review see (/0)). However, a common feature of
these polymers is their ability to interact with nucleic acids and to spontaneously form
nanosized complexes (polyplexes). The main advantage of these polymers is the ability
to be synthesized or produced in a tailor-made fashion including subsequent function-
alization with e.g. targeting- or shielding moieties. On the downside, these polymers,
just like liposomal systems, suffer from significantly lower efficiencies compared to
viral systems both in vitro and in vivo. Furthermore, toxicity is a major concern and a

rough correlation between cytotoxicity and efficiency was stated (/7).

As of July 2007, 7.6% of gene therapy clinical trials were based on lipofection
(http://www.wiley.co.uk/genetherapy/clinical/) while gene transfer using polycations is
still in its infancy (Figure 1). This fact is somehow paradoxical since polycations have
been used for transfections long before liposomal formulations (/2, 13). However, poly-
cations suffered from very low efficiency and the progress in the field was marginal
until Boussif et al. introduced polyethylenimine (PEI) in 1995 (/4). Since than effi-
ciency of polycations significantly increased and nowadays roughly matches efficiency
of lipofection (/5). However, gene delivery using polycations to humans was only

rarely reported. One of the few reports deals with topical gene delivery of diphtheria A
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toxin under H19 promotor using JetPEI” into the bladder of two patients with bladder
cancer (/6). In this study nearly complete ablation of the tumor was observed in patients

by video imaging.

=

Vectors Used in Gene Therapy Clinical Trials

. —
=

Adenovirus 24.7% (n=331)
Retrovirus 22.8% (n=305)
Naked/Plasmid DNA 18% (n=241)
Lipofection 7.6% (n=102)

Vaccinia virus 6.8% [n=91)
Poxvirus 6.4% (n=86)
Adeno-associated virus 3.5% (n=48)
Herpes simplex virus 3.2% (n=43)
RNA transfer 1.3% (n=17)

Other categories 2.7% (n=34)
Unknown 3% (n=40)

Tha Journal of Gene Medicine, ® 2007 John Wiley and Sons Lid wwwwiley.co_uk/ganmed/ clinizal

Figure 1: Vectors used in gene therapy clinical trials as of July 2007 (from
http://'www.wiley.co.uk/genetherapy/clinical)

1.2 Targeted Non-Viral Gene Therapy using Polyethylenimine

Branched PEI is a synthetic polymer obtained by acid catalyzed cationic polymerization
of aziridine (Figure 2) (/7). Due to its high charge density, PEI was found to be useful
in a variety of industrial applications, e.g. as flocculation agent in the paper industry
(18). The high charge density of PEI was found to also mediate efficient DNA binding
and protection against nucleases (/4). Furthermore, PEI mediates efficient endosomal
release. During processing of endosomes, pH decreases to ~6 in early and ~5 in late
endosomes. Finally, late endosomes fuse with lysosomes with a pH of 4.5 (/9). During
this process, the buffering capacity of PEI leads to increased influx of protons, chloride
ions, and water, eventually causing rupture of the vesicle due to high osmotic pressure.

This so-called ‘proton-sponge hypothesis’ was first proposed by Behr and colleagues
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(14, 20) and was experimentally verified by several authors (2/-23). These special char-
acteristics rendered PEI one of the most efficient cationic polymers for gene delivery

both in vitro and in vivo known at that time (/4, 24, 25).
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Figure 2: Mechanism of acid catalyzed polymerization of branched polyethylenimine and the

resulting polymer structure (adapted from (26))

It was Kircheis et al. which, soon after PEI was introduced as non-viral vector, modified
the polymer with cell binding ligands in an attempt to further improve transfection effi-
ciency and specificity (27). In this study, transferrin or antiCD3 antibody were cova-
lently linked to PEI of 800 kDa using cyanoborohydride or N-succinimidyl-3-(2-
pyridyldithio)propionate (SPDP), respectively. With these second-generation PEIls, an
up to 1000-fold increased transfection efficiency was found in vitro and it was shown,
that transfection can be competitively inhibited by free ligand. Later Zanta et al. pre-
pared galactose-modified PEI for hepatocyte targeting (28). In vitro transfections of
human or murine hepatocyte-derived cell lines (HepG2 and BNL CL.2) were 1000- to
10000-fold more efficient than with murine fibroblasts (3T3). Again hepatocyte-specific
targeting was verified by replacement of galactose with glucose, removal of galactose
residues or excess asialofetuin, all of which resulted in suppression of transfection. Ta-

ble 1 summarizes studies involving targeting ligands conjugated to PEL
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Target Ligand Polycation Shielding Reference
Liver Galactose PEI - (28-30)
PEI PEG (31, 32)
Linear tetragalactose PEI - (33
Dendritic cells Mannose PEI - 349
Epithelial cells RGD peptides PEI - (35
PEI PEG (36-39)
Pulmonary endothe- anti-platelet endothelial PEI - (40)
lium cell adhesion molecule
(PECAM) antibody
T-cells Anti-CD3 antibody PEI - (27, 41)
Islet beta cells Anti-glutamic acid de- PEI PEG 42)
carboxylase (GAD) Fab’
Tumors (general) Transferrin PEI w/ or w/o PEG  (43-47)
Epithelial growth factor ~ PEI w/orw/o PEG (43, 45,
47, 48)
Folate PEI w/ or w/o PEG  (49-51)
Crosslinked PEG- (52)
PEI cholesterol
Tumors (specific) Anti-human  epidermal PEI - (53, 54)
growth factor receptor-2
PEI PEG (55, 56)
(HER?2) antibody
Anti-OA3 Fab’ PEI PEG (57)
Anti-prostate-specific PEI PEG 58

membrane

(PSMA) antibody

antigen

Table 1: Studies on targeted non-viral gene delivery systems based on PEI
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Considering the in vivo situation, the vector system will in most cases be administered
by intravenous injection. This administration route requires the vector to have special
characteristics. The ideal polyplex should a) condense nucleic acids into neutral com-
plexes thus avoiding toxicity and interactions with blood components such as erythro-
cytes or ionic macromolecules; b) form stable and small polyplexes to facilitate diffu-
sion and extravasation; c) specifically bind to its target cells leaving non-targeted cells
unaffected; and d) avoid degradation of the cargo (DNA, oligos, RNA). However, PEI
polyplexes need to be prepared with an excess of polycation to yield small particles and
to protect its cargo against degradation. These particles are positively charged and sus-
pensions are stabilized by electrostatic repulsion. In contrast, neutral particles formed at
lower ratios of positively charged nitrogens of the polymer to negatively charged phos-
phates in the nucleic acid backbone (N/P ratios) are prone to precipitation. The positive
surface charge of PEI polyplexes also mediates non-specific interaction with proteogly-
cans on the cell surface enabling efficient cellular uptake and transfection (59). How-
ever, intravenous administration of positively charged particles leads to opsonization
thus inducing polyplex clearance by the reticuloendothelial system (60). Grafting of
hydrophilic  polymers such as polyethylenglycol (PEG) or poly(N-(2-
hydroxypropyl)methacrylamide) (pHPMA) (61-64) led to reduction of surface charge,
decreased unspecific transfection (63, 65) and was reported to increase circulation times

(61, 62). For illustration of the concept of targeted gene delivery see Figure 3.
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Figure 3: Schematic presentation of targeted gene delivery using non-viral vectors: Polycation
(e.g. PEI) is modified with targeting ligands and shielding moieties. Polycation and DNA upon
mixing spontaneously form polyplexes, which delivery the cargo DNA through systemic circula-
tion to the target tissue (e.g. tumor). The targeted polyplexes bind to the cell surface via ligand-
receptor interaction and are internalized. Later, complexes are release from the endosome and
DNA is translocated into the nucleus. Translocation, transcription and translation finally result

in protein expression.

Our group (61, 66) and others (32, 63) synthesized PEG-graft-PEIs and studied their
biophysical and biological properties. Petersen et al. focused their attention on optimiza-
tion of complexation and shielding properties of these copolymers by varying PEG mo-
lecular weight and grafting ratio (66). It was found that zetapotential of polyplexes de-
creased with increasing grafting ratio if PEG chains were larger or equal to 5 kDa. PEG
with lower molecular weight (550 Da) was not able to efficiently shield positive surface
charge and formed large and diffuse complexes with DNA. In contrast, PEG 5 kDa re-
duced the diameter of complexes prepared in 150 mM sodium chloride solution from
142 to 62 nm. If more than six PEG chains, irrespective of the molecular weight, were

grafted per PEI molecule, DNA complexes of low cytotoxicity were formed.
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Further studies with these copolymers were focused on in vivo biodistribution and
pharmacokinetics of complexes with oligonucleotides or plasmid DNA (617, 67). Kunath
et al. showed that using oligonucleotide/PEG-PEI polyplexes prepared with copolymers
with short PEG chains and a high grafting ratio, area under the curve could be increased
compared to PEI (67). However, in this study only kinetics and biodistribution of the
polymer which was labeled with '*°I by the method of Bolton and Hunter (68) was de-
termined. Merdan et al. in their study used both, radioactively labeled plasmid DNA
(**P) and labeled polymer (‘*°I), applying different DNA doses (67). A dose dependent
stability of PEG-PEI/DNA complexes was found. If 1.5 pg pDNA were applied per
mouse, fast separation of plasmid and polymer occurred resulting in diverging plasma
level-time profiles. Furthermore, organ distributions were dissimilar as well. While 40%
of the injected dose of copolymer was found in the liver, plasmid appeared at a signifi-
cantly lower level. **P was found in the urine, probably being the result of pPDNA degra-
dation. At a higher pDNA dose of 25 pg per mouse, no significant separation of DNA
from polymer was found but area under the curve of DNA applied using PEG-PEI was

not enhanced compared to polyplexes prepared with unmodified PEI.

Due to the decreased surface charge of PEGylated PEI and thus decreased non-specific
interaction, these copolymers are exceptionally suitable for targeted gene delivery both

in vitro and in vivo (Figure 4).

A B C
Unmodified PEI/DNA complex PEG-PEI/DNA complex Targeted PEG-PEI/DNA complex
- High cationic surface charge - almost neutral surface charge - almost neutral surface charge
- High transfection efficiency - low transfection efficiency - High transfection efficiency
- Low specificity - Low specificity - High specificity

Figure 4: Rationale for polymer modification with PEG and targeting ligands. PEI/DNA poly-
plexes efficiently bind to the cell surface due to the high cationic surface charge. This leads to
high transfection efficiency but poor specificity (4). PEGylation of PEI strongly reduced the
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cationic charge of polyplexes, thus inhibiting unspecific binding. However, transfection effi-
ciency of these polyplexes is strongly reduced as well (B). Conjugation of cell binding ligands
improves binding and internalization only in target cells while leaving non-targeted cells virtu-

ally unaffected (C). (from (57))

Most studies on targeted PEG-PEI polyplexes focused on in vitro characterization. The
first to describe PEG-PEI copolymers in combination with targeting ligands was Erba-
cher et al. in 1999 (32). In this study, PEG-PEI copolymer was synthesized and galac-
tose was attached to the distal end of the PEG chains. However, no increase in transgene
expression was found with targeted polyplexes in this early study. Blessing et al. and
Woodle et al. in 2001 showed efficient gene transfer with EGF- or RGD-targeted, PEG
shielded complexes in vitro, respectively. Different routes to prepare PEG shielded and
targeted polyplexes were chosen in these studies. Similar to Erbacher, Woodle et al. first
synthesized PEG grafted PEI and RGD-modified, amine reactive PEG which then was
reacted with PEG-PEI. Subsequently, pPDNA was condensed into polyplexes using the
RGD-PEG-PEI conjugate. This so called pre-PEGylation approach has striking advan-
tages: conjugate synthesis is straightforward and reproducible, product purification is
easy, and conjugates can be stored over long term. On the other hand, the affinity of
these copolymers to DNA tends to be reduced and polyplexes might be instable. In con-
trast, Blessing et al. applied the so called post-PEGylation approach. DNA is first con-
densed with PEI or EGF-PEI into polyplexes and is afterwards covalently modified with
PEG (Figure 5). This technique produces very stable and small polyplexes but on the
other hand involves several synthesis steps after formation of polyplexes. In terms of

byproducts, sterility and storage-ability, this method is clearly disadvantageous.

10
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Figure 5: Schematic presentation of the formation of targeted PEGylated PEI/DNA polyplexes.
Route A: Covalent conjugation of a ligand to PEI (1), condensation of DNA into polyplexes
using this conjugate (2), PEGylation of the resulting polyplexes by an amine-reactive PEG de-
rivative. Route B: Condensation of DNA unsing unmodified PEI (1), modification of the free
amino groups on polyplex surface with a heterobifunctional PEG derivative (2), covalent con-

Jjugation of the ligand to the distal end of PEG (3) (from (48))

Besides several in vitro studies published so far (see Table 1) only few reports on suc-
cessful systemic in vivo gene delivery using targeted and shielded PEI can be found.
Kursa et al. described a modular vector system consisting of linear PEI as main con-
densing agent, PEG-PEI for surface shielding and transferrin-PEG-PEI for cell-specific
targeting (44). Using this construction kit, characteristics of polyplexes can easily be
varied. After freeze thawing of polyplexes containing PEG-PEI, physicochemical char-
acteristics were not significantly changed and transfection efficiency was not altered.
Moreover, systemic application of freeze thawed polyplexes showed in vivo tumor tar-
geting. An optimized formulation was used for in vivo delivery of DNA encoding for
tumor necrosis factor alpha to different tumor models. Significant tumor growth inhibi-
tion was found in all tumor models after repetitive application of freeze thawed poly-

plexes.

Moftatt et al. used an elegant post-PEGylation approach with salicylhydroxamic acid
(SHA)-reactive PEG covalently modified with anti-PSMA antibody and SHA-modified
PEI to condense DNA (Figure 6) (58). These vectors were shown to transfect PSMA

positive cells with high efficiency in vitro resulting in significant growth inhibition

11
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when DNA-p53 was used. Specificity of transfection was verified by competitive inhi-
bition with free antibody. A murine orthotopic prostate cancer model was used to study
targeting in vivo and it was found that gene delivery increased 20-fold over untargeted

vectors.

J591 Salicylhyroxamic acid

o j‘ F (SHA)
L\ “SNH  OH
J591 Y
AnthOdY

PEI/DNA
Vector
/OH

\N’%\o +H0®
0

PEI/DNA
Vector

Figure 6: Phenyl(di)boronic acid—salicylhydroxamic acid conjugation. PDBA was coupled to
anti-PSMA (J591) antibody via a hydrolysable PEG linker. SHA modified PEI was used to
complex f[-gal DNA and subsequently modified with antibody by self-assembly of PDBA and
SHA. (from (58))

In this work, PEG-PEI copolymers were used for targeted in vitro gene delivery. In
chapter 2, a proof-of-concept study is presented establishing PEG-PEI for targeting us-
ing HER2 directed monoclonal antibody Trastuzumab. An in vitro model consisting of
HER?2 positive and -negative cells was established to study targeting in vitro. Physico-
chemical and biological properties of the resulting targeted polyplexes were character-
ized and it was shown that this non-viral vector system can be used for specific transfec-

tion of HER2 overexpressing cell lines in vitro.

In chapter 3, we studied different conjugates, varying PEG-PEI copolymers used for

synthesis, the linker chemistry and the degree of substitution with Trastuzumab. These

12
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conjugates were characterized concerning their physicochemical characteristics, target-

ing-ability in vitro and pharmakokinteics and biodistribution in vivo in mice.

Chapter 4 describes the development of a HER2 overexpressing tumor model in vivo in
SCID mice. Tumors were characterized with respect to macroscopy, histology, vascu-
larization and HER2 expression. Finally, Trastuzumab-PEG-PEI conjugates identified in
chapter 3 were used to evaluate in vivo targeting-ability by systemic and intratumoral

application.

1.3  Non-Viral Gene Delivery using Chitosan

Chitosan, a biopolymer derived from crustacean shells, is one of the most reported non-
viral naturally occurring gene carriers. It has a strong affinity to DNA and spontane-
ously forms polyplexes. However, due to its apparent pK, of 6.5 it is only soluble at pH

1-6 where most of the amino groups are protonated.

Chitosan already found wide application in the pharmaceutical field before researchers
started to use it as a gene delivery agent. For example, chitosan was used as an excipient
in oral dosage forms (69), as absorption enhancer (70), for dermal applications (77), and

for preparation of micro- (72) and nanoparticles (73).

Mumper in 1995 was the first to propose chitosan as a non-viral vector for gene delivery
(74). Polyplexes with DNA were formed at different mixing ratios and it was found that
particle size depended on the molecular weight of chitosan used (108-540 kDa). Besides
molecular weight, degree of deacetylation, DNA concentration, pH of buffer, charge
ratio and temperature were found to influence size and transfection efficiency of chito-
san/DNA polyplexes (75-80). Chitosan/DNA nanoparticles were found to be globular-
donut or rod-shaped by transmission electron microscopy and atomic force microscopy

(81-83).

However, the transfection efficiency of chitosan is several orders lower than that of PEI
or lipofectamine, which both serve as a gold standard in the field (80, 84). To optimize
gene transfer efficiency of chitosan, several modifications of chitosans have been pub-

lished.

13
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1.3.1 Hydrophobically modified Chitosan

Lee and Kim et al. modified chitosan with deoxycholic acid, a main component of bile
salt (85, 86). Bile acid can self-assemble in water and therefore, deoxycholic acid modi-
fied chitosan formed micelles of about 160 nm in PBS at pH 7.2. DNA readily formed
polyplexes with self-aggregates and retardation of DNA was inhibited at N/P ratio 4 in
agarose gel electrophoresis. However, transfection results were less promising. Self-
aggregates showed an increased efficiency compared to free DNA but were far less effi-

cient than lipofectamine.

Liu et al. prepared alkylated chitosan by reaction of alkyl bromide with chitosan (87). It
was found that these vectors mediate higher transgene expression than unmodified chi-
tosan. Transfection efficiency increased with increasing alkyl blocks up to a length of 8
carbon atoms, then leveling off. The authors proposed that the enhancement of transfec-
tion is due to improved cell entry facilitated by hydrophobic interactions and easier un-

packing of DNA.

In 2005 Yoo et al. showed that hydrophobically modified glycol chitosan enhances
transfection efficiency compared to chitosan in vitro and after intra muscular injection
in vivo (88). Increased transfection efficiency was also reported by Uchegbu et al. for
hydrophobically modified glycol chitosan and quaternized glycol chitosan both in vitro

and in vivo (89).
1.3.2 Chitosan-ligand conjugates

As with many other non-viral vectors, different cell-binding ligands were coupled to
chitosan. Galactose is a well known ligand for hepatocyte targeting. It can bind to target
cells via asialoglycoprotein receptor and is subsequently internalized. Park et al. Gao et
al., Kim et al. and Satoh et al. successfully utilized this method to increase transfection
efficiency of chitosan or chitosan derivatives (90-93). A similar approach was chosen by

Hashimoto et al. using lactose as targeting ligand for asiologlycoprotein receptor (94).

The transferrin receptor was one of the first to be exploited for non-viral gene delivery.
Modification of chitosan with transferrin resulted in up to fourfold increased transfec-
tion efficiency compared to unmodified chitosan (95). In this study a second ligand, C-

terminal globular domain of the fiber protein (KNOB) was used for cell targeting and

14
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resulted in 130-fold increased transfection in HeLa cells and several fold increase in

HEK?293 cells.

Folate is another classic ligand for tumor cell targeting. Mansouri and Chan et al. de-
scribed the synthesis and characterization of folate receptor-targeted chitosan deriva-
tives (96, 97). Lee et al. reported significantly enhanced transfection efficiencies in
folate receptor overexpressing cells using a chitosan-folic acid conjugate (98). Further-
more, by competitive inhibition with free folic acid, specificity of transfection was

proven.
1.3.3 Chitosan-polycation conjugates

The idea of a combination of chitosan and another cationic polymer already emerged in
2002 (99) and was revived by Kim et al. in 2005 (/00). In this study, the authors com-
bined PEI with water-soluble chitosan or galactosylated chitosan for hepatocyte target-
ing. Interestingly, a synergism between PEI and chitosan was revealed and the combina-
tion even outperformed PEI polyplexes in different cell lines. Jiang et al. further
developed this system by synthesizing chitosan-graft-PEI (/07). Consequently, galacto-
sylated chitosan-graft-PEI was developed as well and it was shown to target hepatocytes
both in vitro and in vivo (/02). Similarly, chitosan-graft-poly-L-lysine was synthesized
by Yu and found to improve transfection efficiency in HEK293 cells compared to un-

modified chitosan (103).
1.3.4 Quaternized Chitosan

Quaternized modifications of chitosan were first published by Kotze et al. as absorption
enhancers for large hydrophilic compounds across mucosal surfaces (/04). N-trimethyl
chitosan was found to immediately reduce the transepithelial electrical resistance of
Caco-2 cells and to open tight junctions of intestinal epithelial cells. These properties
resulted in a large increase in the transport of different hydrophilic molecules. Later
Thanou and colleagues co-administered buserelin and trimethyl chitosan intraduode-
nally in rats and showed that the in vitro results hold also true for the situation in vivo

(105).

In 2002, quaternized chitosan was introduced in the gene delivery field (/06). Oli-

gomeric chitosan (< 20 monomer units) was quaternized by a reductive methylation
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procedure using methyl iodide in an alkaline environment. These trimethyl chitosan
oligomers spontaneously formed 200 to 500 nm sized polyplexes with DNA. Transfec-
tion experiments in COS-1 and Caco-2 cells revealed up to 131-fold increased reporter
gene expression compared to free DNA while unmodified chitosan only showed 2-4-
fold increased transfection. The authors also studied the cytotoxicity of the polyplexes
at 1 mg/ml in both cell lines. It was found that neither chitosan nor trimethyl chitosan
oligomers decreased cell viability. In contrast, DOTAP which was used as a standard in

the transfection experiments decreased cell viability to about 50%.

Studying the cytotoxicity of different trimethyl chitosans (TMC) Mao et al. discovered
that cytotoxicity is a function of molecular weight (/07). While TMC of 5 kDa was vir-
tually non-toxic as found in the study of Thanou et al., a slight increase in molecular
weight strongly increased cytotoxicity of the polymer (TMC 25 kDa: ICsy of 125
ug/ml). PEG grafted TMCs were synthesized and shown to decrease cytotoxicity and
solubility of higher molecular weight TMC.

In chapter 5 of this thesis, PTMC was evaluated for in vitro gene delivery efficiency. A
direct comparison between physicochemical properties such as complexation efficiency,
size, zetapotential and polyplex stability of chitosan-, TMC- and PTMC/DNA poly-
plexes was made. Furthermore, cell interactions, cytotoxicity and transfection efficiency

of the different polyplexes was studied.

In chapter 6, we evaluate important steps in the transfection process to find potential
starting points for further improvements of the system. This chapter presents data on
colloidal stability, uptake kinetics, route of uptake and route of transfection of chitosan,

TMC and PTMC polyplexes was performed.
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2.1 Abstract

In this study we describe the synthesis and characterization of a conjugate consisting of
poly(ethylene glycol 2000 Da);o-graft-poly(ethylene imine 25 kDa) (PEG-PEI) cova-
lently coupled to  Trastuzumab  (Herceptin®) via  N-succinimidyl-3-(2-
pyridyldithio)propionate (SPDP) for specific gene delivery to Her2 expressing cell
lines. The efficiency of DNA condensation was studied using an ethidium bromide ex-
clusion assay and demonstrated negligible differences compared to PEG-PEI. Conjugate
complex sizes were determined by dynamic light scattering to be in a range of 130-180
nm. Zeta potentials at different N/P ratios were close to neutral. Flow cytometry and
confocal microscopy revealed efficient binding and uptake of Trastuzumab-PEI-PEG
complexes using Her2 positive SK-BR-3 cells. In contrast, binding and uptake into
Her2 negative OVCAR-3 cells was negligible. In good correlation with these findings,
reporter gene expression using targeted complexes in SK-BR-3 cells was up to 7-fold
higher than that of unmodified PEG-PEI complexes. Using OVCAR-3 cells no signifi-
cant difference in expression efficiencies could be observed between conjugate and
PEG-PEI complexes. Inhibition experiments with free Trastuzumab showed a signifi-
cant decrease in reporter gene expression using SK-BR-3 cells but no decrease using
OVCAR-3 cells, strongly supporting a specific Her2-receptor mediated uptake mecha-
nism. Our results suggest that Trastuzumab-PEI-PEG might be a promising new biocon-

jugate for targeted gene transfer to Her2 positive tumor cells in vivo.
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2.2 Introduction

An ideal vector system for gene delivery under in vivo conditions needs to meet certain
requirements: it should efficiently deliver genes to specific target tissues with minimal

toxicity and immunogenicity.

Viral vectors are still the most efficient gene delivery systems, but some serious draw-
backs such as immune and/or toxic reactions, oncogeniticity and potential virus recom-

bination limit their application (/, 2).

Therefore, non-viral vectors may become a promising alternative. Among a multitude of
non-viral vectors, poly(ethylene imine) (PEI) gained specific attraction, since it facili-
tates endosomal release and mediates efficient transfection without the use of endoso-
molytic reagents by the so-called proton-sponge effect (3-5). A major disadvantage of
PEI-DNA polyplexes is their positive surface charge, leading to undesired interactions
with non-targeted cells, blood components or vessel endothelia (6, 7). These interactions
not only decrease polyplex blood half-life by fast opsonization and entrapment in fine
capillaries, but they also decrease tumor specificity by accumulation of polyplexes in
liver, lung and spleen. Furthermore, biocompatibility and toxicity are major problems
strongly related to these polyplex characteristics. Therefore, an important goal in devel-
oping polycation-based non-viral vectors is the design of polyplexes with decreased

tendencies toward aggregation and unspecific adhesion under in vivo conditions.

To improve the aforementioned characteristics, our group (7, 8) and others (9, 10) have
synthesized different poly(ethylene glycol)-grafted PEIs (PEG-PEI) and studied the
biophysical and biological properties of the resulting complexes with DNA. Great em-
phasis was put on defining structure-function relationships between PEI chain length,
the degree of substitution, and the MW of PEG chains for optimal complexation and
shielding capacities. This research resulted in PEG-graft-bPEI copolymers, which
showed good transfection results combined with low cytotoxicity (7). Furthermore,
some of the resulting polyplexes showed encouraging results in pharmacokinetic studies
in mice (8). Nevertheless, polymer composition, DNA dose and experimental design
strongly influence the outcome of such pharmacokinetic studies as shown by Merdan

and coworkers (//) and more detailed studies will be needed.
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Especially for tumor gene therapy, vectors are desired that show a high specificity for
tumor cells while leaving normal cells unaffected. This would offer the possibility of
applying high doses of gene constructs with minimal side effects. Several studies de-
scribed specific ligand-mediated gene transfer using non-viral vectors, e.g. by transfer-
rin (12, 13), folate (14, 15) saccharides (9, 16, 17) or by antibodies or antibody frag-
ments such as anti-CD3 (/3, 18), anti-PECAM (19), anti-OA3 (20), anti-GAD (21) or
anti-PSMA antibodies (22). The coupling of antibodies is an advantageous strategy for
targeted delivery due to their versatility, the highly specific binding to target cells and, if

an appropriate target was chosen, subsequent uptake by receptor mediated endocytosis.

Trastuzumab, a monoclonal antibody directed against the Her2 epitope, offers the possi-
bility of specific targeting of various cancers, such as breast, lung, ovarian and prostate
cancers (23-26). In normal tissues Her2 is only expressed in low levels and only in cer-
tain epithelial cell types (27). Upon ligand binding it is fully internalized, which is mim-
icked by Trastuzumab (28). Anti-Her2 antibodies were already successfully used for
targeted drug delivery employing immunoliposomes (29) or immunoconjugates with
different chemo- or radiotherapeutics (26, 30-32), in virus-like particles for gene deliv-
ery (33), and most recently, as targeting moieties coupled to linear (34) and branched

PEI (35).

In these studies, Trastuzumab was coupled with different linkers to unmodified PEI and
revealed varying specificity and efficiency depending on the linker chemistry used the
degree of substitution, and the N/P ratio. One major drawback in both studies was the

use of unmodified linear or branched PEI with the aforementioned disadvantages.

Our aim in this study was the design of a Her2 targeted non-viral vector potentially ap-
plicable for in vivo gene therapy. As described above, unmodified branched as well as
linear PEIs are not suitable due to their tendency toward aggregation, unspecificity and
toxicity. We therefore used PEG grafted branched PEI and modified this copolymer with
Trastuzumab using SPDP as a linker. Complexes were characterized by photon correla-
tion spectroscopy (PCS), laser doppler anemometry (LDA), ethidium bromide exclusion
and atomic force microscopy (AFM). We studied Her2 expression levels of SK-BR-3
and OVCAR-3 cells using flow cytometry and correlated the findings to the binding,

uptake and reporter gene expression of targeted and non-targeted complexes in vitro.
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Results were verified by competitive inhibition with free Trastuzumab, underlining the

receptor dependent manner of uptake and gene expression.

