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Summary

The nanocarrier-mediated delivery of therapeutic transgenes into human target cells is a promising
approach to treat life-threatening diseases such as cancer.

For effective gene delivery, the nanocarrier has to meet a series of challenging requirements. First,
high capacity loading of the genetic material and high stability of the formed nanoparticles in the blood
circulation is required. Next, the gene carrier must specifically bind target cells of interest, e.g. cancer
cells, and enter them. After uptake, trafficking towards the cell nucleus and destabilization of
endosomal membranes has to be realized, followed by DNA release from particles and DNA import
into the nucleus. Furthermore, ideal gene nanocarriers should be non-toxic and non-immunogenic and
allow cheap and reproducible manufacturing.

In this work polymeric nanocarriers were studied that contained different functionalities to sense their
environment and adapt dynamically to overcome cellular barriers for gene delivery. Highly-sensitive
fluorescence microscopy was applied as a tool to dissect the interactions of functionalized gene
nanocarriers on the single-cell level in real-time. To study the effects of polymer design on DNA
condensation, cell binding and internalization, live-cell imaging experiments were combined with
biological assays, new experimental setups and tailor-made image analysis routines. The influence of
polyethylene glycol (PEG) shielding and receptor targeting on particle uptake was examined in detail
and microscopy-based assays were applied to study endosomal release and nuclear import of

biomolecules.

The results from live-cell experiments with PEGylated polymer particles demonstrate that fine-tuning of
the PEG length is important to reduce non-specific interactions and maximize specific receptor-
mediated uptake of targeted particles. The data additionally reveals that the applied particle dose can
significantly affect the uptake characteristics. A second study with bioreducible PEGylated PDMAEMA
polyplexes demonstrates that reversible PEG shielding is a promising approach to enhance the
transfection efficiency of gene nanocarriers.

Furthermore, a study on EGF receptor targeted polyplexes is presented. Applied polyplexes were
equipped either with natural full-length EGF or the alternative peptide ligand GE11. Presented data
demonstrates that the ligands induce two distinct endocytosis mechanisms for particle uptake. The
full-length EGF triggers accelerated endocytosis due to its dual active role in receptor binding and

signaling. For GE11 an alternative EGFR signaling-independent, actin-driven pathway is proposed.
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In addition to optimization of the targeting ligand itself, a method is introduced that can be used to
determine the optimal ligand density on the particle surface for efficient particle internalization.
Furthermore the setup of a microfluidic device is reported in this thesis that can be applied to screen
the interactions of nanoparticles with cells and physiological surfaces. Experimental results on the
cellular adhesion of targeted and untargeted polyplexes under flow conditions are presented.

In an additional study the gene delivery potential of novel four-arm PEG dendrimer hybrids as well as
sequence-defined polymers from solid phase assisted synthesis was investigated using live-cell
imaging. The results indicate a clear advantage of the four-arm construct in comparison to a two-arm
dendrimer construct. Successful ligand installation and EGF receptor-mediated uptake of sequence-
defined polymers was confirmed.

Furthermore, endosomal destabilization in cells was monitored by a calcein release assay proving the
positive effect of histidine incorporation on endosomal escape of gene vectors.

Finally, successful nuclear import of biomolecules with nuclear localization sequences was visualized

after direct microinjection into the cytoplasm.

In conclusion, our results demonstrate that the rational design of “intelligent” nanocarriers can lead to
more specific, more efficient and safer gene delivery into cancer cells. Fluorescence live-cell imaging
provides detailed insight into the cellular interactions of nanocarriers and can support the development

of improved gene vectors for clinical application.

Vi
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1 Introduction

“Gene Therapy Arrives in Europe® was the headline of an article in the Scientist Magazine on the 6"
of November 2012. After a turbulent history of clinical trials in gene therapy with major setbacks due to
severe safety concerns, the European Commission approved the first gene therapy medicine for the
European market, almost ten years after the first gene therapy of the world was introduced in China®.
The approved gene therapy medicine, called Glybera, uses a viral vector encoding for a lipid
processing enzyme to treat patients lacking the functional enzyme.

Recent successes in gene therapy development were further reported from a number of clinical trials,
highlighting the promising potential of gene vectors for the treatment of patients with severe, life-
threatening diseases. In 2011 a study was published in the New England Journal of Medicine
describing the effective treatment of four patients suffering from haemophilia B, an inherited bleeding
disorder. After a single injection of a viral gene vector into the blood, the patients did not require blood
clotting factors for up to 18 months® Also in 2011, Gaspar et al. released a study that showed
recovered immune function of four from six children with severe combined immune deficiency that
received hematopoietic bone marrow stem cells transduced with a retroviral vector®. A new promising
gene therapy approach was also demonstrated for the treatment of cancer comprising the combination
of gene therapy and immune therapy. In this approach genetically engineered T-cells that can attack
cancer cells are introduced into the patients. Two patients suffering from leukemia showed complete
remission of the disease after treatment with engineered T-cells®.

Despite encouraging data revealing the life-saving potential of gene therapies, the treatment with viral
gene vectors remains risky and for each patient the potential benefits of the therapy have to be
weighed up carefully against the risks. Lasting long time effects from gene therapy remain yet to be
proven. One major risk when using retroviruses for gene delivery is the random integration of genes
into functional sequences of the patients DNA, as shown in 2003 in a clinical trial in France where two
of ten gene therapy patients developed leukemia®. Also, activation of undesired immune response
against the viral vector has been repeatedly observed in clinical trials. Furthermore ethical and
religious questions need to be solved. The concept of changing the DNA of a person is frightening to
many people, and it has to be decided carefully which disorders and disabilities should be treated and
which should not, to prevent abuse of the technology. Another concern is the high costs of gene
therapy, which currently makes the therapy available for the wealthy only. According to the Financial
Times Deutschland magazine (issue Nov 2" 2011), Glybera will be the most expensive medicine in

the world, costing around 1.2 million euros for each patient.
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To improve the efficiency and persistence of gene therapy and at the same time reduce risks and
costs of the treatment, novel gene vectors have to be designed. A promising strategy for the custom-
designed production of gene vectors with reduced immune response is the development of artificial,
non-viral gene nanocarriers. In this strategy synthetic polycationic molecules are used to complex
therapeutic nucleic acids into small nanoparticles that can be internalized by cells and deliver their
DNA.

In the present work polymer-based artificial gene nanocarriers were studied for their ability of gene
delivery into cancer cells. Cancer is still one of the most threatening diseases worldwide that affects
people of all ages. Available therapies are often effectless or patients suffer from severe side-effects
due to the high systemic toxicity of conventional drugs. To provide a targeted gene therapy of
diseased cancer cells might enhance the efficiency of treatment in the future with improved quality-of-
life during therapy.

In this thesis, highly sensitive widefield and confocal fluorescence microscopy was applied as a tool to
unravel the interactions of single gene nanocarriers with cells. This powerful method allows the
observation of cellular processes in real-time with high spatial and temporal resolution. Live-cell
imaging was combined with molecular biology assays such as selective inhibition of receptor
phosphorylation to gain insights into the underling cellular processes. Dual color colocalization
experiments gave further insights on the pathway and fate of single particles inside the cell. To
guantify the observed effects imaging experiments were combined with tailor-made digital image
analysis procedures. Furthermore a microfluidic setup was designed and microinjection was used to
dissect specific processes. All experiments were performed in close collaboration with interdisciplinary
researchers from the Universities in Munich, Tokyo (Japan), Soochow (China) and Santa Barbara
(U.S.A). The results from this thesis provide new detailed insights into the interaction of artificial gene
vectors with cells, which might be used to improve the design of synthetic nanocarriers for more

efficient gene delivery in the future.

The nanocarrier-mediated delivery of nucleic acids into target cells is a multi-step process and
different functionalities of the particles are required to overcome different cellular barriers. First, after
injection to the blood circulation the gene carriers are exposed to blood cells, serum proteins, ions and
degradative enzymes that can mediate particle opsonization and degradation. To shield artificial gene
carriers from undesired interactions and to enhance their circulation in the blood, hydrophilic
polyethylene glycol (PEG) molecules can be attached to the particles. PEGylation also reduces uptake
of the gene nanocarriers into healthy, non-target cells. To increase the specific binding and uptake into
diseased cancer cells, targeting ligands can be coupled to the nanocarrier that recognize tumor-
specific surface receptors. To deliver the DNA into the nucleus where transcription of the introduced
gene takes place, the nanocarrier has to be internalized into the cell. For most particles uptake occurs
via endocytosis into membrane-coated vesicles, called endosomes. Nanocarrier-filled endosomes can

fuse with other compartments, mature by import of selective molecules and distribute inside the cell by
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passive and active transport processes. For successful transfection, the particle needs to escape from
the endosomal compartment and the DNA has to be released from the particle. Next the nucleic acid
has to be transported into the nucleus. The live-cell imaging experiment that will be described in the
following chapters investigate a selection of nanocarriers with different functionalities to overcome

these hurdles in gene delivery.
This thesis is structured into nine different chapters:

Following this introduction (chapter 1) two theory chapters are included that provide a general
overview on the actual state of knowledge in the research field. In the first theory chapter, the
biomedical principles of gene delivery, cancer therapy and tumor targeting are summarized (chapter
2). The design of artificial nanocarriers is introduced and the processing of gene vectors inside the
organism and on the cellular level is explained. In chapter 3 the physicochemical basics of
fluorescence live-cell imaging are described with an introduction into fluorescence, labeling strategies

and the presentation of our microscope setups.

The experimental results and discussions are presented in chapter 4 to 8 in a partly cumulative

manner.

Chapter 4 focuses on the effect of PEG shielding on cellular interactions of gene vectors. In a first part,
integrin-targeted and untargeted polyplex micelles with different PEG length were studied to compare
the effect of PEG shielding on the receptor-mediated and non-specific uptake of particles. The study
was performed in collaboration with the group of Prof. Kazunori Kataoka from Tokyo University.
Described results are published in the Journal of Controlled Release®.

In a second part of the chapter, reversibly PEG shielded PDMAEMA polyplexes with bioresponsive
linkers were studied for their ability of enhanced intracellular DNA release. This study was initiated by
Prof. Zhiyuan Zhong from Soochow University and presented results are adapted from our publication

in Biomacromolecules’.

Chapter 5 describes three projects that deal with the question how receptor targeting of gene vectors
can be optimized. In the first project EGF receptor-targeted polyplexes equipped either with a natural
full-length ligand or a short peptidic ligand were compared in terms of uptake kinetics, endocytosis
pathway and molecular mechanism of receptor-mediated endocytosis. This project was done in
collaboration with PD Manfred Ogris and Prof. Ernst Wagner from the pharmacy department of the
LMU and obtained results were published in Nanoletters®. In the second project the effect of ligand
density and dual targeting on the uptake of integrin- and transferrin receptor-targeted polyplexes was
investigated. The third project involved the establishment of a microfluidic setup to study the adhesion

of targeted particles under flow conditions.

" The theory chapters summarize general information from actual publications, reviews, text books and the world wide web to
put our experimental data into a broader context, they do not intend to describe our own data.

3
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In chapter 6, three novel scaffolds for gene and drug delivery with simplified production processes
were examined on living cells. The first scaffold, a 4-arm PEG dendrimer hybrid was developed in the
group of Prof. Craig Hawker at UC Santa Barbara. The obtained results on DNA complexation and
gene delivery with the novel construct were included in a publication in Biomacromolecules®. Next to
gene delivery, the dendrimers were also evaluated for drug delivery applications. In the second part of
this chapter the effect of covalent drug loading on the cellular processing of the dendrimer was
detected and the release of a model delivery unit into cells was monitored. The third scaffold analyzed
in this chapter was produced in the group of Prof. Ernst Wagner by a recently developed solid phase
assisted strategy. The sequence defined polymer for DNA complexation was equipped with EGF as
targeting ligand, and the successful cellular internalization of formed polyplexes was determined by

confocal microscopy.

Chapter 7 contains two studies on endosomal release and nuclear import. In the first study an
endosomal escape assay was applied to monitor destabilization of endosomal membranes in the
presence of histidines for improved endosomal buffering. This study was initiated in the group of Prof.
Ernst Wagner and results are submitted for publication. In the second study cytoplasmic microinjection

of samples was applied to visualize nuclear import mediated by the nuclear localization signal.
In chapter 8, a conclusion of the experimental part is given.

The experimental methods applied in this work are summarized in chapter 9.



2 Principles of gene therapy

The human body is composed of trillions of cells forming specialized tissues and organs. Each cell
contains the same genetic material made of deoxyribonucleic acid (DNA) that encodes for around
25.000 genes™. The expression of these genes is highly regulated and the individual set of expressed
genes determines the function and morphology of each particular cell. Inherited or acquired mutations
in the DNA can lead to altered protein expression and cause severe diseases. Conventional medicine
treats the symptoms of these diseases by administration of synthetic or natural product derived drugs.
Gene therapy is a new approach that addresses the source of the disorder'’. In gene therapy a
specific nucleic acid sequence is inserted into target cells in order to correct dysfunctional or missing
gene function (e.g. treatment of monogenetic diseases such as cystic fibrosislz), to add additional
gene function (e.g. enhanced immune response in cancer therapyl3) or to suppress pathogenic gene
expression. The transfection of cells with therapeutic genes can occur either directly in vivo or ex vivo
after removal of tissue from the patient. Both, somatic cells as well as germ cells can be treated.
Mostly, double-stranded DNA is transferred as genetic material, but short ribonucleic acid (RNA)
molecules (such as microRNA (miRNA) or small interfering RNA (siRNA))* or single-stranded
antisense oligonucleotides™ can also be used to modify the protein expression in target cells. Since
1989 more than 1800 clinical studies on gene therapy have been approved. Most clinical trials focus
on the treatment of cancer (65 %), monogenetic diseases (8,5 %), cardiovascular diseases (8,4 %) or
infectious diseases (8 %).*®

This work focuses on the application of synthetic gene nanocarriers for cancer therapy. The main aim
of our experiments was to investigate how the molecular composition of gene carriers affects their
interaction with cancer cells in order to gain knowledge on the future design of improved, more
efficient delivery systems. In the following chapter, the fundamentals of gene carrier design as well as
the current state of cancer therapy and tumor targeting are summarized. Furthermore the most
important barriers for successful gene delivery in the organism and on the cellular level are explained

and an overview about recent developments in clinical research is given.
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2.1 Gene delivery systems

To deliver therapeutic genes to cells in the human body naked DNA can be used, which is directly
injected into the target tissue®’. However, the internalization efficiency of naked DNA into cells is low,
the uptake is not cell-specific and DNA is easily degraded by nucleases in extracellular fluids.
To achieve a more efficient and specific delivery of therapeutic nucleic acids to diseased cells a gene
delivery system is required. The ideal gene delivery system should combine several properties: it
should contain a high loading capacity for the genetic material, be easily administrable to the human
body, be non-toxic and non-immunogenic, be targetable to specific sites and provide efficient long-
term expression of the therapeutic genes. Viruses™ as well as synthetic, non-viral gene vectors™ are
extensively investigated as gene delivery tools. More unconventional biological vehicles like bacteria®,
bacteriophages?, erythrocyte ghosts? and exosomes? are additionally discussed for gene delivery to

specific organs.

Viral gene vectors

Genetically modified viruses provide a powerful tool for gene deliveryls. Viruses utilize the metabolism
of host cells for production of viral proteins and have been optimized in many thousands years of
evolution to efficiently infect cells and transfer their genetic material. For gene therapy, replication-
deficient viruses are used whose harmful viral genes are removed and replaced by therapeutic ones.
Most commonly used viruses in gene therapy are adenoviruses® and retroviruses®®. Adenoviruses
contain double-stranded DNA which enters the nucleus but is not incorporated into the genome of the
target cells (Fig. 2.1). Therefore the viral and therapeutic genes are transcribed but not replicated upon
cell division. The adenovirus internalizes by receptor-mediated endocytosis. Penton and fiber proteins
of the viral capsid interact with the coxsackie virus adenovirus receptor (CAR) surface protein on
target cells resulting in clathrin-mediated uptake®. Inside the endosome, proteins of the virus capsid
are shed and at pH 6 the virus escape from the vesicle and its DNA is transported through nuclear
pores into the nucleus.

Retroviruses contain an RNA genome which is transcribed into DNA inside the host cell using the
reverse transcriptase enzyme. The DNA is then incorporated into the host's genome by the enzyme
integrase. Upon cell division the viral genome is therefore replicated. Retroviruses bind to their host
cells by specific interaction of glycoproteins in the virus envelope with cell surface receptors. Entry of
virus capsids into the host cell cytoplasm is achieved by fusion of the virus envelope with host cell
membranes either at the cell surface or in intracellular vesicles®’. Lentiviruses, a genus of the
retroviridae family, are the favored system of choice for many gene therapy applicationszs. They are

able to transduce non-dividing and dividing cells and can accommodate large transgenes.
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Despite the excellent transfection efficiency of these viruses, their application is limited due to safety
issues. Major concerns are the high immunogenicity, induced by viral proteins and peptides, and in
case of retroviruses the risk of random integration of the transferred genes into the patients DNA
causing oncogenesis. Furthermore, the loading capacity of viruses is limited to the size of their
endogenous genome, the production costs of viruses are high and the specific re-targeting of viruses

is challenging.

Non-viral gene vectors

To overcome the limitations of viral gene vectors, research increasingly focuses on the development of
artificial, non-viral gene carriers®. Non-viral gene carriers are mostly cationic substances that form
self-assembly complexes with negatively charged nucleic acids because of electrostatic interactions
(figure 2.1). Cationic lipids (such as DOTAP, DOTMA and DOSPA)SO, peptides containing positively
charged amino acids (polylysine, polyhistidine and ponqutamine)31 and polymers with a high charge
density such as polyethylenimine (PEI), poly-l-lysine (PLL), polyamido-amine (PAMAM), polylactide
(PLA), polylactic-co-glycolic acid (PLGA) and chitosan can be used as gene carriers®. The size of the
assembled particles depends on the charge density and length of the complexating agent, the length
of the nucleic acid sequence and the salt conditions in the buffer and can be adjusted from few
nanometers to several hundred nanometers. Because of the lack of viral proteins, these artificial gene
carriers exhibit low immunogenicity. They allow cheap and up-scalable production and provide a high
gene loading capacity. Furthermore, the carrier design can be modified at will to add desired functions
that are required for a specific and personalized therapy®. For example targeting ligands can be
attached to allow specific binding to diseased cells with altered surface receptor expression®’. To
reduce unspecific, electrostatic interactions and enhance the circulation time in the body, the charged
core of synthetic gene carriers can be shielded by hydrophilic molecules, such as polyethylene glycol
(PEG)®*. To allow the programmed release of the genetic material in a defined environment,
“intelligent” linkers can be introduced that sense pH, specific enzymes or temperature®. Despite their
promising potential, the clinical application of synthetic gene vectors is still hampered because of their
low transfection efficiency. Therefore it is of great importance to understand the mechanism and
cellular interactions of these gene carriers in more detail in order to optimize their design reduce

undesired side effects and enhance their transfection efficiency.
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Figure 2.1 Gene carriers for nucleic acid delivery. To insert a therapeutic gene into human target cells naked
DNA, viral vectors or synthetic gene vectors can be applied. Lipid enveloped retroviruses containing a capsid
enclosed RNA genome and adenoviruses with a capsid enclosed DNA genome are the most commonly applied
viral gene vectors. Synthetic cationic lipids or polymers are widely used to form self-assembly complexes with
nucleic acid molecules (lipoplexes and polyplexes, respectively). Surface molecules can be attached to modify the
cellular interactions of gene carriers.

2.2. Cancer therapy

Cancer is a prominent cause of death worldwide and deaths from cancer are predicted to continue
rising in the future with 13.1 million deaths in 2030 estimated by the world health organization
(WHO)37. In cancer, abnormal cells divide and grow uncontrollably leading to the formation of
malignant tumors. Cancer cells are able to invade nearby tissue and spread by the bloodstream or the
lymphatic system to form metastasis in distant parts of the body. Cancer death is caused by the
displacement of functional tissue by cancer cells impairing the function of an intact organ. Also, cancer
cells can induce hemorrhages after invasion of blood vessels, compete with healthy cells for nutrients
or restrict vital passages in the body.
The transformation of normal cells to abnormal cancer cells is caused by mutations in their DNA that
alter the function of genes which regulate cell growth and differentiation®. Affected genes are often
classified as oncogenes and tumor suppressor geneslo. Oncogenes induce cell survival, growth and
proliferation. They encode for growth factors, growth factor receptors or downstream signaling
molecules. Tumor suppressor genes encode for proteins that inhibit progression through the cell cycle,
such as checkpoint-control proteins that arrest the cell cycle when the DNA is damaged, enzymes for
DNA repair, and proteins that induce apoptosis.
Cancer is usually treated by surgery followed by radiation and chemotherapy. During radiation therapy
ionizing radiation is exposed to the tumor tissue leading to DNA damage in exposed cells and cell
death®. Conventional cytostatic drugs that are used for chemotherapy prevent the growth and
proliferation of cells and therefore predominantly affect rapidly dividing cells.
According to their mechanism of action cytostatic drugs can be divided into different classes®.
Alkylating agents, such as cyclophosphamide, induce DNA damage by alkylation of DNA bases.
Platinum coordination complexes, such as Cisplatin, can bind two DNA bases causing cross-linking of
DNA and are often classified as alkylating-like agents.

8
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Antimetabolites, such as methotrexate or purine antagonist, are structural analogues that interfere with
nucleic acid and nucleotide synthesis. Cytostatic antibiotics like doxorubicin intercalate into DNA.
Mitotic inhibitors impair cell mitosis, e.g. by inhibiting topoisomerase (camptothecin) or stabilization of
microtubules (paclitaxel). Hormones and hormone antagonist are applied in endocrine therapy.
Immunostimulants such as interferon and immunosuppressants like interleukin inhibitors are also used
in cancer therapy.

In gene therapy, instead of systemic administration of highly cytotoxic drugs, non-toxic DNA is
administered which induces the expression of therapeutic proteins inside the target cells. The applied
DNA can encode for pro-apoptotic proteins such as p534l, proteins that induce immune response (e.g.
cytokines)42, antiangiogenic proteins that inhibit the formation of new blood vessels in the tumor® or

prodrug converting enzymes that activate non-toxic precursors of cytotoxic drugs“’.

2.2.1 Strategies for tumor targeting

Conventional chemotherapeutic agents reach all parts of the body therefore systemic toxicity
associated with severe side effects occurs during treatment. The aim of modern approaches is to
design delivery systems that selectively target cancer cells, the tumor microenvironment or the tumor

vasculature to enable cancer treatment with lower dosage and reduced side effects®.

Biological targeting of cancer cells

Cancer cells differ from normal cells in many respect, they show altered gene expression, growth
control, morphology, cell-to-cell interactions, membrane properties, cytoskeletal structure and protein
secretion®®. The knowledge gained in tumor biology during the past years provides information for the
design of novel, more specific anti-cancer therapies. For instance, a number of selective small
molecule protein kinase inhibitors have been approved for clinical therapy*®. They suppress protein
kinases which are known to play a major role in cancer progression.

A variety of surface receptors are overexpressed on the plasma membrane of cancer cells which can
be targeted by selective ligands. Among these receptors are the epidermal growth factor (EGF)
receptor’’, the transferrin receptor®®, the folate receptor®® and a subset of integrins®. Furthermore,
cancer cells show altered glycosylation pattern of glycolipids, glycoproteins and proteoglycans that
serve as recognition site for therapeutic agents®".

Targeting ligands can be used to directly block surface receptors (such as Herceptin, an EGFR
binding antibody that is approved for the treatment of early stage breast cancer)sz, or to promote
binding and internalization of an attached drug or gene carrier®. Molecules used for selective receptor
binding are natural protein ligands, synthetic peptides, carbohydrates, antibodies, antibody fragments
and aptamers (short DNA- or RNA strands)>*.

Targeting the tumor microenvironment
The microenvironment in which a tumor grows plays an important role for its progression®. Cancer

cells shape their environment. They recruit a number of stromal and non-malignant cells, such as
9
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fibroblasts, endothelial cells and inflammatory cells, to form a supportive microenvironment for tumor
growth (figure 2.2). These cells secrete components of the extracellular matrix, growth factors,
proteases and cytokines that promote angiogenesis (the formation of new blood vessels), proliferation
and migration of cancer cells and support tumor malignancy. As the microenvironment has a crucial
role in carcinogenesis and metastasis it represents a crucial target for cancer therapy as well®.

A number of strategies have been developed that target tumor associated macrophages®. These
strategies include depletion of chemokines that are secreted by tumor cells to attract or polarize
macrophages, targeting subsets of macrophages themselves or factors that tumor-associated
macrophages produce‘%.

Many stages in cancer progression depend on the expression of matrix-metalloproteinases (MMPS)
that degrade various components of the extracellular matrix. Inhibitors of MMPs have been developed
for cancer therapy, as well as activable drug- and gene carriers that contain cleavage sites for specific
MMPs®’,

Targeting the tumor vasculature

The vasculature of solid tumors is fundamentally different from the vasculature in normal tissues
offering an additional target for anti-cancer therapy. Tumor vessels are immature and hyperpermeable,
they are poorly lined with smooth muscle cells and have a discontinuous endothelial cell Iayer58
(Fig. 2.2). The vasculature in tumors is disorganized; the normal hierarchy of blood vessels is missing.
The associated lymphatic vessels are dilated and discontinuous. The ability of tumor vessels to
deliver nutrients and remove waste products is strongly reduced. The lack of nhormal vasculature in the
tumor causes oxygen starvation resulting in acidosis of the tumor microenvironment. As lymphatic fluid
and waste are inefficiently transported from the tumor microenvironment the interstitial pressure
increases in the tumor.

The enhanced permeability and retention in the tumor (EPR effect) can be used for passive targeting
of nano-sized materials®. Nanocarriers with a hydrodynamic diameter above 5.5 nm (approximately
40 kDa) escape from renal clearance and are unable to pass through tight endothelial junctions in
normal blood vessels®. In the tumor tissue they extravasate from leaky tumor vessels resulting in
accumulation of the administered drugs or genetic material in the tumor®®.

It has been observed that tumors cannot grow beyond a size of 2 mm without neovascularization®.
This knowledge has led to the development of a number of anti-angiogenic agents that inhibit the
formation of new blood vessels. Most common among them are therapeutics that target the vascular
endothelial growth factor (VEGF) and its receptor (VEGFR)®.

The reduced pH in the extracellular space of tumors enables targeting strategies with pH sensitive
nanocarriers®. Polymeric micelles and liposomes have been established that destabilize at low pH,
resulting in enhanced drug release in the tumor tissue®. Also, pH-sensitive peptides like the TAT

peptide can be attached to nanocarriers that promote specific cellular internalization at low pHGG.

10
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Physical targeting strategies

Next to biological targeting strategies, physical targeting methods have been established to enhance
drug and gene delivery at the tumor site. Electrical pulses (electroporation)67 as well as ultrasonic
waves (sonoporation)® locally destabilize membranes in exposed tissues leading to enhanced
nanocarrier uptake. High magnetic fields can be used to accumulate superparamagnetic particles at a
specific site (magnetofection)eg. Controlled heating (hyperthermia) enhances permeability of blood
vessels and increases nanocarrier uptake in tumors’®. Photo-induced therapies rely on the local
activation of photosensitizers after light-exposure resulting in photochemical damage of membranes

and increased drug internalization”*.

Various cancer therapeutics are currently examined in preclinical and clinical trials. A major challenge
in cancer therapy remains the treatment of spread metastatic cells that are difficult to detect and to

reach even with sophisticated, targeted therapeutics.

tumor
growth factor receptor

normal epithelial cell

basement membrane

fibroblast

endothelial cell macrophage

protease

Figure 2.2 The tumor microenvironment. Malignant tumor cells displace normal epithelial cells and break
through the basement membrane to reach the blood flow and form metastasis in distant organs. The tumor cells
attract stromal and non-malignant cells like leucocytes, macrophages and fibroblasts to form a supportive
microenvironment for tumor growth. Formed tumor blood vessels are discontinuous and hyperpermeable.
Selective surface molecules like growth factor receptors are upregulated on tumor cells to promote cell
proliferation and survival (figure adapted from"?).
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2.3 In vivo barriers for gene carriers

The administration of therapeutic nanocarriers to the human body can occur by intravenous or non-
intravenous (subcutaneous, intramuscular, intradermal, intratumoral) injection, by oral exposure or by
inhalation. On their way to the target tissue, therapeutic nanocarriers face several barriers which they
need to overcome for efficient gene delivery73 (Fig. 2.3). The pharmacokinetics of nanoparticles is
determined by their chemical and physical properties, such as size, charge and surface chemistry and
differs significantly from small molecule drugs™. The different barriers before reaching the target tissue

are described in the following section.

Barriers in the gastrointestinal tract and the airway

When administered orally, particles first have to pass the gastrointestinal tract where they face
degradation by digestive enzymes. Additional barriers before entering the blood circulation or the
lymphatic system are the mucus and the epithelium of the gastrointestinal tract. The mucus renews
continuously and carries trapped nanoparticles to the feces. Passage through the epithelium mainly
occurs through Peyer’s Patches in the wall of the small intestine”.

After pulmonary administration, particles can be removed by ciliary movements in the mucus of the
upper airway75. The lower section of the airway is lined by immune cells that efficiently internalize and

clear inhaled nanopatrticles.

Interaction with blood components

When reaching the blood circulation, nanoparticles interact with serum proteins (e.g. laminin,
fibronectin, c-reactive protein, collagen), immunoglobulins and complement proteins that adsorb on the
particle surface, a process called opsonization76. These adsorbed proteins are recognized by
specialized receptors (Fc receptor, mannose/fructose receptor, scavenger receptor) on phagocytes
that ingest large numbers of particles and remove them from circulation””. High numbers of
phagocytes are found especially in the liver (Kupffer cells), in lymph nodes, bone marrow and spleen
(reticular cells). Therefore in general, high accumulation of nanoparticles is observed in these organs.
Enhanced opsonization and clearance occurs for charged particles compared to particles with neutral
surface charge78. In addition, phagocytosis seems to be size and shape dependent79. Particles with
sizes from 250 nm to several microns exhibit higher opsonization and phagocytosis than smaller

particles® ®

. Positively charged particles furthermore tend to form large aggregates with serum
proteins that can induce embolism in the lung®.