2.3 Materials and Methods

Chemicals and Plasmid. Branched PEI 25 kDa (Polymin, 99% water free) was a kind
gift of BASF AG, Ludwigshafen, Germany. Salmon testes DNA and N-succinimidyl-3-
(2-pyridyldithio)propionate (SPDP) were purchased from Sigma-Aldrich, Taufkirchen,
Germany. Luciferase plasmid (pCMV-Luc) was purchased from the Plasmid Factory,
Bielefeld, Germany. Trastuzumab (Herceptin®) was purchased from Roche, Basel,
Switzerland. All other chemicals were obtained from Merck, Darmstadt, Germany if not

otherwise indicated.

Cell Culture. SK-BR-3 and OVCAR-3 cells were purchased from ATCC, Teddington,
UK and maintained in RPMI 1640 (PAA Laboratories, Cilbe, Germany) supplemented
with 10% and 20% fetal calf serum (Cytogen, Sinn, Germany), respectively, in humidi-
fied atmosphere with 5% CO, at 37°C.

Synthesis of PEG-PEI and Trastuzumab-PEG-PEI Conjugates. Poly(ethylene gly-
col 2000 Da);¢-graft-poly(ethylene imine 25 kDa) (abbreviated as PEG-PEI) was syn-
thesized and characterized as described previously (7). For the synthesis of conjugates,
5 mg of PEG-PEI (equivalent to 2.8 mg of PEI) was dissolved in 1 mL reaction buffer
(150 mM sodium chloride; 20 mM 4-(2-hydroxyethyl)-1-piperazine ethane sulfonic acid
(HEPES); pH 7.5). 20 pL of a 10 mM solution of SPDP in 100% ethanol were added
while stirring and allowed to react for 60 min at room temperature. Purification of the
product was performed by gel filtration on a PD-10 column (Amersham Pharmacia Bio-
tech, Freiburg, Germany) in reaction buffer. SPDP-activated PEG-PEI was reduced us-
ing 13 pmol Dithiothreitol (DTT) in 500 puL reaction buffer for 1 h at 37°C.

Twenty mg Trastuzumab in reaction buffer were allowed to react with 24 uL of SPDP
solution (10 mM in pure ethanol) under stirring at room temperature and were purified
according to the procedure described above. SPDP-activated Trastuzumab was added to
PEG-PEI-thiopropionate and allowed to react for 24 h at room temperature. Purification
of the conjugate was performed by a modified ion exchange chromatography method

described by Kircheis et al. (/8). Briefly, the solvent of the reaction solution was ex-
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changed with 150 mM NaCl, 10 mM HEPES pH 7.4 (buffer A) and the solution was
applied on two serial HiTrap SP Sepharose HP columns (1 mL column volume, flow
rate 1 mL/min, AKTAprime System, Amersham Pharmacia Biotech, Freiburg, Ger-
many). After elution of unbound antibody with buffer A, the solvent was changed to 3
M NacCl, 10 mM HEPES pH 7.4 (buffer B) stepwise and the conjugate was eluted. The
solvent was changed to 150 mM NacCl solution pH 7.4 in a further gel filtration step and
PEI was quantified by copper complexation (36). The amount of antibody was deter-
mined by UV-spectrometry with background correction using a solution of PEG-PEI of

equal concentration with Warburg’s formula,
c(mg/mL) =1.55% (Aygy — A3p9) — 0.76 X (Aygy — As39)

where c is protein concentration in mg/mL calculated with the absorbance at the wave-

lengths indicated.

Preparation of Polyplexes. Luciferase plasmid and the appropriate amount of polymer
were prepared in equal volumes of 150 mM NacCl, pH 7.4. Complexes were formed by
adding pCMV-Luc solution to polymer solution followed by intensive mixing. Com-

plexes were allowed to incubate at room temperature for 10 min before use.

Ethidium Bromide Exclusion Assay. DNA condensation was measured by quenching
of ethidium bromide as described earlier (37). Briefly, 8 ug of salmon testes DNA dis-
solved in 79 pL water and 50 pL of 60 mM Tris buffer pH 7.4 were added to each well
of a 96 well plate. Water was added to give a final volume of 300 pL per well. Subse-
quently, appropriate volumes of 0.05 mg/mL polymer solutions were added to produce
N/P ratios between 0.2 and 4. After a 10 min incubation, 20 uL of a 0.1 mg/mL ethidium
bromide solution were added. Solutions were mixed intensively and fluorescence was
measured using a fluorescence plate reader (LS 50 B, Perkin Elmer, Rodgau-Jiigesheim,
Germany) at 518 nm excitation and 605 nm emission wavelengths. Results are given as
the mean of triplicate measurements + standard deviation and as relative fluorescence
values, where 100 is the fluorescence of DNA without polycation and 0 is the remaining

fluorescence of non-intercalating ethidium bromide.

Photon Correlation Spectroscopy and Zeta Potential Measurements. Hydrodynamic

diameters and zeta potentials were determined in a 150 mM NaCl solution employing a
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Zetasizer 3000 HS (Malvern Instruments, Herrenberg, Germany; 10 mW HeNe laser,
633 nm) as described previously (/7). In the PCS measurements, scattered light was
detected at a 90° angle through a 400 micron pinhole at a temperature of 25°C. The vis-
cosity (0.88 mPa s) and refractive index (1.33) of distilled water at 25°C was used for
data analysis. The accuracy of size measurements was routinely checked using reference
polymer particles (Nanosphere Size Standards, 50, 100 and 200 nm, Duke Scientific
Corp., Palo Alto, CA, USA). Data were analyzed using the CONTIN algorithm. Deter-
mination of the zeta potential of complexes was carried out using the standard electro-
phoresis cell of the Zetasizer 3000 HS at position 17.0 at 25 °C. Sampling time was set
to automatic. 4 pug of luciferase plasmid in 200 pL 150 mM NaCl, pH 7.4, were com-
plexed with the appropriate amount of polymer in the same volume. The accuracy of the
instrument was checked with Zeta Potential Transfer Standard (Malvern Instruments,
Herrenberg, Germany). Values given are the mean of 5 measurements of the same sam-

ple + standard deviation.

Atomic Force Microscopy. Size and surface morphology of polyplexes was analyzed
by atomic force microscopy. Complexes of pCMV-Luc and PEG-PEI or conjugate were
prepared as described above immediately after synthesis at an N/P ratio of 3.5. Silicon
chips were used as sample support. The chips were incubated with complex suspension
for 10 min before drying in a stream of dry nitrogen gas. Samples were investigated
within 2 hours of preparation. Microscopy was performed on a vibration and acoustic
damped Nanoscope IV Bioscope (Veeco Instruments, Santa Barbara, USA). Commer-
cial pyramidal Si3N4 tips (NCH-W, Veeco Instruments, Santa Barbara, USA) on an I-
type cantilever with a length of 125 um, a resonance frequency of about 220 kHz, and a
nominal force constant of 36 N/m were used. All measurements were performed in tap-
ping mode to avoid damage to the sample surface. The scan speed was proportional to
the scan size. The scan frequency was between 0.5 and 1.5 Hz. Heights and phase im-

ages were recorded simultaneously.

Flow cytometry. For flow cytometry experiments, cells were seeded in 6 well plates at
a density of 400,000 cells per well and grown for 24 hours. For HER2 expression ex-
periments cells were detached with trypsin, washed twice with 500 uLL PBS at 4°C and
cell density was adjusted to 600,000 cells per mL. Cell suspensions were mixed with

Trastuzumab solution to give concentrations of 500 pg/mL and 1000 pg/mL Trastuzu-
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mab, respectively, and incubated for 15 min at 4°C. After three washings with cold PBS,
cells were incubated with 5 pg/mL FITC-goat anti-human antibody (Sigma-Aldrich,
Steinheim, Germany) at 4°C for 15 min. After three washings with cold PBS, cells were
suspended in 1 ml FACS Flow (BD Biosciences, San Jose, USA) containing 4% para-

formaldehyde and stored on ice until analysis.

For polyplex binding experiments, pCMV-Luc was labeled with YOYO-1 (Molecular
Probes, Eugene, USA) as described elsewhere (38). Cells were incubated for 15 min at
4°C with polyplexes prepared with 10 ug of YOYO-1 labeled pCMV-Luc and the ap-
propriate amount of either PEG-PEI-Trastuzumab or PEG-PEI to obtain an N/P ratio of
3.5. Cells were subsequently washed three times with ice-cold PBS, suspended in 1 ml

FACS Flow containing 4% paraformaldehyde and stored on ice until analysis.

Flow cytometry was performed using a FACScan (BD Biosciences, San Jose, USA)
equipped with a 488 nm argon-ion laser. The emission filter setting was 530/30 band-
pass (FL1). First, forward and sideward scatter sensitivity was adjusted so that all sig-
nals were within detection limits. The amplification of fluorescence signals was set to
mean fluorescence values of approximately 0.5x10' for untreated cells and settings were
kept constant throughout the measurement. Ten thousand events were measured in each
sample. Viable cells were gated according to untreated cell samples and only cells
within this gate were subjected to further analysis. Data thus obtained were then normal-
ized to the untreated cells. CellQuest 3.3 software (BD Biosciences, San Jose, USA)
was used for data acquisition. Data analysis was performed with FCS Express V3 (De

Novo Software, Thornhill, Canada).

Confocal laser scanning microscopy. Cells were incubated with either conjugate or
PEG-PEI complexes prepared with 1.66 ug YOYO-1 labeled DNA (see flow cytometry)
and the appropriate amount of polymer to obtain N/P 3.5 for 20 min at 4°C and for 2 h
at 37°C, respectively. Afterwards, cells were washed 3 times with PBS, fixed with 4%
paraformaldehyde in PBS for 20 min and subsequently incubated for 20 min with DAPI
solution (0,18 pg/mL in PBS) at room temperature. Cells were washed again 3 times,
embedded with FluorSave Reagent (Calbiochem, San Diego, USA) and kept on ice until

analysis.
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A Zeiss Axiovert 100 M microscope coupled to a Zeiss LSM 510 scanning device
(Zeiss, Oberkochen, Germany) was used for confocal microscopy. For excitation of
YOYO-1 fluorescence an argon laser with an excitation wavelength of 488 nm was
used. Fluorescence emission was detected using a 505 nm long-pass filter. Transmission
images were obtained in the same scan. In a second scan DAPI was detected using a
Coherent Enterprise II 653 laser (Coherent Inc., Santa Clara, USA) with an excitation

wavelength of 351 nm and a 385-470 nm band-pass emission filter.

Transfection experiments. Complexes for transfection experiments were prepared us-
ing 4 pg of luciferase plasmid per well in 100 uLL 150 mM NaCl pH 7.4 and the appro-
priate amount of polymer in 100 pL of the same solution. Transfection experiments
were carried out using PEI, PEG-PEI and conjugated PEG-PEI at N/P ratios of 2.5, 3.5,
7, and 10. SK-BR-3 and OVCAR-3 cells were seeded in 12 well plates at a density of
80,000 cells per well. After 24 h of growth, medium was removed and complexes were
added to 1.5 mL fresh medium. For inhibition experiments, 1, 10, or 100 pg/mL of free
Trastuzumab was added to fresh media 20 min before addition of the complexes. Me-

dium was changed again after 4 h and the cells were incubated for an additional 44 h.

Luciferase gene expression was quantified using a commercial kit (Promega, Mann-
heim, Germany) and photon counting on a luminometer (Sirius, Berthold, Pforzheim,
Germany). Results were measured in relative light units per second (RLU/s) and after-
wards converted to nanograms of luciferase using a standard curve of recombinant
luciferase (Promega, Mannheim, Germany). Protein concentration was determined us-
ing a modified BCA assay (Perbio Science, Bonn, Germany) with bovine serum albu-
min as a standard (39). All experiments were performed in triplicate and results are ex-

pressed as nanograms of luciferase per milligrams of protein.

Statistical analysis. Statistical significance of differences was evaluated by either two-
tailed unpaired Student t-test or one-way ANOVA with Dunnett’s post test. Level of
significance is indicated with a single asterisk if p < 0.05, two asterisks if p < 0.01 and

three asterisk if p < 0.001.
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2.4 Results

Synthesis of PEG-PEI and PEG-PEI-Trastuzumab. Synthesis resulted in a copoly-
mer consisting of 10 PEG chains of 2 kDa grafted onto a chain of branched PEI with a
molecular weight of 25 kDa. Copolymer composition was determined by 'H NMR and
FT-IR spectroscopy (7).

Purification of PEG-PEI-Trastuzumab by ion exchange chromatography displayed one
peak of free unconjugated antibody at low ionic strength conditions. When low ionic
buffer A was stepwise substituted with high-ionic buffer B, a second peak was found
containing the conjugate. The elution volumes of free antibody and PEG-PEI-
Trastuzumab were comparable to those of a blend of Trastuzumab and PEG-PEI. Under
the chosen experimental conditions the SPDP linker strategy led to conjugation of Tras-
tuzumab to PEG-PEI with a PEI to antibody ratio of 1:0.2. Variations of Trastuzumab
and PEG-PEI amounts as well as SPDP concentrations and reaction times did not in-

crease the conjugation degree.

Ethidium bromide exclusion assay. To probe whether DNA condensation properties

were altered by antibody conjugation we performed an ethidium bromide exclusion as-
say.

Free ethidium bromide shows only weak fluorescence, but its fluorescence is strongly
increased when it intercalates into DNA. Condensation of DNA by PEI and other cati-

onic polymers decreases fluorescence by inhibiting this intercalation.

The ethidium bromide exclusion assay with PEG-PEI-Trastuzumab showed only minor
differences in shape and position of the curve compared to unmodified PEG-PEI (Figure
1), suggesting no inhibitory effect of antibody-modification to DNA condensation ca-
pacity. We assume that PEI and some PEG chains form a core, which is responsible for
efficient complexation of DNA, while most of the hydrophilic PEG chains as well as
coupled antibody form a shell structure. This accounts for efficient shielding and pres-
entation of the targeting moiety combined with effective complexation of DNA. These
findings are in line with results obtained with Fab’-PEI-PEG conjugates (20). N/P ratios
higher than 4 were not investigated since DNA condensation was almost complete at

this point.
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Figure 1. Ethidium bromide exclusion assay comparing unmodified PEG-PEI and PEG-PEI-
Trastuzumab. Only minor differences in complexation efficiency were found after conjugation of

Trastuzumab.

Hydrodynamic diameter and zeta potential. Hydrodynamic diameters of PEG-PEI-
Trastuzumab and PEG-PEI complexes were determined at different N/P ratios using
photon correlation spectroscopy (Figure 2). The hydrodynamic diameter decreased with
increasing N/P ratio for both targeted and non-targeted complexes. Complex sizes were
237.8 £ 6.1 nm or 181.0 = 3.8 nm at N/P 2.5 and 165.7 + 3.2 nm or 128.1 + 8.2 nm at
N/P 10 for PEG-PEI and PEG-PEI-Trastuzumab complexes, respectively. Conjugate
complex sizes were significantly smaller than those of PEG-PEI complexes (except at
an N/P ratio of 7). Complex sizes of 200 nm and less are favorable for endocytosis (40),
the proposed route of cell entry for PEI/pDNA complexes (41, 42). Therefore, all com-
plexes at N/P 3.5 and higher may be taken up via endocytosis.
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Figure 2. Comparison of hydrodynamic diameters of complexes of PEG-PEI and PEG-PEI-
Trastuzumab at different N/P ratios. The PEG-PEI-Trastuzumab complexes are significantly
smaller (except N/P 7) than the unmodified PEG-PEI complexes.

Zeta potential measurements revealed nearly neutral complex charges for PEG-PEI-
Trastuzumab (maximum of + 5 mV at N/P 3.5) and for PEG-PEI (maximum of + 5 mV
at N/P 3.5 and 10) complexes (Figure 3), which are in good correlation with earlier ob-

servations with this type of PEG-PEI copolymer (7, 8, 20).
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Figure 3. Zeta potential values of PEG-PEI and PEG-PEI-Trastuzumab complexes at different
N/P ratios. Slightly negative zeta potential values at N/P 2.5 are due to inefficient complexation
of DNA. Overall zeta potential range is -5 to +5 mV, indicating nearly neutral surface charges

for all complexes at each N/P ratio tested.
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Atomic Force Microscopy. Complexes were imaged using atomic force microscopy
with the aim to visualize fine-structural differences in PEG-PEI-Trastuzumab vs. PEG-
PEI complexes. The extraordinary high resolution of atomic force microscopy enables
the visualization of structures down to the level of antibodies or even DNA strands. In
these experiments an N/P ratio of 3.5 was chosen to represent characteristics of com-

plexes used for flow cytometry, confocal microscopy and transfection studies.

PEG-PEI/pDNA complexes depicted in Figure 4 A were of spherical shape with smooth
surfaces and nearly homogeneous but fairly soft material characteristics. Mean particles
sizes were determined to be 152.2 + 5.8 nm. The decrease in particle sizes compared to
PCS measurements can be explained by sample preparation: Samples were measured in
semi-dry state in the case of AFM measurements and dispersed in sodium chloride solu-

tion in the case of PCS measurements.

In contrast, complexes of PEG-PEI-Trastuzumab were significantly smaller (Figure 4
B). The mean diameter was determined to be 85.2 £ 4.2 nm. Again complex size was
significantly decreased compared to PCS measurements due to different experimental
conditions. The complex surface was not as smooth as and even softer than that of PEG-
PEI complexes. A small fraction of particles with sizes of about 10-20 nm was seen on
and in proximity to the complexes in the case of PEG-PEI-Trastuzumab (see arrows in 4
B). The mean diameter of these particles was determined to be 18.6 nm. In a second
experiment, the size of free Trastuzumab antibodies was determined under the same
experimental conditions to be between 10 and 20 nm (Figure 4 C). A recently published
study by Thomson supports our results on sizes of IgG molecules (43). In this study,
measurements of IgG sizes under comparable experimental conditions revealed diame-
ters of approximately 9 nm for molecules in “angled” position and approximately 20 nm
for the “flat” orientation. We therefore conclude that the small particles found exclu-
sively in PEG-PEI-Trastuzumab samples represent successfully coupled Trastuzumab
antibodies. Hence, the presentation of targeting moieties on the complex surface can be

directly verified by this method.
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Figure 4. Atomic force micrographs of PEG-PEI/pDNA (A) and PEG-PEI-Trastuzumab/pDNA
complexes (B) at N/P 3.5. Free antibody was visualized under the same experimental conditions

(C). Arrows in B depict coupled Trastuzumab antibodies.

Flow cytometry. Cell membrane adhesion of complexes at 4°C was tested using flow
cytometry. These data were then correlated to the binding of pure Trastuzumab to the
corresponding cell line. For complex adhesion experiments, plasmid DNA was labeled
using the intercalating dye YOYO-1. Unconjugated and Trastuzumab-conjugated PEG-
PEI was then used to prepare complexes with labeled DNA at an N/P ratio of 3.5. After

incubation at 4°C, cell-associated fluorescence was quantified.

In the case of Trastuzumab binding studies, Trastuzumab was incubated with the cells
and subsequently labeled using a secondary FITC-anti-human antibody. Cell-associated

FITC fluorescence was then measured by flow cytometry as well.

OVCAR-3 cells were used as a negative control. Her2 expression was found to be very
low using the immunoconjugate of Trastuzumab and FITC-anti-human antibody (Figure
5 A II). When the immunoconjugate was used, the mean fluorescence increased only
4.7-fold compared to unspecific binding of FITC secondary antibody alone. With in-
creasing amounts of Trastuzumab, the mean fluorescence showed no further increase,
indicating saturation of receptors at the lowest concentration used (data not shown).
These findings are consistent with low receptor expression levels in OVCAR-3 cells

determined by Western blotting (44).

SK-BR-3 cells are reported to over-express the Her2 antigen (45). Fluorescence in-
creased 36-fold using 0.5 mg/mL Trastuzumab subsequently labeled with FITC secon-
dary antibody compared to FITC labeled secondary antibody alone (Figure 5 B II). A
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two-fold increase of Trastuzumab concentration resulted in a 1.6-fold increase of rela-
tive fluorescence, indicating that in the case of the lower Trastuzumab concentration, a

certain number of Her2 receptors were still unsaturated (data not shown).

Unconjugated complexes showed moderate binding to OVCAR-3 cells with a mean
fluorescence intensity of 13.28. Using PEG-PEI-Trastuzumab/pDNA complexes, cell
adhesion decreased remarkably. The mean fluorescence value was only 8.82 in this case

(Figure 5 A ).

Unspecific binding of unconjugated PEG-PEI to Her2 positive SK-BR-3 cells produced
a mean fluorescence intensity of 20.25. In contrast, cell associated fluorescence in-

creased 2.4-fold using PEG-PEI-Trastuzumab (mean fluorescence 49.58, Figure 5 B I).
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Figure 5. Flow cytometry using OVCAR-3 (A) and SK-BR-3 (B) cells. Cell surface adhesion of
targeted and non-targeted PEG-PEI/YOYO-1-pDNA complexes at 4°C were compared in
OVCAR-3 and SK-BR-3 cells (A I and B 1). These data can be correlated to Her2 expression
levels in these cell lines tested by incubation with Trastuzumab at 4°C and subsequent labeling

with FITC-anti-human antibody (A Il and B II).

Confocal Laser Scanning Microscopy. Uptake of the complexes was studied by con-
focal microscopy. SK-BR-3 and OVCAR-3 cells were incubated for 20 min or 2 hours
at 37°C with complexes composed of either unconjugated or Trastuzumab-conjugated

PEG-PEI and YOYO-1 labeled plasmid DNA.
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After incubating for 20 min, binding to the cell membrane occurred in both cell lines for
unconjugated PEG-PEI while a specific binding was observed only with SK-BR-3 cells
if PEG-PEI-Trastuzumab was used (Data not shown).

A similar phenomenon was found when polyplexes were incubated with the cells for 2
hours at 37°C. Comparable cell uptake occurred within this timeframe for both
OVCAR-3 and SK-BR-3 cells using PEG-PEI/pDNA complexes (Figure 6 A Il and B
I1). Using PEG-PEI-Trastuzumab/pDNA, only very little intracellular fluorescence was
found for OVCAR-3 cells (Figure 6 A I). In contrast, PEG-PEI-Trastuzumab complexes
were readily taken up into SK-BR-3 cells (Figure 6 B I).

Figure 6. Confocal microscopy images of OVCAR-3 (4) and SK-BR-3 (B) cells. Cells were in-
cubated with PEG-PEI-Trastuzumab/YOYO-1-pDNA (I) or PEG-PEI/YOYO-1-pDNA (1) com-
plexes for 2 hours at 37°C. Upper left: YOYO-1 fluorescence (complexes), upper right: phase
contrast transmitted light image, lower left: DAPI fluorescence (cell nuclei), lower right: merge

of all channels.

Transfection experiments. The aim of these experiments was to correlate receptor ex-
pression levels, binding, and internalization properties with transfection efficiency in
vitro and to verify the receptor-dependent manner of uptake by competitive inhibition
with free Trastuzumab in culture media. As a control, pure plasmid DNA was used for

transfection in both cell lines. Luciferase expression levels were not significantly differ-
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ent from untreated cells in this case. Unmodified PEI 25 kDa, an efficient transfection
reagent under in vitro conditions, was used as a positive control in these experiments.
As anticipated, complexes of unmodified PEI 25 kDa and pDNA at an N/P ratio of 3.5
showed comparably high transfection efficiencies of 1.1 and 7.0 ng luciferase per mg
protein in SK-BR-3 and OVCAR-3 cells, respectively. However, unmodified PEI is not
suitable for in vivo gene delivery due to the earlier mentioned disadvantages and serves

as a point of reference.

Transfection efficiencies in SK-BR-3 were determined at four different N/P ratios (Fig-
ure 7), showing decreasing differences between conjugate and unmodified PEG-PEI
with increasing N/P ratio. The overall transfection efficiency increased for both poly-
mers with increasing N/P ratio. For transfection experiments, an N/P ratio of 3.5 was
favorable due to the approximately neutral complex charges and appropriate complex

sizes for both polymers at this point.
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Figure 7. Transfection results using PEG-PEI/pDNA vs. PEG-PEI-Trastuzumab/pDNA com-
plexes at different N/P ratios with SK-BR-3 cells. With increasing N/P ratio transfection effi-
ciency of unconjugated and Trastuzumab-conjugated PEG-PEI complexes increases while dif-
ferences between transfection efficiency of both complexes decrease. Transfection efficiencies of

unmodified PEI 25 kDa are shown for comparison.

Using OVCAR-3 cells, no significant increase in transfection efficiency could be de-
tected with Trastuzumab-conjugate compared to unmodified PEG-PEI and no signifi-
cant inhibition with free Trastuzumab was possible (Figure 8), which is in excellent

agreement with the flow cytometry and confocal microscopy results.
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Transfection experiments using SK-BR-3 showed up to seven-fold higher luciferase
expression with Trastuzumab-PEG-PEI compared to PEG-PEI at N/P 3.5. Reporter gene
expression was in this case significantly inhibited by increasing Trastuzumab concentra-
tions. At 10 and 100 pg/mL Trastuzumab, transfection efficiencies decreased to values

that were not significantly different from those of the non-targeted complexes (Figure
8).

PEG-PEI PEG-PEI-Trastuzumab
0,30 -
*
1 B SK-BR-3
0,25 4 [ OVCAR-3

0,20+

0,15 4

e

Amount of free Trastuzumab in media [ ug/mL

ng Luciferase / mg Protein

Figure 8. Reporter gene expression using PEG-PElI/pDNA vs. PEG-PEI-Trastuzumab/pDNA
complexes at N/P 3.5 in SK-BR-3 and OVCAR-3 cells. In the presence of free Trastuzumab in

culture media, transfection efficiency is significantly decreased using SK-BR-3 cells but not in

the case of OVCAR-3 cells.

2.5 Discussion

The aim of this study was a detailed physicochemical and biological ir vitro characteri-
zation of an antibody-targeted, surface shielded, PEI-based non-viral vector system for
potential in vivo application. Previous investigations with pegylated PEIs showed effi-
cient complexation of plasmid DNA combined with suitable complex sizes and a neutral
zeta potential (7). If these copolymers are modified with targeting moieties such as anti-
bodies, non-specific interactions are minimized and transfection efficiencies in target
cells are increased due to specific recognition and subsequent uptake of complexes (46).

Therefore, PEG-PEIs are favorable for targeted gene delivery in vivo.
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Recently, Chiu et. al. (34) studied conjugates of Trastuzumab with linear PEI (22 kDa).
Linear PEI is known to show a high selectivity for the lung if administered systemically
(6, 47). From this point of view, linear PEI is not the ideal vector system for targeted
gene therapy of distant tumors in vivo. Chiu et al. used the homo-bifunctional linker
Dithio-bis-(succinimidyl propionate) (DSP) to prepare Trastuzumab-conjugated PEI. It
was reported that DSP can be used as cross-linking reagent for branched PEI under
comparable conditions (48). Even by using linear PEI and thereby reducing the amount
of reactive amine groups per PEI molecule, intra- and intermolecular cross-linking of
PEI cannot be completely ruled out. This may result in an ill-defined complex composi-
tion which would not be comparable to linear PEI itself and may lead to significantly
altered physicochemical and biological complex properties. Furthermore, the reaction
mixture was purified by dialysis, which does not allow separation of conjugate and free
antibody. Therefore, in all probability a mixture of L-PEI-Trastuzumab conjugate and

free antibody was used by Chiu et al.

Strehblow et al. synthesized conjugates of Trastuzumab and PEI (branched, 25 kDa)
using different linker chemistries (35). Conjugation of Trastuzumab to PEI via the het-
ero-bifunctional linker N-succinimidyl-3-(2-pyridyldithio)propionate (SPDP) resulted in
non-specific gene expression. The authors suspected that this is due to the blocking of
critical amino groups either by the linker or by PEI itself. When Trastuzumab was cou-
pled to PEI by sulfosuccinimidyl 4-(N-maleimidomethyl)cyclohexane-1-carboxylate
(SMCC) or 3-(2-(2-(vinylsulfonyl)ethylthio)ethyl)quinazoline-2,4(1H,3H)-dione (IBFB

110001), an effective and specific transfection was reported.

In contrast to the results of Strehblow et al., Kircheis et al. reported successful conjuga-
tion of an anti-CD3 antibody to PEI (800 kDa) via SPDP. Using this conjugate, transfec-
tion efficiency in CD3 positive Jurkat cells was increased 30-fold, whereas CD3 nega-

tive K562 cells showed no increase in transfection efficiency (/8).

In our study, Trastuzumab was successfully coupled to PEG-PEI via SPDP, enabling
specific conjugation without the risk of changing polymer properties by cross-linking.
Trastuzumab and PEG-PEI were both activated with SPDP and were then coupled to
form PEG-PEI-S-S-Trastuzumab (see Scheme 1).
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Scheme 1. Synthesis of PEG-PEI-Trastuzumab Conjugate

Apart from a chemically defined polymer composition, our system offers several addi-
tional advantages over the Trastuzumab-PEI derivatives mentioned above. Tendency
toward aggregation, toxicity, and electrostatic interaction with non-targeted cells are
decreased while biocompatibility is increased due to pegylation. On the other hand, en-
dosomal escape and intracellular trafficking of complexes is improved due to potential
intracellular cleavability of the disulfide bond between the targeting moiety and the

polymer (48).