The opsonization and aggregation of particles can be significantly reduced by attachment hydrophilic,
neutral polymers such as polyethylene glycol (PEG) resulting in elongated circulation times (several

hours to days) in the blood® "°.

12
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Passage through capillary walls

Nanoparticles are distributed to different tissues by the blood stream and the lymphatic system. Blood
vessels are lined by a tight layer of endothelial cells. Small molecule drugs are able to diffuse through
the capillary walls into the tissue. Nanoparticles are not able to penetrate by diffusion, they rely on
gaps to pass through this barrier”®. Blood vessel endothelium is classified in three different categories,
depending on its morphology: continuous, fenestrated and discontinuous®. Most capillaries are
formed by continuous epithelium in which neighboring cells are separated by tight junctions.
Fenestrated endothelium contains pores of 50 nm size and is found in glands, digestive mucosa and
kidney84. Discontinuous endothelium with an incomplete basement membrane is present in liver,
spleen, and bone marrow containing gaps of 50-100 nm size. Small nanoparticles with sizes below 60
nm have enhanced access to tissues with fenestrated or discontinuous endothelium (Fig. 2.3 B).
Tumor vessels have a defective cellular lining with disorganized, loosely connected cells and openings

between cells that can be passed by larger nanoparticlesss.

Internalization by non-target cells
During their passage in the blood circulation, nanoparticles can directly bind and internalize into non-
target cells such as blood or endothelial cells. In general, particles with positive surface charge show

higher endocytosis levels compared to negatively charged or uncharged particles® &’

. Specific
accumulation of nanoparticles in tumor tissue can be enhanced by passive targeting (EPR effect) or

active targeting strategies®".

Interaction with extracellular matrix components

Tissues are not only made of cells, a substantial part is extracellular space that is filled by a tight
network of macromolecules (polysaccharides, glycosaminoglycans, fibrous proteins) forming the
extracellular matrix'®. The diffusion of charged nanoparticles is slowed down in the extracellular space
due to electrostatic interactions with negatively charged matrix molecules, neutral particles show faster
diffusion®. One approach to increase the diffusion of therapeutic particles in the extracellular space is
the controlled partial degradation of extracellular matrix components by enzymes like collagenase or

hyaluronidase®.

Degradation and excretion

Nanoparticles can be metabolized by hydrolytic or enzymatic degradation in extracellular fluids or
inside cells in endo/lysosomes. Inorganic nanoparticles are usually difficult to metabolize®™. Polymers
can be designed biodegradable or non-biodegradablegl. Their rate of degradation can be controlled by
composition and molecular weight. Nanoparticles can be excreted from the body in the bile via the
liver and the kidney. Degraded particles are removed by renal clearance (cutoff for glomerular

filtration = 5.5 nm)®.
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Figure 2.3 In vivo barriers for nanoparticle delivery.
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A After injection, inhalation or oral exposure nanoparticles have to pass several barriers before reaching the
target cells of interest. Physical barriers include mucus, epithelial cells in the gastrointestinal tracts, the
endothelial cell layer and the extracellular matrix. Gaps in the endothelial layer enhance particle access to distinct
organs like liver, spleen and kidney. Activated immune cells ingest nanoparticles and clear them from circulation.
Immune activation is enhanced by opsonization of particles with serum proteins. Enzymatic or non-enzymatic
degradation of particles can occur in biological fluids followed by renal clearance.

B Size dependency of nanopatrticle clearance from the blood flow. Small nanoparticles can extravasate from the
blood flow in organs with fenestrated or discontinuous endothelium. Phagocytosis increases for larger particles

above 250 nm.
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2.4 Cellular interactions of gene carriers

After reaching the tissue of interest, gene carriers need to be internalized and processed inside the
target cells in order to achieve efficient expression of the therapeutic genes. The different steps of
cellular interactions include attachment to the cell surface, uptake via endocytosis or non-endocytic
pathways, trafficking inside the cell, release from endosomes, transport into the nucleus and gene

expression (Fig. 2.5)%.

2.4.1 Attachment to the cell surface

The plasma membrane that encloses human cells consists of a lipid bilayer (made of phospholipids,
glycolipids and cholesterol) with embedded proteins, glycoproteins and proteoglycanslo. Endothelial
cells are typically covered by a carbohydrate rich layer between 0.5 um and 4.5 um thickness, the
glycocalyxgs. Gene carriers without shielding often exhibit a net positive charge. They supposedly bind
to anionic cell surface proteoglycans such as heparin sulfate and syndecan which have been
proposed as receptors for particle endocytosisg4. Consistently, improved cell surface binding and
endocytosis has been demonstrated for positively charged nanoparticles compared to negatively

charged or neutral nanoparticles® %

. However, molecules of the glycocalyx may also serve as a
barrier for efficient particle internalization. Recently, it was demonstrated that syndecan-1 mediates
fast internalization of PEI-polyplexes, whereas syndecan-2 has an inhibitory effect on gene transfer®’.
The negative effect of certain cell surface glycosaminoglycans on the transfection of PEI polyplexes
has also been described by Hanzlikova et al % They propose that free PEI in solution is essential to
minimize the undesirable binding of particles to surface aminoglycans.

Shielding of particles with hydrophobic molecules such as polyethylene glycol reduces non-specific
electrostatic interactions with the cell surface®. Targeting ligands on the particle surface can mediate
binding to selective cell surface molecules and induce receptor mediated particle internalization®.
After their passage through biologic fluids, nanoparticles are typically covered by a large number of
biomolecules, forming the particle corona®. These bound molecules can modify the surface charge
and can be recognized by cellular receptors, changing the cellular attachment and uptake of the

nanoparticles'®.

2.4.1.1 Tumor-associated cell surface receptors

As mentioned before, cancer cells often exhibit upregulated or mutated surface receptors that promote
cell proliferation and survival or transformation of epithelial cells into migrating metastatic cells. These
receptors are promising targets for the selective delivery of therapeutic nanocarriers. In the
experimental part of this thesis, different receptor targeting strategies are investigated; therefore the
molecular mechanism of selected tumor-associated cell surface receptors is described in more detail

in the following section.
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EGF receptor

The epidermal growth factor receptor (EGFR) belongs to the family of tyrosine kinases and controls
proliferation, survival, differentiation and migration of cells. Deregulation of EGFR signaling contributes
to tumorigenesis by inhibition of apoptosis, induction of angiogenesis, cell-cycle progression and
promotion of cell mobility. The EGFR is known to be overexpressed in a variety of human tumors,
including breast, lung, colorectal, prostate, kidney, pancreas, ovary, brain and bladder cancer*®" %2,
The receptor is a transmembrane glycoprotein consisting of an extracellular ligand-binding
ectodomain, a transmembrane domain and an intracellular tyrosine kinase domain®® (figure 2.4).
Binding of high-affinity ligands, such as EGF, to the ectodomain promotes receptor dimerization
followed by activation of the intracellular kinase domain and phosphorylation of the C-terminal

tyrosines™®* 1%

. Subsequently components of downstream signaling pathways are activated, including
the Ras/MAPK, PLC1/PKC, PI3kinase/Akt and Stat pathway (see figure 5.7 A). To inactivate the
receptor it is internalized by clathrin-mediated endocytosis and transported to lysosomal
compartmentsloe. A number of adapter molecules, such as AP-2 and epsin, have been identified that

mediate the formation of clathrin coated pits after receptor signaling activation®” *°

. For endocytosis,
reorganization of the actin cytoskeleton is requiredl°9. Downstream signaling molecules such the small
G-proteins Rac and Rho are involved in the linkage of the EGF receptor to actin''®. For low-affinity
EGFR ligands, such as TGFa and epiregulin, different endocytic sorting of the EGF receptor has been

111

reported leading to receptor recycling instead of lysosomal degradation™". Apart from ligand-induced

EGFR endocytosis, ligand-independent internalization of the EGF receptor has been observed™?.
Recent studies suggest that ligand-independent receptor endocytosis correlates to Rab5
expression'*®, activation of p38 mitogen-activated protein kinase'** and phosphatidic acid signaling™>.
Strategies for EGFR-directed tumor therapy include the blockade of ligand binding by monoclonal

116

antibodies'*®, the inhibition of receptor activation by small molecule tyrosine kinase inhibitors**’ and

the specific transfer of ligand installed drugs or gene delivery systems to diseased cells™*® **°.

Folate receptor

Folate receptors (FR) are N-glycosylated proteins with high binding affinities for folate, an essential
vitamin with a central role in the cellular metabolism. Cancer cells require increased levels of folate to
maintain DNA synthesis and repair. Folate receptors include at least four isoforms; FR a, $ and 6 are
glycosylphosphatidylinositol (GPI) anchored membrane proteins, whereas FR y is secreted by

lymphoid cells*?°

. Functional folate receptor expression is low in most normal tissues but upregulated
in carcinomas®® **'. FR a expression is frequently amplified in epithelial cancers, whereas FR
overexpression is found in myeloid leukemia and tumor associated macrophages. After binding to the
folate receptor, folate conjugates are endocytosed. Conflicting reports exist in the literature on the
uptake pathway of folate receptors. First it was claimed that GPI anchored folate receptors are
clustered in caveolin-rich domains and are internalized by caveolin-dependent endocytosism. Later on
it was shown that the sequestration of the folate receptor in caveolae was an effect of the cross-linking
procedure with fluorescently labeled antibodies, whereas without cross-linking the receptors are
diffusely distributed over the plasma membrane'?*,
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More recent studies give evidence that GPI coupled folate receptor a is internalized via a clathrin- and
dynamin-independent mechanism to endocytic compartments termed GPIl-anchored protein enriched

endocytic compartment (GEEC)"**

. After uptake into GEEC, the folate receptor is transported either to
recycling compartments or late endosomes. Next to high-affinity folate receptors two additional folate
carriers are ubiquitously expressed on cells that mediate folate transport from the blood stream into

the tissues*®

. The reduced folate carrier (RFC) is an organic anion antiporter that utilizes the high
transmembrane phosphate gradient to achieve uphill folate transport into cells. The proton coupled
folate transporter (PCFT) mediates folate import at low pH. However the in vivo distribution of folate
receptor-targeted therapeutics is unlikely to be affected by the RFC and the PCFT, as the binding

affinity of folate to the folate receptor is much higher'?.

Transferrin receptor

The transferrin receptor (TfR) is a membrane glycoprotein that mediates cellular uptake of iron from
the plasmaprotein transferrin®®. Whereas the expression of TfR2 is largely restricted to hepatocytes,
the TfR1 is ubiquitously expressed at low levels in most human tissues. Cancer cells rely on iron
import for proliferation and many cancer cells show highly increased expression of transferrin

126

receptor". The homodimeric receptor binds up to two iron-transferrin molecules and is constitutively

127

internalized via clathrin coated pits (Fig. 2.4). Acidification of the early endosome triggers

conformational changes resulting in iron release and fast recycling of the receptor-apotransferrin

complex to the cell surface'®

. When the receptor-apotransferrin complex reaches the plasma
membrane, apotransferrin dissociates from its receptor because of its low receptor affinity at neutral
lezg. In the absence of transferrin the transferrin receptor is susceptible to higher rates of proteolysis.
Targeting experiments with the transferrin receptor have been performed with natural ligand

transferrin, short peptides, monoclonal antibodies and antibody fragments*®.

Integrins

Integrins are heterodimeric cell surface receptors that bind components of the extracellular matrix
(ECM) and counter receptors to promote cell adhesion and migration and control cell survival™®®. At
least 24 distinct integrin heterodimers are formed by the combination of 18 a-subunits and 8 -
subunits. Integrins possess the unique ability to dynamically modulate their adhesiveness by
regulation of their affinity (binding affinity of monomeric integrins to their substrate ligands) and

131, 132

valency (changes in local cell surface receptor density and diffusivity) . Integrin molecules can

switch between a closed, bent state with low ligand affinity, an intermediate state and an open,

stretched conformation with high ligand affinity (Fig. 2.4)**

. Conformational changes in integrins can
be induced either by cytoplasmic events (such as cytoplasmic binding of talin and kindlin protein after
activation of G-protein coupled receptor signaling (inside-out activation)) or by extracellular factors
(outside-in activation)lgo. Activating extracellular factors can be the high concentration of ECM ligands,

134, 135

integrin clustering or mechanical stress . Ligand binding to integrins triggers integrin clustering in

the membrane and the recruitment of several adapter and signaling proteins (src family kinases, focal
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adhesion kinases) leading to the formation of macromolecular adhesion complexes. Recruited proteins
like talin, vinculin and paxillin couple activated integrins to the actin cytoskeleton mediating the
reorganization of the cellular cytoskeletonm. Furthermore integrin-ligand interactions induce the
activation of several signal transduction pathways that regulate proliferation, survival and gene
expression. For focal adhesion disassembly and integrin redistribution, integrins need to be
internalized and recycled. Integrins are endocytosed via clathrin-dependent and clathrin-independent

mechanisms®®® ¥

. In cancer, integrins play an important role for tumor cell migration and invasion.
Integrins avB3, a5B1 and av(6 are usually expressed at low or undetectable levels in most adult
epithelia but can be highly upregulated in some tumors®. Unlike normal endothelium, tumor
associated blood vessels express avf3 and avp5 integrins. Preclinical and ongoing clinical trials
reveal that integrin antagonists, including monoclonal antibodies and RGD peptide mimetics have the

potential to inhibit tumor growth™*®.
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Figure 2.4 Tumor-associated cell surface receptors. Protein structures of the epidermal growth factor (EGF)
receptor, the transferrin receptor and an integrin molecule are illustrated. A Binding of the EGF ligand to its
receptor induces receptor dimerization, signaling activation and endocytosis (source: protein data base (PDB), doi
10.2210/rcsb_pdb/mom_2010_6). B Up to two transferrin molecules bind to the homodimeric transferrin receptor
resulting in clathrin-mediated receptor endocytosis. (PDB, doi 10.2210/pdblsuv/pdb) C Integrins can change
between a bent conformation with low ligand affinity and an extended conformation with high affinity. Activation of
integrins can be induced by intracellular or extracellular factors resulting in integrin clustering and recruitment of
adapter and signaling proteins. (PDB, doi 10.2210/rcsb_pdb/mom_2011_2)
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2.4.2 Endocytosis pathways and intracellular trafficking

Cells are able to internalize molecules from the surrounding medium by endocytosis. In this process
the extracellular material is surrounded by plasma membrane which buds off to form an intracellular
vesicle. Endocytosis is the main pathway for therapeutic nanoparticles to cross the plasma membrane,
either caused by specific interactions with target receptors or after unspecific attachment to the cell

surface'®. Generally, endocytosis can be divided into two categories: phagocytosis and pinocytosis.

Phagocytosis (“cell eating”) is done explicitly by specialized immune cells (macrophages, monocytes,
neutrophils and dendritic cells) that ingest large molecules such as pathogens and cell debris””. During
phagocytosis foreign particles in the blood stream are recognized by opsonization, bind to the surface

of phagocytes via specific receptor ligand interactions and are then internalized into large vesicles.

Pinocytosis (“cell drinking”) is present in all cell types and can be classified based on the proteins
involved in the endocytic pathway into clathrin-mediated endocytosis, caveolin-mediated endocytosis,

clathrin- and caveolin-independent endocytosis and macropinocytosisl“o.

Clathrin-mediated endocytosis (CME) is the “classical route” that is responsible for the uptake of
essential nutrients (e.g. cholesterol bound to LDL, or iron bound to transferrin), the down-regulation of

cell-signaling (by uptake of surface receptors) and the maintenance of cellular homeostasis'*’. Best

described is the mechanism of clathrin mediated endocytosis after specific receptor-ligand

interactions, but non-specific endocytosis via clathrin coated pits also exists***

142

. CME typically occurs in
membrane regions enriched in clathrin-1""“. Clathrin is a cytosolic protein with a typical three leg
structure, called triskelion. These triskelia assemble in a polyhedral lattice on the cytosolic surface of
the cell membrane which helps to deform the membrane into a coated pit. The pit formation requires
additional assembly proteins such as AP2 and AP180'*. The assembled vesicle is pinched of from
the plasma membrane by a small GTPase dynaminl‘m. Various accessory proteins like intersectin and
epsl15 connect the endocytic machinery with the actin cytoskeleton. Actin is required for the movement
of the endocytic vesicle towards the interior of the cell. Within the cell, the clathrin coat sheds off and
the vesicle fuses with early endosomes. Early endosomes are the major sorting station in the cell.
From this organelle material can be either recycled to the plasma membrane or directed to later
endocytic compartments or secretory vesicles™. Early endosomes are acidified by ATP driven proton
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pumps (pH=6)""". At this pH, some receptor-ligand complexes already dissociate enabling recycling of

146

the internalized receptors. Recycling endosomes are less acidified (pH=6.4-6.5)""". The recycled cargo

can be transported to the membrane from which they were internalized or cross the cell to be
delivered to the opposite membrane (transcytosis). Early endosomes mature into late endosomes
(p=5.0-6.0) where degradative enzymes are active. After fusion with prelysosomal vesicles, lysosomes

147

containing acid hydrolases (pH=4.6-5.0) are formed ™. Biological molecules such as proteins and

DNA can be degraded in this organelle. Several ligands are known to utilize clathrin-mediated

148

endocytosis such as transferrin, LDL, EGF and mannose-6-P~". Notably, the intracellular trafficking of

ligand-modified nanomaterials can differ from trafficking of the unmodified ligand. For example, a study
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with transferrin-modified quantum dots revealed their transportation to perinuclear endosomes,

whereas transferrin alone is usually recycled to the plasma membrane™®.

Caveolae are characteristic flask-shaped membrane invaginations lined by the dimeric protein

130 Molecules that bind to the caveolae

151 After budding from

caveolin-1 and enriched with cholesterol and sphingolipids
surface are engulfed into vesicles with the help of cavin, dynamin and VAMP-2
the plasma membrane vesicles fuse with caveosomes or multivesicular bodies (MVB) that have
neutral pH. Caveolin-mediated endocytosis seems to be slower than CME, but at least in some cases
it avoids transport to Iysosomesl52. Because of the reduced lysosomal degradation of the internalized
particles this pathway is believed to be beneficial for the delivery of biological molecules. Typical
153

molecules that utilize caveolin-mediated endocytosis are shiga toxin and cholera toxin B (CT-B)

Also some viruses enter the cell via this pathway*>*.

Clathrin- and caveolin-independent endocytosis is subclassified into Arf-6-dependent, flotillin-

dependent, Cdc42-dependent and RhoA-dependent pathways™®

. Up to now, not many details are
known about the uptake mechanism, but all pathways seem to depend on cholesterol and require
specific lipid composition. Internalized molecules seem to bypass Rab5 positive early endosomes. Not
many nanomaterials are documented to utilize these pathways. Examples include folate-modified

nanoparticles and polymers**®.

157
Lt

Macropinocytosis is a special case of clathrin-, caveolin-, and dynamin-independent endocytosis
is a nonspecific uptake pathway that can be utilized by large particles. Macropinocytosis can be
initiated by transient activation of receptor tyrosine kinases by growth factors. The transient receptor
activation triggers changes in the actin cytoskeleton that induce the formation of membrane ruffles.
These membrane ruffles engulf extracellular fluids and molecules and form vesicles
(macropinosomes) that are usually larger (0.5-10 um) than other pinocytosis vesicles. Bacteria,
viruses and cell debris can also induce the membrane ruffling independent of transient activation by

growth factors™®®,

In all endocytosis pathways, vesicles are transported over long distances in the cytoplasm to defined
target organelles. Whereas early endosomes and recycling endosomes are mainly located in the
cellular periphery, late endosomes and lysosomes show accumulation in proximity to the nucleus. For
efficient gene expression in the cell, it is favorable to bring the therapeutic DNA in close proximity to
the nucleus to shorten its residence time in the cytoplasm where nucleases are active. Studies with
microinjected circular DNA revealed that both single and double-stranded DNA disappear with an
apparent half-life of 50-90 minutes from the cytosol™. The cytoplasm of cells is highly crowded with
cytoskeleton, organelles and soluble macromolecules. Therefore passive transport by free diffusion is

strongly limited for large DNA molecules and vesicles (confinement diameters 0.1-2 pm)mo. T

o]
achieve directed transport of vesicles with sufficient velocity (0.5-0.7 um/s), active transport
mechanisms are required. During active transport vesicles are bound by ATP-driven motor proteins

(kinesin and dynein) that transport their cargo along the microtubule network of the cell*®.
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Most nanoparticles exploit more than one endocytosis pathway to enter the cell*®. The uptake
pathway seems to be affected by the charge, size and shape of the particles as well as the attached
surface ligands. Also the cell type plays an important role as well as the cell phenotype depending on
the growth conditions of the cells (e.g. cell density, available growth factors). The majority of reports
suggest that positively charged nanoparticles predominantly internalize via CME, whereas negatively

18 To dissect the

charged nanoparticles are more likely to use caveolae-mediated endocytosis
intracellular trafficking pathway of a nanoparticle, colocalization studies with specific endocytosis
markers can be performed or specific pathways are excluded by utilizing cell mutants or inhibitors.
Unfortunately, many endocytosis markers and inhibitors are not selective. Therefore, and due to the
multiple parameters that affect cell endocytosis, many conflicting reports on nanomaterial trafficking

pathways exist in the literature and generalizations are difficult to make.

2. Internalization

2B. Receptor dependent

2A. Receptor independent endocytosis

endocytosis 2C. Direct membrane

penetration

1. Particle
attachment

5. Nuclear import

e 3. Intracellular trafficking

4. Endosomal release and particle
decondensation

Figure 2.5 Cellular interactions of gene carriers. To express the therapeutic DNA, gene carriers need to be
processed by the target cells. After attachment of the particle to the cell membrane (1) it can be internalized either
by receptor-dependent (2A) or receptor-independent endocytosis (2B), by membrane fusion (2C) or by direct
membrane penetration (2D). Nanopatrticle filled endosomes are sorted inside the cell and are actively transported
by motor proteins along the cytoskeleton to specific organelles (3). Release of gene carriers from endosomes
and decondensation of the particle are critical barriers for gene delivery (4). Cytoplasmic DNA can be delivered to
the nucleus by the nuclear import machinery or after breakdown of the nuclear envelope during cell division (5).
Adapted from a figure provided by Dr. Nadia Ruthardt.
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2.4.3. Endocytosis-independent pathways

Next to endocytosis, additional endocytosis-independent uptake pathways exist for the cellular entry of

nanoparticles.

Some lipid enveloped particles are able to enter the cell via direct lipid bilayer fusion'®. During this
process, the lipid bilayer of the particle merges with the lipid bilayer of the plasma membrane resulting
in direct delivery of the uncoated particle core to the cytosol. To achieve fusion in an aqueous
environment, counteracting electrostatic forces first need to be overcome to bring the membranes in
close proximity. Next, the boundary between the hydrophilic and hydrophobic portion of the bilayer
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have to be destabilized locally to form an aqueous fusion pore™~. Cations, such as Ca and Mg play a

critical role in the fusion process by binding negatively charged lipids and reducing electrostatic

164

repulsion™". Fusion is also affected by the nature of lipid headgroups in the bilayer. It was shown that

165

the presence of uncharged phosphatidylethanolamine (PE) enhances membrane fusion™". A number

1% or Herpes simplex'®’, utilize lipid bilayer fusion to enter the cell.

of enveloped viruses, such as HIV
They contain specialized fusion proteins that undergo conformational changes upon activation and
induce the fusion process. It was initially thought that synthetic lipoplexes, consisting of cationic lipids
and DNA, deliver their DNA by fusion with the plasma membrane. However, more recently, it has been

established that the major entry pathway for lipoplexes is endocytosis instead of fusion®® **°.

Another endocytosis-independent entry mechanism has been proposed for cell-penetrating peptides
(CPP)™. These are short, water soluble and partly hydrophobic, and/or polybasic peptides (30-35
aminoacids) with net positive charge, which are able to penetrate the membrane without using any

receptor. The first CPP discovered was the tat peptide of HIV*"

. CPPs are able to efficiently transport
covalently bound cargos such as drugs into the cell. There is evidence, that CPPs directly penetrate
the membrane in an energy-independent process. Different models have been suggested including
pore formation, carpet-like perturbations or inverted micelle formation in the plasma membrane'’.
However, at least at low concentration, CPP also utilize endocytosis as predominant pathway for cell
entry. Direct penetration of the plasma membrane has also been described for monolayer coated gold

nanoparticles with alternating anionic and hydrophobic groups** "

Recently, a new synthetic peptide called pHLIP (pH(low) integrating peptide) has been discovered that
undergoes conformational changes at low pH resulting in its membrane insertion into acidic tissues,

such as tumors or sites of inflammation*”

. After insertion the c-terminal, inserting end of the peptide
comes in contact with the inner leaflet of the lipid bilayer. When coupling a cargo, like a short nucleic
acid, via a cleavable, redox-sensitive disulfide linker to the C-terminal end of the peptide, the cargo

can be delivered directly to the cytoplasm circumventing endocytosis”s.
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2.4.4. Endosomal escape

As described before, most therapeutic nanoparticles are internalized via endocytosis and remain
entrapped in endosomes during intracellular trafficking. To deliver therapeutic nucleic acids to the cell
nucleus or into the cytoplasm, the internalized material has to escape from endosomes. Endosomal
escape is believed to be one of the main limiting steps for efficient transfection and much effort is done

to improve the endosomal release properties of artificial gene vectors'’®.

To achieve enhanced endosomal escape, one can learn from escape mechanisms developed by
pathogens. Viruses and bacteria often contain specialized peptides that transit into an alpha-helical
conformation at low pH, leading to integration in the endosomal membrane and membrane
destabilization®*, Examples are the pH sensitive hemagglutinin protein177 of influenza A virus or the

gp41 subunit'”®

of the HIV envelope protein that induce fusion of the endosomal membrane and the
9 180 the

active component of the bee venom, induce the formation of pores in lipid membranes and can

virus envelope. Bacteria derived toxins such as diphteriatoxin'”® and shigatoxin or melittin

function as endosomal escape agents as well. Based on biological models, several synthetic

181

endosomolytic peptides have been designed, such as the cationic KALA peptide™" that can be

coupled to gene carriers to enhance their transfection efficiency.

For endosomal escape of cationic lipoplexes, a flip-flop mechanism is proposed*®*

. Negatively charged
lipids from the endosomal membrane may laterally diffuse into lipoplexes resulting in charge
neutralized ion pairs and release of the incorporated nucleic acids. Neutral helper lipids such as
dioleoyl-phosphatidylethanolamine (DOPE) are known to enhance the release. It is thought that the
ethanolamine headgroup of DOPE converts from lamellar to hexagonal phase at low pH resulting in
destabilization of the endosomal membrane™®*.

Another mechanism to facilitate endosomal escape is the so-called proton-sponge effect™®.
Substances with a high buffering capacity, such as histidine-rich molecules and polyamidoamine-
polymers, induce ion and water inflow after protonation resulting in swelling of the endosome and

185

subsequent rupture or local destabilization™ of the endosomal membrane. Next to their high buffering

capacity, amine-containing polymers also show direct interactions with lipid membranes inducing
substantial membrane permeability™®.

Additional chemical and physical strategies for endosomal escape have been developed recently. One
example is the photo-induced release of molecules™®’. A number of photosensitizers, including TPPS,
AIPcS and dendrimer-based photosensitizer (DP) localize preferentially in endosomal membranes.
After exposure to light they induce the formation of singlet oxygen, which destroys the endosomal
membrane and causes release of the entrapped material " %%,

Plasmon-resonant gold nanoparticles can induce endosomal release by controlled hyperthermia. They
absorb at near infrared frequencies and efficiently convert light energy into heat resulting in local

heating and membrane destabilization'®.
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2.4.5. Decondensation and transport to the nucleus

Intracellular DNA release from condensed particles and access to the transcription machinery is
regarded as another main rate-limiting step for gene therapy.

The balance between stability and instability has to be fine-tuned in condensed DNA complexes to
protect the DNA from nucleases in extracellular fluids and intracellular compartments and allow DNA
unpacking inside the cytoplasm. It has been suggested that cytosolic DNA release from polyplexes is
induced by competitive interaction with negatively charged RNA molecules and cytosolic proteinslgo.
One approach to facilitate intracellular DNA release is the introduction of chemosensitive cross-linkers
that stabilize particles outside the cell and are cleaved in the intracellular environment®. For example
disulfide bridges are formed in physiological fluids but are cleaved in the reductive environment of the
cytosol. Protease-sensitive linkers which are recognized by selective cytosolic proteases can be used

for triggered intracellular release as well.

The transcription machinery of cells that transcribes the genetic information on DNA into
messengerRNA (mRNA) is located in the cellular nucleus, which is enclosed by two concentric
membranes. Therapeutic DNA molecules have to enter the nucleus, either by transport through
nuclear pore complexes (NPC) or after nuclear disassembly during mitosis.

The diameter of the aqueous channels in the nuclear pore is approximately 9 nm, only small
molecules with a molecular weight below 40 kDa can pass by passive diffusion'®. During active
transport the pore can be dilated to a size of 26 nm. Active transport through nuclear pores is
mediated by cytosolic importins that bind to nuclear localization sequences (NLS) on proteins and
connect them to nucleoporins of the pore complex. Nuclear import of DNA strands can be enhanced

by conjugation with NLS containing peptides or proteins*®*

. Furthermore, DNA import can be improved
by specific sequence elements on the DNA, such as the SV40 enhancer or NFkB binding sites. The
enhancer sequence has binding sites for numerous transcription factors that promote transport into the
nucleus'®. Small ligands such as dexamethasone which binds to the glucocorticoid receptor for
nuclear import can be attached to DNA as well'®.