With this conjugation technique, every fifth PEI chain was modified with one Trastu-
zumab antibody. In contrast, Kircheis et al. report a coupling ratio of about 1:2.8
(PEL:Ab) with PEI 800 kDa (/8). Coupling efficiencies comparable to PEG-PEI-
Trastuzumab conjugates were obtained in a previous study in our laboratory, where con-
jugation of OV-TL 16 Fab’ to PEG-PEI via SPDP resulted in a PEI:Fab’ ratio of 1:0.5
(20).

Since 31 % of the amino groups of PEI are primary amines (49), there is an upper limit
for modification with PEG or antibody depending on the molecular weight of PEI,
which accounts for reduced degree of antibody modification in our case. Attachment of
PEG-chains also increased steric hindrance, so that substitution is also hampered by this
effect. Due to the decreased molecular weight of OV-TL 16 Fab’ (approximately 50
kDa) compared to Trastuzumab (approximately 150 kDa), reduced steric hindrance may

explain the slightly higher conjugation degree in the former case.
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Physicochemical properties of the complexes were not significantly influenced by the
coupling of Trastuzumab. Complexation efficiencies as well as zeta potential values of
the PEG-PEI-Trastuzumab complexes were comparable to PEG-PEI complexes at all
N/P ratios tested. Neutral surface charge of complexes is a main prerequisite for in vivo
applicability. Opsonization, aggregation, and unspecific interactions with blood compo-
nents, vessel endothelia, and non-targeted cells will be minimized with neutral com-

plexes; therefore, systemic circulation will be prolonged (8, 12, 50, 51).

For both PEG-PEI and PEG-PEI-Trastuzumab complexes, the size decreases with in-
creasing N/P ratio due to enhanced complexation of DNA which was shown by the
ethidium bromide exclusion experiments. Measurements of hydrodynamic diameters
revealed significantly decreased complex sizes of Trastuzumab-conjugate compared to
unconjugated complexes (except at N/P ratio 7). This effect may be explained by an
increased hydrophilicity of targeted complexes and a decreased interaction between
particles due to additional steric shielding by coupled antibody. However, the proposed
route of cell entry for these complexes is mainly by clathrin-mediated endocytosis and
uptake efficiency may not be significantly affected by particle size as long as complex

diameters are within the range of 100-200 nm (41, 42).

Detailed analysis of complex shape and surface hardness was performed by atomic
force microscopy. AFM measurements of complexes composed of PEI, PEG-PEI or
PEG-PEI conjugates and plasmid DNA or oligonucleotides were previously published
by several authors (7, 20, 52, 53). In all cases, complexes of more or less spherical
shape with smooth surfaces were observed. These findings were confirmed for PEG-PEI
and PEG-PEI-Trastuzumab complexes in our study. Visualization of coupled antibodies
was to the best of our knowledge not previously reported for this type of bioconjugate.
Small particles found only in the case of Trastuzumab-PEI-PEG complexes were identi-
fied as coupled antibodies by comparing the size and shape of particles to a control
sample with pure antibody. A comparable approach was reported by Anabousi et al.,
who visualized the surface modification of liposomes with transferrin molecules by
AFM (54). Due to the more rigid and defined shape of liposomes compared to poly-
plexes, targeting moieties could be visualized more easily in this case. Surface bound
water, softness of complexes and possible interactions of antibodies with the polymer

impaired a detailed visualization of antibody sub domains as reported in (43, 55). How-
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ever, AFM measurements verify the presentation of Trastuzumab on the complex sur-

face, which is essential for targeted transfection.

In the next step, specific binding of Trastuzumab-PEI-PEG conjugates was proven by
flow cytometry. Receptor expression levels could be directly correlated to the binding of
targeted and non-targeted complexes. Even the effect of additional steric shielding by
coupled Trastuzumab and therefore decreased binding compared to unmodified com-
plexes was shown in the case of Her2 negative cells. These results are perfectly in line
with previously performed flow cytometry experiments with OV-TL 16 Fab’-PEI-PEG
conjugates (20). Furthermore, confocal laser scanning microscopy showed that the in-
ternalization of targeted complexes occurs exclusively in Her2 positive cells. In con-
trast, uptake of unconjugated complexes was negligible in both Her2 negative and Her2

positive cell lines.

Finally, transfection efficiencies in Her2 positive SK-BR-3 were determined at four dif-
ferent N/P ratios, showing overall increases in transfection efficiencies and decreasing
differences between targeted and non-targeted PEG-PEI complexes with increasing N/P
ratio. To explain these observations we assume that the conjugate binds to the cell 1) via
non-specific interaction of cationic PEI with the cell surface and 2) via specific recep-
tor-mediated interaction. With increasing N/P ratio, the effect of charge mediated bind-
ing more and more outweighs the effect of specific binding via antibody-receptor inter-
actions. A comparable effect was observed in different studies in the literature.
Conjugation of PEI with anti-PECAM antibody led to efficient transfection of mouse
lung endothelial cells, especially at lower N/P ratios (/9). Targeting of HepG2 cells with
galactosylated PEI complexes only showed improved transfection efficiencies for N/P
ratios of 3 or lower (/6, /7). In contrast, no significant difference was found in transfec-
tion efficiencies of targeted and non-targeted complexes in Her2 negative cells. Ulti-
mately, inhibition with increasing amounts of free Trastuzumab verified receptor de-
pendent uptake, which matches previous results obtained with different antibodies and

antibody fragments (18, 20, 21, 34, 38).

Physicochemical and biological properties found in this study give rise to the assump-
tion that this system may be applicable for in vivo use. In the next step, the balance be-

tween PEG- and Trastuzumab substitution will be optimized to further enhance the tar-
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geting effect. Pharmacokinetic, organ distribution, and toxicity studies will then be per-

formed to proceed towards the goal of targeted transfection of tumor tissues in vivo.

2.6 Conclusion

We have developed a targeted gene delivery system for highly specific in vitro transfec-
tion of Her2 positive cell lines which may potentially be applicable for targeted trans-

fection of tumor cells in vivo.

Polyplex surface charge was efficiently shielded by modification with PEG and target-
ing moieties while efficient pDNA complexation was maintained. Hydrodynamic di-
ameters of polyplexes are suitable for possible extravasation and efficient endocytosis.
Trastuzumab was shown to be presented on complex surface by AFM and accessibility
of antigen-binding domains was verified by flow cytometry and confocal microscopy
experiments. Confocal microscopy was also used to demonstrate specific and efficient
cellular uptake of targeted complexes. Finally, transfection experiments showed effi-
cient and specific reporter gene expression in Her2 positive cells using targeted com-
plexes. By inhibition with free Trastuzumab, Her2 receptor dependency of reporter gene

expression was verified.
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3.1 Abstract

Knowledge of the influence of targeting ligands on pharmacokinetics and biodistribu-
tion of polymeric non-viral vectors is presently limited. We investigated the properties
of three structurally different conjugates of polyethylenglycol-modified polyethylen-
imine coupled to the HER2 specific antibody Trastuzumab. Unlike polyethylenimine,
conjugates formed small (100-230 nm) DNA polyplexes with zeta-potentials of +2 mV
at a broad range of N/P ratios. Stability as assessed by heparin displacement was slightly
improved compared to unmodified copolymers. Erythrocyte aggregation and hemolysis
were strongly reduced with conjugates. Conjugate polyplexes showed significant differ-
ences in specificity and transfection efficiency in vitro. These could be attributed to dif-
ferences in cell binding and uptake assessed by flow cytometry. Pharmacokinetics of
conjugates in mice revealed significant improvements over free plasmid DNA and poly-
ethylenimine. Area under the plasma level-time curve of conjugates was increased up to
48% or 114% compared to polyethylenimine or free plasmid DNA, respectively. Depo-
sition of conjugate polyplexes in lung and spleen was significantly reduced compared to
polyethylenimine. Differences could be attributed to antibody conjugation since no sig-
nificant differences in pharmacokinetics and biodistribution were found between conju-
gates. These findings demonstrate that conjugated antibodies do not only confer active

targeting but significantly improve in vivo properties of polyplexes as well.

3.2 Introduction

Therapeutic nonviral gene delivery holds great potential for the treatment of many ac-
quired and inherited diseases such as viral infections and cancer (/). To efficiently
achieve in vivo cancer gene therapy, especially to distant tumors or disseminated metas-
tases, systemic administration of such vector systems is indispensable. For this purpose,
the vector system should be efficient, non-toxic and specific to its target cells. The vec-
tor should as well be easily producible in a tailor-made fashion in large quantities. Cati-
onic polymers, namely poly(ethylene imine) (PEI) are exceptionally suitable for this
purpose. PEI is known to exhibit superior transfection properties in vivo owing to its
ability to efficiently package, protect and deliver DNA (2, 3). Unfortunately, the cationic

nature of polymer/DNA complexes (polyplexes) causes aggregation with blood compo-
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nents and opsonization in vivo (4). Unmodified polyplexes are quickly cleared by first
pass organs of the reticuloendothelial system such as liver and spleen or are trapped in
lung capillaries (5-8). To achieve a “stealth effect” similar to polyethylenglycol (PEG)
modified liposomes (9). hydrophilic polymers like PEG or poly(N-(2-
hydroxypropyl)methacrylamide) (pHPMA) were attached before or after complex for-
mation with DNA (4, 10-12). This strategy led to reduction of surface charge, increased
circulation times (4, /0) decreased unspecific transfection (//, /3) and improved bio-
compatibility, solubility and stability for freeze-drying (/4). Such “stealth” vectors are
able to passively target tumor tissues due to the enhanced penetration and retention ef-
fect (7). To facilitate active tumor targeting in vivo, gene delivery vectors need to be
recognized and taken up by the target cells. This can be achieved by coupling of cell
binding ligands such as antibodies or peptides (/5-17).

Several studies using cationic polymers for in vivo gene delivery have been published
(2, 4, 6, 18-20). The in vivo pharmacokinetics and/or biodistribution of these vectors
was less often addressed (4, 6-8, 10, 12, 21-23). Only a minority of the studies dealt
with the influence of hydrophilic polymers on polyplex disposition and kinetics (4, &,
10, 12, 21, 22). The results of these studies were controversial. While Mullen et al. (8),
Oupicky et al. (/2) and Merdan et al. (2/) found a decreased polyplex stability in circu-
lation after modification with hydrophilic polymers, Ogris et al. (), Kunath et al. (/0)
and Hildebrandt et al. (22) reported increased tumor association and/or prolonged kinet-
ics. Due to significant differences in study design, direct comparison of these results

proved to be difficult.

Further modification of relatively small cationic polymers or copolymers (typically
about 25-75 kDa) with large targeting molecules like transferrin (~80 kDa) or IgG
(~150 kDa) caused significant changes of polyplex properties. We hypothesized that
targeting ligands do not only mediate active targeting of tumor cells but could also af-
fect in vivo disposition and pharmacokinetics of the vector system. These changes may
in effect be as important for efficient transfection of tumors in vivo as efficient binding
to the target cells. A literature search on the contribution of targeting antibodies on
pharmacokinetics and biodistribution of non-viral vector systems in vivo showed that

this question was not systemically addressed so far.
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We synthesized three structurally different conjugates consisting of branched PEI, PEG
and an antibody, Trastuzumab, directed against HER2. We determined sizes, zeta-
potentials and stability parameters of the resulting complexes with DNA at different
charge ratios (N/P: polymer nitrogen:DNA phosphate). HER2 positive and —negative
cell lines were used to evaluate transfection efficiencies and specificities of conjugates
in vitro. Cell binding and uptake was studied by flow cytometry. In vivo pharmacokinet-
ics and biodistribution were determined following tail vein injection of polyplexes in

BALB/c mice in a 120 minutes time frame.

3.3 Materials and Methods

Materials: Branched Polyethylenimine (Polymin, 25 kDa) was a gift from BASF
(Ludwigshafen, Germany). Luciferase plasmid pCMV-Luc was purchased from Plasmid
Factory (Bielefeld, Germany). N-succinimidyl-3-(2-pyridyldithio)propionate (SPDP)
was obtained from Sigma-Aldrich (Taufkirchen, Germany). N-hydroxysuccinimidyl
ester of orthopyridyl-disulfide polyethylenglycol 2kDa (SPA-PEG(2 kDa)-OPSS) was
purchased from Nektar Therapeutics (San Carlos, CA, USA). YOYO-1 iodide was ob-
tained from Invitrogen (Karlsruhe, Germany). Trastuzumab (Herceptin®) was purchased

from Roche (Basel, Switzerland). All other chemicals used were of analytical grade.

Cell Culture: SK-BR-3 and OVCAR-3 cells were purchased from ATCC, Teddington,
UK and maintained in RPMI 1640 (PAA Laboratories, Colbe, Germany) supplemented

with 10% and 20% fetal calf serum (Cytogen, Sinn, Germany), respectively, in humidi-
fied atmosphere with 5% CO, at 37°C.

Synthesis of Conjugates: Polyethylenglycol (2 kDa);(-graft-polyethylenimine (25 kDa)
(abbreviated as PEG(2)-PEI) and Polyethylenglycol (30 kDa); ;-graft-polyethylenimine
(25 kDa) (abbreviated as PEG(30)-PEI) copolymers were synthesized and characterized
as described previously (24). For the synthesis of conjugates based on PEG-PEI co-
polymers the method described in was refined (/6). 0.11 umol of PEG(2 kDa),o-PEI or
PEG(30 kDa);-PEI were dissolved in 0.5 mL reaction buffer consisting of 150 mM so-
dium chloride, 20 mM 4-(2-hydroxyethyl)-1-piperazine ethane sulfonic acid (HEPES),
pH 7.5. 0.2 pmol SPDP in 20 pL of 100% ethanol were added while stirring and al-

lowed to react for 60 min at RT. Purification of the product was performed by gel chro-
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matography on a PD-10 column (Amersham Pharmacia Biotech, Freiburg, Germany) in
reaction buffer. SPDP-activated PEG-PEI was reduced for 1 h at 37°C using an excess
of dithiothreitol (DTT) to yield PEG-PEI-SH. Degree of substitution with SH-reactive
ortho-pyridyl groups was determined by pyridine-2-thione release upon addition of an

excess of DTT (25).

In a second synthesis route we used unmodified PEI 25 kDa and covalently coupled
Trastuzumab via a hetero-bifunctional PEG linker (SPA-PEG(2 kDa)-OPSS). Reactivity
of SPA-PEG-OPSS was determined by pyridine-2-thione release and base catalyzed
NHS-ester hydrolysis. 0.12 umol PEI were dissolved in 1 mL reaction buffer and 1.2
umol SPA-PEG-OPSS were added in 100 ul 100% ethanol while stirring. The mixture
was allowed to react for 1 hour at room temperature and the product was purified by gel
chromatography and reduced as described above to yield PEI-PEG-SH. The degree of

substitution was determined by pyridine-2-thione release as described above.

0.15 pumol Trastuzumab in reaction buffer were allowed to react with 0.24 pmol of
SPDP (10 mM in pure ethanol) under stirring at room temperature and were purified as
described above. SPDP-activated Trastuzumab was added to purified, activated PEG-

PEI and allowed to react for 24 h at room temperature.

Purification of the conjugates was performed by a modified ion exchange chromatogra-
phy method first described by Kircheis et al. (16, 26). PEI concentration was quantified
by copper complexation (27). The concentration of Trastuzumab was determined by
UV-spectrometry at 280 nm with background correction using a solution of PEG-PEI or

PEI of equal concentration.

Formation of Polyplexes: Polyplex formation was performed as described earlier (/6).
Briefly, pDNA was diluted with 150 mM sodium chloride, 10 mM HEPES, pH 7.4 to
0.04 g/L and mixed in equal parts with the appropriate amount of polymer in the same
buffer. All experiments were performed at a N/P ratio of 6 and a final pDNA concentra-

tion of 0.02 g/L unless stated otherwise.

Size and {-potential: Hydrodynamic diameters and zeta-potentials of freshly prepared
polyplexes were determined using a Zetasizer Nano ZS (Malvern Instruments, Herren-
berg, Germany) equipped with a 4 mW He-Ne laser at a wavelength of 633 nm at 25 °C.

Scattered light was detected at a 173° backward scattering angle. The viscosity and re-
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fractive index of water at 25 °C was used for data analysis. 500 ul of polyplex solution
were prepared and incubated for 10 minutes at RT. Measurements were performed in a
folded capillary cell in triplicate. DTS software 4.10 was used for data acquisition and
analysis. The accuracy of the instrument was maintained using reference polymer parti-
cles (Nanosphere Size Standards of 50, 100 and 200 nm, Duke Scientific Corp., Palo
Alto, CA, USA) and with Zeta Potential Transfer Standard (Malvern Instruments, Her-

renberg, Germany).

Agarose Gel Electrophoresis: For heparin displacement, 50 pul of polyplex solutions
were prepared at N/P 6 and incubated for 10 minutes at RT. Then, polyplexes were chal-
lenged with 0.05 to 0.35 U heparin for 30 min at RT. 10% v/v glycerol was added and
10 pl of the solution were carefully applied to a 1% agarose gel in TAE (40 mM
Tris/HCl, 1% acetic acid, ] mM EDTA, pH 7.4) containing 0.6 pg/mL of ethidium bro-
mide. Electrophoresis (Electro-4, Thermo Electron, Waltham, MA, USA) was carried
out a constant voltage of 80 V for 1 hour in TAE buffer. Ethidium bromide fluorescence
was detected using a gel documentation system (BioDocAnalyze, Biometra, Gottingen,
Germany) and images were processed with Image] 1.37v (http://rsb.info.nih.gov/ij/)
(28).

Erythrocyte aggregation and hemolysis: The hemolytic activity and erythrocyte ag-
gregation of polyplexes was investigated as reported earlier (29). Briefly, human eryth-
rocytes were isolated from fresh citrated blood from healthy volunteers by centrifuga-
tion at 850 x g. Red blood cells were washed in HEPES-buffered saline (HBS) until the
supernatant was clear and colorless. Erythrocytes were diluted with HBS to 5 x 10°
cells/mL. Polyplexes were prepared at N/P 6 in a total volume of 125 ul (DNA concen-
tration 0.1 pg/puL). 1% Triton X-100 in HBS (100% lysis) and pure HBS (0% lysis)
were used as control. 40 uL aliquots of polyplex solutions were mixed with 40 pL
erythrocyte suspension. Samples were incubated for 30 min at 37 °C under constant
shaking. After centrifugation at 850 x g, supernatant was analyzed for hemoglobin re-
lease at 415 nm (Ultrospec 3000, GE Healthcare, Munich, Germany). The pellet was
resuspended with 500 ul HBS and used for microscopic evaluation of erythrocyte ag-

gregation.
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Transfection Experiments: For transfection experiments SK-BR-3 and OVCAR-3
cells were plated at a density of 1x10* cells per well in a 96-well plate. After 24 hours of
growth, medium was replaced by 0.2 mL of fresh, complete cell culture medium con-
taining 0, 10, 50 or 250 pg of free Trastuzumab. Cells were incubated for 15 minutes at
37 °C. Polyplexes were prepared in a final volume of 30 pul (containing 0.63 ug pDNA)
per well, incubated for 10 minutes at RT and subsequently added to the wells. Medium

was exchanged again after 4 hours and cells were incubated for an additional 44 hours.

Luciferase gene expression was quantified using a commercial kit (Promega, Mann-
heim, Germany) and photon counting on a luminometer (Sirius, Berthold, Pforzheim,
Germany). Results were measured in relative light units per second (RLU/s) and con-
verted to nanograms of luciferase using a standard curve of recombinant luciferase
(Promega, Mannheim, Germany). Protein concentration was determined using a modi-
fied BCA assay (Perbio Science, Bonn, Germany) with bovine serum albumin as a stan-
dard (30). All experiments were performed in quadruplicate and results were normalized

to transfection efficiency of unmodified PEG-PEI copolymers.

Flow Cytometry: For flow cytometry experiments, cells were seeded in 24-well plates
at a density of 6x10” cells per well. After 24 hours of growth, cell culture medium was
exchanged with 0.5 mL of fresh medium. Polyplexes were prepared in a final volume of
150 pl (containing 2.5 ug YOYO-1 labeled pDNA (317)) at N/P 6, incubated for 10 min-
utes at room temperature and then added to the wells. In the case of polyplex binding
experiments, cells were incubated at 4 °C for 15 min before and after addition of poly-
plexes. Subsequently, cells were washed 2 times with ice cold PBS. For the uptake ex-
periments, cells were incubated with the polyplexes for 3 hours at 37 °C. Cells were
then washed 4 times for 3 minutes with 0.5 mg/mL heparin in PBS to remove surface
bound polyplexes. Cells were detached with trypsin and suspended in an ice-cold 1:1
mixture of FACS-Flow (BD Biosciences, San Jose, USA) and 4% paraformaldehyde in
PBS.

Flow cytometry was performed using a FACScan (BD Biosciences, San Jose, USA)
equipped with a 488 nm argon-ion laser. The emission filter setting was 530/30 band-
pass. Viable cells were gated according to forward and sideward scatter of untreated cell

samples. At least five thousand gated events were collected and subjected to further
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analysis. All experiments were performed in triplicate. Results were normalized to bind-
ing- or uptake efficiency of the respective unmodified PEG-PEI copolymers, respec-
tively. CellQuest 3.3 software (BD Biosciences, San Jose, USA) was used for data ac-
quisition. Analysis was performed with FCS Express V3 (De Novo Software, Thornhill,
Canada).

In vivo experiments: All animal experiments were carried out according to the German
law of protection of animal life and approved by an external review committee for labo-

ratory animal care.

Pharmacokinetic and biodistribution studies: 100 ng pCMV-Luc were labeled with
32-P-a-CTP (Hartmann, Germany) using a Nick translation kit N5000 (GE Healthcare,
Germany) according to the manufacturer’s protocol. The reaction mixture was purified
using microspin columns (Wizard SV Gel and PCR Clean-Up System, Promega, Ger-

many) and the labeled plasmid was used immediately after synthesis.

Polyplexes were prepared using 25 pg pCMV-Luc plasmid spiked with **P labeled
plasmid as described earlier (27). A volume equal to a dose of 1 pg pCMV-Luc per g
mouse of the polyplex solution was injected in anaesthetized male balb/c mice via the
tail vein. Blood samples of 25 uL were drawn from the retrobulbar plexus 1, 3, 5, 15,
30, 60 and 120 min post injection. After 120 min, mice were sacrificed by cervical dis-
location and organs were excised. Organ samples were dissolved in Soluene 350 (Perki-
nElmer, Germany) and blood samples were dissolved overnight in a 1:1 mixture of iso-
propanol/Soluene 350 at 55 °C and subsequently bleached with 200 pL hydrogen
peroxide. After addition of 15 mL of scintillation cocktail (Hionic Fluor®, PerkinElmer,
Germany) activity of *°P in each sample was determined using a TriCarb 2900 liquid
scintillation counter (PerkinElmer, Germany) with a counting time of 10 min, active
static controller and half-life correction. Disintegrations per minute (DPM) were calcu-
lated with a **P quench curve using tSIE/AEC as quench indicator. The injected dose
was calculated based on activity measurements of the injected solution. All experiments
were performed at least in triplicate and the AUC was determined using a non-
compartmental mixed logarithmic-linear algorithm. Concentration-time data were fitted
to a biexponential disposition function (C(t) = Ae ™ + Be P jterative reweighing with

1/Cobs) using the software Kinetica 1.1. from Simed (Créteil Cedex, France). Plasmid
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concentrations in the samples were calculated as percent of the injected dose per organ

or as percent injected dose per mL blood.

34 Results

Synthesis of Conjugates: Conjugates were prepared using two different poly-
ethylenglycol - polyethylenimine copolymers (24). To study the influence of PEGyla-
tion, these copolymers represent two extremes concerning the degree of PEGylation and
PEG chain length while keeping the weight ratio of PEG to PEI approximately constant.
In both cases, the targeting moiety was coupled to PEI via the hetero-bifunctional linker
N-succinimidyl-3-(2-pyridyldithio)propionate (SPDP). The degree of substitution with
SPDP, determined by pyridine-2-thion release, was 1.5 and 1.7 mole 2-pyridyl disul-
phide per mole PEI for PEG(2)-PEI and PEG(30)-PEI, respectively. A third conjugate
was prepared by modifying PEI with a hetero-bifunctional PEG linker. This synthesis
resulted in a degree of substitution of ~10 moles PEG per mole PEI. The degree of sub-
stitution with 2-pyridyl disulphide was determined to be 5 moles per mole PEI. Reac-
tion of SPDP with Trastuzumab resulted in a degree of substitution of 1.3 mole 2-
pyridyl disulphide per mole antibody. Finally, the degree of substitution of conjugates
with Trastuzumab was determined to be 0.74, 1.5 and 0.38 mol/mol Trastuzumab/PEI
for PEG(2)-PEI-Trastuzumab, PEG(30)-PEI-Trastuzumab and PEI-PEG(2)-
Trastuzumab, respectively (Fig. 1). The overall polymer yield after purification varied

between 50 and 70% as determined by copper complexation.
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Figure 1. Chemical structure of conjugates and illustration of hypothetical complexes with
plasmid DNA (black). Branched PEI 25 kDa (red) was substituted with PEG (light blue) of dif-
ferent molecular weight to different degrees and Trastuzumab (dark blue) was coupled directly
to PEI via SPDP (green) in the case of (PEG(2)-PEIl-Trastuzumab (a) and PEG(30)-PEI-
Trastuzumab (b). PEI-PEG(2)-Trastuzumab (c) was prepared by modification of branched PEI

25 kDa with a hetero-bifunctional PEG linker and Trastuzumab was coupled to the distal end of
the PEG chains.
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Size and {-potential: Hydrodynamic diameters decreased with increasing N/P ratio for
all complexes (Fig. 2a). At N/P 6 and 12, all complexes revealed a similar size of 100 to
230 nm, facilitating efficient uptake by absorptive endocytosis (32). At N/P 3, PEI
formed large complexes of about 1200 nm. Due to efficient shielding, PEG-PEI and

conjugate polyplexes were significantly smaller than PEI complexes with sizes of only
100 to 300 nm.

In contrast to PEI polyplexes, which showed high {-potentials of about +27 mV at N/P 6
and 12, the surface charge of PEG-PEI polyplexes was significantly reduced (Fig. 2b).
Modification of PEG-PEIs with Trastuzumab further decreased C-potentials. These

polyplexes were near neutral at all N/P ratios tested.
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Figure 2. Hydrodynamic diameters (a) and zeta-potentials (b) of polyplexes prepared with
pPDNA and unmodified polymers or Trastuzumab conjugates at the indicated N/P ratios. Poly-
plexes were prepared as described in the materials and methods and were measured in a folded

capillary cell in quintuplicate (a) or triplicate (b). Values are given as means + SD.
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Stability against Heparin Displacement: To evaluate polyplex stability against dis-
placement of pDNA by competing polyanions, the polyplexes were challenged with free
heparin (Fig. 3). Heparin amounts as low as 0.1 U displaced DNA from the complex in
the case of PEI and PEG-PEI copolymers. Trastuzumab conjugate complexes showed a
slightly improved stability against heparin displacement. With these polyplexes, free

plasmid DNA was observed at heparin concentrations of 0.20 U and above.
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Figure 3. Heparin displacement assay using PEI-, copolymer- and conjugate polyplexes. Poly-
plexes were formed at N/P 6 and incubated for 30 minutes with increasing heparin concentra-

tions. Free plasmid DNA is shown to the right.

Erythrocyte Hemolysis and Aggregation: Interactions with blood components,
namely erythrocytes, are likely to occur after injection of polyplexes into the blood-

stream (4, 33). The hemolytic activity of polyplexes and the tendency to form aggre-
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gates with erythrocytes was studied in an in vitro assay using freshly purified human red

blood cells.

g

% hemolysis
g
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Figure 4. Lysis and aggregation of human erythrocytes induced by polyplexes prepared at N/P
6 with PEI (1), PEG(2)-PEI (2), PEG(30)-PEI (3), PEG(2)-PEI-Trastuzumab (4), PEG(30)-
PEI-Trastuzumab (5) and PEI-PEG(2)-Trastuzumab (6). Values are given as means + SD of
triplicates. Significance was tested using one-way ANOVA with Bonferroni’s multiple compari-

son test (* p<0.05; ** p<0.01; *** p<0.001). Scale bars represent 100 um.

For polyplexes prepared with unmodified PEI at N/P 6 hemolysis of 16% of the eryth-
rocytes was found, which is in good correlation with earlier reports (Fig. 4) (34). PEGy-
lation of PEI significantly reduced hemolysis both in the case of short (PEG(2)-PEI) and
long (PEG(30)-PEI) PEG chains. Modification of PEG-PEI copolymers with Trastuzu-
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mab further significantly decreased erythrocyte lysis compared to the unmodified PEG-
PEI copolymers. Only 1.0 to 2.4% hemolysis was observed with Trastuzumab conju-

gates.