Transfections are cell-cycle dependent, fast-dividing cells show high transfection efficiencies whereas
differentiated and growth-arrested cells are difficult to transfect'®*. During mitosis the nuclear envelope
breaks down permitting the access of cytosolic DNA to the nucleus. This results in increased target

gene expression after mitosis.
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2.4.6 Transgene expression

Once inside the nucleus, the genetic information encoded on the DNA is transcribed into mRNA with
the help of a complex machinery of proteins including the RNA polymerase, helicase and transcription
factors'®. Transcription is a highly regulated process and various activators and repressors modulate
the transcription level. The newly synthetized mRNA strand is post-processed and transported through
the nuclear pore complex to ribosomes, where translation of the mRNA into proteins takes place. To
improve the transcription levels of therapeutic transgenes, the plasmid DNA design can be optimized.
Strategies for vector design are summarized in the following section.

By adjusting the codon usage in the expressed genes to codons most commonly used human cells an
increase in transgene expression can be observed™®.

Furthermore the CpG content of the plasmid can be reduced to achieve prolonged transgene
expressionl%. Unmethylated CpG dinucleotides in DNA are known to induce immune response
resulting in cytokine induction’.

Strong, ubiquitously expressed viral promoters such as the CMV promoter are often used to induce
high-level transgene expression. However the usage of strong promoters results in rapid loss of
expression due to epigenetic silencing of the promoter region (methylation of CpG sequences). The
combination of weaker promoters with strong transcriptional activators has shown to result in

enhanced, prolonged expression'*®

. In addition, tissue-selective promoters can be used to achieve
transgene expression in selective cell-types.

For many clinical therapies it is of interest to regulate the expression level of a transgene in the patient
to allow a tailored, individual treatment. Therefore, regulated expression cassettes have been
developed that can be switched on or off in response to an externally administered controlling

agent™®

. For regulated expression, artificial transcription factors are used that are activated or
deactivated by selective effector molecules. These transcription factors recognize specific DNA-
binding sequences from non-mammalian genomes, which are not recognized by endogenous
transcription factors. Examples for regulated expression systems are the rapamycin based regulation
system, or the tet on/off system, where transgene expression is controlled by externally administered

Tetracycline, an FDA approved antibiotic drugzoo.
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2.4.7 RNA interference

Gene delivery systems can not only be applied to introduce additional gene function, but also to
suppress specific target genes. For this purpose, double-stranded RNA (dsRNA) molecules are used
that initiate an RNA-dependent gene silencing process, called RNA interference®".

When molecules of long dsRNA — either of endogenous or exogenous origin — reach the cytoplasm,
they trigger activation of the ribonuclease enzyme dicer that cleaves the dsRNA into small fragments,

called small interfering RNAs (siRNAs)?%

. These fragments are separated into single strands and the
guide strand is incorporated into the RNA-induced silencing complex (RISC). The guide strand pairs
with a complementary messenger RNA resulting in cleavage of the messenger RNA by Argonaut, the
catalytic subunit of the RISC complex.

Short 21bp siRNAs can be produced synthetically to induce post-transcriptional knock-down of
disease causing target genes. Other dsRNAs, such as microRNA or short hairpin RNA can also be
used for gene therapy approaches, however siRNA is the most commonly used molecule®®.
Another option is the selective inhibition of the gene silencing process by the application of
antagomirs, which block the activity of endogenous microRNAs**,

By chemical modification the stability of sSiRNAs against nucleases in biological fluids can be improved.
For instance, an oxygen atom in the backbone phosphate can be replaced by sulfur, or the 2’ hydroxyl

group of ribose can be methylated, or replaced by a 2’ fluoro group®®

. Furthermore extremely stable
peptide nucleic acids with a pseudopeptide backbone can be used as antisense agents for RNA
interference®®.

One major advantage of siRNA delivery compared to pDNA delivery is the improved release of sSiRNA
from condensed particles and the bypass of nuclear import as the target of siRNAs, the RISC

complex, is located the cytoplasm®”.
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2.4.8 Toxicity

For clinical application, synthetic gene carriers with low systemic toxicity are desired. Therefore
cationic lipids and polymers are screened for adverse side effects in vitro and in vivo.

Some lipids such as derivates of cholesterol are known to inhibit protein kinase C, which seems to be
associated with their toxicity2°8. Furthermore the toxicity of lipids is associated to the cationic nature of
their headgroup. The quaternary amine headgroup shows higher toxicity than the tertiary amine. By
substituting linear amine headgroups by heterocyclic rings, the toxicity can be reduced significantlyzog.
Cationic lipids with ester bonds are more biodegradable and less toxic than lipids with ether linkers;
however they are liable to decompose in the blood circulation. Recently, carbamate linked lipids with
low toxicity have been developed that are stable at neutral pH and are hydrolyzed under acidic
conditions®*®. The incorporation of neutral lipids, such as DOPE, DOPC and cholesterol into cationic
liposomes can mediate to lower toxicity and improved transfection efficiencies.

One of the most potent and most studied cationic polymers for gene delivery is polyethylenimine (PEI),

184

which exists in linear or branched morphology ™. In cell culture, free PEI causes several changes to

211
. In

cells including cell shrinking, reduced number of mitosis and vascularization of the cytoplasm
vivo experiments revealed that PEI with low molecular weight is better tolerated than high molecular
weight PEI. Complexes with linear PEI showed reduced toxicity compared to branched PEI. Acid-labile
PEIls with imine linkers have been developed that can be degraded in acidic endosomes into low

212

molecular weight PEI reducing its toxicity”. The attachment of polyethylene glycol (PEG) to the

surface of PEI-complexes can further reduce their toxicity**>.

Poly-I-lysine (PLL) polymers possess a biodegradable nature. However PLL complexes are more likely
to be cleared from circulation and show low endosomal release®. In the last years cationic
polysaccharides such as chitosan®™ and dextran-spermine®'®, which are water soluble, biodegradable
and exhibit low toxicity gained more and more attention as gene delivery agents. Furthermore

promising degradable acrylates and dendrimers have been developed®’?**.
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2.5 From in vitro studies towards clinical application

Before a new drug or gene carrier is approved for the market its safety and efficacy has to be
confirmed in preclinical and clinical trials. Despite well-defined criteria for the identification of promising
drug candidates, only 1 of every 5000 to 10000 potential formulations reaches approval by the U.S.
Food and Drug administration (FDA)?°.

Preclinical characterization of a medical substance involves the determination of physicochemical
parameters, in vitro experiments and in vivo assays in a clinically relevant animal model. The
characterization of multi-component nanocarriers is significantly more challenging than the
characterization of conventional small-molecule drugs, as each component within the formulation
needs to be analyzed. Additional data on the purity of the nanocarrier sample (residual bound or free
drug components), the particle size distribution, particle shape, surface ligand density, and surface
charge are requiredzzo. The stability of therapeutic nanoparticles has to be tested as a function of time,
storage, temperature, pH, centrifugation and lyophilization. Predictive characterization assays need to
be identified to ensure reproducible synthesis and batch-to-batch consistency. During preclinical
assessment, interactions of the nanomaterial with blood components should be tested to identify pro-
inflammatory effects or the induction of coagulation and hemolysis. In vitro characterization includes
mechanistic information on particle uptake, subcellular localization and intracellular drug delivery.
Pharmacological characterization in an animal model (accumulation in different tissues, plasma
concentration, persistence, tumor distribution) should include drug-free nanoparticles and non-

nanoparticle formulations of the drug.

After satisfactory information from preclinical trials, a clinical trial with volunteering human patients is
initiated. Clinical trials are commonly classified into four classes. In phase |, the pharmacology and
pharmacokinetics as well the maximum tolerated dose of the drug is determined in a small group of
patients. Next, in phase Il the effectiveness of the drug and side effects are determined. In phase Il
additional information about the effectiveness and the overall risk-benefit ratio is evaluated over
several years in a large, demographical diverse group (hundreds to thousands of patient with target
disease). After approval to the market, the safety of the drug is further monitored and additional uses
of the drug are identified (phase IV). Most clinical trials are designed as randomized, double-blind

studies with placebo-controls.

More than 50 companies worldwide develop nanoparticle based cancer therapeutics. In the beginning,
simple constructs like PEGylated drugs, protein-drug conjugates or targeted antibody-drug conjugates
were studied, next generation nanomedicines are more complex. The first approved nanotechnology-
based drug was Abraxane in 2005, which consists of paclitaxel linked to albumin for enhanced
solubility and increased circulation time and is applied in the treatment of breast cancer®’. Several
PEGylated proteins have also reached market application, such as PEGylated asparaginase for the

treatment of acute lymphoblastic leukemia®. 11 different therapeutic antibodies used as active agents
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or to deliver drugs to the tumor are approved until today including Herceptin (EGF Receptor

targeting)®?, Zevalin (CD20 targeting)®*® and Avastin (VEGF Receptor targeting)®’. Liposomal
nanocarriers used for the packaging of cytotoxic anticancer drugs were successfully developed and
are currently applied in antineoplastic cancer therapy, examples include Doxil (liposomal

doxyrubicin)?* 226

and Daunoxome (liposomal anthracycline)*”. Currently, around 500 clinical trials are
investigating additional liposomal anticancer formulations®’. Polymeric drug carriers with
biodegradable polymers have not been approved by the FDA so far but are on their way through
clinical trials** #®. For example, PEGylated cyclodextrin nanoparticles that embed camptothecin into a
sugar shell are in phase Il for various cancer applications. Self-assembly particle built from PEGylated

polyaspartate that incorporate Paclitaxel reached phase Il in clinical trials (status June 2013)229.

Besides nanocatrriers for drug delivery, a large number of gene therapies have entered clinical trials.
Worldwide, there are over 800 open clinical trials for gene therapy based cancer treatment and more
than 30 trials reached phase e, Mostly, adenoviruses, adeno-associated-viruses and naked DNA
are applied in these trials. Lipid formulations are used in more than 40 open trials on cancer therapy.
Polymeric gene vectors are strongly investigated as promising tools for next-generation gene carriers;
however their design has to be optimized before entering clinical trials.

The first gene therapy clinical trials were carried out in the late 1980s and at that time it was expected
that gene therapy would become a treatment for serious genetic diseases in just a matter of year523°.
However, in the following two decades the enthusiasm for gene therapy diminished, because of the
death of an 18 year old patient with ornithine transcarbamylase deficiency during a clinical trial and the

development of leukemia-like conditions in two SCID-patient after gene therapy231

. Also, little progress
has been made in experimental clinical trials during that time. More recently some technical barriers
have been solved and first promising results have been reported from clinical and preclinical trials of
specific diseases encouraging the expansion of gene therapy trials. Recent successes include the
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effective therapy of patients with chronic myelogenous leukemia (CML)4, SCID™™ and Parkinson’s-

disease®®

. Patients with Leber’'s congenital amaurosis, a genetic retinal disease that is a common
cause for blindness in children, showed improved vision in response to treatment®™*. In 2012
Glybera®, a gene delivery vector derived from adeno-associated virus encoding for the lipoprotein
lipase (LPL) gene, became the first gene therapy product that gained approval in Europe and the
U.S.A. In all clinical studies the therapy was well tolerated without material safety concerns and
patients with lipoprotein lipase deficiency showed long-term presence of the LPL protein in the injected

muscle.

The recent developments in clinical trials give hope that gene therapy may emerge as a meaningful
treatment for severe diseases in the future. However, not all challenges are solved yet and the design
of gene vectors requires further optimization to allow the application of multiple doses without immune

response and long term benefits of the treatment.
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3 Fluorescence microscopy

The technique of fluorescence microscopy has become an essential tool in biomedical and material
science. Structures too small for conventional light microscopy can be visualized in fluorescence
microscopy and dynamic processes can be monitored with high sensitivity at physiological
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conditions”™. Fluorescence microscopy is widely used to study interactions of individual molecules

236, 237

with their environment , to resolve conformational changes and short-living intermediate states of

single proteins (using fluorescence resonance energy transfer, FRET)**® 2%

or to study biological
processes in living cells or organisms at the molecular level***2%,

In this thesis highly-sensitive fluorescence imaging was applied to study the interaction of therapeutic
gene carriers with living cancer cells in real-time on the single-cell level. By analyzing individual,
labeled particles with different composition and functionalities in terms of membrane- and receptor
binding, uptake kinetics, endocytosis pathways and intracellular trafficking, endosomal release
properties and gene expression levels, detailed information on the underlying processes was gained.
The understanding of the cellular interactions provides general information for the optimization of

particle design for future applications.

In this chapter an introduction into the basic principles of fluorescence microscopy is given explaining
the fundamentals of resolution, the photophysics of fluorescent dyes and labeling techniques. The two
imaging techniques that were used in this work are described and special requirements for live-cell

imaging are mentioned.
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3.FLUORESCENCE MICROSCOPY

3.1 Resolution and contrast

In conventional light microscopy the absorption or diffraction of incoming visible light by a specimen is
detected. As biological samples are mostly transparent and contain few substances that absorb or
scatter the incoming light the signal-to-noise ratio of these images is low and contrast-enhancing
techniques are required. In fluorescence microscopy the emission of red-shifted light from illuminated
fluorophores which are attached to a molecule or particle of interest is detected and the background
light from illumination is filtered, enabling imaging with optimal contrast®>°.

The spatial resolution in microscopy is defined as the shortest distance between two points that can be
distinguished as separable. Due to the wave nature of light the resolution in optical microscopy is

diffraction limited®*

. Light waves converge and interfere at the focal point of optical lenses and
produce a diffraction pattern of concentrical rings surrounding a bright central region (airy disks).
When two point emitters are in too close proximity their diffraction patterns interfere and cannot be
detected separately. The resolution limit of an optical setup is given by the Rayleigh criterion in which
d is the minimum distance between two resolvable points, A the wavelength of the illumination light

and the N.A. the numerical aperture of the objective lens®**.
d=0.61 A/ N.A.

The numerical aperture N.A. of a lens is determined by the maximum cone of light that can enter the
lens and the medium of reflection in which the lens is placed. Best oil immersion objectives reach a
numerical aperture of 1.45. When using excitation light in the visible range (400-700 nm), the
resolution limit of the microscope lies around 200 nm. However, when the distance between two

labeled molecules or particles exceeds this limit, their position can be determined with higher accuracy
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using an algorithm that identifies the center of the diffraction limited spot™. Recognition algorithms

have been developed that allow the positioning of fluorescent molecules with 2 nm accuracy and 10
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ms temporal resolution™. By tracking the position of objects in a time-series of images, their motion

can be analyzed. By single molecule or particle tracking e.g. the diffusion characteristics of receptors

in the membrane or transport processes of viruses inside cells can be unraveled®’

248

. Recently an

emerging number of super-resolution techniques have been developed™™ that allow the reconstruction

of structures below the diffraction limit by sequential activation and time-resolved localization of

fluorophores (e.g. in stochastic optical reconstruction microscopy STORM?**
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or photo-activated

localization microscopy PALM™™) or by selectively deactivating excited fluorophores by stimulated

emission (stimulated emission depletion microscopy STED251).
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3.2 Principles of fluorescence

The photophysics of common fluorophores can be described by the Jablonski-diagram (Fig. 3.1).
When electromagnetical light with sufficient energy hits a fluorophore, the molecule can absorb this
light and is excited from its electronic ground state S, into a transient, higher energy state S, (n=1).
After absorption, the molecule typically populates a higher vibrational level of the excited state®?. The
excited molecule emits the absorbed energy in successive steps. First it can reach a lower electronic
state by internal conversion. In this process electronic energy is transformed into vibrational energy.
This transformation is feasible because high vibrational states of lower electronic states overlap with
low vibrational states of higher electronic states. The vibrational energy is then transferred to nearby
molecules by collision (vibrational relaxation)zas. As a result the molecule usually reaches the lowest
vibrational level of the first excited state S;. Vibrational relaxations occur quickly at a timescale of
10™%s. From the lowest electronic excited state the molecule can return to the ground state Sy by
emission of a photon (fluorescence) or by radiationless decay. After photon emission the molecule
undergoes additional vibrational relaxation to reach the lowest energy level of the ground state.
Fluorescence occurs on a timescale of 10 s. Because of the energy loss during vibrational relaxation,
the emitted fluorescence light is typically shifted to higher wavelengths compared to the excitation light
(stokes shift). This phenomenon permits the separation of the much weaker emitted fluorescence light
and the excitation light in fluorescence microscopy resulting in specific detection of the fluorescent
specimen with high contrast.

Besides the process of fluorescence there is certain probability that the fluorophore in the excited state
undergoes spin conversion and reaches a triplet state T, a process called intersystem crossing.
Molecules in the triplet state contain an electron with parallel spins and can return to the ground state
either by radiationless decay or by emission of a phosphorescence photon with longer wavelength
compared to fluorescence. Phosphorescence is a much slower process than fluorescence occurring
on a timescale of 10 s or longer. The overall phenomenon of photon emission through excitation of a
molecule by ultraviolet or visible light photons (including both fluorescence and phosphorescence) is

termed photoluminescence®?

. Most fluorophores repeat the excitation-emission cycle hundreds to
thousand times before they photobleach and can repeatedly be excited and detected. The fact that
one fluorophore emits many thousands of detectable photons is fundamental to the high sensitivity of

fluorescence microscopy techniques®®.
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Figure 3.1 Jablonski diagram. Typical energy level scheme revealing the photophysics of common dyes. The
following electronic states are depicted: Sp = ground singlet state, S;= first excited singlet state, S, = second
excited singlet state, T1 = triplet state. Different vibrational energy levels are shown for each electronic state.
Arrows indicate the energy transitions and time scales for excitation, fluorescence, phosphorescence, internal
conversion, vibrational relaxation and intersystem crossing (figure taken from Lichtman et al.”*).

Fluorescent molecules are characterized by their individual absorption and emission spectra that
describe their likelihood to absorb and emit photons as a function of wavelength. Commercially
available fluorophores offer a broad range of excitation wavelengths, stokes shifts and spectral
bandwidths to permit flexible experimental designs and multicolor imaging.

For single molecule or single particle fluorescence microscopy, fluorophores with high quantum yield
and photostability are required. The fluorescence quantum yield is defined as the ratio of the number
of photons emitted to the number of photons absorbed and can reach a maximum of 1.0, where every
absorbed photon is emitted as fluorescence®?.

Photobleaching, blinking and quenching limit the fluorescence signal. Photobleaching is defined as the
irreversible transmission of a dye to a non-radiative state that occurs after a limited number of
excitation-emission cycles and is thought to be associated with photo-oxidation or other degradative

reactions in the dye after high-intensity illumination®*

. Quenching is a reversible process in which the
fluorophore either in its excited or ground state is transformed to a non-radiative state by noncovalent
interactions with environmental molecules (e.g. paramagnetic molecules such as oxygen, heavy ions
or proteins)®>*. After removal of the quenching substance the fluorescence of the dye is recovered. At
high labeling density, self-quenching of the fluorescent dyes can occur. Photoblinking, the random
switching of a molecule between a bright “on” and a dark “off” state, can be induced by transitions to

the triplet state or other effects®>.
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3.3 Fluorescence labeling

To visualize a non-fluorescent biomolecule or nanoparticle in fluorescence microscopy, it needs to be
linked to an organic dye®®°, a fluorescent protein®’ or a nanocrystal (quantum dot)?*®,

Intrinsically fluorescent proteins enable the permanent labeling of selected molecules in living cells.
They derive from the green fluorescent protein (GFP) which was originally isolated from the jellyfish
aequorea victoria®®. By genetic engineering, a number of mutants with improved fluorescence
guantum yield (eGFP) and shifted spectral characteristics (red fluorescent protein RFP, yellow
fluorescent protein YFP, cyan fluorescent protein CFP) have been developed26°. For labeling, the
fluorescent protein encoding DNA sequence is fused to the DNA sequence of the protein of interest.
Next, the fusion gene is introduced into cells that subsequently express the fluorescent fusion protein.
Organic fluorescent dyes can be covalently coupled to biomolecules like proteins, peptides or nucleic
acids e.g. by amine-reactive or thiol-reactive linkers". Labeling of the biomolecules with reactive dyes
is usually performed in vitro, followed by purification and subsequent application of the labeled
construct to the cell. A relatively new labeling technology is the copper-catalyzed azide alkyne
cycloaddition in which the biological molecule of interest is first linked to an azide or alkyne and then
reacts with a fluorescent dye with a complementary azide or alkyne in the presence of copper (Click-iT

label technology)?*

. As the reaction partners do not have endogenous representation in biomolecules,
the Click-iT label technology can be applied to specifically label azide or alkyne-tag containing
molecules inside living cells at defined time points. Because copper can harm cells, additional copper-
free click chemistry has been developed®®. Additional procedures exist for the noncovalent or
covalent labeling of selective proteins in living cells with fluorophores. The general strategy entails

genetically fusing the target protein of interest to a receptor protein264

. A small molecule probe
consisting of a receptor-binding ligand coupled to fluorophore is then added to the cell for labeling.
The ligand—receptor pairs include hapten—antibody, biotin—avidin, various enzyme—inhibitor
combinations, nitrilotriacetate-oligohistidine sequence, and biarsenical fluorophores that bind cysteine-
rich peptide sequences.

Semiconductor quantum-dots contain some excellent characteristics for imaging applications®°. They
show a size-tunable absorption and emission, contain broad absorption and narrow emission bands
and are very bright and photostable. A major drawback is their low stability in biosolutions and their
potential cellular toxicity that can be reduced by polymer coating. Conjugated quantum dots are
commercially available containing linkers such as biotin, streptavidin or protein A for binding to target
molecules.

To stain selective subcellular structures or organelles (such as the plasma membrane, the
cytoskeleton, lysosomes, mitochondria or the nucleus) a variety of selective fluorescent dyes and
fluorophore-conjugates are commercially available®®*. For example, the fusion of a fluorescent protein
or dye with Rab5, a small GTPase that localizes to early endosomes?®, results in staining of these

endosomal compartments. To follow specific uptake pathways, conjugates like fluorescent dye-labeled
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transferrin are typically utilized that internalize via a selective endocytosis mechanism. Ph-sensitive or

ion-sensitive dyes serve as sensors to monitor the conditions in different cellular compartments?®’.

3.3 Special considerations for live-cell imaging

When imaging live cells with fluorescence microscopy some challenges need to be taken into

account®®.

During excitation with visible light, cells exhibit a significant intrinsic fluorescence
(autofluorescence) that enhances the background signal and complicates the imaging of target
molecules with low fluorescence intensity®®®. Cellular autofluorescence often arises from the excitation
of NAD(P)H, flavins, proteins of the extracellular matrix medium components or fixation additives?’°.
Autofluorescence varies between different cell lines and is affected by cell density and environmental
conditions. Furthermore imaging with high energy excitation can induce photodamage in cells leading
to changes in morphology, excessive vacuole formation and cell cycle arrest’’. To reduce
photodamage and autofluorescence, cell imaging should be performed with low laser power and red-
shifted fluorophores with high quantum yield and photostability whenever possible272. Careful control
experiments are required to optimize cell growth, experimental conditions (e.g. reduction of oxygen
and phenol red in the sample), the imaging protocol (selection of excitation mode, excitation time,
intensity of illumination, acquisition speed, binning) and the microscope setup (selection of laser lines,
objective, excitation and emission filters, beam splitters and detectors) for each individual set of
experiments. To ensure the cells’ health on the microscope stage, imaging has to be done at
physiological conditions, at convenient temperature, pH, CO, level and supply of nutrients. To reduce
drift of the cells in time-lapse experiments, the cell slide can be fixed on the stage, air circulation by air

conditioning units may be reduced and autofocus routines may be applied®”

. Transmission light
images can be recorded in addition to fluorescence images to provide additional information on the
cell shape, morphology and position. Fluorescence imaging in living organisms should be performed
with excitation wavelength in the deep red of near infrared range because of the improved tissue
penetration and reduced autofluorescence at higher wavelengths. Two-photon microscopy is a new

technology that allows penetration of thicker specimens and imaging with high resolution in vivo®",
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3.4 Wide-field and confocal scanning microscopy

In this work two different microscopy techniques were applied, widefield-fluorescence microscopy and
spinning disk confocal microscopy, which will be introduced briefly in the following.

In a widefield microscope with epi-illumination the microscope objective serves as a condenser to
vertically illuminate a distinct area of the specimen and to collect the fluorescence light emitted by

excited molecules in this area®®.

In this mode only the small percentage of exciting light that is
reflected from the sample needs to be separated from the emission by dichroic mirrors and optical
filters. The ideal objective has a high numerical aperture, few lens elements to reduce losses of
fluorescence light and a low intrinsic fluorescence of the lens elements. Light sources for illumination
can be laser beams that provide high excitation intensities at single wavelength or mercury and xenon
arc lamps. The filtered fluorescence light is focused onto an array detector, which is usually a charge
coupled device (CCD) chip. In this thesis a custom-build widefield-microscope was set up with four
different laser lines, an acousto-optic tunable filter (AOTF) for precise adjusting of excitation intensities
and the switching of laser lines, and two highly-sensitive EMCCD cameras allowing fast multi-color
imaging and alternating laser excitation experiments. A schematic figure of the setup is depicted in
figure 3.2. Major advantages of epi-fluorescence widefield microscopy are the simultaneous imaging of
several individual molecules in a large microsized area with high sensitivity and the high imaging
velocity. Single molecule detection and frame rates of 30 frames per second are realized by modern
EMCCD technology. Limitations of this technique are the missing information in the third z-dimension
of the cell and the collection of fluorescence from excited molecules outside the focal plane (out-of-
focus light) that contribute to background fluorescence.

To achieve 3-dimensional information of a specimen and reduce out-of focus light, confocal scanning
microscopy can be applied. In confocal microscopy a collimated laser beam is focused by the

2> The fluorescence

objective to the smallest possible, diffraction limited spot on the sample plane
emitted from the small excited confocal volume is collected and recollimated by the same objective
and separated from residual laser light by optical elements. By placing a pinhole aperture in front of
the detector, light from out-of focus sources is eliminated and the depth of the confocal spot is
adjusted. The sample is scanned point by point in xy direction to acquire two-dimensional images of
thin slices of the specimen. By computationally combining the image data from a number of different
two-dimensional slices 3D information is gained. The main limitation of confocal microscopy
techniques is the slow velocity of the image acquisition. Spinning disk confocal microscopy is a

modern technique that enables confocal imaging with increased velocity®®

. A spinning disk
microscope contains a fast-rotation disk with multiple concentrically arranged lenses and pinholes
allowing the simultaneous imaging of different spots resulting in faster image acquisition. The spinning
disk microscope applied in this work is commercially available from Andor technology (Fig. 3.2) and
was based on a Nikon TE2000E microscope corpus with a Plan Apo 100x oil immersion objective and
the Yokogawa CSU10 spinning disk unit. For excitation four different laser lines could be chosen and

combined individually by an acousto-optic tunable filter (AOTF). The sample position could be
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controlled by a motorized stage in xy-position and by piezo-stage in z-position. Emission light was split
into two channels by an appropriate dichroic mirror and detected with an EMCCD camera after

passage through emission filters.
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Figure 3.2 Widefield microscope and spinning disk confocal setup. A For widefield imaging, four different
laser lines (488 nm, 532 nm, 561 nm, 633 nm) were coupled into an acousto-optical tunable filter and passed a
multimode fiber. By optical lenses the laser beam was expanded and focused to the backfocal plane of an
objective to permit vertical widefield-illumination of the biological sample. Emission light was separated from
excitation light by dichroic mirrors and split into two emission channels. After passage through adequate filters the
signal was detected on two EMCCD cameras. B For spinning disk confocal imaging the laser light (four lines: 405
nm, 488 nm, 561 nm, 640 nm) passed through an AOTF and an optical fiber. The expanded and collimated laser
beams illuminate an upper disk containing about 20,000 microlenses (microlens disk). Each microlens focuses
the laser beam onto its corresponding pinhole on the pinhole disk (Nipkow disk). About 1,000 laser beams fill the
aperture of the objective lens, and are then focused on the focal plane. Fluorescence generated from the
specimen is captured by the objective lens and focused back onto the pinhole disk, transmitted through the same
holes to eliminate out-of-focus signals and deflected by a dichroic mirror located between microlens array disk
and the Nipkow disk to split fluorescence signal from reflected laser. Fluorescence light was then split into two
channels, filtered by adequate emission filters and detected by an EMCCD camera. Adapted from figures kindly
provided by Dr. Sergey Ivanchenko and Dr. Yoshihiko Katayama.
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4 Surface shielding of gene vectors

The attachment of hydrophilic, neutral polymers to therapeutic nanocarriers is commonly applied to
increase their stability in serum, avoid opsonization by macrophages and reduce electrostatic
interactions of nanocarriers with non-target components35. The best studied polymer for shielding is
polyethylene glycol (PEG) that is approved by the FDA for several clinical applications. PEGylation of
nanocarriers has proven to reduce nanocarrier toxicity in vivo and to enhance the circulation time of
277

nanocarriers in the blood stream
of the PEG length and the PEG density on the surface

. The shielding properties of a particle can be adjusted by variation
2" To achieve specific uptake of PEGylated
nanocarriers into target cells, they can be equipped with selective molecular ligands that recognize

upregulated target receptors on diseased cells®”®

. However, besides favorable surface shielding
properties, negative influences of PEGylation on the efficiency of gene and drug delivery have to be
considered. The flexible PEG polymer may sterically hinder targeting ligands and block their receptor
binding. Furthermore, the uptake kinetics of passively tumor-targeted nanocarriers can be reduced by
PEGylation and the endosomal release and decondensation of gene carriers is complicated with

increasing PEG shielding (PEG dilemma)28°

. To find the right balance between efficient and safe gene
delivery, the PEG shielding of a particle needs to be fine-tuned and the underlying cellular processes
have to be elucidated.

In a first part of this chapter we evaluate how PEG shielding can be tuned to optimize the receptor
targeting of RGD-ligand equipped polyplex micelles (4.1). Therefore the effect of the RGD ligand on
particle uptake and intracellular trafficking was monitored by highly-sensitive fluorescence microscopy
for two particle compositions with different PEG length. Their uptake pathway was determined by
colocalization assays and inhibitor experiments and their transfection efficiency was studied by
reporter gene expression. Furthermore we were interested in the question if the applied particle dose
affects the uptake mechanism of integrin-targeted nanoparticles and therefore compared particle
internalization at two different particle concentrations. The project was performed in collaboration with
the research group of Prof. Kazunori Kataoka from the University of Tokyo. Particle synthesis, flow
cytometry and reporter gene expression experiments were performed by Yelena Vachutinski and Dr.
Makoto Oba in Tokyo. Parts of this chapter are taken from our publication in the Journal of Controlled
Release®. In a second part of this chapter we describe how the undesired side effects of PEG
shielding can be circumvented by applying bioresponsive PEG linkers that are cleaved in the
intracellular environment (4.2). This project was initiated by the group of Prof. Zhiyuan Zhong from
Soochow University in China and described results are adapted from our publication in
Biomacromolecules’.