Erythrocyte suspensions were then microscopically examined for aggregate formation
(Fig. 4). Addition of PEI polyplexes resulted in rapid and extensive erythrocyte aggrega-
tion. Interaction with erythrocytes was decreased using PEG-PEI polyplexes but still
moderate to severe aggregate formation was found. Using Trastuzumab modified co-

polymers, no erythrocyte aggregation was seen.

Transfection Experiments: For transfections in vitro, two different cell lines with dif-
ferent HER2 expression levels were used. OVCAR-3 cells were shown to express only
low amounts of HER2 and therefore served as a negative control (/6). In contrast, SK-
BR-3 cells are known to over-express HER2 (16, 35). Specificity of transfection was
evaluated by competitive inhibition with free Trastuzumab during incubation with poly-

plexes.

In SK-BR-3 cells, PEG(2)-PEI-Trastuzumab showed a significant (p<0.01), 6.6-fold
increase in reporter gene expression compared to PEG(2)-PEIL Significant inhibition
(p<0.05) was seen with at least 1.69 umol/L of free Trastuzumab (Fig. 5a). By contrast,
transfection efficiency of PEG(30)-PEI-Trastuzumab was not significantly increased
compared to PEG(30)-PEI and no significant inhibition was seen with free Trastuzumab
in cell culture media (Fig. 5c¢). PEI-PEG(2)-Trastuzumab had a reporter gene expression
34-fold higher compared to PEG(2)-PEI. Significant inhibition (p<0.001) was achieved
with Trastuzumab concentrations as low as 0.34 umol/L (Fig. 5e). None of the conju-
gates showed a specific reporter gene expression in HER2 negative OVCAR-3 cells
(Figs. 5b, d, ).
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Figure 5. Transfection efficiencies and specificity of conjugates compared to the respective
unmodified copolymer in HER?2 positive SKBR-3 cells (b, ¢ and e) and HER2 negative OVCAR-
3 cells (b, d and f). Polyplexes were formed with pPDNA and PEG(2)-PEI-Trastuzumab (a and
b), PEG(30)-PEIl-Trastuzumab (c and d) and PEI-PEG(2)-Trastuzumab (e and f) at N/P 6. To
test the specificity of transfection, cells were incubated with indicated concentrations of free
Trastuzumab for 15 minutes before addition of the polyplexes. Values are given as means + SD
of quadruplicates. Significance was tested using one-way ANOVA with Dunnett’s multiple com-
parison test with transfection efficiency of conjugate set as control (* p<0.05; ** p<0.01; ***

p<0.001).

Flow Cytometry: Binding efficiencies of Trastuzumab conjugates relative to unmodi-
fied PEG-PEI copolymers at 4 °C are depicted in Fig. 6a. Increased binding to SK-BR-3
cells was observed for all conjugates. Compared to the respective untargeted copolymer,
PEI-PEG(2)-Trastuzumab showed the most efficient binding, followed by PEG(2)-PEI-
Trastuzumab and PEG(30)-PEI-Trastuzumab. A smaller increase of binding of conju-
gates was also found for OVCAR-3 cells. HER2 expression of OVCAR-3 cell was
found to be very low but still detectable by flow cytometry (/6) which may explain the

slightly increased binding efficiencies.
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To evaluate the uptake of particles, OVCAR-3 and SK-BR-3 cells were incubated with
polyplexes for 3 hours at 37 °C. Cell surface-bound polyplexes were then removed and
intracellular fluorescence was determined by flow cytometry as well. Figure 6b shows
uptake efficiencies of conjugates relative to unmodified PEG-PEI copolymers. A very
efficient and specific uptake can be observed for PEI-PEG(2)-Trastuzumab with a 4.3-
fold increased uptake compared to the Trastuzumab-free copolymer. PEG(2)-PEI-
Trastuzumab also showed a modest increase in uptake efficiency (2.8-fold). PEG(30)-

PEI-Trastuzumab showed only a 1.9-fold increase in uptake.

E=SKBR-3 E=OVCAR-3

Q

-fold binding efficiency

-fold uptake efficiency

Figure 6. Binding- (a) and uptake efficiencies (b) of polyplexes prepared at N/P 6. Conjugate
uptake or binding is shown relative to the corresponding unmodified PEG-PEI copolymer.
Polyplexes were incubated with the cells for 15 minutes at 4 °C (a) or 3 hours at 37 °C (b). In
the case of uptake experiment (b), cells were washed 4 times with heparin in PBS to dissociate
and remove surface bound polyplexes. Cells were then analyzed for mean fluorescence intensity

by flow cytometry. Values are given as means + SD of triplicates.
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Pharmacokinetics and Biodistribution in mice: For in vivo experiments, polyplexes
were injected into the tail vein of male BALB/c mice at a dose of 1 pg/g of radio-
labelled DNA per mouse. To ensure the integrity of labeled plasmid, DNA was used
immediately after performing the labeling reaction and subsequent purification proce-

dures.

Free pDNA was removed quickly and efficiently from the blood stream. After 60 min-
utes, only about 1 % of the injected dose per mL (ID/mL) were found in the blood (Fig.
7a), which is in good agreement with earlier reports (36). If pPDNA was complexed with
unmodified PEI, a biphasic disposition with a very rapid decay in the alpha phase was
observed. With PEI the onset of the beta phase was earlier and the B value was signifi-
cantly increased compared to pDNA alone (Table 1). The area under the curve (AUC)
was thereby increased from 532.16 to 770.10 % ID min™' mL™, which again is in excel-

lent agreement with earlier findings (21).
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C max ¢ A€ T 112 a1pha © B¢ T 12 beta AUC!

[% ID] [% ID mL™"] [min] [% ID mL™"] [min] [% ID mL™ min™]
PEI 16.11+1.38  17.94+2.87  1.60 £ 0.04 (***/-) 4.45£0.26 (*/-) 108.92 + 5.10 770.10 + 169.57 (ns/-)
PEG(2)-PEI-Trastuzumab 1706 £1.13  12.80£2.90  1.57+£0.58 (***/ns)  9.54+ 1.45 (**/*)  85.65+ 12.34 1139.40 + 58.55 (***/%¥)
PEG(30)-PEI-Trastuzumab 1458194  9.58+5.34 1.95+£0.75 (***/ns)  7.71£2.99 (*/ns)  89.23 +11.42 1088.12 + 114.12 (¥**/¥)
PEI-PEG(2)-Trastuzumab 17.65 +1.50 14.86 + 0.68 1.97 £ 0.10 (***/ns) 7.23 £ 1.25 (*/ns) 85.95+26.11 905.79 £ 18.21 (**/ns)
pDNA (pCMV-Luc) 17.35+2.40  1436+3.05  8.54 % 0.66 (-/**¥) 2.18 +£0.78 (-/*) 205.34+113.24  532.16 £ 20.08 (-/ns)

Table 1: Pharmacokinetic properties of Trastuzumab conjugate- and PEI polyplexes and free plasmid DNA “°

a All values given as means + SD

b Significance was tested using Iway ANOVA with Bonferroni’s multiple comparison test with DNA or PEI (vs. DNA / vs. PEI) set as control (ns: not significant; *
p<0.05; ** p<0.01; *** p<0.001)

¢ Concentration-time data was fitted to a biexponential disposition function

d AUC was determined using a noncompartmental mixed logarithmic-linear algorithm
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All Trastuzumab conjugates were found to improve pharmacokinetics of pDNA with
minor differences between conjugates. Complexes composed of PEG(2)-PEI-
Trastuzumab showed a significant increase in the B value and AUC compared to PEI
polyplexes. Pharmacokinetics of the block-copolymer like PEG(30)-PEI based conju-
gate were slightly improved compared to PEI. The B value was increased to 7.71 %ID
mL" and AUC was significantly increased over PEI. PEI-PEG(2)-Trastuzumab showed
similar kinetics but differences compared to PEI were less pronounced. An increase in B
value and AUC compared to PEI was seen but differences were not statistically signifi-

cant in this case.

Biodistribution of labeled plasmid DNA was assessed 120 minutes post injection (Fig.
7b). Uptake of uncomplexed DNA was negligible in most organs. PEI polyplexes accu-
mulated mainly in the liver, lung, kidneys and spleen. When conjugates were used to
prepare polyplexes, main uptake occurred in the liver as well. However, uptake into
lung and spleen was significantly decreased for all Trastuzumab conjugates compared to

PEL
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d 1007 —=-DNA
] —A—PEI
] -=>- PEG(2)-PE}Trastuzumab
1 —— PEG(30)-PEFTrastuzumab
--©--PEFPEG(2)-Trastuzumab

Time [min]
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Figure 7. Pharmacokinetic profiles (a) and biodistribution (b) of PEI (open triangle, solid line),
PEG(2)-PEI-Trastuzumab (filled triangle, dashed-dotted line), PEG(30)-PEI-Trastuzumab
(filled square, solid line) and PEI-PEG(2)-Trastuzumab (open circle, dotted line) polyplexes
compared to free plasmid DNA (filled square, dashed line) in male BALB/c mice. Polyplexes
were prepared at N/P 6 with 1 ug/g pDNA per mouse and injected via the tail vein in a volume
of about 200 ul. Blood samples were taken at indicated time points from the retrobulbar plexus.
Organs were withdrawn after 120 min and the amount of radiolabelled plasmid was determined
by liquid scintillation counting. Significance was tested using one-way ANOVA and Dunnett’s
multiple comparison test with PEI polyplexes set as control (* p<0.05, ** p<0.01).

3.5 Discussion

Several studies on the pharmacokinetics and biodistribution of PEI- (37, 38) as well as
PEG-PEI/DNA (4, 10, 21) polyplexes have been undertaken. Until now, the influence of

targeting ligands such as antibodies, antibody fragments or peptides on the pharmacoki-
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netics and biodistribution of the resulting vector system was not systemically evaluated.
Achievement of high and long lasting blood levels is considered to be a prerequisite for
efficient use of non-viral vectors under in vivo conditions. The final goal for the gene
delivery system presented in this study was targeting of tumor tissues which will be the
subject of a separate investigation. Before addressing this goal the effects of targeting
ligands and PEGylation on in vivo pharmacokinetics and distribution needed to be clari-
fied. To elucidate the effects of PEG and antibody, three conjugates were synthesized.
These were composed of branched PEI 25 kDa as condensing agent, PEG to reduce
non-specific interactions and Trastuzumab as a targeting ligand. Variations included the

linker chemistry, PEG chain length and substitution degree (Fig. 1).

The efficacy of non-viral gene delivery systems administered via the intravenous route
depends on several crucial parameters: Polyplex size, surface charge, stability in the
bloodstream and interaction with blood components are of major importance. One im-
pediment for successful transfection of tumor tissue in vivo is early entrapment of the
polyplexes after intravenous injection. Ogris et al., Merdan et al. and Hildebrandt et al.
stressed the importance of polyplex size and aggregation behavior in terms of organ
distribution (4, 21, 22). These investigations showed that deposition in the lung, which
is the first capillary bed reached after i.v. injection, as well as lethality after treatment
depends on polyplex size and aggregation behavior. It was shown by Petersen et al. that
PEI does not produce stable polyplexes especially at low N/P ratios and an increase in
complex size over time was observed. In contrast, PEG-PEI copolymers with PEG
chains longer than 550 kDa formed stable complexes under these conditions and no
aggregation over time occurred (24). In our study, unmodified PEI polyplexes formed
large particles in micrometer-range at N/P 3 in vitro. In contrast, all PEG-PEI copoly-
mers and Trastuzumab conjugates produced small complexes with DNA with sizes not
exceeding 300 nm in a wide range of N/P ratios. After i.v. injection, PEI is known to
form aggregates with blood components such as erythrocytes or albumin (39). Erythro-
cyte aggregation and hemolysis studied using human red blood cells showed severe ag-
gregation of erythrocytes with PEI polyplexes. In contrast, PEGylated PEIs showed
reduced erythrocyte aggregation and hemolysis, which is in accordance with findings of

Petersen et al. (24). Most importantly, Trastuzumab modified PEG-PEI copolymers
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even surpassed PEG-PEI in these experiments and showed virtually no aggregation or

hemolysis of erythrocytes.

The surface charge of polyplexes is an important parameter closely related to the above
mentioned characteristics. Zeta-potentials of polyplexes prepared with Trastuzumab
conjugates were lower than those of polyplexes prepared with unmodified PEI or with
the respective PEG-PEI copolymers. Actually, conjugate polyplexes remained close to
neutral in a wide range of N/P ratios due to the additional steric shielding by coupled
antibody. Similar shielding effects were observed with transferrin-PEI polyplexes sub-
sequently modified with PEG (4) and with PEG-PEI covalently modified with anti-OA3
Fab’ (25). Ward et al. and Ogris et al. showed that shielded complexes decreased non-
specific interactions with blood components and non-targeted cells (4, 40). Plank et al.
found that positively charged DNA complexes can activate the alternative complement
system (41). The authors also showed that modification of polylysine/DNA complexes
with PEG can considerably reduce complement activation. We speculated that further
reduction of surface charge in the case of Trastuzumab modified PEG-PEI polyplexes

could result in reduced complement activation.

Polyplexes injected into the circulation encounter relatively harsh conditions such as
shear stress during injection and circulation, lytic enzymes and a multitude of salts and
proteins which may negatively influence complex integrity and DNA stability (42, 43).
To investigate complex stability, we tested the susceptibility of polyplexes to heparin
displacement. The polyanion heparin releases DNA from polyplexes and is a good
measure for complex stability against competing anions. All Trastuzumab conjugates
were slightly less susceptible to heparin displacement compared to PEI and their respec-
tive unmodified copolymers. We hypothesize that the dense shell formed by PEG and
Trastuzumab may prevent heparin from entering the complex as easily as in the case of

unmodified PEI polyplexes.

Therefore, all Trastuzumab conjugate complexes appear sufficiently stable to remain
intact during circulation and are at the same time less susceptible to aggregation and

non-specific interaction than unmodified PEI.

Apart from size and stability, tumor specificity of polyplexes is crucial. The target tissue

should ideally be transfected with high efficiency while leaving non-targeted tissues
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unaffected. Strehblow et al. showed that conjugation chemistry may have a significant
effect on transfection efficiency and specificity in vitro (44). In this study, three differ-
ent linkers were used to prepare HER2 or CD90 targeted conjugates. Using these link-
ers, major differences in the degrees of conjugation and in target cell specificity of the
resulting conjugates were found. Interestingly, none of the conjugates prepared with
SPDP as a linker showed target cell specificity. In contrast, SPDP was successfully used
as a linker by Merdan et al. and Kircheis et al. under comparable conditions (23, 26).
Kunath et al. showed that if RGD peptide was used as a targeting moiety, only direct
coupling of the peptide to PEI via SPDP mediated efficient and specific transfection
while a RGD-PEG-PEI conjugate was inefficient (45). In contrast, Moffatt et al. suc-
cessfully utilized a PEG linker for coupling anti-PSMA antibody to PEI/DNA poly-

plexes (17).

In this study we used three structurally different conjugates which were comparable in
physicochemical properties but different in transfection-, binding- and uptake efficien-
cies. Two conjugates were based on pre-synthesized PEG-PEI copolymers. Trastuzumab
was in these cases coupled to the PEI core via SPDP. The PEG(2)-PEI copolymer was
well established for conjugation purposes in our laboratory (16, 25). To study the influ-
ence of PEGylation, PEG(30)-PEI with fewer but longer PEG chains was used as a sec-
ond copolymer. The PEG content of both copolymers was comparable (45% vs. 56%).
PEG-PEI with a lower substitution degree was used to promote substitution with anti-
body and possibly increase specificity. It was found that the substitution degree could be
increased 2-fold by using PEG(30)-PEI compared to PEG(2)-PEI. This in turn de-
creased reporter gene expression compared to PEG(2)-PEI-Trastuzumab and transfec-
tion was non-specific. This result can be explained by a comparably lower binding to
target cells and most importantly by lower uptake efficiency as shown by flow cytome-
try. It was hypothesized, that longer PEG chains may hinder target recognition by partial
masking of antigen binding domains. The decrease in uptake efficiency may be contrib-
uted to crosslinking of several receptors on the cell surface or inter-cellular crosslinking
due to the comparably high antibody substitution degree of this conjugate. For the third
conjugate, a PEG linker was used. This enhanced presentation of the targeting moiety

and increased the specificity and efficiency of the resulting Trastuzumab conjugate. We
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herein showed by flow cytometry analysis that this conjugate was the most efficient in

binding and uptake.

As a result, the efficiency of PEG-PEI-antibody conjugates strongly depends on co-
polymer composition and conjugation chemistry. In our study, the presentation of anti-
body at the distal end of a PEG spacer was most efficient. Our second approach of using
pre-synthesized PEG-PEI copolymers showed that long PEG chains may hinder the
proper presentation of antibody. In contrast, good results were obtained with a PEG-PEI

copolymer consisting of shorter PEG blocks with a higher PEG grafting ratio.

In vivo behavior of conjugate polyplexes was compared with unmodified PEI poly-
plexes as well as with uncomplexed plasmid. Blood levels followed a bi-exponential
disposition curve with a rapid distribution phase and a subsequent prolonged elimina-
tion phase. PEI polyplexes showed a pronounced distribution phase with a comparably
low remaining DNA concentration in blood after distribution. In contrast, Trastuzumab
conjugates were more rapidly distributed and higher concentrations remained in circula-
tion after distribution. Elimination half lives of PEI and Trastuzumab conjugate com-
plexes were comparable. Consequently, AUC of Trastuzumab conjugate polyplexes
were 18 to 48% higher than AUC of PEI polyplexes and 70 to 114% higher than that of
free DNA.

In a previous study, Merdan et al. determined the pharmacokinetic profiles of PEI and
PEG(2)-PEI complexes under similar conditions. At a DNA dose of 25 pg/mouse, no
significant differences in pharmacokinetics were found between PEI and PEG(2)-PEI
polyplexes. Furthermore, the pharmacokinetic profiles showed that DNA is associated
with both PEI and PEG(2)-PEI at least until 60 minutes post injection under these con-
ditions (217). At a lower DNA dose of 1.5 pg/mouse, significantly increased blood levels
were found for pDNA complexed with PEG(2)-PEI compared to PEI. However, at this
low dose, complex dissociation indicated by differing pharmacokinetic profiles of

radioactively labeled polymer and DNA was observed.

PEI polyplexes are known to rapidly distribute to and remain in highly perfused organs
such as liver, lung and spleen.(20) These phenomena seem to be in part due to aggrega-
tion of polyplexes, interaction with blood components such as erythrocytes and recogni-

tion by the reticulo-endothelial system (4, 24, 39, 43). By using stealth polyplexes, in
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vivo toxicity, aggregation and complement activation can be reduced (4, /0). However,
studies on PEG-PEI copolymers have shown that PEGylation alone does not signifi-
cantly improve pharmacokinetics compared to unmodified PEI (27, 46). De Wolf et al.
recently hypothesized that polyplexes prepared using PEG-grafted PEI (pre-PEGylation
approach) are still prone to opsonization and therefore are relatively rapidly eliminated
(46). Interestingly, post-PEGylated polyplexes, where DNA is first condensed with the
unmodified polycation and polyplexes are subsequently PEGylated, seem to be more
efficient in improving pharmacokinetics (7, 40). However, from our point of view, this
approach has serious drawbacks regarding polyplex preparation and characterization,

especially in a clinical setting.

In our study, Trastuzumab modified PEG(2)-PEI at the same dose used by Merdan et al.
significantly improved pharmacokinetics compared to PEI polyplexes (27). Comparable
pharmacokinetics were observed for all Trastuzumab conjugates despite their different
structure. Trastuzumab modification decreased the surface charge and increased poly-
plex stability in the case of all three conjugates. Most importantly, aggregation with
erythrocytes was strongly decreased with all conjugates. Thereby, entrapment of poly-
plexes in small capillaries and recognition by the reticulo-endothelial system is reduced
and AUC increases. We hypothesized that in the case of the PEG-PEI copolymer used in
the study of Merdan et al., PEGylation alone could not sufficiently inhibit erythrocyte
aggregation. This might be one of the major reasons that no significant difference be-
tween PEI and PEG-PEI was found in this study. This suggests that the additional steric
shielding introduced by antibody modification has a stronger effect on pharmacokinetics

than the structure of PEG-PEI copolymers or linker chemistry.

The biodistribution of polyplexes was assessed 120 minutes after injection. Using free,
uncomplexed plasmid, only minor amounts of radioactivity were found in the liver and
in the kidneys, which both are involved in plasmid excretion (47). Polyplexes prepared
with PEI were taken up mainly by the liver and to a minor extent by lung, spleen and
kidneys. The accumulation of polyplexes tended to be increased in highly perfused or-
gans such as liver and kidneys (47). Furthermore, liver and spleen possess discontinu-
ous or fenestrated endothelia which may facilitate accumulation of polyplexes (48). Fi-
nally, positively charged polyplexes can activate the alternative complement system,

which will result in enhanced uptake in the liver and spleen (41, 49). Lung deposition is
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most likely due to aggregation of polyplexes itself or with erythrocytes or both (4, 27).
With all Trastuzumab conjugates, lung and spleen deposition was significantly reduced
compared to PEI. We assume that the nearly neutral zeta-potential and the decreased
erythrocyte aggregation mainly accounted for these changes in organ distribution as

well.

In summary, the composition of polyplexes affected both, in vitro specificity and in vivo
pharmacokinetics. Concerning in vitro transfection efficiency and target cell specificity,
PEGylation and linker chemistry were of major importance. Long PEG chains, as used
in PEG(30)-PEI-Trastuzumab, hindered proper antigen recognition. The uptake of these
polyplexes was decreased potentially due to the high degree of substitution. In contrast,
conjugates composed of PEG-PEI with shorter PEG chains or synthesized using a PEG
linker successfully transfected the target cells with high specificity. Concerning the
situation in vivo, it was found that antibody modification, irrespective of the linker
chemistry or the PEG-PEI copolymer used, governed pharmacokinetics and biodistribu-
tion. Antibody modification in all cases resulted in higher AUC and lower disposition in
lung and spleen compared to PEI polyplexes, which is potentially due to decreased zeta-
potentials, improved polyplex stability and decreased interaction with blood compo-

nents.
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4.1 Abstract

The aim of this study was A) to establish an in vivo tumor model showing HER2 over-
expression and B) to test Trastuzumab targeted PEG-PEI/pDNA vectors for their ability
to target tumors in vivo. To establish a tumor model, different HER2 overxpressing cell
lines were tested for their ability to generate tumors after subcutaneous injection. Tu-
mors were characterized with respect to their macroscopic and microscopic appearance,
their vascularization and HER2 expression. For comparison, Neuro2A tumors, which
are an established tumor model for in vivo transfection studies, were used. Compared to
Neuro2A, SK-OV-3 tumor tissue appeared to be denser and tumors were surrounded by
large blood vessels. In contrast to Neuro2A, fewer capillaries and small blood vessels
were found within the tumor tissue in SK-OV-3 by microscopy. These results were veri-
fied using anti-CD31 immunofluorescence. HER2 expression levels were studied by
immunofluorescence as well and overexpression was only found in SK-OV-3 cells.
Trastuzumab-PEG-PEI/pDNA polyplexes were injected into the tail vein and transfec-
tion efficiency in main organs and the tumor was compared to non-targeted PEI. Tar-
geted polyplexes failed to selectively transfect the tumors in these experiments. In a
second approach, polyplexes were administered by intratumoral injection. In this case,

targeted polyplexes showed only a slightly increased efficiency compared to PEIL.
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4.2 Introduction

One goal of in vivo gene delivery is efficient and specific transfection of distant tissues,
such as tumors or disseminated metastasis. Viral vectors, although producing high levels
of transduction, have many disadvantages in this direction: Viral vectors are difficult to
prepare, lack the ability to be targeted to distinct tissues or cell species, and have draw-
backs regarding cytotoxicity and immunogenicity (/, 2). Therefore, non-viral vector are
regarded as a promising alternative (3, 4). Polyethylenimine, one of the most cited poly-
cations for non-viral gene delivery, was not only successfully utilized as transfection
reagent in vitro but also proofed to be efficient after intravenous injection in vivo (35-7).
However, it was repeatedly documented that intravenous injection of unmodified PEI
polyplexes results in accumulation of the vector mainly in the lung and liver (8-10). A
possible solution for this problem is to modify PEI with hydrophilic polymers such as
polyethylenglycol (PEG) or poly(N-(2-hydroxypropyl)methacrylamide) (pHPMA) (11,
12). 1t was shown for liposomes that PEGylation strongly increased blood circulation
times due to decreased unspecific interactions (/3). However, grafting of PEI with PEG
did not in every case result in increased blood levels of polyplexes (8, 74). It was hy-
pothesized by de Wolf et al. that polyplexes prepared with PEG-PEI copolymers are still
prone to efficient opsonization and therefore prolongation of blood residence time is
relatively small compared to results found with PEG-liposomes (/0). In addition to suf-
ficiently long circulation times in blood, polyplexes need to specifically bind to the de-
sired target tissue. Antibody conjugation was shown to be exceptionally suitable to tar-
get PEI polyplexes to a certain tissue (5). Furthermore, it was recently shown by us that
antibody modification not only potentially increases specificity of vectors but also re-
sulted in increased area under the curve of intravenously injected polyplexes (see chap-
ter 3). Therefore, we sought to study targeting of a subcutaneously growing, HER2

overexpressing tumor with conjugates characterized in chapter 3.

Tumor models that overexpress HER2 are only rarely described in the literature (/5-19).
None of these models was used for transfection studies using PEI polyplexes after intra-
venous administration. Furthermore, in most of these studies BT-474 cells were injected
in SCID mice, which previously received sustained release estradiol pellets. However,

this procedure is not in accordance with the application for animal studies in our lab.
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Therefore, we sought to screen different HER2 expressing cell lines for their ability to
form subcutaneous tumors in SCID mice. The resulting tumors were then macroscopi-
cally, histologically and immunonologically characterized. Then, PEI and PEI-PEG-
Trastuzumab polyplexes were used to study transfection efficiency after intravenous and

intratumoral injection.

4.3 Materials and Methods

Cell Culture. SK-OV-3, BT-474 and SK-BR-3 cells were obtained from ATCC (Manas-
sas, VA, USA) and cultured in Dulbecco's modified Eagle's medium with 4 mM L-
glutamine, 4.5 g/L glucose and 10% fetal calf serum (FCS). Cells were collected for
injection by washing with PBS without Ca>" and Mg*" and adding trypsin-EDTA to the
plate for 5 min at 37 C.

Mouse Tumor Model. All animal procedures were approved and controlled by the local
ethics committee and carried out according to the guidelines of the German law of pro-
tection of animal life. Female SCID mice were kept in a barrier room under permanent
sterile conditions and had continual access to food and water, which were taken ad libi-
tum. Throughout the experiment mice were housed in laminar flow racks under specific
pathogen-free conditions, and were monitored daily for general health status. All ani-
mals were shaved on the right flank and injected subcutaneously with five million cells
in 150 ul (70 pl cell suspension in PBS mixed with 70 ul Matrigel Matrix HC, BD Bio-
sciences). SK-OV-3 tumors grew predictably in all mice and reached a size of 9-11 mm
diameter in 10-14 days after injection. The size of the tumor was measured with a digi-

tal caliper in three dimensions.

Histology. For histology of tumor tissue, tumors were placed in 4% formalin in phos-
phate-buffered saline (PBS) for 24 hours prior to being dehydrated in graded solutions
of alcohol and xylene and embedded in paraffin. After embedding, 5 um sections were
cut with a RM2265 microtome (Leica, Wetzlar, Germany), and mounted on Superfrost
Microscope slides (Menzel, Brausnchweig, Germany). Slides were incubated at 60°C
over night. For hematoxylin and eosin (H&E) staining, tissue sections on slides were
deparaffinized in xylene for 10 minutes, hydrated in a series of ethanol solutions (100%,

90%, 70%) for 3 minutes each, rinsed in PBS for 2 minutes, stained with hematoxylin
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for 20 seconds, and then rinsed in distilled water until excess stain was removed. Tissue
sections were then counterstained in an eosin solution for ten minutes, and rinsed in
distilled water until excess stain was removed. Tissue sections were dsehydrated in a
series of ethanol solutions (70%, 90%, 100%) for 3 minutes each, and then incubated in
xylene for 1 minute prior to being coverslipped using Histofluid (Marienfeld, Lauda-

Konigshofen, Germany).