39



4. SURFACE SHIELDING OF GENE VECTORS

4.1 Interplay between PEG shielding and receptor targeting

- live-cell imaging of integrin-targeted polyplex micelles

This chapter is adapted from:

F.M. Mickler, Y. Vachutinsky, M. Oba, K. Miyata, N. Nishiyama, K.Kataoka, C.Brauchle and N.Ruthardt;

“Effect of integrin targeting and PEG shielding on polyplex micelle internalization studied by live-cell imaging.”,
J Control Release, (2011), 156(3),364-73.

4.1.1. Particle design

To study the interplay between PEG shielding and receptor targeting we used polyplex micelles that
are composed of cationic block copolymers (ligand-PEG-poly(lysine-SH)) and plasmid DNA
(Fig. 4.1)*". These particles have the potential for clinical application as they possess a suitable size

of approximately 100 nm for systemic deliveryzg’ 282

. By incorporation of disulfide-crosslinks into the
micellar core, their stability in extracellular fluids is enhanced®®. These redox-sensitive cross-links are
disrupted in the reducing environment of the cytosol, triggering the controlled liberation of plasmid
DNA after endosomal release. Targeted micelles were equipped with a cyclic RGD peptide (RGD(+)
micelles) that binds to a,85and a,3integrins on tumor cells, control micelles were left without targeting
ligand (RGD(-) micelles)zsl. a,Bs and a3 integrins are highly investigated target structures for cancer
therapy because they are overexpressed in solid tumors as well as the angiogenic tumor vasculature,
which facilitates the accumulation and extravasation of the therapeutic gene vectors at the tumor
site?®" %%, For visualization in fluorescence microscopy, the plasmid DNA was labeled with fluorescent
dyes. To evaluate the influence of surface shielding on the selectivity of integrin targeting, two micelle
types with differently sized PEG shell layers were compared: PEG12 micelles were equipped with a
12 kDa PEG, whereas PEG17 micelles contained an elongated 17 kDa PEG resulting in enhanced

shielding of the positively charged micelles core®®®.

Poly(ethylene glycol) Polycation

(PEG) /
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Figure 4.1 Schematic illustration of micelle formation between plasmid DNA and c(RGDfK)-PEG-p(Lys-
SH)-polymer. Micelles are formed through polyion complex formation between positively charged polylysine
segments and negatively charged DNA. The charged micellar core is shielded by a PEG shell layer (12 kDa PEG
for PEG12 micelles, 17 kDa PEG for PEG17 micelles) to which a cyclic RGD-peptide is attached as a targeting
ligand. Covalent cross-linking of polylysine segments by disulfide bonds causes high stability of micelles.

For the formation of integrin targeted RGD(+) micelles 100 % ligand-quipped c(RGDfK)-PEG-p(Lys-SH)-polymer
was applied, RGD(-) micelles contained PEG-p(Lys-SH)-polymer without ligand. Light scattering revealed a
cumulant diameter of 112 nm for PEG12 micelles and 104 nm for PEG17 micelles (see 9.1.2).
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4.1.2. Coincubation of RGD(+) and RGD(-) micelles at low concentration

In order to directly compare the internalization of integrin-targeted (RGD(+)) and untargeted (RGD(-))
micelles, we simultaneously applied both micelle types with different fluorescent labels onto HelLa cells
and analyzed their cellular localization over time. Due to cross-linking of the polymer chains by
disulfide bonds, micelles are highly stable and mixing of RGD-positive and RGD-negative polymer

between different micelles should rarely occur®®

. To evaluate the importance of surface shielding for
effective receptor targeting, experiments were performed in parallel with PEG12 micelles and PEG17
micelles. For the measurement, HelLa cells were incubated with a low dose of premixed micelles
(2.5 ng of DNA per 10.000 cells) allowing the detection and subsequent quantification of single
micelles on the cell surface by highly sensitive wide-field microscopy. Short movies of single cells were
recorded 0, 2, 4 and 6 hours after micelle addition.

As reference, a mixture of Cy3 and Cy5 labeled RGD(-) PEG12 micelles (identical micelles differing
only in their fluorescence label) was added to the cells (Fig 4.2 A). As shown in the fluorescence
overlay images in figure 4.2, separate, non-aggregated micelles were uniformly distributed all over the
cell during the first minutes post micelle addition. After two hours, we observed a shift of micelle
distribution from the cell periphery towards the center of the cell. The total nhumber of detected
fluorescent spots was reduced while their intensity was increased, indicating the enrichment of
multiple micelles in endosomal compartments. In addition, colocalizing spots represented by the white
label in the overlay images appeared. Within two to six hours of incubation, the fraction of colocalizing
spots and the accumulation in the nuclear proximity further increased.

Unexpectedly, the same pattern was observed when targeted RGD(+) and untargeted RGD(-) micelles
with PEG12 shielding were coincubated (Fig. 4.2 B). We observed accumulation of both micelle types
in the cell center and increasing colocalization over time, indicating transport of targeted and
untargeted micelles to the same endocytic compartments. In contrast, after coincubation of RGD(+)
and RGD(-) micelles with PEG17 shielding, we detected a separation in localization of targeted and
untargeted micelles during the measurement (Fig. 4.2 C). After six hours, in the majority of the cells,
PEG17 RGD(-) micelles were retained in peripheral section of the cell, whereas PEG17 RGD(+)

micelles accumulated in the nuclear proximity.
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Figure 4.2 Cellular localization of coincubated RGD(+) and RGD(-) micelles with different PEG shielding.
Cy3 and Cy5 labeled micelles were simultaneously applied at low concentration (2.5 ng DNA per 10.000 cells)
onto HelLa cells and imaged by wide-field-microscopy after 0, 2, 4 and 6 hours with alternating laser excitation.
Fluorescence overlay images were obtained by superposition of the Cy3 and the Cy5 channel. Colocalizing
endosomes appear in white. The regions of the cell nucleus as well as the cell membrane are both marked with a
dashed, yellow line. (A) Cy3 and Cy5 labeled PEG12 micelles without a targeting ligand (= reference cells) were
transported into the same endocytic compartments, resulting in increasing colocalization over time. (B) RGD(+)
(green) and RGD(-) (magenta) PEG12 micelles show a similar time-dependent localization compared to the
reference. (C) Coincubation of PEG17 shielded RGD(+) (green) and RGD(-) (magenta) micelles resulted in a
separated cellular distribution. RGD(+) micelles were transported to the nuclear proximity, whereas RGD(-)
micelles were predominantly retained in the cell periphery. Scale bar: 10 um.

4.1.3 Colocalization analysis of coincubated micelles at low concentration

To validate our data, we quantified the degree of colocalization for the various micelle combinations
using custom-designed software. As displayed in figure 4.3, calculated colocalization values were
plotted over time and were best approximated by linear regression. The reference measurement
revealed a constant increase of the colocalization degree over time with an R-Squared value of 0.85
for the linear fit. In the first 30 minutes after addition, between 5 % and 20 % colocalizing micelles
were detected. After four hours the colocalization value increased to 50 % and reached 90 % after six
hours of incubation. Coincubated RGD(+) and RGD(-) micelles with PEG12 shielding showed a similar

time-dependent progression of the colocalization degree as the reference measurement (R-Squared
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value of 0.94 for the linear fit). The uptake and intracellular trafficking of PEG12 micelles seemed not
affected by the targeting ligand. A different colocalization behavior was determined for simultaneously
applied RGD(+) and RGD(-) micelles with PEG17 shielding. Compared to the reference, significantly
lower colocalization values were reached after four to six hours of incubation. Furthermore, we
observed a broad spread of the data points and a low R-Squared value of 0.2 for the linear regression
of the plotted data. The obtained colocalization values support the described cellular distribution of
micelles in the overlay images, demonstrating that only with the longer 17 kDa PEG an effect of the

RGD ligand on the subcellular distribution of micelles can be observed.
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Figure 4.3 Quantification of the time-dependent colocalization degree of coincubated micelles. HelLa cells
were coincubated with different combinations of fluorescently labeled micelles and imaged by wide-field
fluorescence microscopy at the indicated time points. Obtained movies were analyzed for colocalizing endosomes
using custom-written software. Each data point represents the calculated colocalization degree in one camera
section corresponding to one or two Hela cells. Plotted data points were approximated by linear regression (grey,
dashed line). White circle: reference cells coincubated with Cy3 and Cy5 labeled PEG12 micelles without a
targeting ligand for determination of normal distribution of colocalization, black diamond: cells coincubated with
targeted (RGD(+)) and untargeted (RGD(-)) PEG12 micelles, grey square: cells coincubated with RGD(+) and
RGD(-) PEG17 micelles.

4.1.4 Coincubation of micelles at high dose

Next, we were interested in the question whether the applied particle dose influences the
internalization behavior. To answer this question, the previously described colocalization experiment
was repeated with a 53 fold increase in micelle concentration (132 ng DNA per 10000 cells). Treated
HelLa cells were imaged four to six hours post application by wide-field fluorescence microscopy.
Again, as a reference, untargeted PEG12 micelles labeled either with Cy3 or Cy5, were
simultaneously applied in a 1:1 mixture. In figure 4.4, images of representative cells are presented
showing the two individual emission channels as well as the overlay images of both fluorescence

channels. The images illustrate that a subset of the applied reference micelles accumulated in nuclear
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proximity, whereas another subset remained in the cell periphery (Fig. 4.4 A). The peripheral rim of
PEG12 RGD(-) micelles was not observed in the experiments at low micelle concentration. A trypan
blue quenching assay with Cy3 labeled, untargeted PEG12 micelles revealed that the peripheral
fraction mainly consisted of extracellularly attached micelles, whereas the micelles in the nuclear
proximity were in intracellular compartments (Fig. 4.5). This suggests that the internalization of
untargeted micelles is saturated at high concentration resulting in the retention of a certain fraction of
micelles on the plasma membrane. In the microscopic images, we observed varying amounts of
peripheral micelles between different cells, indicating that the cell population is heterogeneous in their
level of internalization. Interestingly, after coincubation of PEG12 RGD(+) and RGD(-) micelles a
separated localization of targeted and untargeted micelles was observed, which did not appear at low
micelle concentration (Fig. 4.4 B). Whereas RGD(-) micelles showed a distribution comparable to the
reference micelles, the RGD(+) micelles were predominantly found in the nuclear proximity. As a
consequence, in the overlay images a higher degree of green label encoding for RGD(+) micelles
appears in the central section of the cell, whereas the magenta label, representing the RGD(-)
micelles, is dominating in the periphery. This separated distribution of targeted and untargeted
micelles was even more pronounced for coincubated PEG17 RGD(+) and RGD(-) micelles. Here, a
strong accumulation of RGD(+) micelles was observed in the nuclear proximity, whereas untargeted

micelles were almost completely retained in the cellular periphery (Fig. 4.4 C).

A PEG12 RGD(-) B PEG12 RGD(-) C PEG17 RGD(-)

merge 633 nm merge 33 nm 633 nm

Figure 4.4 Effect of dosage on micelle internalization. HelLa cells were coincubated with a high concentration
(132 ng DNA/ 10.000 cells) of micelles and imaged after four to six hours by wide-field fluorescence microscopy.
(A) Overlay images of reference cells coincubated with Cy3 and Cy5 labeled RGD(-) micelles reveal high degree
of colocalizing endosomes. (B) Coincubated PEG12 RGD(+) (green) and RGD(-) (magenta) micelles show a
different distribution compared to the reference. RGD(+) micelles accumulate in the inner part of the cell, whereas
RGD(-) micelles remain in the outer cell region. (C) A more pronounced separated distribution is observed for
coincubated PEG17 RGD(+) (green) and RGD(-) (magenta) micelles. Scale bar: 10um.
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before

Figure 4.5 Discrimination of extra- and intracellular micelles by trypan blue quenching. HelLa cells were
incubated for six hours with Cy3 labeled RGD(-) PEG12 micelles at high concentration followed by treatment with
trypan blue under microscopical observation. A representative cell is shown before and after treatment. After
addition of the quencher the peripherical rim of micelles vanished, indicating the extracellular localization of the
peripherical micelles. Scale bar: 10pum.

4.1.5 Colocalization analysis at high dose

To determine the colocalization degree of the micelle combinations at high concentration, the mean
colocalization value from cells, incubated for four to six hours, was calculated and normalized to the
reference measurement with untargeted micelles (Fig. 4.6). Interestingly, for coincubated PEG12
RGD(+) and RGD(-) micelles the colocalization degree was comparable to the reference, although a
partly separated cellular localization of the micelles was observed in the respective microscopical
images. This high colocalization value indicates that a considerable amount of PEG12 RGD(-) micelles
was still internalized and transported to the same cellular compartments as RGD(+) micelles. In
contrast, for coincubated PEG17 RGD(+) and RGD(-) micelles, the colocalization was significantly
reduced to 34 % of the reference value suggesting that in the presence of enhanced shielding solely
integrin targeted micelles are efficiently transported to the nuclear proximity.

Our data revealed that both the applied particle dose as well as the PEG length has a significant effect

on the distribution of targeted and untargeted micelles

100 N

| Figure 4.6 Quantification of micelle colocalization at high

concentration. HelLa cells were coincubated with the indicated

combinations of fluorescently labeled micelles and imaged by wide-field

fluorescence microscopy after four to six hours. Obtained movies were

50 analyzed for colocalizing endosomes using custom-written software.

Mean colocalization values of the imaged cells were determined for the

. micelle combinations and normalized to reference cells that were

' coincubated with Cy3 and Cy5 labeled PEG12 micelles without a

targeting ligand. The standard error of the mean (SEM) is represented by

error bars (N=24 for PEG12 RGD(-)RGD(-), N=26 for PEG12

0 ! RGD(+)RGD(-), N=32 for PEG17 RGD(+)RGD(-).*** P<0.0001 for PEG17

PEG12 PEG12 PEG17 RGD(+)RGD(-) compared to the reference).

RGD(-) RGD(+) RGD(+)
RGD(-)  RGD(-) RGD(-)
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4.1.6 Quantification of micelle uptake by flow cytometry

Live-cell imaging is a powerful tool to study the detailed mechanisms of particle internalization and to
visualize the cellular localizations in single cells. In the present study, the transfection experiments
were performed with PEGylated polyplexes at extraordinarily low DNA concentrations, compared to
conventional transfection conditions e.g. 2.5 ng / 10.000 cells. Such low micelle concentrations cannot
be detected in standard bulk experiments. However, as considerable heterogeneity between cells
exists, the quantification of nanoparticle internalization is challenging with microscopical methods and
should be verified by standard bulk experiments such as flow cytometric analysis under conventional
transfection conditions. Therefore, we performed a cellular uptake study of PEG17 RGD(+) and
RGD(-) micelles by a flow cytometric analysis at 1 pg DNA per 10.000 HelLa cells after 24 hours of
incubation (Fig. 4.7). The obtained result clearly revealed that the uptake of PEG17 RGD(+) micelles
into HeLa cells was significantly increased compared to the RGD(-) ones. In contrast, for PEG12
shielded micelles, the uptake was not significantly increased by introduction of the RGD ligand as
revealed by a previous flow cytometry study under the same transfection conditions (1 pg DNA per
10.000 cells and 24 hour of incubation)®.