Immunofluorescence staining. After dissection, tumors were immediately placed in
Tissue-Tek mounting medium followed by freezing at -80 C. Sections were cut 5 um
thick on a cryotome (CM3050 S, Leica, Wetzlar, Germany). For immunofluorescence
staining microsections were fixed with formaldehyde 4% for 10 min and blocked with
PBS/2% FCS for 10 min. For specific staining of endothelial cells, slides were incu-
bated for 2 h with the primary antibody: anti-mouse CD31 [rat], Pharmingen, diluted
1:200. After washing, slides were incubated for 1 h with the secondary antibody: anti-rat
Alexa 467, diluted 1:200. Similarly, murine macrophages were stained using a FITC
conjugated rat anti mouse F4/80 antibody (Serotec) diluted 1:20. The same procedure
was used for HER2 specific staining of tumor sections. Trastuzumab was used as a pri-
mary antibody and detected using a FITC-anti-human antibody (Sigma, Taufkirchen,
Germany). Finally, sections were stained with DAPI (1 pg/mL) for 20 minutes. Sections
were mounted with FluorSave mounting medium, and evaluated under a Zeiss Axiovert
200 fluorescence microscope equipped with an Axiocam CCD camera or a Zeiss Axio-
vert 100 M fluorescence microscope equipped with a LSM 510 confocal laser scanning

device in the case of HER2 staining.

Polyplex preparation and application in tumor-bearing mice. DNA and polymers
were diluted in a 1:1 mixture of HBS and HBG, mixed in equal parts and incubated for
10 min at RT before application. In all experiments an N/P ratio of 6 was used. For in-
travenous injections transfection complexes containing 50 ug DNA in 250 ul were used.
In the case of intratumoral application, 100 ul of polyplex solution containing 25 ug
DNA were slowly injected into the tumor using an insulin syringe (BD Ultra-Fine, BD

Biosciences).

Photon Correlation Spectroscopy: Hydrodynamic diameters of freshly prepared poly-

plexes were determined using a Zetasizer Nano ZS (Malvern Instruments, Herrenberg,
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Germany) equipped with a 4 mW He-Ne laser at a wavelength of 633 nm at 25 °C. Scat-
tered light was detected at a 173° backward scattering angle. The viscosity and refrac-

tive index of water at 25 °C was used for data analysis.

Luciferase reporter gene expression in vivo. Animals were sacrificed and organs were
resected and homogenized in lysis buffer (Promega, Mannheim, Germany) using an
IKA-Homogenizer, snap frozen in liquid nitrogen and stored at -80 °C. The tissue lys-
ates were centrifuged at 4000 g for 10 min at 4 °C to pellet debris. Luciferase activity of
an aliquot of the sample was measured for 30 s on a LB9507 luminometer (Berthold,
Bad Wildbad, Germany) using a commercial kit (Luciferase Assay System, Promega).
Protein concentration was determined using a modified commercial kit (BCA Assay,
Pierce) and transfection efficiency was expressed as pg of luciferase per mg of protein

(20).

4.4  Results and Discussion
4.4.1 Establishment and characterization of a HER2 overexpressing tumor model.

To study HER?2 targeted polyplexes in vivo, a tumor model showing HER2 overexpres-
sion was developed in SCID mice and tumors were characterized. To augment growth
of tumors, Matrigel™ HC was used as a 1:1 mixture with 5x10° tumor cells. The HER2
overexpressing cell lines SK-BR-3, SK-OV-3 and BT-474 were tested for their ability to
form tumors in SCID mice after subcutaneous injection. Only SK-OV-3 cells formed
tumors of sufficient size and growth rate under these conditions. After injection of 5x10°
cells, mice developed tumors with diameters of about 9-11 mm within 10 to 14 days.
SK-OV-3 tumors were compared to a well established tumor model, Neuro2A, concern-

ing macroscopic appearance, histology, vascularization and HER2 expression (6, 21).

Tumors were macroscopically evaluated concerning tumor structure and vascularization
(Figure 1). Both tumors showed no necrotic areas and no cavitation. However, tumor
tissue of SK-OV-3 tumors appeared to be more rigid and dense compared to Neuro2A
tumors. SK-OV-3 tumors were surrounded by large blood vessels but tumor tissue itself
was only sparsely vascularized. In contrast, Neuro2A tumors showed lesser large blood

vessels surrounding the tumor but a higher vascularization of tumor tissue.
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Figure 1. Dissections of SK-OV-3 (a) and Neuro2A (b) tumors showing the macroscopic ap-

pearance and internal structure (tumors cut in half).

Tumor fine structure was evaluated on 5 um sections of paraffin embedded and hema-
toxylin and eosin (H&E) stained tissues (Figure 2). Again, SK-OV-3 tumors showed a
dense inner structure with large amounts of connective tissue while Neuro2A tumors
were only loosely organized. Both, SK-OV-3 and Neuro2A tumors showed no necrotic
areas. Microvascularization of tumor tissue was also evaluated in H&E stained sections.
We found large amounts of capillaries and small blood vessels in Neuro2A tumors. Vas-
cularization of SK-OV-3 tumors was less distinct with only few small blood vessels and

capillaries which were mainly associated with connective tissue.
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Figure 2. Histology of hematoxylin and eosin stained 5 um sections of SK-OV-3 (a) and
Neuro2A (b) tumors at 25x (I, scale bar represents 50 um) and 40x (1I, scale represents 20 um)

magnification

Tumor vascularization and macrophage infiltration was previously found to be of high
importance for the efficiency of gene delivery via the intravenous route. A low vascu-
larization and/or significant macrophage infiltration strongly reduced the efficacy of

PEI/DNA polyplexes as well as of transferrin- and EGF-targeted PEI vectors (21).

Vascularization of tumors was studied in detail using immunofluorescence staining with
CD31 as a primary antibody to detect endothelial cells (Figure 3). Observations made
with H&E stained tissue sections were verified using this technique. SK-OV-3 tumors
showed medium vascularization consisting mainly of mature blood vessels. In contrast,
Neuro2A tumors were nerved with capillaries and immature and discontinuous type
blood vessels (compare Figure 2 b and Figure 3). No significant macrophage infiltration

was found in both tumors (data not shown).

HER?2 expression was studied in cryosections of tumor tissue by immunofluorescence
using Trastuzumab as a primary antibody. Again, HER2 negative Neuro2A tumors
served as a control (Figure 4). In SKOV-3 tumors the entire tumor mass, excluding con-
nective tissue and blood vessels, was stained positive for HER2. In contrast, Neuro2A

tumors showed no HER2 expression.
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Figure 3. Immunohistochemistry of 5 um cryosections of SK-OV-3 (a) and Neuro2A (b) tumors.
Phase contrast transmitted light image (I), anti-CD31 antibody and secondary Alexa 647-
antibody (II) and merge (I11).

Figure 4. Immunohistochemistry of 5 um cryosections of SKOV-3 (a) and Neuro24 (b) tumors.

HER?2 was detected using Trastuzumab as primary and anti-human-FITC as secondary anti-
body (Bar represents 30 um). Transmitted light image (upper left), HER?2 staining (upper right),

staining of nuclei (lower left) and merge (lower right) are shown.
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4.4.2 Invivo studies using unmodified PEI and PEI-PEG-Trastuzumab polyplexes

The primary aim of developing a HER2 targeted gene delivery system was to study the
efficiency of targeted non-viral vectors after systemic application. Pharmacokinetics and
biodistribution of these vectors were studied in mice and showed promising results
compared to both unmodified PEI polyplexes and free DNA (see Chapter 3). Therefore,
the targeting effect of PEI modified with Trastuzumab via a heterobifunctional PEG
linker of 2 kDa was studied using the HER2 overexpressing tumor model characterized

above.

Polyplex sizes were determined in 0.5 x HBS by photon correlation spectroscopy. All
polyplexes under these conditions formed polyplexes in the range of 180 to 240 nm
(Figure 5). Therefore, these polyplexes were regarded suitable for endosomal uptake on

one hand and intravenous administration on the other hand.
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Figure 5: Hydrodynamic diameters and polydispersity indices of PEI, PEI-PEG and PEI-PEG-
Trastuzumab polyplexes with pDNA at N/P 6 determined in 0.5 x HBS buffer.
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In the first attempt, polyplexes containing 50 pg luciferase-encoding plasmid were ad-
ministered intravenously via the tail vein. Signs of acute toxicity or lethality after treat-
ment as described by Merdan et al. and Ogris et al. were not observed in our study (8,
22). Polyplex injections were well tolerated in all cases. Luciferase expression in main
organs and tumor are shown in Figure 6. However, significant luciferase expression was
only found in the lung after administration of unmodified PEI polyplexes. As expected,

PEG-shielded conjugate polyplexes showed no unspecific transfection of the lung or
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other main organs (&). But neither PEI nor PEI-PEG-Trastuzumab polyplexes generated
significant luciferase expression in the tumor. It was shown by Smrekar et al. that vascu-
larization and macrophage infiltration of tumor tissue are important determinants for the
efficiency of non-viral gene delivery systems in vivo. In this study, only well vascular-
ized tumors showing low macrophage infiltration could be transfected efficiently (27).
To explain our findings we hypothesize that tumor tissue of SK-OV-3 tumors is too
sparsely vascularized and especially lacks immature blood vessels and capillaries.
Therefore, the tumor vasculature lacks increased permeability as found in Neuro2A tu-
mors. This hypothesis is supported by characterization of tumor tissue described above
and by findings of Kong et al. (23). The authors investigated extravasation of 100 nm
liposomes from tumor microvasculature in vivo in an athymic nude mouse dorsal skin
flap window chamber model. In this study no extravasation of liposomes into the tumor

interstitium was observed under normothermic conditions.
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Figure 6: Luciferase expression in the main organs and tumor 48 hours after intravenous appli-
cation of PEI and PEI-PEG-Trastuzumab polyplexes at N/P 6 and a dose of 50 ug pDNA per

mouse.

In a second approach, targeting of HER2 expressing SK-OV-3 tumors was tested by
intratumoral administration of polyplexes. For this purpose, 25 pg pDNA were com-
plexed with either PEI or PEI-PEG-Trastuzumab at N/P 6 in a total volume of 100 pl.
After 10 minutes incubation, polyplex solution was slowly injected into the tumors us-
ing an insulin syringe. The results are shown in Figure 7. A high variability of transfec-

tion efficiency was found which is potentially due to low reproducibility of intratumoral
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injections. However, using PEI-PEG-Trastuzumab conjugates transfection of the tumor
tissue was slightly improved compared to PEI polyplexes, but differences were not sta-
tistically significant. A possible solution for this dilemma might be to increase the num-

ber of animals per group.
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Figure 7. Luciferase reporter gene expression in the tumor 24 hours after intratumoral applica-

tion of PEI and PEI-PEG-Trastuzumab polyplexes at a dose of 25 ug pDNA per mouse.

To solve all these problems, the current system needs several improvements. Obviously,
the chosen tumor model is not perfectly suitable for HER2 targeting of nonviral vectors
via the intravenous route. The use of either a BT-474 tumor model (in combination with
implantation of an estradiol pellet) or MCF-7 cells stably transfected with HER2 might
help to solve these problems (/7, 24). However, an important question one might raise
at this point is which tumor model is able to mimic the situation in patients. In reality
one might face situations ranging from easily accessible tumors (represented by
Neuro2A tumor model) to tumors showing lower or no accessibility (as in the case of
SK-OV-3 tumor model). This issue should be addressed when approaching a specific
target tissue and designing an appropriate in vivo model. Secondly, transfection particles
need further improvement. Circulation times of targeted vectors were significantly in-
creased compared to non-targeted PEI polyplexes in one of our previous studies (see
chapter 3). Nevertheless, polyplex half-life in blood remains to be extremely short com-
pared to PEGylated liposomes (/3). De Wolf et al. hypothesized that the so called post-
PEGylation approach might, at least in part, be a solution for this problem (/0). How-

ever, from our point of view, this approach also has some drawbacks regarding purifica-
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tion and characterization of polyplexes, especially in a clinical setting. Another possible
improvement might involve additional stabilization of polyplexes by surface-
crosslinking as described by Neu et al. (25, 26). But in this case again subsequent puri-
fication procedures and the necessity to use organic solvents are challenging formula-

tion problems especially regarding later use in humans.

4.5 Conclusion

In this study a tumor model showing HER2 overexpression was successfully developed.
SK-OV-3 tumors grew predictably in a time frame of 2 weeks after injection. Further-
more, we intensively characterized tumors with respect to macroscopic appearance, his-
tology, vascularization and HER2 expression. Results were compared to a well estab-
lished tumor model Neuro2A. SK-OV-3 tumors in these experiments showed significant
differences to Neuro2A concerning tumor structure as well as vascularization. Intrave-
nous injection of targeted polyplexes did not result in efficient transfection neither of the
tumor nor any other organ. Therefore, targeting via intratumoral injection was evalu-
ated. Using this technique, achieving robust results proved to be far more difficult than
with intravenous injection. PEI-PEG-Trastuzumab polyplexes tended to be more effec-

tive than PEI polyplexes in these experiments, but differences were not significant.

In general, this study is regarded as a first step towards in vivo targeting of Trastuzumab
decorated PEI vectors. Basic knowledge on techniques and underlying problems of es-
tablishment of tumor models and major obstacles in in vivo gene delivery was gathered.
This knowledge is hoped to trigger further rational design of tumor models as well as of

vector systems and finally might result in efficient targeted gene delivery in vivo.
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5.1 Abstract

Chitosan, trimethyl chitosan or polyethylenglycol-graft-trimethyl chitosan/DNA com-
plexes were characterized concerning physicochemical properties such as hydrodynamic
diameter, condensation efficiency and DNA release. Furthermore, cytotoxicity of poly-
mers and uptake- and transfection efficiency of polyplexes were evaluated in vitro. Un-
der conditions found in cell culture, formation of aggregates of ~1000 nm and strongly
decreased DNA condensation efficiency was observed in the case of chitosan poly-
plexes. These characteristics resulted in only 7% cellular uptake in NIH/3T3 cells and
low transfection efficiencies in 4 different cell lines. By contrast, quaternization of chi-
tosan strongly reduced aggregation tendency and pH dependency of DNA complexa-
tion. Accordingly, cellular uptake was increased 8.5-fold compared to chitosan poly-
plexes resulting in up to 678-fold increased transfection efficiency in NIH/3T3 cells.
Apart from reduction of the cytotoxicity, PEGylation led to improved colloidal stability
of polyplexes and significantly increased cellular uptake compared to unmodified
trimethyl chitosan. These improvements resulted in a significant, up to 10-fold increase
of transfection efficiency in NIH/3T3, L929 and MeWo cells compared to trimethyl
chitosan. This study not only highlights the importance of investigating polyplex stabil-
ity under different pH- and ionic strength conditions but also elucidates correlations
between physicochemical characteristics and biological efficacy of the studied poly-

plexes.

5.2 Introduction

Chitosan (poly[f-(1-4)-2-amino-2-deoxy-D-glucopyranose]) is a biodegradable bio-
polymer emerging as a promising non-viral vector for gene delivery (/). Chitosan is
derived by partial deacetylation of the naturally occurring polysaccharide chitin from
crustacean shells. Due to its low toxicity and biocompatibility, chitosan received in-
creasing attention as a versatile excipient. Besides its application in non-viral gene de-
livery, it was applied in such diverse fields as intestinal delivery of protein drugs, tissue

engineering and vaccine delivery (2-4).
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Due to its apparent pK, of 6.5, chitosan is only soluble under acidic solutions (/). This
property causes several problems in the formulation of chitosan/DNA complexes (poly-
plexes). Typically, complexes of plasmid DNA (pDNA) and chitosan have to be pre-
pared in acidic buffers with low ionic strength. Under these conditions, formation of
small and stable polyplexes was reported (5). However, only few authors investigated
the behavior of the resulting polyplexes under physiologic conditions, e.g. as found after
addition to the cell culture media (6-8). The development of particle size, zetapotential
and polyplex stability in physiologic media are of special importance for cellular uptake
and consequently for transfection efficiency. Furthermore, it was shown that chito-
san/pDNA polyplexes are highly stable and that release of pDNA is not easily achieved
(6, 9). It was suggested that this property might contribute to a sustained release of
pDNA, leading to a prolonged reporter gene expression compared to standard vectors
like polyethylenimine or Lipofectamine® (9). Nevertheless, in vitro transfection effi-
ciency of chitosan polyplexes remains poor compared to the above mentioned standards

(10-12).

To overcome these drawbacks, quaternized chitosan (trimethyl chitosan, TMC) oli-
gomers were used to prepare polyplexes (/0). These polymers efficiently condensed
DNA and formed small polyplexes even at neutral pH. Furthermore, TMC/pDNA com-
plexes increased transfection efficiency 5 to 131-fold compared to naked DNA, whereas

efficiency of chitosan polyplexes was only 2 to 4-fold increased (/0).

In our department, quaternized derivates based on depolymerized chitosan of different
molecular weight were synthesized (/3). To further improve solubility and biocompati-
bility, a set of polyethylenglycol (PEG) grafted trimethyl chitosan polymers with vary-
ing PEG molecular weight and grafting ratio was prepared (/4). Mao et al. showed that
PEG-trimethyl chitosan efficiently complexes insulin and that complexes are readily

taken up by Caco-2 cells (15).

We now extend this concept to non-viral gene delivery. We hypothesized that hydrody-
namic diameters of the complexes affect the efficiency of polyplex uptake, which is one
of the major hurdles in the transfection process. As mentioned above, efficient com-
plexation of pDNA resulting in small polyplex sizes and sufficient complex stability

under physiological conditions are major problems in gene delivery using chitosan.
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These problems can in part be overcome with quaternized chitosan as shown by Thanou
et al. (/0). However, the cytotoxicity of these polymers was also significantly increased
compared to unmodified chitosan (/4). Besides decreasing the cytotoxicity of trimethyl
chitosan, PEG grafting was thought to enhance colloidal stability and to help maintain-
ing polyplex sizes under different conditions, potentially resulting in increased uptake

efficiency in vitro (/6).

In this study, we determined physicochemical properties, such as complexation effi-
ciency, particle size, and stability of polyplexes formed with chitosan, trimethyl chitosan
and PEG-trimethyl chitosan. We tried to correlate these properties with uptake effi-
ciency of polyplexes assessed by flow cytometry and transfection efficiency in different
cell lines under in vitro conditions. Based on these data we elucidate the main factors

influencing transfection efficiency of non-viral vectors based on chitosan in vitro.

5.3 Materials and Methods

Materials: Chitosan (MW ~400 kDa, degree of deacetylation 84.7%) was purchased
from Fluka (Steinheim, Germany) and depolymerized as described previously (/3).
Trimethyl chitosan (TMC) and PEG-g-TMC were synthesized as described earlier (/4).
Branched polyethylenimine 25 kDa (PEI) was a gift from BASF (Ludwigshafen, Ger-
many). Luciferase encoding plasmid pCMV-Luc was purchased from Plasmid Factory

(Bielefeld, Germany).

Cell Culture: NIH/3T3 (mouse embryo; ATCC: CRL-1658), L-929 (mouse subcutane-
ous connective tissue; ATCC: CCL-1), MeWo (human malignant skin melanoma;
ATCC: HTB-65) and A549 (human non-small-cell lung carcinoma; ATCC: CCL-185)
cells were purchased from ATCC (Teddington, UK) and maintained in DMEM (PAA
Laboratories, Colbe, Germany) supplemented with 10% fetal calf serum (Cytogen, Sinn,

Germany) in humidified atmosphere with 5% CO; at 37°C.

Formation of Polyplexes: Polyplex formation was performed under optimal conditions
identified in (/7). Briefly, pDNA was diluted with 15 mM acetate buffer, pH 5.5 to 0.04
g/L and was added to the appropriate amount of polymer in the same buffer in equal
parts to obtain the desired polymer nitrogen to DNA phosphate (N/P) ratio. Polyplexes

were mixed on a vortex mixer and incubated for 30 minutes at RT before use.
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Agarose Gel Electrophoresis: 50 pl polyplex solution was prepared as described
above. Where applicable, heparin was added and incubated with polyplexes for 30 min-
utes at RT. 10% v/v glycerol was added and 20 pl of the solution were applied to a 1%
agarose gel in TAE (40 mM Tris/HCI, 1% acetic acid, ]| mM EDTA, pH 7.4) containing
0.6 pg/mL of ethidium bromide. Electrophoresis (Electro-4, Thermo Electron, Waltham,
MA, USA) was carried out a constant voltage of 70 V for 45 minutes in TAE buffer.
Ethidium bromide fluorescence was detected using a gel documentation system (Bio-
DocAnalyze, Biometra, Gottingen, Germany) and images were processed with ImageJ

1.38s (18).

Ethidium Bromide Exclusion Assay: DNA condensation was measured by exclusion
of ethidium bromide as described earlier (/9). Briefly, 4 ug of herring testes DNA were
complexed with ascending amounts of polymer in a final volume of 280 pl 15 mM so-
dium acetate buffer, pH 5.5 or HEPES buffered saline solution, pH 7.4, respectively.
After incubation for 30 minutes at RT, 20 pl of a 0.1 mg/mL ethidium bromide solution
were added and solutions were mixed intensively. Fluorescence was measured using a
fluorescence plate reader (LS 50 B, Perkin-Elmer, Rodgau-Jiigesheim, Germany) at 518
nm excitation and 605 nm emission wavelengths. Results are given as relative fluores-
cence intensity values where 1 represents fluorescence of DNA without polycation and
0 represents remaining fluorescence of non-intercalating ethidium bromide. Results are

given as means of triplicate measurements.

Size and (-potential: Hydrodynamic diameters of undiluted polyplex solutions were
determined in a volume of 50 ul. Subsequently, polyplex solutions were diluted with
DMEM without FCS to 700 ul and polyplex size measurements were repeated. Meas-
urements were performed using a Zetasizer Nano ZS (Malvern Instruments, Herrenberg,
Germany) equipped with a 4 mW He-Ne laser at a wavelength of 633 nm at 25 °C. Scat-
tered light was detected at a 173° backward scattering angle. The viscosity and refrac-
tive index of water at 25 °C was used for data analysis. Polyplex solutions were pre-
pared as described above. Hydrodynamic diameters were determined in disposable
cuvettes (UVette, Eppendorf, Wesseling-Berzdorf, Germany) at least in sextuplicates
and averaged. Zeta potential measurements were performed in a folded capillary cell
(Malvern Instruments, Herrenberg, Germany) at least in triplicate. Dispersion Technol-

ogy Software 5.00 (Malvern Instruments, Herrenberg, Germany) was used for data ac-
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quisition and analysis. The accuracy of the instrument was validated using reference
polymer particles (Nanosphere Size Standards of 50, 100 and 200 nm, Duke Scientific
Corp., Palo Alto, CA, USA) and with Zeta Potential Transfer Standard (Malvern In-

struments, Herrenberg, Germany).

Atomic Force Microscopy: Size and surface morphology of polyplexes was analyzed
by atomic force microscopy. Complexes of pCMV-Luc and polymers were prepared at
an N/P ratio of 30 as described above. Silicon chips were used as sample support. The
chips were incubated with complex suspension for 10 min before drying in a stream of
dry nitrogen gas. Samples were investigated within 2 hours of preparation. Microscopy
was performed on a NanoWizard (JPK Instruments, Berlin, Germany). Commercial
silicon nitride tips attached to an I-type cantilever with a length of 230 um and a nomi-
nal force constant of 40 N/m (NSC16 AlBsMicromasch, Estonia) were used. All meas-
urements were performed in intermittent contact mode to avoid damage to the sample

surface. The scan frequency was 0.6 Hz and scan size was 5x5 um.

Cytotoxicity: Cytotoxicity of polymers was determined in quadruplicate by MTT assay
according to the method of Mossmann (20). NIH/3T3 cells were seeded into 96-well
plates at a density of 0.8x10* cells/well. After 24 hours cell culture medium was aspi-
rated and replaced by 200 ul serial dilutions of polymer stock solution in cell culture
medium with FCS. The cells were then incubated for 4 or 24 hours at 37 °C, respec-
tively. Afterwards, medium was replaced by DMEM without serum containing 0.5
mg/mL MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide, Sigma,
Deisenhofen, Germany). After 4 hours incubation at 37 °C in the dark, medium was
aspirated and formazan crystals were dissolved in 200 ul dimethylsulfoxide per well.
Measurement was performed using an ELISA reader (Titertek Plus MS 212, ICN,
Eschwege, Germany) at a wavelength of 570 nm and 690 nm. Relative viability was
calculated using 0% (wells without cells) and 100% (wells with untreated cells) con-

trols.

Flow Cytometry: NIH/3T3 cells were seeded in 24 well plates (6¥10* cells/well) 24
hours prior to the experiment. Polyplexes were prepared at N/P 30 for chitosan, TMC50
and PTMC50 and N/P 6 for PEI using 2.5 pg pCMV-Luc per well. DNA was YOYO-1

labeled as described elsewhere (27). Cells were incubated with polyplexes for 4 hours at
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37 °C in cell culture medium with FCS. Then, cells were washed with PBS once and
incubated for 5 minutes with 0.4% trypan blue solution to quench extracellular fluores-
cence. Cells were detached using trypsin and suspended in a 1:1 mixture of FACSFlow
(BD Biosciences, San Jose, CA) and 4% paraformaldehyd in PBS for cell fixation. Sus-
pensions were measured on a FACScan (BD Biosciences, San Jose, CA) with excitation
at 488 nm and emission filter set to 530/30 bandpass. 10.000 viable cells were evaluated
in each experiment and results are the mean of 3 independent measurements. Data ac-
quisition and analysis was performed using CellQuest Pro (BD Biosciences, San Jose,
CA) and FCS Express V3.00 (DeNovo Software, Thornhill, Canada). Results were sta-

tistically analyzed using one-way ANOVA with Bonferroni post-tests.

Confocal Laser Scanning Microscopy: 1.5%10* NIH/3T3 cells were seeded per well in
8 well chamber slides (Nunc, Wiesbaden, Germany) and allowed to grow for 24 hours.
Polyplexes were prepared as described above using 0.5 pg DNA/well and incubated
with the cells for 4 hours at 37 °C in DMEM with FCS. Subsequently, cells were
washed with PBS, fixed using 4% paraformaldehyd in PBS, DAPI stained and washed
with trypan blue solution as described elsewhere or above (22). Finally cells were em-
bedded using FluorSave Reagent (Calbiochem, San Diego, CA). A Zeiss Axiovert 100
M microscope coupled to a Zeiss LSM 510 scanning device (Zeiss, Oberkochen, Ger-
many) was used for confocal microscopy. For excitation of YOYO-1 fluorescence, an
argon laser with an excitation wavelength of 488 nm was used. Fluorescence emission
was detected using a 505-530 nm bandpass filter. Transmission images were obtained in
the same scan. In a second scan, DAPI was detected using a Coherent Enterprise 11 653
laser (Coherent, Inc., Santa Clara, CA) with an excitation wavelength of 364 nm and a

385 nm long-pass emission filter.

Transfection Experiments: For transfection experiments 2.5x10* cells were plated per
well in a 24-well plate. After 24 hours of growth, medium was replaced by 0.5 mL of
fresh, complete cell culture medium. Polyplexes were prepared in a final volume of 100
ul (containing 2 pg pDNA) per well, incubated for 30 minutes at RT and subsequently
added to the wells. Medium was exchanged again after 4 hours and cells were incubated
for an additional 68 hours. Luciferase gene expression was quantified using a commer-
cial kit (Promega, Mannheim, Germany) and photon counting on a luminometer (Sirius,

Berthold, Pforzheim, Germany). Results were measured in relative light units per sec-
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ond (RLU/s) and converted to nanograms of luciferase using a standard curve of recom-
binant luciferase (Promega, Mannheim, Germany). Protein concentration was deter-
mined using a modified BCA assay (Perbio Science, Bonn, Germany) with bovine se-
rum albumin as a standard (23). All experiments were performed in triplicate and results
are expressed as nanograms of luciferase per milligrams of protein. Results were statis-

tically analyzed using two-way ANOVA with Bonferroni post-tests.

5.4 Results and Discussion

Chitosan and chitosan derivatives

Chitosan of different molecular weight and degree of deacetylation was published as
potential non-viral gene delivery vector (9, 24, 25). These vectors were described to
possess a low cytotoxicity, biodegradability and good transfection efficiency. Thanou et
al. described a derivative of chitosan, quaternized chitosan (trimethyl chitosan, TMC),
showing an increased solubility at physiologic pH and superior transfection efficiency
compared to chitosan (/0). However, quaternization of chitosan was shown to increase
cytotoxicity in L929 cells in our laboratory (/4). To decrease cytotoxicity on the one
hand and further increase solubility on the other hand, polyethylenglycol modified
TMCs with different grafting ratios and PEG chain lengths were synthesized. A set of
PEGylated TMCs was tested for transfection efficiency in NIH/3T3 cells (data not
shown) and trimethyl chitosan 50 kDa with PEG chains of 550 Da (TMC 50 kDa-g-
PEG (550 Da)j6, abbreviated as PTMC50) was selected for a more detailed study.
Physicochemical and biological properties of PTMC50 were compared to unmodified
TMC and chitosan of 50 kDa (abbreviated as TMC50 and C50, respectively) to gain
insight into structure-efficiency relationships of these vectors. To be able to objectively
compare the properties of our new vectors with well known standards, branched poly-
ethylenimine 25 kDa (PEI) at an optimized nitrogen/phosphate (N/P) ratio of 6 was in-
cluded in the study.

Physicochemical characterization of polyplexes

An important prerequisite for efficient gene delivery using cationic polymers is the for-

mation of small sized and stable polyplexes with pDNA under physiological conditions
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(26). The ability of chitosan and chitosan derivatives to complex pDNA was studied by
agarose gel electrophoresis (Fig. 1). Polyplexes were prepared at N/P ratios ranging
from 0.47 to 30. In accordance with findings by Erbacher et al. (24), unmodified chito-
san of 50 kDa was found to retard pPDNA migration at a N/P ratio of about 2. TMC50
and PTMC50 both showed slightly increased complexation efficiencies, potentially due

to the change from acidic to neutral pH during electrophoresis.

ctrl  0.07 014 0.28 056 113 225 4.5
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Figure 1. Agarose gel electrophoresis of chitosan, TMC50, PTMC50 and PEI polyplexes. Com-
plexes were prepared at N/P ratios ranging from 0.47 to 30 for chitosans and 0.07 to 4.5 for
PEI in 15 mM acetate buffer pH 5.5.

Several studies addressed the influence of ionic strength and pH during chitosan/pDNA
polyplex formation (8, 17, 27). These parameters were found to significantly influence
complex size, zeta potential and stability. To study polyplex formation between and chi-
tosan or modified chitosans at different pH and salt concentrations, ethidium bromide
exclusion assays were performed (Fig. 2). When polyplexes were prepared in 15 mM
acetate buffer pH 5.5, unmodified chitosan was most efficient in pPDNA condensation.
The condensation efficiency of TMC50 was comparable with PTMC50 but slightly de-
creased compared to chitosan. In contrast, if pH was adjusted to 7.4 and ionic strength
was higher, condensation efficiency of unmodified chitosan was strongly decreased due

to the reduction of the degree of ionization and solubility (27). DNA condensation of
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TMC50 and PTMC50 was less affected by changes in pH and ionic strength. Our results
confirm the hypothesis that quaternized chitosans bind stronger to DNA than the un-
modified polymer at neutral pH (/0). Furthermore, our experiments show that PEGyla-
tion did not negatively affect condensation properties of quaternized chitosan neither

under acidic, low ionic strength nor under physiological conditions.
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Figure 2. DNA condensation efficiency of polymers studied by ethidium bromide exclusion as-
say. Experiments were performed under acidic, low ionic conditions (a) and under conditions

resembling characteristics of cell culture media (b).

In the next step, hydrodynamic diameters and morphology of polyplexes were evaluated
by photon correlation spectroscopy (PCS) and atomic force microscopy (AFM). To re-
semble conditions after polyplex formation on the one hand and after addition of poly-
plexes to cell culture media on the other hand, sizes were determined in acetate buffer

and after dilution 1:14 with DMEM by PCS (Fig. 3).
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Figure 3. Size distributions by volume of polyplexes at N/P 30 (chitosans) and N/P 6 (PEI) pre-
pared in 15 mM sodium acetate buffer pH 5.5 (top) and after dilution with DMEM (bottom).

When polyplexes were prepared in acetate buffer (15 mM, pH 5.5) at N/P 30, chitosan
produced a bimodal distribution with particles of 244 nm (154 nm peak width, 48%
volume) and 3768 nm (1301 nm peak width, 52% volume). Bimodal distributions were
also found with TMC50, PTMCS50 and PEI polyplexes. However, > 80% (volume)
comprised particles of 174 nm (181 nm peak width), 311 nm (167 nm peak width) and
105 nm (95 nm peak width), respectively (Fig. 3). Atomic force microscopy confirmed
formation of spherical complexes in all cases, which were accompanied to a smaller or

bigger extent by particle aggregates (Fig. 4).
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C50 TMCS50 PTMCS50

Figure 4. AFM topography images of polyplexes prepared in 15 mM acetate buffer pH 5.5 at
N/P 30. Edge length: 5x5 um.

After dilution with DMEM (ionic strength 166 mM, pH 7.4), a remarkable increase in
polyplex sizes of chitosan/pDNA particles to 1049 nm (471 nm peak width) was seen.
Results by Erbacher et al. and Strand et al., which described a bimodal size distribution
and formation of aggregates for chitosan/pDNA polyplexes under physiologic condi-
tions support these findings (24, 27). TMC50 polyplexes showed only a moderate in-
crease of polyplex sizes to 334 (206 nm peak width) after dilution. In contrast, the size
of PTMC50 polyplexes decreased after dilution with DMEM to 142 nm (48 nm peak
width). We hypothesize that free chitosan in solution and chitosan polymers on the sur-
face of polyplexes are discharged due to the change in pH after addition of DMEM.
Charge repulsion between polyplexes is decreased, causing the formation of aggregates.
In the case of quaternized chitosan ionization of the polymer is less dependent on the
pH of the solution (compare Fig. 2) and discharging of polyplex surface is diminished.
With PTMC50 aggregate formation is additionally reduced due to stabilization by PEG
chains. Under the conditions chosen here, a moderate increase of hydrodynamic diame-
ter to 344 nm (165 nm peak width) was found for PEI polyplexes after dilution with
DMEM.

Chitosan/pDNA polyplexes were shown to be very stable under acidic and low ionic
strength conditions by ethidium bromide exclusion experiments and laser light scatter-
ing. However, after changing to physiological conditions, chitosan polyplexes tend to
form aggregates and show a decreased binding affinity for pPDNA. Chitosan polyplexes
showed neutral zeta potentials of 0.95 £ 2.56 mV potentially due to the low degree of
ionization under these conditions (27). Similar findings were published by Mao et al.
showing that zeta potential dramatically dropped at a pH of around 7. In this study, elec-

trostatically neutral particles were found at pH 7.0-7.4 (8). In contrast, positive zetapo-

113



Chapter 5

tentials were found for TMCS50 polyplexes (6.47 + 0.27 mV). This can be explained by
the decreased pH dependency of ionization in the case of quaternized chitosan. As ex-
pected, PEGylation of TMC 50 kDa resulted in a reduction of zeta potential of poly-
plexes (0.01 = 0.02 mV) due to steric shielding of the surface. PEI polyplexes exhibited
the highest zeta potential of 9.11 £ 0.97 mV.
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Figure 5. DNA release studied by heparin displacement. Polyplexes prepared at N/P 30 (chito-
sans) or N/P 6 (PEI) were challenged with increasing amounts of heparin for 30 minutes at RT.

Uncomplexed plasmid DNA is shown as control.

The polyanion heparin is capable of displacing pDNA from polyplexes with high effi-
ciency and was used to study pDNA release (Fig. 5). Using chitosan/pDNA complexes
even with heparin amounts as high as 2 units, no migration of pDNA was observed,
which correlates well with earlier findings of MacLaughlin et al. and Koping-Hoggard
et al. (25, 28). In contrast, 1 unit of heparin was sufficient to fully release pDNA from
polyplexes prepared with both TMC50 and PTMC50. Mao et al. reported that PEGyla-
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tion of PEI decreased PEG-PEI/siRNA polyplex stability against heparin displacement
in a PEG chain length-dependent way (29). The susceptibility to heparin displacement
increased with decreasing PEG chain length in this study. Glodde et al. reported that in
the case of PEG-PEI/oligonucleotide polyplexes the PEG grafting density also influ-
enced polyplex stability (30). With higher degree of substitution, polyplex stability de-
creased using these PEG-PEI polyplexes. However, this phenomenon was not observed
with PTMC50 in our experiments. As shown with ethidium bromide exclusion experi-
ments, PEGylation did not negatively influence polyplex formation with pDNA, which
results in comparable stability against heparin displacement. The high stability of chito-
san/pDNA complexes was suggested to be a major rate limiting step for intracellular
release of pPDNA and therefore is a major drawback for efficient transfection (7, 235).
Koping-Hoggard et al. addressed this problem by using easily dissociated chitosan oli-
gomer polyplexes. With these polyplexes, a faster onset of transfection and a higher
reporter gene expression were observed both in vitro and in vivo (28). Obviously, a fine
balance between polyplex stability and pDNA release is essential for efficient transfec-
tion. TMC50 and PTMC50 showed an improved pDNA release compared to chitosan
polyplexes and might therefore be advantageous for transfection. Using very high hepa-
rin amounts plasmid topology was subtly changed after displacement from polyplexes.
An additional band appeared between the supercoiled and linear plasmid isoforms ac-
counting for 5, 6 and 8% of total fluorescence in the case of TMC50, PTMC50 and PEI
polyplexes, respectively. We explain this by subtle changes in the tertiary structure of
supercoiled DNA upon binding of polycations as described by Lobo et al. (37).

Biological characterization of polyplexes

One of the most cited advantages of chitosan is its low toxicity and good biodegradabil-
ity (26, 32). However, good biocompatibility of unmodified chitosan is accompanied by
low solubility at physiological pH. Quaternization of chitosan was shown to improve
both solubility and DNA binding efficiency (/0) but on the other hand significantly in-
creased cytotoxicity in our hands (/4). Toxicity is a major issue with many non-viral
vectors and a rough correlation between toxicity and transfection efficiency was often
found (33). MTT assays were performed to evaluate the metabolic activity of NIH/3T3

cells treated with the different polymers after 4 hours, which resembles transfection
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conditions, and after 24 hours. In accordance with findings of Mao et al. using L929
cells, cytotoxicity of PTMC50 was significantly decreased compared to unmodified
TMC50 (Fig. 6) (/4). After 24 hours incubation, ICsy value of PTMC50 was 42.1
ng/mL, while TMC50 showed a 4.4-times higher toxicity with an ICsy value of 9.6
ng/mL respectively. The same trends were found after 4 hours incubation. PEI is known
to show a comparably high cytotoxicity in vitro. After 24 hours incubation, an inhibitory
concentration of 6.1 pg/mL was found with this polycation. However, PEI amounts
needed for efficient DNA complexation and transfection are about 20-fold lower than

with TMC50.
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Figure 6. Cytotoxicity of polymers studied by MTT assay. NIH/3T3 cells were incubated with
polymers for 4 (a) or 24 hours (b) and IC50 values were calculated (c).

The first step in transfection is cellular binding and uptake of polyplexes. Uptake of
large and electrostatically neutral particles as found with chitosan/pDNA polyplexes is
disfavored (/, 34, 35) and was shown to be very low by fluorescence microscopy (25,

36). To evaluate the ability of the different polyplexes to trigger uptake, we used flow
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cytometry. DNA was fluorescently labeled using YOYO-1, an intercalating dye with
high affinity to dsDNA (27). Figure 7 shows representative dot plots of polyplex uptake
in NIH/3T3 cells after 4 hours. Using PEI polyplexes cellular uptake was observed in
the vast majority of the cells. The percentage of YOYO-1 positive cells in the case of
C50 was only 7.3%, but significantly different from untreated cells. Polyplex uptake
strongly increased to 62.4% using TMC50 and uptake efficiency of PTMC50 was sig-

nificantly increased compared to TMC50 despite its lower zeta potential.
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Figure 7. Cellular uptake of polyplexes studied by flow cytometry. NIH/3T3 cells were incu-
bated for 4 hours at 37 °C with polyplexes prepared with fluorescently labeled DNA at N/P 30
in the case of chitosan and N/P 6 in the case of PEL Top: plots of forward scatter against fluo-
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rescence intensity for the different polyplex preparations. Black represents cells with fluores-
cence intensity of untreated cells, green represents cell with higher fluorescence intensity than
blank cells. Bottom: Percentage of cells being positive for fluorescently labeled DNA. Signifi-
cance was tested using one way ANOVA and Bonferroni post test. Two asterisks: p < 0.01, three

asterisks: p < 0.001.

Polyplex uptake can follow different pathways such as clathrin-mediated endocytosis,
macropinocytosis and uptake via raft/caveolae (37-39). However, the route of polyplex
uptake resulting in efficient transfection is not yet clearly identified and may depend
both on the cell line and polyplexes studied (37, 39, 40). Grosse et al. showed that poly-
plex size as well is an important determinant for uptake mechanism (47). In the case of
PEI polyplexes it is believed that clathrin-mediated endocytosis is a main contributor to
efficient transfection in a variety of cell lines (40, 42-44). However, other routes are also
discussed (39, 45). The mechanism of cellular uptake and release of chitosan polyplexes
was less often addressed. The few available studies reported that these particles are effi-
ciently internalized by clathrin-mediated endocytosis as well (46, 47). Furthermore, the
proposed mechanism of intracellular release of chitosan polyplexes is similar to that

proposed for PEI polyplexes (6, 47).

Polyplex uptake was further studied by confocal laser scanning microscopy, enabling
the sub-cellular localization of polyplexes. Again, pDNA was labeled using YOYO-1
and incubated with the cells for 4 hours. As found with flow cytometry, chitosan poly-
plex uptake was negligible (Fig. 8). Complexes of TMC50 were internalized to a higher
extent. However, in many cells large aggregates were found. Distribution of PTMC50
polyplexes was more even and a lower tendency to aggregation was seen. Striking dif-
ferences were found between uptake of chitosan based vectors and PEI. Using PEI, par-
ticles were smaller and accumulation near the nucleus was observed in many cells. In
contrast, TMC50 and PTMC50 polyplexes remained near the cell surface as well de-
fined particles. We are currently studying the uptake and release mechanism of chitosan

polyplexes in more detail and will published these results soon.
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PTMC50

Figure 8. Confocal laser scanning microscopy of NIH/3T3 cells treated with chitosan, TMC50,
PTMC50 and PEI polyplexes for 4 hours at 37 °C. Blue: nucleus (DAPI), green: YOYO-1 la-
beled DNA. Scale bar: 20 um.

In preliminary experiments we determined the transfection efficiency of different chito-
sans and chitosan derivatives prepared at N/P ratios between 5 and 30 in NIH/3T3 cells
(data not shown). In accordance with earlier reports, we found that transfection effi-
ciency of TMC and PEG-TMCs increased with increasing N/P ratio (/0). N/P ratios
between 10 and 30 were found to result in significant transfection of NIH/3T3 cells and
were used for further studies. Transfection efficiency of the selected chitosan, TMC and
PEG-TMC polymers was evaluated in two murine (NIH/3T3 and L929) and two human
(MeWo and A549) cell lines. Reporter gene expression of trimethyl chitosan polyplexes
at N/P 30 was up to 678-fold (C50 vs. TMC50 in NIH/3T3) increased compared to
polyplexes prepared with unmodified chitosan. Thanou et al. found similar results using
trimethyl chitosan oligomers. In this study, transfection efficiency of quaternized poly-
mers was up to 131-fold increased compared to naked DNA at comparable
DNA/polymer ratios (/0). At a charge ratio of 30, PTMC50 significantly increased
transfection efficiency in 3 of 4 cell lines compared to both C50 and TMC50. Reporter
gene expression was increased 4- (NIH/3T3) to 10-fold (LL929) compared to TMC50. In
MeWo cells luciferase expression of PTMC50 was 7-fold increased compared to

TMC50, and transfection efficiency was not significantly different from PEI polyplexes
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at an N/P ratio of 6. However, luciferase expression in A549 cells was low with all
polymers used, including PEI. A549 cells are known to show some resistance to trans-
fection and very high N/P ratio are needed to achieve significant reporter gene expres-
sion (48) We hypothesize that cell type specific characteristics such as charge density of
the cell surface and differential internalization routes account for the differences in
transfection efficiencies in our study. Furthermore, we found that cell lines that are eas-
ily transfectable with PEI also showed higher gene expression with chitosan derivatives
and vice versa. One might therefore hypothesize that the main hurdles for efficient
transfection are similar for PEI and chitosan vectors. However, in-depth studies on route
of uptake and intracellular processing of chitosan based polyplexes are necessary to

fully answer this question.
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Figure 9. Luciferase expression in different cell lines following treatment with chitosan, TMC50
and PTMC50 polyplexes at different N/P ratios. PEI at N/P 6 is included for comparison of
transfection efficiency. Significance was tested using two-way ANOVA with Bonferroni post test.

Two asterisks: p < 0.01, three asterisks: p < 0.001.
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5.5 Conclusion

To achieve efficient gene delivery in vitro, several obstacles have to be overcome ().
We tried to elucidate the limiting steps in transfection of cultured cells for non-viral
vectors based on chitosan. Chitosan formed small polyplexes under acidic conditions.
However, after addition to cell culture medium, severe polyplex aggregation was ob-
served. Furthermore, chitosan polyplexes were electrostatically neutral under physio-
logical conditions. These characteristics account for the very low internalization effi-
ciencies observed by FACS and CLSM, which finally results in low transfection
efficiency under in vitro conditions. Also, release of pDNA from chitosan polyplexes
was shown to be inefficient by heparin displacement, which potentially further de-

creased their transfection efficiency.

Trimethylation of chitosan was described to significantly increase transfection effi-
ciency. However, the main factors for the increased efficiency were unclear (/0). Here
we demonstrated that polyplex stability under physiological conditions is strongly in-
creased with TMCs compared to chitosan, resulting in decreased polyplex sizes under
physiological conditions. Furthermore, complexation of pDNA with TMC50 produced
polyplexes with positive surface charges at pH 7.4. Consequently, polyplex uptake was
far more efficient with TMC50- compared to chitosan polyplexes. Moreover, subse-
quent pDNA release is improved compared to chitosan polyplexes, enabling transcrip-
tion and finally reporter gene expression. However, cytotoxicity of chitosan was signifi-
cantly increased after trimethylation, which might be a major disadvantage of these

vectors.

PEGylation was shown to strongly decrease cytotoxic effects and further increased
solubility of TMC. Furthermore, we found that colloidal stability was increased by PEG
grafting, resulting in a decrease of polyplex sizes under physiological conditions and
increased polyplex uptake compared to unmodified TMCS50. Both decreased cytotoxic-
ity and increased uptake efficiency finally accounted for up to 10-fold improved trans-

fection efficiency compared to trimethyl chitosan.

In summary we demonstrated that cellular uptake in conjunction with polyplex stability
under physiological conditions are major hurdles for chitosan based gene delivery sys-

tems. Furthermore, we elucidated the major factors leading to increased transfection

122



Chapter 5

efficiency of trimethyl chitosan- and PEG-trimethyl chitosan polyplexes. Therefore, this
study not only highlights the importance of investigating polyplex stability under
physiological condition but also contributes to the rationale design of new chitosan

based vectors.
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6.1 Abstract

Background: Cellular uptake pathways and intracellular processing of non-viral vec-

tors are important steps towards efficient reporter gene expression.

Methods: Several specific inhibitors of cellular uptake- or intracellular processing
pathways were used to study uptake and transfection efficiency of polyplexes in A549
and L929 cells. In this respect, we also determined uptake kinetics and the colloidal

stability of polyplexes.

Results: Chitosan polyplexes showed severe aggregation in physiological media and
cellular uptake was low. To a lesser extent aggregation was also observed with poly-
ethylenimine (PEI) polyplexes, but cellular uptake efficiency was less affected.
Trimethyl chitosan (TMC) and its PEG derivative (PTMC) showed virtually no aggre-
gation. Cellular uptake was strongly increased compared to PEI polyplexes in 1929
cells and was as high as PEI uptake in A549. Uptake kinetics were similar for all poly-
plexes in L929 cells, while PEI polyplexes were faster internalized than TMC or PTMC
polyplexes in A549 cells. In L929 cells the main uptake pathway was clathrin-mediated
endocytosis accompanied by uptake via caveolae in the case of TMC and PTMC poly-
plexes. Clathrin-mediated endocytosis strongly influenced transfection efficiency. In
A549 cells, uptake mainly occurred by clathrin-mediated endocytosis accompanied by

macropinocytosis but transfection mainly depended on the former.

Conclusions: While certain differences in polyplex uptake and its effect on transfection
were found, these could not fully explain the difference in transfection efficiency of PEI
versus chitosan vectors. Therefore we conclude that, besides uptake pathways, other
steps in the transfection process such as intracellular release or vector unpacking are

equally important for efficiency.
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6.2 Introduction

Several years ago, non-viral gene delivery has emerged as a promising alternative to
viral gene delivery due to its lower immunogenicity, better target ability, lack of patho-
genicity and ease of pharmaceutical production (/). However, non-viral vectors still
suffer from relative low gene transfer efficiency compared to viral vectors. Therefore, a

major goal in this field of research is the search for safe vectors with higher efficiency.

In recent years, chitosan, a biodegradable polysaccharide derived from crustacean
shells, has been explored for non-viral gene delivery (2-4). Chitosan was shown to pos-
sess low toxicity, both in animals and humans (5, 6). However, chitosan also shows ma-
jor drawbacks such as low solubility at neutral pH and relative low gene transfer efti-
ciency (7-9). Quaternization of chitosan was shown to enhance solubility and
transfection efficiency but on the other hand also increased cytotoxicity (/0, 11). Poly-
ethylenglycol modification of quaternized chitosan significantly reduced cytotoxicity
while maintaining or even increasing transfection efficiency (//, 12). However, trans-
fection efficiency of these improved chitosan vectors remains to be low as compared to
polyethylenimine (PEI) polyplexes, which served as a standard preparation in these ex-

periments.

Non-viral gene delivery is a multistep process as outlined by Bally et al. (/3). To realize
the final therapeutic effect, the exogenous gene must cross several barriers. These barri-
ers include cell surface binding of the non-viral vector, traversing the plasma mem-
brane, escaping lysosomal degradation and overcoming the nuclear envelope. In this
study we focused on cellular uptake mechanisms and the effect on uptake and transfec-
tion efficiency of chitosan and PEI polyplexes. Cellular uptake of polyplexes can occur
via different pathways which are quite similar to the entry pathways of virus particles
(14). The best-characterized uptake mechanism is the clathrin dependent pathway. Poly-
plexes taken up by clathrin-mediated endocytosis will be trafficked to early and late
endosomes that ultimately fuse with lysosomes (/5). Non-clathrin dependent pathways
can be divided into caveolin-mediated endocytosis, macropinocytosis and phagocytosis.
Phagocytosis is limited to specialized cells such as macrophages and monocytes

whereas both uptake via caveolae and macropinocytosis can occur in all cells (/6).
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Caveolae were identified by early microscopists as smooth-surfaced flask-shaped pits of
55-65 nm (/7). Caveolin-1 was later identified as molecular marker closely related with
caveolae. In lymphocytes where caveolins are not expressed, the expression of caveolin-
1 was sufficient to induce the de novo formation of caveolae (/8). Unlike clathrin-
mediated endocytosis, abundance of caveolea strongly differs in different cells (/7).
Importantly, cellular entry via caveolae is a nonacidic and nondigestive route of inter-
nalization, rendering it interesting for non-viral gene delivery (/6). However, caveolae
are small in size, slowly internalized and they represent only a small fluid phase vol-
ume. Therefore, it was questioned if caveolae can significantly contribute to constitutive
endocytosis (/6). Macropinocytosis describes the actin-driven formation of large endo-
cytic vesicles. Macropinosomes are uncoated, do not concentrate receptors and strongly
differ in size, being as large as 5 um (/9). These vesicles can acidify but do not intersect
with lysosomes. Furthermore, macropinosomes are thought to be inherently leaky com-
pared to other types of endosomes (20). These attributes of macropinocytosis might be

advantageous for cellular entry of non-viral vectors (15, 16).

The efficiency of PEI mediated gene delivery has long been known to depend on en-
dosomal acidification facilitating endosomal release by the so-called proton sponge ef-
fect (21, 22). Recently, it was reported that other endocytic pathways may contribute to
gene expression as well. Huth et al. showed that PEI-coated superparamagnetic iron
oxide gene vectors are taken up via both clathrin- and caveolin-mediated endocytosis in
HeLa cells (23). Similar results were found by Rejman et al. in A549 and HeLa cells
using PEI polyplexes (24). Van der Aa et al. found that transfection of COS7 cells with
PEI polyplexes was completely lost after blocking caveolae-mediated uptake (25). A
study of von Gersdorff et al. revealed that the uptake pathway mediating successful
gene expression depended on both polyplex type applied and on the cell line used (26).
In this study, clathrin-mediated endocytosis and uptake via caveolae were identified as
main pathways of cellular entry of linear and/or branched PEI polyplexes in HeLa and
HUH-7 cells, while clathrin-mediated endocytosis alone contributed to successful gene
expression in COS-7 cells. Grosse et al. studied uptake of different polyplexes in airway
epithelial cells using electron microscopy discovering that internalization of polyplexes
was size-dependent (27). Large particles were internalized by macropinocytosis, inter-

mediate (100-200 nm) by clathrin-mediated endocytosis while small particles entered
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the cells via caveolae. In sharp contrast, Rejman et al. found that internalization of fluo-
rescent latex beads <200 nm involved clathrin mediated endocytosis while large parti-
cles were predominantly taken up via caveolae (28). However, due to significant differ-
ences in the properties of polyplexes of pPDNA and cationic polymers and latex particles
the significance of these results for non-viral gene delivery can be questioned. Studies
on route of uptake of chitosan or chitosan derivatives and its polyplexes with pDNA are
rare. The uptake of fluorescently labeled chitosan nanoparticles prepared by ionotropic
gelation was compared with that of chitosan molecules in A549 cells by Huang et al.
(29). In this study, clathrin-mediated uptake was identified to mainly contribute to parti-
cle uptake, while inhibition with filipin had no effect. Hashimoto et al. studied uptake of
polyplexes of pDNA with lactosylated chitosan or unmodified chitosan in HepG2 cells
(30). Transfection was inhibited by Bafilomycin A;, a proton pump inhibitor. Further-
more, the authors found that transfection efficiency of chitosan polyplexes was in-
creased after microtubule perturbation by nocodazole. These characteristics point to
cellular uptake via clathrin mediated endocytosis and release of chitosan polyplexes

from early or late endosomes.

To further investigate chitosan polyplex uptake in comparison with uptake of PEI com-
plexes, we used specific uptake inhibitors in two different cell lines and studied their
effect on uptake- and transfection efficiency. Furthermore, hydrodynamic diameters,
colloidal stability of polyplexes, and uptake kinetics were studied. By specific inhibition
of different uptake pathways we show that both PEI and chitosan derivative uptake po-
tentially occurs via both clathrin- and caveolin-dependent endocytosis in 1929 cells.
Efficient transfection in this cell line mainly involved clathrin-mediated endocytosis. In
A549 cells, besides the clathrin-dependent pathway, macropinocytosis contributed to
uptake especially in the case of chitosan derivatives. However, transfection again

mainly depended on clathrin-mediated endocytosis.

6.3 Materials and Methods

Materials. Chitosan (MW ~400 kDa, degree of deacetylation 84.7%) was purchased
from Fluka (Steinheim, Germany) and depolymerized as described in (//) to obtain chi-
tosan of 100 kDa. Trimethyl chitosan 100 kDa (TMC) with a degree of substitution of
40% was prepared as described in (/7). TMC was subsequently modified with 28 moles
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polyethylenglycol of 5 kDa per mole TMC (PTMC) as described previously (/1)
Branched polyethylenimine 25 kDa (PEI) was a kind gift from BASF (Ludwigshafen,
Germany) and was used as supplied. Luciferase encoding plasmid pCMV-Luc was pur-
chased from Plasmid Factory (Bielefeld, Germany). All other chemicals used in this

study were at least of analytical grade.

Cell culture. L929 (mouse subcutaneous connective tissue; ATCC: CCL-1) and A549
(human non-small-cell lung carcinoma; ATCC: CCL-185) cells were purchased from
ATCC (Teddington, UK) and maintained in Dulbecco’s Modified Eagle’s Medium
(DMEM, PAA Laboratories, Colbe, Germany) supplemented with 10% fetal calf serum
(FCS, Cytogen, Sinn, Germany) in humidified atmosphere with 5% CO; at 37°C.

For flow cytometry experiments, cells were seeded at a density of 3*10* cells per well
in 24 well plates and incubated for 24 hours before the experiment. For transfection
experiments, 1 day before the experiment cells were seeded at a density of 1.5%10* cells

per well of 24 well plates.

DNA labeling and polyplex preparation. pCMVLuc was diluted in 15 mM sodium
acetate buffer pH 5.5 to 0.08 g/L and mixed with an equal volume of YOYO-1 solution
in the same buffer to produce a final solution of 0.04 g/ pDNA with one YOYO-1
molecule per 200 basepairs similar to (37). After incubation for at least one hour at RT

in the dark, labeled pDNA was used to prepare polyplexes with chitosan or PEI.

Unlabeled or labeled pDNA (0.04 g/L) was mixed thoroughly with the appropriate
amount of polymer solution in an equal volume of 15 mM sodium acetate buffer pH 5.5.
After mixing, polymers and DNA were allowed to anneal for 30 min at RT in the dark.

Subsequently, polyplexes were directly added to the cell culture media.

Size and aggregation kinetics. In this experiment, unlabeled pDNA was used to pre-
pare polyplexes as described above. Polyplexes were prepared in a final volume of 100
ul (corresponding to 2 pug of pDNA) at N/P 20 in the case of chitosans and N/P 9 in the
case of PEI and polyplex sizes were determined with six successive measurements in
disposable cuvettes (UVette, Eppendorf, Wesseling-Berzdorf, Germany). Then, polyplex
solutions were diluted with DMEM without FCS to 1 ml and 60 successive measure-
ments (each ~0.9 min) were performed. Measurements were performed using a Zeta-

sizer Nano ZS (Malvern Instruments, Herrenberg, Germany) equipped with a 4 mW He-
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Ne laser at a wavelength of 633 nm at 25 °C. Scattered light was detected at a 173°
backward scattering angle. The viscosity and refractive index of water at 25 °C was
used for data analysis. Dispersion Technology Software 5.00 (Malvern Instruments,
Herrenberg, Germany) was used for data acquisition and analysis. The accuracy of the
instrument was validated using reference polymer particles (Nanosphere Size Standards

of 50, 100 and 200 nm, Duke Scientific Corp., Palo Alto, CA, USA).

Kinetics of uptake. 1.929 and A549 cells were incubated with labeled polyplexes for
0.25, 0.5, 0.75, 1.0, 1.5, 2.0, 3.5 and 5 hours at 37 °C. Then cells were treated with
0.04% trypan blue solution for 5 min to quench extracellulary bound polyplexes and
subsequently washed with PBS. Cells were detached with trypsin and suspended in a
1:1 mixture of FACSFlow (BD Biosciences, San Jose, CA) and 4% paraformaldehyd in
PBS for cell fixation. Cell suspension was measured on a FACScan (BD Biosciences,
San Jose, CA) with excitation at 488 nm and emission filter set to 530/30 bandpass.
10.000 viable cells were evaluated in each experiment and results are represented as
mean of 3 independent measurements. Data acquisition and analysis was performed
using CellQuest Pro (BD Biosciences, San Jose, CA) and FCS Express V3.00 (DeNovo
Software, Thornhill, Canada).

Route of Uptake. Prior transfection, L929 and A549 cells were treated with the follow-
ing inhibitors in FCS-free DMEM: chlorpromazine 10 pg/mL, filipin III 5 pg/mL, nys-
tatin10 pg/mL, wortmannin 12.8 ng/mL, methyl-B-cyclodextrin 6.6 mg/mL, and sucrose
0.45 M. After 30 min incubation polyplexes were added to the medium and cells were
incubated for an additional 3 hours at 37 °C. Cells were then prepared for flow cytome-
try as described above. Results were calculated relative to untreated and blank cells with
geometric mean fluorescence of cells solely treated with polyplexes set to 1 and fluores-

cence of blank cells set to 0.

Route of Transfection. For inhibition of transfection, cells were treated as described in
section route of uptake. In transfection experiments chloroquine 75 uM and nocodazole
5 pg/mL was additionally included. Cells were incubated with polyplexes and inhibitory
drugs for 3 h. Then, medium was replaced by fresh DMEM with FCS and cells were
incubated an additional 45 hours. Luciferase gene expression was quantified using a

commercial kit (Promega, Mannheim, Germany) and photon counting on a luminometer
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(Sirius, Berthold, Pforzheim, Germany). All experiments were performed in triplicate

and results were expressed relative to cells treated with polyplexes only (set to 1).

6.4  Results and Discussion
6.4.1 Size and aggregation kinetics

Hydrodynamic diameters in preparation buffer as well as development of polyplex size
under simulated cell culture conditions were determined by photon correlation spectros-
copy. Polyplex sizes in 15 mM sodium acetate buffer pH 5.5 are shown in figure la. All
polymers formed polyplexes with hydrodynamic diameters below 150 nm (ZAve). Size
of polyplexes decreased in the order C > TMC = PTMC > PEIL. Volume distributions of
polyplexes are shown in figure 2 (left side; 15 mM NaAc, pH 5.5). It was noticed that
size distributions of C and TMC polyplexes were larger compared to those of PEI and
PTMC polyplexes. Similar results were obtained when size distributions of chitosan
50kDa and its TMC and PTMC derivatives were studied using PCS and atomic force
microscopy in an earlier study (/2). In this study size distributions especially of TMC

and chitosan were broad and often bimodal while PEI produced very small polyplexes.
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Figure 1: Aggregation kinetics of chitosan (C), trimethyl chitosan (TMC), PEG-trimethyl chito-
san (PTMC) and polyethylenimine (PEI) polyplexes. A) Polyplex sizes before (15 mM NaAc, pH
5.5) and 55 minutes after addition of DMEM. Values given as arithmetic mean + standard de-
viation of 6 measurements. B) Aggregation kinetics of polyplexes. At the indicated timepoint
polyplex solutions were diluted with DMEM and development of polyplex size was followed
over approximately 55 minutes. Values given as ZAverage of each measurement £ polydisper-

sity in nm.

Polyplex aggregation kinetics upon addition of DMEM was studied over approximately
55 minutes by PCS (Figure 1 a and b). Chitosan polyplexes formed large aggregates
immediately after addition of DMEM. Aggregation leveled off after about 40 minutes

and sizes remained relatively constant thereafter. PEI polyplexes showed similar aggre-
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gation kinetics. Polyplex sizes strongly increased immediately upon addition of cell
culture media and aggregate sizes then slowly increased until the end of the measure-
ment. Comparable results were found when PEI polyplexes at N/P10 were challenged
with PBS or increasing salt concentration and polyplex aggregation was followed by
turbidity, AFM and PCS measurements (32, 33). In contrast, neither TMC nor PTMC
showed a tendency to aggregation under these conditions. Polyplex size distributions
before and after incubation with cell culture medium are shown in figure 2. PEI and
chitosan polyplexes aggregated into large particles while virtually no change in the size
distributions of PTMC polyplexes were observed. In the case of TMC, virtually no
changes in ZAverage were found but volume distribution was broader and bimodal after

incubation with DMEM.
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Figure 2: Volume distributions of polyplexes prepared with PEI or chitosan derivates before
(left side) and after incubation for approximately 55 min with DMEM (right side). Distributions

shown are the mean + standard deviation of 3 measurements.

Trimethylation of chitosan was already shown to significantly reduce the pH depend-
ency of DNA condensation of chitosan and to strongly increase transfection efficiency

(10, 12). Furthermore, PEGylation of quaternized chitosan was in the case of chitosan
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derivatives of 50 kDa shown to increase colloidal stability of polyplexes which we show

herein holds true for 100 kDa chitosan derivatives as well (72).

Recent reports indicated that particle size is an important factor for the efficiency and
route of cellular entry (27, 28, 34). Therefore, the observed differences in colloidal sta-

bility of polyplexes may have a significant impact on uptake route and —kinetics.
6.4.2 Efficiency and Kinetics of Polyplex Uptake

Polyplex uptake was studied by flow cytometry. Plasmid DNA was labeled using the
intercalating dye YOYO-1. Upon binding to DNA YOYO-1 fluorescence is increased
up to 1000-fold, making it a very selective nucleic acid stain. Uptake kinetics of poly-
plexes prepared using labeled DNA was followed in a 5 hours timeframe. Trypan blue
incubation was used to quench fluorescence from cell surface bound polyplexes. Two
different cell lines, L929 and A549 cells were used in these studies. It was previously
found that A549 cells are relatively resistant to transfection both with PEI as well as
with chitosan or quaternized chitosan polyplexes. In contrast, transfection of L929 cells

with these vectors is more efficient as previously shown (72).

Internalization kinetics was evaluated concerning a) the total amount of internalized
pDNA estimated by the shift in geometric mean fluorescence of the cell population after
incubation with polyplexes (Figure 3 a and b) and b) the percentage of cells showing

fluorescence above the threshold set with untreated cells (Figure 3 ¢ and d).
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Figure 3: Kinetics of polyplex uptake in L929 (a and c) and A549 cells (b and d). Geometric
mean fluorescence of the cell population (a and b) or percentage of YOYO-1 positive cells (c
and D) was determined over 5 hours incubation at 37 °C. Values given as mean * standard

deviation of 3 measurements.

Analysis of the total amount of internalized polyplexes revealed that polyplexes pre-
pared using unmodified chitosan were only slowly and ineffectively internalized in both
cell lines. In contrast, internalization of PEI-, TMC and PTMC polyplexes was much
more efficient. Concerning the total amount of polyplexes taken up, TMC and PTMC in
A549 cells were as efficient as and in L929 cells even outperformed PEI polyplexes. As
shown above chitosan 100 kDa produced condensed particles with pDNA in the prepa-
ration medium but fast and severe aggregation was observed upon mixing with DMEM.
The increase in particle size correlates well with the decreased uptake efficiency. Simi-
larly, the uptake efficiency of PEI polyplexes is relatively low in both cell lines. Issa et
al. obtained comparable results studying polyplexes with chitosan oligomers and trisac-
charide-substituted chitosan oligomers by fluorescence microscopy (35). In this study, a
positive correlation between cellular uptake, polyplex size and finally transfection effi-
ciency was found. Cellular uptake of polyplexes in the case of chitosan oligomers was
strongly reduced due to insufficient colloidal stability of these polyplexes. Mac Laugh-
lin et al. also explained the low transfection efficiency of chitosan polyplexes with low
internalization efficiency (36). However, no clear correlation between colloidal stability

and internalization efficiency was drawn in this study. A similar correlation between size
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and uptake efficiency was found in the study of Zuhorn et al. where internalization of

radioactively labeled lipoplexes was studied by scintillation counting (34).

The second approach of analysis was to determine the percentage of YOYO-1 positive
cells over time. Kinetics of polyplex uptake in L929 cells was very similar for PEI,
TMC and PTMC polyplexes. Polyplex internalization was seen within 45 to 60 min in
50% and within 100 to 115 min in 75% of the cells. In A549 cells, PEI internalization
was somewhat faster with 50% of positive cells in 40 min and 75% in 53 min. In con-
trast, internalization of TMC and PTMC polyplexes was slightly slower in this cell line.
Cellular uptake in 50% of the cell population was seen within 82 to 96 min and the 75%
level was reached after 125 to 150 min with these polyplexes. Again, uptake of chitosan
complexes was low with only 5% and 21% of YOYO-positive cells after 5 hours of in-

cubation in L929 and A549 cells, respectively.

Based on kinetics and efficiency of uptake one could hypothesize that the route of up-
take is identical for all polyplexes in L929 cells while significant differences in uptake

route could be expected in the case of A549 cells.
6.4.3 Effect of inhibitors on cellular uptake

To study cellular uptake mechanisms we sought to characterize polyplex internalization
in the presence of specific inhibitors of cellular uptake pathways. Plasmid DNA was
fluorescently labeled using the intercalating dye YOYO-1. After incubation for 3 hours,
cell surface bound fluorescence was quenched by incubation with trypan blue and re-
maining fluorescence from internalized polyplexes was analyzed by flow cytometry. In
all experiments, blank cells and cells which were treated with fluorescently labeled
polyplexes only were used as 0% and 100% control, respectively. Due to very low ini-
tial uptake, analysis of inhibition of chitosan polyplex uptake was not feasible. We
therefore limited further analysis on TMC, PTMC and PEI polyplexes, which showed

reasonable uptake efficiency.

The route of uptake of non-viral vectors is a field which is currently under intensive
investigation. Studying PEI complexes in COS-7 cells, van der Aa et al. found that
polyplexes were taken up both via caveolae and clathrin-mediated endocytosis but only
caveolae-mediated uptake resulted in efficient transfection (25). Similar results were

found by Reijman et al. for A549 and HeLa cells (24, 37). Studies performed by Grosse
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et al. support these findings. The authors showed that uptake of PEI polyplexes in cystic
fibrosis airway epithelial cells depend on actin filaments while microtubules are in-
volved in trafficking of polyplexes towards the nucleus (38). In contrast, Mennesson et
al. found that PEI polyplexes were mainly taken up by clathrin-mediated endocytosis in
human lung endothelial cells (39). Goncalves et al. studying histidinylated polylysine
polyplexes in HepG2 cells showed that polyplexes were internalized by clathrin medi-
ated endocytosis and macropinocytosis (40). Looking at transfection efficiency, inhibi-
tors of clathrin mediated endocytosis completely prevented reporter gene expression in
this study while inhibitors of macropinocytosis had no effect. Studies on size-
dependence of cellular uptake performed by Rejman et al. found that microspheres of
200 nm and less entered cells through clathrin-coated pits by a microtubule dependent
pathway (28). Microspheres with a diameter of 500 nm underwent a slow, microtubule
independent uptake that was inhibited by amiloride and cytochalasin D. The authors
deduced that the particles were taken up via caveolae. As caveolae typically are around
60 nm in size and intracellular transport also depends on microtubules, this finding was
somewhat surprising and a clear explanation is currently lacking (/5). Grosse et al. also
studied the size-dependence of internalization in human tracheal epithelial cells and
found that large polyplexes were mainly internalized by macropinocytosis, intermediate
sized (100-200 nm), ligand-coupled polyplexes were taken up by clathrin-mediated en-

docytosis and small PEI polyplexes entered the cells via caveolae (27).

A main problem of most of these studies is that authors are dealing with a moving target
in several ways: Inhibition of a cellular uptake pathway might trigger the activation of
another which might then affect both uptake and transfection results (47). Inhibitors of
certain cellular uptake pathways often also affect others, e.g. microtubule depolymeriza-
tion by nocodazole might affect clathrin-mediated endocytosis as well as uptake via
caveolae or inhibitors of actin such as cytochalasin D may affect caveolae and macropi-
nocytosis (/5). Furthermore, non-viral vectors are seldom monodispersed and particle
size may vary by time and depending on the environment. Lastly, another important
factor influencing the route of uptake is cell line evaluated as shown by Manunta et al.

and von Gersdorff et al. (26, 41).

The results of uptake studies performed with PEI, TMC and PTMC polyplexes in L929

and A549 cells are shown in figure 4. Having previous studies and most common uptake
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mechanism in mind we focused on a) clathrin mediated endocytosis, b) uptake via
caveolae, and ¢) macropinocytosis. Chlorpromazine and hypertonic treatment were used
for specific inhibition of clathrin mediated endocytosis (42, 43). The sterol binding
drugs filipin and nystatin are known to form complexes with cholesterol (44) and inter-
act with cellular uptake via caveolae (45). Macropinocytosis was specifically inhibited
by wortmannin (46-48). Methyl-B-CD, which extracts free cholesterol from membranes
(49), affects both clathrin- and caveolae-mediated uptake (50-52).

L929 A549
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Figure 4: Cellular uptake of polyplexes in L929 and A549 cells after coincubation with inhibi-
tors of different uptake pathways. Inhibitors were incubated with the cells for 30 min in DMEM
without FCS before polyplexes were added. After 3 hours incubation with polyplexes and inhibi-
tors, cell were washed with trypan blue and intracellular fluorescence was quantified by flow

cytometry. Results given as mean * standard deviation of 3 measurements.

In L929 cells, uptake of all polyplexes was strongly inhibited by chlorpromazine, hyper-
tonic treatment and methyl-B-CD. Furthermore, uptake of TMC and PTMC polyplexes
was inhibited by nystatin and filipin. In A549 cells, similar to L929 cells, a strong effect
of hypertonic treatment and methyl-B-CD was found. However, inhibition of uptake of
TMC and PTMC polyplexes by chlorpromazine was less pronounced in favor of inhibi-
tion by wortmannin. Uptake inhibition was found with nystatin for all polyplexes, but
filipin showed no strong inhibitory effect. At this point, it should also be noted that
caveolin expression in A549 cells was shown to be very low and no visual evidence for

the presence of caveolae was found in this cell line (53-56). Therefore, it is unlikely that
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uptake by caveolae significantly contributes to polyplex internalization in A549 cells. In
contrast, significant caveolin expression was found in L929 cells and caveolae may con-
tribute to endocytosis (57, 58). Based on these results, we conclude that clathrin-
mediated endocytosis is the main route of uptake in L929 cells, which to a smaller ex-
tent might be accompanied by uptake via caveolae, especially in the case of TMC and
PTMC polyplexes. In A549 cells, besides clathrin-mediated endocytosis, macropinocy-
tosis potentially contributes to uptake of TMC and PTMC polyplexes. The contribution
of macropinocytosis to polyplex uptake of TMC and PTMC polyplexes may serve as an
explanation for differences found in internalization kinetics. Route of uptake of free
chitosan polymer and nanoparticles prepared with chitosan in A549 cells was studied by
Huang et al. (29). Similar to our findings, the authors report that clathrin-mediated en-
docytosis significantly contributes to nanoparticle uptake in these cells while inhibition
of caveolae-mediated uptake by filipin had no effect. In a later study, the authors reaf-
firmed these findings using chitosan/pDNA polyplexes (59). It was found that poly-
plexes at least in part colocalized with transferrin, a marker for clathrin-mediated endo-
cytosis and with lysotracker green, a lysosomal marker. Unfortunately,
macropinocytosis as a possible uptake route was not taken into consideration in these
studies. However, the finding of contribution of macropinocytosis to cellular uptake in
A549 cells is not completely unexpected. Reports from Slevogt et al. and Garcia-Perez
et al. showed that Moraxella catarrhalis and Mycobacterium tuberculosis are internal-
ized by macropinocytosis in these cells (60, 61). Furthermore, Foster et al. showed that

A549 cells internalize microspheres as large as 3 um (62).
6.4.4 Effect of inhibitors on gene expression

The effect of inhibitors used in uptake studies was evaluated at the level of gene expres-
sion under conditions comparable to uptake experiments (Figure 5). Two additional
drugs, chloroquine and nocodazole, were added in these experiments to study the effect
of endosome acidification and microtubule depolymerization on transfection efficiency,

respectively.

144



Chapter 6

L3249 AS49

5 1004 100

ZE 10 _ 104

T T
=4

§ 14 i 1

E 0.1 0,14

% 0.01] 01

2,001 = 0007 Y Y

T g G g Bod S U
FALLETIE ISy

TV COFTWAT CE3ORPFI

Figure 5: Transfection efficiency of polyplexes in L929 and A549 cells after coincubation with
inhibitors of different uptake pathways. Inhibitors were incubated with the cells for 30 min in
DMEM without FCS before polyplexes were added. After 3 hours incubation with polyplexes
and inhibitors, fresh media was added and cells were incubated for an additional 45 hours..

Results given as mean =+ standard deviation of 3 measurements.

In L929 cells, gene expression of PEI polyplexes was inhibited by chlorpromazine, hy-
pertonic treatment, methyl-B-CD, fillipin and nystatine. Furthermore, gene expression
was increased after microtubule depolymerization by nocodazole but was not influenced
by chloroquine. Compared to PEI, inhibition of transfection of TMC and PTMC was
slightly more pronounced with methyl-B-CD and less effective with hypertonic treat-
ment. An increase in transfection efficiency was seen with chlorpromazine, wortmannin

and nocodazol. Again, no increased transfection efficiency was seen with chloroquine.

In A549 cells, transfection using PEI polyplexes was inhibited by chlorpromazine, hy-
pertonic treatment, methyl-f-CD and nystatin. Microtubule depolymerization and
chloroquine coincubation had no effect on transfection efficiency of PEI polyplexes in
this cell line. TMC and PTMC transfection was inhibited by methyl-B-CD and hyper-
tonic treatment. These effects were stronger in the case of TMC polyplexes, which in
addition showed inhibition of transfection with chlorpromazine. Transfection efficiency
of TMC and PTMC polyplexes was increased with nocodazole but no strong effect was

seen with chloroquine.
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Due to the relative strong effect of methyl-B-CD and hypertonic treatment on transfec-
tion efficiency of all polyplexes in both cell lines, we assume that clathrin-mediated
endocytosis significantly contributes to transfection. This conclusion is supported by
our finding that nocodazole, a microtubule depolymerizing agent interacting with trans-
port from early endosomes to lysosomes enhanced transfection efficiency in all cases
except for PEI polyplexes in A549 cells. Furthermore, inhibition of transfection with
nystatin, filipin and methyl-B-CD was seen in the case of PEI polyplexes in L929 cells
pointing to a certain contribution of caveolae mediated endocytosis as described by Rei-
jman et al. and van der Aa et al. (24, 25). Wortmannin, which showed reduction of up-
take of TMC and PTMC polyplexes in A549 cells failed to inhibit transfection. There-

fore, a significant contribution of macropinocytosis to transfection is less likely.

Interestingly, chlorpromazine failed to inhibit or even augmented transfection using
TMC and PTMC in L929 and PTMC in A549 cells. A possible explanation for this ob-
servation was suggested by Manunta et al. and Reijman et al. who found that inhibition
of one cellular uptake pathway might trigger uptake via another route (28, 47). How-
ever, concerning uptake experiments which showed that chlorpromazine strongly inhib-
ited uptake of polyplexes, this seems less likely. Recently, Neukamm et al. described
enhanced transfection of both yeast and HepG2 cells after coincubation of DEAE-
dextran polyplexes with different phenothiazines and tricyclic antidepressants including
chlorpromazine (63). The authors suspected that these drugs might affect polyplex in-
tegrity by interaction with DNA or may destabilize the endocytic vesicle membrane
facilitating endosomal release. Indeed, chlorpromazine is a highly lysosomotropic drug
and partitioning of the protonated form into the lipid membrane as well as alkalinization
of lysosomes was reported (64, 65). Chloroquine was also shown to increase lysosomal
pH and to interact with DNA (66, 67). Due to the fact that chloroquine in our study
failed to increase transfection efficiency in the case of TMC and PTMC the contribution
of alkalinization of lysosomes or displacement of polycations seems to be of lower im-
portance. Therefore we conclude that increased transfection efficiency of TMC and
PTMC despite their lower uptake after chlorpromazine coincubation might be due to an

increased release from endosomes or lysosomes.

Strongly increased transfection efficiencies were also observed when polyplexes were

coincubated with nocodazole. A similar effect was observed by Hashimoto et al. for
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chitosan/pDNA complexes in HepG2 and COS7 cells and by Lindberg et al. for
DOTIM/DOPE lipopplexes in CV-1 cells (30, 68). The authors concluded that micro-
tubule depolymerization augments release from early endosomes, decreases degradation
in lysosomes and by that enhances transfection efficiency. Furthermore, transfection
with PEI/pDNA polyplexes in CHO cells was improved by nocodazole treatment (69).
This effect was explained by G2/M blockage by nocodazole and increased transfer of
polyplexes or pDNA into the nucleus. In contrast, decreased transfection efficiency of
PEI polyplexes was found in cystic fibrosis airway epithelial cells and COS7 after no-
codazole treatment by Grosse et al. and van der Aa et al. (25, 38). Transfection of both
cell lines was shown to strongly depend on uptake of polyplexes via caveolae. Caveolar
uptake was reported to evade degradation in lysosomes, therefore, microtubule disrup-

tion in this case might inversely affect transfection efficiency (15).

In conclusion our study shows that clathrin mediated- and potentially caveolar uptake
are important routes of polyplex entry in 1929 cells. In A549 cells we showed that
clathrin mediated uptake as well as macropinocytosis contribute to polyplex uptake. In
terms of transfection efficiency, the situation was less clear. However, a significant con-

tribution of clathrin-mediated endocytosis is very likely in both cell lines.

Uptake studies performed with the different chitosan derivatives showed that efficient
cellular uptake necessarily precedes efficient transfection. Interestingly, we found im-
proved cellular uptake of chitosan derivatives compared to PEI polyplexes in L929
cells. However, this did not translate in increased transfection efficiency. Similarly, up-
take of TMC and PTMC in A549 cells was equally efficient as PEI polyplex uptake but
transfection efficiency was significantly lower. The observed differences in polyplex
uptake pathways can not sufficiently explain the differences in transfection efficiency.
As mentioned above, gene delivery using non-viral vectors is a multistep process. In
this study we focused on polyplex entry and its effect on transfection efficiency. Based
on our findings, the main bottleneck of chitosan based gene transfer in the case of TMC
and PTMC polyplexes is downstream cellular uptake. Surprisingly, not only nocodazole
but also chlorpromazine increased transfection efficiency of TMC and PTMC poly-
plexes in L1929 cells. Therefore, we hypothesize that endosomal/lysosomal release of
TMC and PTMC polyplexes is lower than that of PEI polyplexes and hampers efficient

transfection. Destabilization of endolysosomal membrane by chlorpromazine or de-
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creased transport of endosomes towards lysosomes therefore may result in increased
transfection efficiency. Another interesting finding in this direction was that chloroquine
did not enhance transfection efficiency neither of PEI nor of chitosan derivative poly-
plexes. In contrast, transfection efficiency of chitosan polyplexes in L929 cells was in-
creased after coincubation with chloroquine (data not shown). Recently it was shown
that chloroquine improves transfection efficiency by different mechanisms: it buffers the
acidic pH of the lysosome, displaces DNA from certain polycations and by intracellular
binding to DNA facilitates gene transfer (70). The fact that chloroquine does not im-
prove transfection efficiency of TMC or PTMC can therefore be explained in several
ways: Chitosan derivatives might have sufficient intrinsic buffering capacity and there-
fore do not benefit from chloroquine, chloroquine might not be able to displace DNA
from TMC and PTMC polyplexes or release from polyplexes occurs upstream of ly-
sosomes. Effects seen with nocodazole may point to the latter as an reasonable explana-
tion. However, little is known about the intracellular processing and cellular entry of
these vectors and the results obtained here merit further investigations in this specific
direction. Studying the underlying mechanisms of these steps might help to completely
understand differences between chitosan and PEI mediated transfection and will facili-

tate development of more efficient chitosan derivatives.
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Chapter 7

7.1  Summary

In this thesis new non-viral gene delivery systems were synthesized and characterized.
In the first part different questions in in vitro and in vivo gene delivery using HER2-
targeted PEGylated PEI polyplexes are addressed. The second part deals with in vitro

gene delivery using chitosan and its trimethyl- and PEG-trimethyl-derivatives.

Chapter 1 gives a short general introduction into the aims and pitfalls of gene delivery.
PEI as a non-viral vector is introduced and major advantages and disadvantages of this
system are highlighted. The evolution of PEI based vectors from simple electrostatic
complexes to multifunctional targeted copolymers is shown. PEI vectors modified with

cell-binding ligands are specially emphasized and relevant studies are summarized.

Secondly, we give a short summary on general properties and areas of application of
chitosan. The key benefits as well as drawbacks of chitosan as a non-viral vector are
discussed. Furthermore, techniques to improve the transfection efficiency of chitosan

with a special focus on quaternized derivatives are discussed.

Chapter 2 describes the synthesis and characterization of a novel targeted gene delivery
vector consisting of PEI as DNA condensing agent, PEG for surface shielding and the
HER?2 directed monoclonal antibody Trastuzumab for cell specific targeting. The result-
ing PEG-PEI-Trastuzumab conjugate was characterized concerning DNA condensation
efficiency, hydrodynamic diameters and zetapotentials of polyplexes with DNA. It was
shown that conjugation of Trastuzumab did not affect interaction with DNA. With 130-
180 nm size of conjugate complexes was well below the threshold for endocytosis The
surface of complexes was uncharged, decreasing non-specific binding to the cell mem-
brane. Flow cytometry and confocal laser scanning microscopy were used to study cell
binding and —internalization. It was found that conjugate complexes specifically bound
to and were taken up into cells overexpressing HER2 while binding and uptake into
HER2 negative cells was negligible. Finally, it was shown that these conjugates medi-
ated efficient transfection in HER2 overexpressing cells. Specificity of transfection was
demonstrated by competitive inhibition with free antibody. This study served as a proof

of concept and stimulated further research in this direction.
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Chapter 3 deals with optimization of the above mentioned vector and its in vivo appli-
cability. In this study, PEG grafting density and chain length of PEG-PEI copolymer
used for synthesis, the linker used to covalently couple Trastuzumab to PEI, and the
degree of substitution with Trastuzumab was varied. It was found that all conjugates
formed small polyplexes with DNA. Due to antibody modification, surface charge of all
conjugate polyplexes was virtually neutral at all N/P ratios tested. The stability of poly-
plexes against DNA displacement by polyanion was tested using heparin. Conjugation
of Trastuzumab slightly decreased DNA displacement by heparin. Blood compatibility
was tested by incubation with erythrocytes determining the degree of hemolysis and
erythrocyte morphology and aggregation. PEI polyplexes induced significant hemolysis
and erythrocyte aggregation, both beeing strongly reduced with PEG-PEI copolymers.
Conjugate polyplexes showed very low levels of hemolysis and erythrocyte morphology
was virtually unchanged. A significant influence of conjugate composition on transfec-
tion efficiency and specificity was noted in cell culture. The best results were obtained
when Trastuzumab was coupled to PEI via a heterobifunctional PEG linker. Conjugate
and PEI complexes with radioactively labeled pDNA as well as free radiolabeled plas-
mid DNA were injected into the tail vein of BALB/c mice. Pharmacokinetics of conju-
gates revealed significant improvements over free plasmid DNA and PEI polyplexes.
Area under the plasma level-time curve of conjugates was increased up to 48% or 114%
compared to PEI or DNA, respectively. Furthermore, significantly decreased disposition
of polyplexes in spleen and lung was observed in the case of conjugates. These findings
demonstrated that conjugate composition plays a major role in efficiency and specificity
of targeted polyplexes. Furthermore, antibody modification significantly improved the

in vivo properties of polyplexes.

Chapter 4 aimed at studying the targeted conjugates characterized in chapter 3 in an in
vivo tumor model. To establish a suitable in vivo tumor model, different HER2 overex-
pressing cell lines were tested for their ability to spontaneously form subcutaneous tu-
mors in SCID mice. It was found that after subcutaneous injection of SK-OV-3 cells,
mice developed tumors within 10 to 14 days. The tumors were characterized with re-
spect to macroscopic and microscopic appearance, vascularization and HER2 expres-
sion level. For comparison, a well established subcutaneous tumor, Neuro2A, showing

no HER2 overexpression was used. Compared to Neuro2A tumors, the tissue of SK-
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OV-3 tumors appeared to be denser. SK-OV-3 tumors were surrounded by large blood
vessels, while Neuro2A tumors macroscopically showed a better vascularization of the
tumor tissue. Histological evaluation of hematoxylin and eosin stained sections of paraf-
fin embedded tumors revealed lower vascularization with SK-OV-3 compared to
Neuro2A tumors. Using anti-CD31 immunofluorescence, these results were verified.
Immunofluorescence using Trastuzumab and a FITC-labeled secondary antibody
showed that HER2 was only overexpressed in SK-OV-3 tumors. Trastuzumab-PEG-
PEI/pDNA polyplexes were injected into the tail vein and transfection efficiency in
main organs and tumor was compared to non-targeted PEI. Unfortunately, targeted
polyplexes failed to selectively transfect SK-OV-3 tumors. In a second approach, tar-
geted versus non-targeted polyplexes were administered by intratumoral injection. In
this case, targeted polyplexes showed very slightly, but not significantly increased effi-
ciency compared to PEI polyplexes. Further optimization of the tumor model and/or the

polyplexes seems to be indispensable to achieve HER2-targeted in vivo gene transfer.

In Chapter 5, chitosan, trimethyl chitosan or polyethylenglycol-graft-trimethyl chito-
san/DNA polyplexes were characterized concerning physicochemical properties such as
hydrodynamic diameter, condensation efficiency and DNA release. The cytotoxicity of
the polymers was evaluated during different incubation times in cell culture. Further-
more, uptake- and transfection efficiency of polyplexes were evaluated in vitro. While
showing sufficient condensation efficiency under acidic, low ionic strength conditions,
chitosan was found to form large aggregates of about 1000 nm accompanied by de-
creased DNA condensation ability under cell culture conditions. These characteristics
resulted in only 7% cellular uptake in NIH/3T3 cells and low transfection efficiencies in
4 different cell lines. Quaternization of chitosan improved the solubility, DNA conden-
sation ability, and complex formation at physiological pH. Accordingly, cellular uptake
was increased 8.5-fold compared to chitosan polyplexes resulting in up to 678-fold in-
creased transfection efficiency in NIH/3T3 cells. PEGylation of trimethyl chitosan not
only decreased the cytotoxicity as shown by MTT assay and further increased the solu-
bility but also improved colloidal stability of polyplexes. These improvements resulted
in a significant, up to 10-fold increase of transfection efficiency in NIH/3T3, L929 and
MeWo cells compared to trimethyl chitosan. The study highlights the importance of
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colloidal stability of non-viral vector formulations, especially under physiological con-

ditions and correlates these characteristics to a biological readout.

Chapter 6 describes further studies on cellular uptake pathways and intracellular proc-
essing of chitosan, trimethyl chitosan and polyethylenglycol-graft-trimethyl chito-
san/DNA polyplexes. Specific inhibitors of different uptake- or intracellular processing
pathways were employed to study uptake and transfection efficiency of polyplexes in
A549 and L1929 cells. In this respect, uptake kinetics and the colloidal stability of poly-
plexes was studied as well. As shown in chapter 5 severe aggregation of chitosan poly-
plexes was observed in physiological media and cellular uptake was low. With PEI
polyplexes aggregation was also observed, but to a lesser extent and with lesser effect
on cellular uptake efficiency. TMC and PTMC showed virtually no aggregation. Cellu-
lar uptake was strongly increased compared to PEI polyplexes in L.929 and was as high
as PEI uptake in A549. In L929 cells uptake kinetics were similar for all polyplexes,
while PEI polyplexes were faster internalized than TMC or PTMC polyplexes in A549
cells. The main uptake pathway in L929 cells was clathrin-mediated endocytosis ac-
companied by uptake via caveolae in the case of TMC and PTMC polyplexes. Transfec-
tion efficiency was strongly influenced by clathrin-mediated endocytosis. In A549 cells,
uptake mainly occurred by clathrin-mediated endocytosis which was accompanied by
macropinocytosis but transfection mainly depended on the former. In this study certain
differences in polyplex uptake and its effect on transfection were found. However, these
could not fully explain the difference in transfection efficiency of PEI versus chitosan
vectors. We therefore conclude that besides the uptake pathway other steps and barriers
in the transfection process are at least of equal importance for efficient transfection with
chitosan based vector systems. Some results pointed to inefficient intracellular release

or incomplete vector unpacking as main barriers downstream polyplex uptake.

7.2 Perspectives

As outlined in the introduction, the ultimate goal of non-viral gene delivery is to de-
velop a safe and efficient vector system with a satisfactory toxicity profile which can be
administered intravenously. Furthermore, this vector should be able to target a specific

cell type or tissue without affecting non-targeted cells. However, even if significant
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steps towards this goal are made, the system fulfilling all these points is not yet devel-

oped.

The synthesis of targeted copolymers as described in this work is clearly advantageous
in terms of characterization, robustness and repeatability of results. However, variations
have to be introduced by synthesis of new conjugates, making it difficult to optimize or
tailor theses systems in short time. To improve this situation, a “construction set” ap-
proach would be beneficial. Polyplexes could be prepared by the mixing of different
components, making it easy to vary its properties. Similarly, the polycation could be
modified with anchor molecules where shielding or targeting moieties could easily be
attached. Furthermore, shielded polyplexes suffer from lower transfection efficiency
compared to unshielded PEI possibly which is potentially due to lower endosomal re-
lease. Copolymers which change their characteristics in response to their environment
could combine shielding and efficient endosomal release. During processing of early
endosomes towards lysosomes, the pH gradually decreases. If polymers could respond
to changes in pH, e.g. by disassembly of the PEG shell and targeting moieties, transfec-

tion efficiency might be improved.

Besides intracellular delivery, a major obstacle in in vivo gene delivery is the stability of
the vector system in systemic circulation. It was shown in this work that coupling of
antibodies might further improve circulation times of non-viral vectors. This could be a
good starting point for further development, e.g. by shielding the polyplex surface with
Fc fragments or albumin. Crosslinking of the surface is another possibility to increase
circulation times which is under extensive investigation. However, after cellular uptake,
unpacking of the crosslinked vector and DNA release is a major problem. More research
and knowledge on distinct changes from extracellular to intracellular environment is

needed to further optimize such systems.

It was shown in this work that in vivo gene delivery using targeted PEG-PEI did not
result in efficient transfection of tumors. We hypothesize that the root cause for this out-
come was insufficient vascularization of SK-OV-3 tumors. Therefore, new tumor mod-
els are needed to study in vivo targeting of HER2 targeted polyplexes. Several cell lines
were reported to form subcutaneous tumors after injection into mice. However, most of

these models depend on implantation of estrogen pellets, which was not possible in our
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setup. A study on specificity and efficiency of HER2 targeted vectors using different

HER2 overexpressing tumor models might verify the results found in vitro.

Chitosan based gene transfer in this work was shown to benefit from quaternization and
PEGylation. However, transfection efficiencies still are several orders of magnitude
lower than efficiency of PEI polyplexes and large amounts of polymer are needed to
produce significant transfection. As described in the introduction, the combination of
PEI and chitosan was found to improve transfection efficiency of both vectors. Future
research could evaluate if the combination of PEI and trimethyl chitosan or PEG-
trimethyl chitosan shows similar synergistic effects. Due to the increased stability of
chitosan/DNA polyplexes compared to PEI and its prolonged release of DNA, this com-

bination might be especially beneficial for in vivo application.

Little is known about the obstacles chitosan polyplexes face downstream cellular up-
take. Studies on endosomal release and intracellular processing of chitosan and chitosan
derivatives might help to optimize gene transfer and might trigger rationale synthesis of

new chitosan derivatives.
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7.3  Zusammenfassung

In der vorliegenden Arbeit wurden neue nicht-virale Vektoren zum Gentransfer
synthetisiert und sowohl in vitro wie auch in vivo charakterisiert. Der erste Teil
beschiftigt sich in erster Linie mit Studien zum zielgerichteten Gentransfer mittels
Antikorper-modifizerter, PEGylierter Polyethylenimine. Im zweiten Teil der Arbeit
werden neue Chitosan-Derivate wie Trimethyl-Chitosan und PEGyliertes Trimethyl-

Chitosan hinsichtlich ihrer Eignung zur Transfektion von Zellen in vitro untersucht.

Kapitel 1 gibt eine kurze Ubersicht iiber die Ziele und Hauptprobleme bei der
Entwicklung von Genvektoren. Im Weiteren wird auf die wesentlichen Vor- und
Nachteile von PEI eingegangen. Die Entwicklung nicht-viraler Vektorsysteme von
einfachen elektrostatischen Komplexen hin zu multifunktionellen, zielgerichteten
Kopolymeren wird am Beispiel von PEI illustriert. Besonderer Wert wird auf Zielzell-
spezifisch modifizierte PEIs gelegt und die wesentlichen Studien in diesem Gebiet

werden zusammengefasst.

Der zweite Teil der Einleitung beschiftigt sich mit den Eigenschaften und
Hauptanwendungsgebieten von Chitosan. In Hinsicht auf die Anwendung in der nicht-
viralen Gentherapie werden die Hauptvor- und -nachteile dieses Biopolymers
geschildert. Weiterhin werden Techniken und Modifikation vorgestellt, die die Effizienz

von Chitosan erh6hen konnen.

In Kapitel 2 wird die Synthese und Charakterisierung eines neuen zielgerichteten
Genvektors beschrieben. Dieser multifunktionelle Vektor besteht aus PEI, das zur
Komplexierung der Plasmid-DNA dient, PEG zur Abschirmung der Komplexoberfliche
und Trastuzumab, einen gegen HER2 gerichteten monoklonalen Antikorper, der fiir die
zielgerichtete Transfektion bestimmter Zellen sorgen soll. Die synthetisierten Konjugate
wurden physikochemisch hinsichtlich ihrer DNA-Komplexierungsfahigkeit, ihrer GrofBe
sowie ihres Zetapotentials charakterisiert. Wir konnten zeigen, dass die
Komplexierungseffizienz durch die Kopplung von Trastuzumab nicht negativ
beeinflusst wurde. Es bildeten sich 130 bis 180 nm grofBe, neutrale Komplexe. Die
erzielte Grofe erschien fiir die endozytotische Zellaufnahme geeignet. Eine neutrale

Komplexoberfliche vermindert die unspezifische Anheftung an die Zellmembran iiber
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elektrostatische Wechselwirkungen und ist somit in der Lage eine zielgerichtete
Transfektion zu unterstiitzen. Die Zellbindung und —aufnahme der Polyplexe wurde mit
konfokaler Mikroskopie und Durchflusszytometrie untersucht. Mit Hilfe dieser
Techniken konnte nachgewiesen werden, dass die hergestellten Komplexe spezifisch an
HER?2 iiberexprimierende Zellen binden und von diesen aufgenommen werden. Die
Bindung und Aufnahme in HER2-negative Zellen war hingegen gering. Die spezifische
Bindung und Aufnahme resultierte in einer spezifischen Expression des verwendeten
Reportergens in HER2-positiven Zellen, wéhrend die Transfektion HER2-negativer
Zellen wesentlich weniger effizient war. Mittels kompetitiver Hemmung mit freiem
Antikdrper konnte nachgewiesen werden, dass die Reportergenexpression durch die
Bindung der Polyplexe an HER2 Rezeptoren vermittelt wird. Damit diente diese Studie

als ,,proof-of-concept®, die weitere Aktivititen in dieser Richtung stimulierte.

Kapitel 3 behandelt die Optimierung des in Kapitel 2 charakterisierten Vektors und erste
Studien zur Anwendbarkeit in vivo. Zundchst wurden verschiedene PEG-PEI-
Trastuzumab Derivate synthetisiert, wobei die Anzahl der PEG-Ketten pro PEI Molekiil,
das Molekulargewicht des verwendeten PEGs sowie die Linkerchemie variiert wurden.
Die Komplexe dieser Konjugate mit Plasmid DNA wurden physikochemisch
charakterisiert. Mit allen Konjugaten bildeten sich kompakte Polyplexe. Durch die
Kopplung von Trastuzumab und die hierdurch vermittelte zusitzliche Abschirmung
zeigten alle Komplexe ein neutrales Zetapotential bei allen getesteten N/P-
Verhiltnissen. Die Stabilitét der Polyplexe gegen DNA-Verdringung durch Polyanionen
wurde mit Hilfe von Heparin untersucht. Die Kopplung von Trastuzumab vermittelte
eine leicht erhohte Stabilitdit gegen DNA-Verdrangung durch Heparin. Indem die
prozentuale Hamolyse und die Aggregation von Erythrozyten untersucht wurde,
konnten Aussagen iiber die Blutkompatibilitit der Komplexe gemacht werden. PEI
Polyplexe verursachten sowohl eine relativ ausgeprigte Hémolyse wie auch eine
verstarkte Erythrozytenaggregation. Durch PEGylierung konnten Hémolyse und
Erythrozytenaggregation stark vermindert werden. Wurden Trastuzumab-PEI-PEG
Komplexe mit Erythrozyten inkubiert, wurden hingegen nur sehr geringe Himolyse und
keine morphologischen Verdnderungen beobachtet. In der Zellkultur wurden deutliche
Unterschiede zwischen den Konjugaten hinsichtlich Effizienz und Spezifitit festgestellt.

Im Fall der Kopplung von Trastuzumab an PEI iiber einen heterobifuntionalen PEG-
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Linker wurden die besten Ergebnisse erzielt. Die Pharmakokinetik und Biodistribution
der Konjugate wurde nach intravendser Applikation in BALB/c Mausen untersucht.
Dabei zeigten sich deutliche Verbesserungen gegeniiber freier DNA und PEI
Polyplexen. Einerseits war die AUC der Konjugat-Komplexe um bis zu 48% gegeniiber
PEI und um bis zu 114% gegeniiber freier DNA erhoht. Andererseits konnte eine
signifikant verminderte Deposition der Trastuzumab-modifizierten PEG-PEI Polyplexe
sowohl in der Milz wie auch in der Lunge nachgewiesen werden. Diese Resultate
zeigen, dass die Zusammensetzung zielgerichteter PEG-PEI Kopolymere wesentlich die
Effizienz und Spezifitdt in vitro beeinflusst. Zudem wurden durch Antikérperkopplung
sowohl die Zirkulationeigenschaften verbessert wie auch die unspezifische Deposition

in Lunge und Milz vermindert.

Das Ziel der in Kapitel 4 beschriebenen Experimente war die Untersuchung der
Zielfihrungs- und Transfektionseigenschaften der in Kapitel 3 beschriebenen
Konjugate. Zunichst musste ein HER2 iiberexprimierendes Tumormodell etabliert und
charakterisiert werden. Hierzu wurden verschiedene Tumorzellinien subkutan in SCID-
Maiuse injiziert und das Tumorwachstum untersucht. Einzig mit SK-OV-3 Zellen
konnten subkutane Tumoren initiiert werden, die innerhalb von 10-14 Tagen deutliches
Tumorwachstum zeigten. Diese Tumoren wurden makroskopisch und mikroskopisch
auf Vaskularisierung und HER2-Expression untersucht. Als Vergleich wurden Neuro2A
Tumoren, ein etabliertes und HER2 negatives Tumormodell verwendet. Im Vergleich zu
Neuro2A erschien das Tumorgewebe der SK-OV-3 Tumoren dichter, zudem waren die
letzteren von grofBen Blutgefdssen umgeben, wihrend die ersten von einem feinen
Adergeflecht durchzogen waren. Die histologische Beurteilung der mit Hematoxylin
und Eosin gefarbten Paraffin-Schnitte ergab eine geringere Vaskularisierung des
Tumorgewebes bei SK-OV-3 Tumoren im Vergleich zu Neuro2A Tumoren.
Immunfluoreszenuntersuchungen auf CD31 bestétigten dieses Ergebnis. Die HER2
Expression im Tumorgewebe wurde ebenfalls mittels Immunfluoreszenz untersucht.
SK-OV-3 Tumoren zeigten eine deutliche Uberexpression von HER2, wihrend
Neuro2A negativ getestet wurden. Trastuzumab-PEG-PEI/pDNA sowie PEI/pDNA
Komplexe wurden intravends iiber die Schwanzvene verabreicht. Leider konnte in
diesen Experimenten keine selektive Transfektion HER2 exprimierender Tumoren

nachgewiesen werden. Ein zweiter Ansatz bestand aus der intratumoralen Injektion der
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Polyplexe. In diesem Fall schienen Trastuzumab-modifizierte Komplexen eine leicht
verbesserte Transfektioneffizienz zu zeigen, jedoch konnte kein signifikanter
Unterschied nachgewiesen werden. Diese Studie zeigte, dass eine weitere Optimierung
sowohl des Tumormodells wie auch der zielgerichteten Polyplexe unumgénglich ist, um

einen spezifischen und effizienten Gentransfer in vivo zu erreichen.

Kapitel 5 beschéftigt sich mit Untersuchungen zur Eignung von Chitosan, Trimethyl-
Chitosan und PEGyliertem Trimethyl-Chitosan zum nicht-viralen Gentransfer.
Polyplexe dieser Polymere mit pDNA wurden auf ihre Grofe, die DNA-
Komplexierungseffizienz und die DNA-Freisetzung untersucht. Die Toxizitdt der
Polymere wurde wihrend verschiedener Inkubationszeiten in der Zellkultur gemessen.
Weiterhin wurde die Aufnahme und Transfektionseffizienz in vitro untersucht. Wahrend
Chitosan in aziden Medien mit niedriger Ionenstirke eine zufrieden stellende Affinitit
zu DNA zeigte, war diese in physiologischen Medien mit neutralem pH stark
vermindert. In diesen Medien bildeten sich bis 1000 nm groB3e Aggregate. Die zellulédre
Aufnahme dieser Polyplexe in NIH/3T3 Zellen war mit 7% positiv angefarbter Zellen
relativ ineffizient. Dies resultierte in sehr niedrigen Transfektionseffizienzen in 4
verschiednen Zelllinien. Durch Quarternisierung kann die Loslichkeit sowie die DNA
Komplexierungsfihigkeit und damit die Komplexbildung bei physiologischen pH
wesentlich  gesteigert werden. Die zellulire Aufnahme in NIH/3T3 war
dementsprechend gegeniiber Chitosan um das 8,5-fache, die Transfektionseffizienz um
das 678-fache erhoht. Die PEGylierung von Trimethyl-Chitosan bewirkte nicht nur eine
Verringerung der Zytotoxizitdt, wie mittels MTT-Methode nachgewiesen wurde,
sondern verbesserte auch zusitzlich die Loslichkeit der Polymere und die
Kolloidstabilitdt der Komplexe. Diese verbesserten Eigenschaften resultierten in einer
signifikanten, bis zu 10-fachen Erhohung der Transfektionseffizienz in NIH/3T3, L929
und MeWo Zellen gegeniiber unmodifizierten Trimethyl-Chitosan. Diese Studie hebt die
Bedeutung der Kolloidstabilitdt fiir die Formulierung nicht-viraler Vektoren hervor und

korreliert diese mit der biologischen Effizienz.

Weitere Studien, die zellulire Aufnahme und —Prozessierung der auf Chitosan
basierenden Vektoren betreffend, stellt Kapitel 6 vor. Die Aufnahme- und
Transfektionseffizienz von Chitosan, Trimethyl-Chitosan und PEG-Trimethyl-Chitosan

wurde nach Inhibition bestimmter Aufnahmerouten in A549 und 1929 Zellen studiert.
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In dieser Hinsicht wurde auch die Aufnahmekinetik und die Kolloidstabilitit im Detail
untersucht. Wie bereits in Kapitel 5 beschrieben, bildeten Chitosan Polyplexe in
physiologischen Medien Aggregate, was zu einer geringen zelluldren Aufnahme fiihrte.
Eine Aggregation der Polyplexe wurde auch im Fall von PEI beobachtet, diese war aber
weniger ausgeprigt als bei Chitosan und hatte einen geringeren Einfluss auf die
zelluldre Aufnahme. TMC und PTMC hingegen zeigten nahezu keine Aggregation. Die
zelluldre Aufnahme war ebenso effizient wie die von PEI Polyplexen in A549 und war
deutlich verbessert gegeniiber PEI in L.929 Zellen. Die Aufnahmekinetik war in 1.929
Zellen fur alle untersuchten Polyplexe mit Ausnahme von Chitosan sehr dhnlich, in
A549 Zellen wurde PEI wesentlich schneller aufgenommen als TMC oder PTMC. Der
Hauptaufnahmeweg aller untersuchten Polyplexe war in L929 Zellen Clathrin-
vermittelte Endozytose. Im Fall von TMC und PTMC wurde eine Beteiligung von
Caveolae bei der Aufnahme festgestellt. Die Transfektionseftizienz war in diesen Zellen
stark von Clathrin-vermittelter Endozytose beeinflusst. Auch in A549 Zellen war
Clathrin-vermittelte Endozytose der Hauptaufnahmeweg fiir alle untersuchten
Polyplexe, welche zum Teil von Macropinozytose begleitet wurde. Auch hier wurde die
Transfektionseffizienz am stirksten durch Inhibitoren der Clathrin-vermittelten
Endozytose beeinflusst. Wir konnten gewisse Unterschiede im Aufnahmemechanismus
und ihren Effekt auf die Transfektionseffizienz feststellen. Dennoch reichen die
gefunden Unterschiede in der Aufnahme nicht fiir eine vollstdndige Erklarung der
Unterschiede in den Transfektionseffizienzen aus. Wir vermuten deshalb, dass neben der
zelluldren Aufnahme andere Schritte und Barrieren mindestens einen ebenso starken
Einfluss auf die Tarnsfektionseffizienz haben. Einige Ergebnisse der hier vorgestellten
Studie deuten in Richtung einer ineffektiven intrazelluliren Freisetzung oder einer
unvollstindigen DNA Freisetzung als weitere wesentliche Hindernisse auf dem Weg zu

einer effizienten Transfektion.

7.4  Ausblick

Wie bereits in der Einleitung umrissen, ist die Entwicklung sowohl effizienter wie auch
sicherer Vektorsysteme eines das Hauptziele der Forschung zum nicht-viralen
Gentransfer. Diese Vektoren sollten ein zufrieden stellendes Toxizitétsprofil aufweisen,

intravends applizierbar sein und spezifisch bestimmte Zielgewebe transfizieren. Trotz
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der Tatsache, dass einige dieser Punkte bereits mit Erfolg bearbeitet wurden, konnte

bisher ein Vektorsystem welches alle Punkte vereint noch nicht entwickelt werden.

Hinsichtlich der Charakterisierung der Konjugate, der Robustheit des Systems und der
Reproduzierbarkeit der Ergebnisse ist die chemische Synthese von Liganden-
modifizierten Kopolymeren wie in dieser Arbeit vorgestellt duBerst vorteilhaft.
Nachteilig wirkt sich allerdings aus, dass jegliche Verdnderung eine Neusynthese
bedingt, was die Optimierung des Systems und die Anpassung an besondere
Bediirfnisse stark verlangsamt. Eine Moglichkeit, dieses Problem zu 16sen, konnte die
Verwendung von ,Bausteinen sein, aus denen gezielt Vektoren bestimmter
Eigenschaften zusammengesetzt werden konnen. Falls man das verwendete Polykation
mit Ankermolekiilen versehen konnte, wére auch ein einfaches Anhédngen
abschirmender oder zielfilhrender Molekiile denkbar. Ein Problem PEG-modifizierter
PEIs besteht in der relativ geringen Transfektionseffizienz dieser Copolymere selbst
nach effektiver Aufnahme in die Zelle. Dies wurde auf eine moglicherweise verminderte
endosomale Freisetzung zuriickgefiihrt. Ein Ansatzpunkt wére hier die Synthese
nintelligenter Polymere, die Verdnderungen wie den sinkenden pH-Wert wihrend der
Prozessierung vom frithen Endosom zum Lysosom wahrnehmen und ihre Eigenschaften
entsprechend &ndern. Beispielsweise wiéren Polymere denkbar, die bei niedrigem
Umgebungs-pH-Werten sowohl PEG als auch Targeting-Molekiile verlieren und so die

endosomale Freisetzung verbessern.

Neben Optimierungsmoglichkeiten die sich nach der zelluldren Aufnahme bieten, ist
auch die Verbesserung der Stabilitit des Vektorsystmes auf seinem Weg zum
Zielgewebe von groBer Bedeutung fiir die Effizienz in vivo. In dieser Arbeit konnte
gezeigt werden, dass die Kopplung von Antikérpern mdglicherweise auch der
Vebesserung der Zirkulationseigenschaften dienen kann. Dies konnte einen
interessanten Ansatzpunkt fiir zukiinftige Entwicklungen darstellen. Beispielsweise
konnten Fc Fragmente oder Albumin an PEI gekoppelt werden und zu einer
Abschirmung der Oberfldche und zu verminderter Opsonisierung beitragen. Auch die
Quervernetzung der Polyplex-Oberfliche ist eine interessante Moglichkeit der
Komplexstabilisierung, welche bereits intensiv untersucht wird. Hier stellt sich jedoch

vor allem das Problem der DNA-Freisetzung nach zelluldrer Aufnahme. Auch an dieser
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Stelle wéren detailliertere Kenntnisse der Verdnderungen der Umgebungsbedingungen

nach zelluldrer Aufnahme hilfreich, um diesen Prozess weiter zu optimieren.

Eine wesentliche Erkenntnis dieser Arbeit besteht darin, dass die intravendse oder
intratumorale Applikation der zielgerichteten PEG-PEI Komplexe keine effiziente
Reportergenexpression in HER2 exprimierenden Tumoren vermitteln konnte. Wir
vermuten, dass dies auf die geringe Vaskularisierung der verwendeten SK-OV-3
Tumoren zuriickzufiihren war. Um die in vivo Effizienz Trastuzumab-modifizierter
PEG-PEIs besser studieren zu konnen, sind Tumormodelle mit giinstigeren
Eigenschaften unabdingbar. Die Bildung subkutaner Tumoren wurde bereits fiir
verschiedene HER2 exprimierende Zelllinien beschrieben. Bei vielen dieser Modelle ist
jedoch die gleichzeitige Implantierung Ostrogen-freisetzender Pellets notig. Leider war
dies bei den von uns durchgefiihrten Tierversuchen keine Option. Deshalb konnte die
Etablierung eines geeigneteren Tumormodells die Untersuchung HER2-zielgerichteter

nicht-viraler Vektoren wesentlich erleichtern.

In dieser Arbeit wurde gezeigt, dass die Quarternisierung und PEGylierung von
Chitosan dessen Transfektionseffizienz deutlich verbessert. Dennoch waren relative
gro3e Polymermengen fiir die Transfektion ndtig und die erreichte Effizienz lag deutlich
unter der von PEIL. Wie in der Einleitung beschrieben zeigt die Kombination von PEI
und Chitosan synergistische Effekte hinsichtlich der Transfektionseffizienz, die unter
Umstidnden auch im Fall trimethylierter Chitosane oder deren PEG-Derivate genutzt
werden konnten. Durch die hohere Stabilitét von Chitosan/DNA Komplexen konnte sich

dies insbesondere auch giinstig auf die Anwendung in vivo auswirken.

Bisher ist wenig zur intrazelluldren Prozessierung von Chitosan/DNA Komplexen
bekannt. Wie in dieser Arbeit gezeigt wurde, stellt die zellulire Aufnahme offenbar
nicht unbedingt die wesentliche Barriere fiir eine effiziente Transfektion mit Chitosan-
Derivaten dar. Studien zu wichtigen intrazelluliren Schritten wie endosomaler
Freisetzung, Freisetzung der DNA und Translokation in den Nukleus konnten sich fiir

die Entwicklung effizienterer Chitosan-Derivate als hilfreich erweisen.
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8.1 Abbreviations

AFM Atomic force microscopy
AUC Area under the curve
CLSM Confocal laser scanning microscopy

DAPI 4’ ,6-diamidino-2-phenylindole, dihydrochloride

EtBr Ethidium bromide

FACS Fluorescence assisted cell sorting

HBG HEPES buffered glucose

HBS HEPES buffered saline

HEPES  2-[4-(2-Hydroxyethyl)-1-piperazinyl|ethanesulfonic acid

HER2 Human epithelial growth factor receptor 2

Mw Molecular weight
N/P Nitrogen to phosphate ratio
PBS Phosphate buffered saline

pDNA Plasmid DNA
PEG Polyethylenglycol
PEI Polyethylenimine

PTMC Polyethylenglycol-modified trimethyl chitosan

RES Reticuloendothelial System
RGD Arginine-glycine-aspartic acid
SCID Severe combined immunodeficiency syndrome

SPDP N-succinimidyl 3-(2-pyridyldithio)propionate

TMC Trimethyl chitosan
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