These results demonstrate the superior effect of the targeting ligand on the uptake of micelles when

combined with the longer 17 kDa PEG, consistent with our results from the microscopic observation.
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4.1.7 |ldentification of the uptake pathway

To specify the uptake pathway used by integrin-targeted and untargeted micelles, we performed
spinning disk confocal microscopy colocalization studies with pathway specific markers. RGD(+)
micelles with PEG17 shielding were used to determine the pathway of targeted micelles. PEG12
RGD(-) micelles served as reference system for the internalization pathway of receptor-independent

uptake. In a previous study it was suggested that integrin targeting with the cyclic RGD ligand leads to
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caveolin-dependent internalization of micelles®. This conclusion was based on colocalization
experiments with labeled cholera toxin B, a specific marker for caveolin-dependent endocytosis in
several cell types. Singh et al reported that the uptake mechanism of cholera toxin B is highly cell type
dependent and seems to occur predominantly via clathrin mediated endocytosis in HelLa cells®®’,
Therefore we decided to use Hela cells expressing caveolin-GFP as a more specific marker for
caveosomes compared to cholera toxin B. As a marker for clathrin mediated endocytosis, transferrin
488 was applied to HelLa cells. According to the literature, transferrin is efficiently incorporated into

129 After one

clathrin coated vesicles, followed by transport to early, sorting, and recycling endosomes
hour coincubation of untargeted micelles and transferrin on cells, most micelles were located in the
cell periphery whereas transferrin was localized in the central part of the cell and little colocalization
was detected. This observation indicates that no direct interaction of micelles and marker occurred in
the cell medium (data not shown). Coincubation of both targeted as well as untargeted micelles with
transferrin 488 for four hours resulted in a high colocalization degree as demonstrated in figure 4.8 A
by the distinct white signal in the fluorescence overlay image. Concerted movements of spots in both
emission channels were observed, proving that transferrin and micelles were in fact entrapped in the
same endosomal compartments. This result suggests that the uptake of integrin-targeted as well as
untargeted micelles occurs via clathrin mediated endocytosis resulting in transportation to early,
sorting or recycling endosomes during the first four hours of incubation. In contrast, after application of
micelles to caveolin-GFP expressing cells, only a low number of colocalizing caveosomes were
detected for the targeted as well as untargeted micelles, indicating that caveolin-dependent

endocytosis is not the dominant internalization pathway for both micelle types (Fig. 4.8 B).

Areci2 RGD(-) and PEG17 RGD(+) and B PEG12 RGD(-) and PEG17 RGD(+) and
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Figure 4.8 Colocalization analysis of micelles and endocytosis pathway specific markers. Single z-slices of
representative cells, imaged by spinning disk confocal microscopy, are shown. The regions of the cell nucleus
and the plasma membrane are marked in the transmission light and fluorescence image (left side) with a yellow,
dashed line. (A) Coincubation of Cy5 labeled PEG12 RGD(-) or PEG17 RGD(+) micelles (magenta) with
transferrin 488 (green) on HelLa cells for four hours. Both targeted as well as untargeted micelles show high
colocalization with transferrin as indicated by white endosomes in the overlay image. (B) Incubation of Cy5
labeled PEG12 RGD(-) or PEG17 RGD(+) micelles (magenta) on caveolin-GFP expressing (green) Hela cells for
four hour results in a low colocalization degree. Scale bar: 10um.
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To verify the predominant uptake of targeted and untargeted micelles via clathrin-mediated
endocytosis additional inhibitor experiments with chlorpromazine, a specific inhibitor of clathrin-
mediated endocytosis, were performed. Inhibitor studies on the single cell level require careful

controls?®®

. Therefore we first proved the integrity of the cell membrane in the presence of 10 ug/ml
chlorpromazine by applying a trypan blue exclusion assay (Fig. 4.9). Additionally, we tested the
successful uptake of lactosylceramide, a marker for caveolin-dependent endocytosis, into
chlorpromazine treated cells to exclude inhibition effects caused by cell damage and unspecific
inhibition effects. Significant amounts of lactosylceramide were internalized into HelLa cells at the
applied chlorpromazine concentration. This indicates that the caveolin-dependent uptake pathway was
not inhibited under the applied conditions (Fig. 4.10). Only cells that exhibited moderate changes in
their cell shape in the bright field image were considered for evaluation. As a positive control for
effective clathrin inhibition, we simultaneously applied fluorescently labeled transferrin with the
micelles. Three to four hours post application, transferrin was absent in the cytoplasm of
chlorpromazine treated cells, whereas untreated cell showed efficient uptake of transferrin. This
verifies the effective inhibition of clathrin-mediated uptake by chlorpromazine addition. Incubation of
the chlorpromazine treated cells with either PEG17 RGD (+) or PEG12 RGD(-) micelles resulted in a
distinct accumulation of both micelle types on the cell membrane. Confocal z-slices of the treated cells
revealed a narrow rim of micelles in the membrane region. Neither targeted nor untargeted micelles
were detected in the central section of the cell. This result gives further evidence that in HelLa cells
clathrin-mediated endocytosis is the predominant uptake pathway for integrin targeted as well as
untargeted micelles (Fig. 4.11).

A untreated B + Ethanol C + Chlorpromazine

_TL Trypan Blue TL Trypan Blue TL Trypan Blue

Figure 4.9 Trypan Blue exclusion assay to confirm cell viability. HeLa cells were incubated with trypan blue
as a dead cell stain and imaged at 633 nm excitation with wide-field fluorescence microscopy. Transmission light
(TL, left) as well as fluorescence images (right) of representative cells are shown. (A) Trypan blue staining was
absent in untreated control cells proving high cell viability before inhibitor addition. (B) Control cells treated with
ethanol (25% vol in cell medium) were efficiently stained revealing the cytotoxic effect of ethanol. (C) HelLa cells
preincubated in 10 pg/ml chlorpromazine for 4 hours are not stained by trypan blue proving sufficient cell viability
in the presence of chlorpromazine.
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TL TF633 TL TF633

Figure 4.10 Functional caveolin-dependent endocytosis in the presence of chlorpromazine. HelLa cells
were preincubated with 10 pg/ml chlorpromazine for 30 minutes before simultaneous addition of BodipyFL
Lactosylceramide (LaCer, green) and transferrin 633 (magenta). 2.5 hours after addition of the fluorescently
labeled markers, cells were imaged by spinning disk confocal microscopy with alternating laser excitation.
Fluorescence and transmission light images of two representative cells are shown revealing efficient uptake of
LaCer and retention of transferrin in the presence of chlorpromazine. Thus caveolin-dependent endocytosis is
functional in the presence of clathrin inhibition.

PEG12 RGD(-) and tr

l
|
1

PEG17 RGD(+) and t

Figure 4.11 Polyplex micelles on chlorpromazine treated cells. HelLa cells were preincubated with 10 pg/ml
chlorpromazine for 30 minutes before addition of Cy5 labeled PEG12 RGD(-) (A) or PEG17 RGD(+) (B) micelles
to the cell medium. Cells were evaluated 3.5 hours after micelle addition by spinning disk confocal microscopy.
Representative z-stacks of treated cells are shown together with the transmission light image of the cell. The
uptake of targeted and untargeted micelles is inhibited by the chlorpromazine resulting in extracellular
accumulation of micelles on the cell membrane. Transferrin 488 that was coincubated with the micelles as a
control for effective clathrin inhibition was not detected in the cytoplasm as well. Scale bar: 10pm.
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4.1.8 Luciferase reporter gene expression

After the detailed studies on micelle internalization, the influence of PEG shielding and integrin
targeting on the reporter gene expression of micelle treated cells was determined by standard
luciferase expression assay. HelLa cells were incubated with the different micelle types and luciferase
expression was determined 24 hours post incubation (Fig. 4.12). Integrin targeting of PEG17 shielded
micelles resulted in a 27 fold increase in gene expression compared to untargeted PEG17 micelles.
The effect of integrin targeting was less prominent for micelles with PEG12 shielding and resulted in
only 8 fold increase of gene expression. Notably, the transfection efficiency of PEG17 RGD(+)
micelles exceeded the efficiency of PEG12 RGD(+) micelles by factor two. In addition, the transfection
efficiency of untargeted micelles was reduced in the presence of enhanced PEG shielding by 40
percent. These results indicate that the PEG17 shielding reduces the probability for transgene delivery
by unspecifically internalized untargeted micelles and enhances the ligand mediated transgene
delivery induced by integrin-targeted micelles.

RLU/mg protein

3x10

2x10
Figure 4.12  Luciferase expression.
Cells were transfected with RGD(+) or
RGD(-) micelles with PEG12 or PEG17
shielding, respectively. Each well was

1x10’ transfected with 1 pg of DNA and
analyzed for luciferase expression after 48
hours by photoluminescence detection.
The experiment was performed in
triplicates, the standard error of the mean

L [ (SEM) is represented by error bars.
PEG17 PEG17 PEG12 PEG12 PEG17 RGD(+) micelles show enhanced
RGD(+) RGD(-) RGD(+) RGD(-) reporter gene expression compared to

PEG12 RGD(+) micelles.
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4.1.9 Discussion

In this study, we show that the RGD ligand leads to accelerated and preferential internalization of
micelles into HelLa cells when combined with proper 17 kDa PEG shielding. Simultaneous addition of
fluorescently-labelled targeted and untargeted PEG17 shielded micelles to HelLa cells resulted in
specific accumulation of RGD(+) micelles in the nuclear proximity and retention of RGD(-) micelles in
the cell periphery. As a consequence, low colocalization of PEG17 shielded RGD(+) and RGD(-)
micelles was observed. In presence of 12 kDa PEG shielding, we observed internalization
characteristics dependent on the applied micelle dose. At low dose application, targeted and
untargeted PEG12 shielded micelles showed comparable internalization. At high dose application, we
observed split cellular localization reminiscent of PEG17 shielded micelles. However, a high
colocalization of targeted and untargeted micelles in the nuclear proximity was maintained indicating
the persistent internalization of untargeted micelles. Targeted as well as untargeted micelles were
internalized by clathrin-mediated endocytosis portending that the RGD ligand alters the kinetics of
micelle internalization without changing the uptake pathway. In addition, targeted micelles with PEG17
shielding induced the highest transgene expression.

The superior internalization characteristics of RGD-equipped PEG17 shielded micelles at all
concentration demonstrate the positive effect of ligand installation on micelle uptake and emphasize
the careful testing of proper shielding at several concentrations. Although PEG12 and PEG17 shielded
micelles had a difference in zeta potential of only 1 mV in Tris-buffer (+ 1.5 mV for PEG12 micelles
and + 0.5 mV for PEG17 micelles), they showed significant differences in internalization. It has been
described before that the self-assembly of polymeric particles is considerably affected by the
289291 A different arrangement of the PEG and the RGD ligand might
appear on the micelle surface dependent on the length of the applied PEG. The fact that PEG12

composition of the polymer

micelles are well internalized also in absence of the RGD ligand suggests insufficient shielding of the
positively charged micelle core. Due to electrostatic interactions, the PEG12 RGD(-) micelles may bind

to negatively charged plasma membrane components such as proteoglycans®® 2% 2%

resulting in
receptor-independent micelle uptake. Consistently, PEG17 shielding resulted in reduced
internalization of untargeted micelles.

We further propose that in the presence of the longer PEG, the flexibility of the RGD ligand might be
enhanced, improving the receptor binding properties of the micelles. We assume that the kinetics of
integrin-dependent endocytosis depends on the local concentration of RGD ligands that are available
to activate receptor signalling and clustering. Sancey et al. demonstrated that multimeric RGD is

294 The local concentration of RGD

required to induce efficient integrin clustering and fast endocytosis
ligands that are available for receptor binding supposably depends on the number of ligands per
particle, the particle concentration on the cell and the flexibility of the ligand. The specific binding of
RGD(+) micelles to integrins may additionally be hindered in the presence of electrostatic interactions
with membrane components. Therefore, at the applied low micelle dose the local concentration of
accessible RGD ligands of PEG12 shielded micelles might lie below the critical level that is required to

induce efficient integrin mediated uptake.
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At high dose of RGD(+) micelles, enhanced integrin clustering might occur, enforcing the integrin

mediated endocytosis of the targeted micelles®*

. Additionally, negative charges on the cell membrane
might be completely covered by positively charged micelles. In this scenario, excess micelles that
diffuse in the cell medium, weakly interact with membrane components, resulting in preferential
interaction of the RGD ligand with accessible integrins.

The fact that untargeted PEG12 micelles were partly retained in the cellular periphery at high micelle
dose, suggests the saturation of the receptor-independent micelle internalization at high concentration.
Accordingly, a quenching assay revealed that the peripherical rim of RGD(-) micelles observed in the
microscopic images, consisted mainly of extracellularly bound micelles that were not internalized yet.
In contrast, RGD(+) micelles were well internalized also at high concentration and saturation effects
were not observed. Activated integrins are recycled to the plasma membrane after their

endocytosis®*> 2%

. They may then serve as receptors for further endocytosis of micelles and promote
increased internalization after activation.

The enhanced perinuclear accumulation of RGD(+) micelles at high concentration may be promoted
by two mechanisms. First, the integrin mediated endocytosis may induce faster uptake kinetics, and
second, an earlier onset of endosomal transportation of targeted micelles towards the cell nucleus
may be possible. Previous studies on integrin uptake revealed that integrin heterodimers can be

endocytosed via different internalization routes such as clathrin-dependent endocytosis™® %

299, 300 and macropinocytosis™’. Our results from the colocalization

caveolin-dependent endocytosis
experiments with markers for clathrin- and caveolin-dependent endocytosis as well as inhibitor studies
suggest that clathrin-dependent endocytosis plays the major role for the uptake of integrin-targeted as
well as untargeted micelles. The colocalization of RGD(-) and RGD(+) micelles at later time points
demonstrates that untargeted micelles end up in the same cellular compartments as targeted micelles,
but with slower kinetics. The RGD ligand therefore seems to accelerate the perinuclear accumulation
of micelles without changing the uptake pathway. Lakadamyali et al. demonstrated that different
endocytic ligands for clathrin-mediated endocytosis are sorted into distinct populations of dynamic,

rapidly maturing or static, slowly maturing early endosomes***

. Interestingly, the sorting already starts
at the plasma membrane and is ligand dependent. As the maturation rate of endosomes is highly
correlated with their mobility along microtubules®*, cargo in dynamic endosomes can reach the
nuclear proximity faster than static ones and may explain the fast transfer of RGD-equipped micelles
to the nuclear proximity.

Within six hours of microscopical observation of micelle internalization, we did not observe significant
DNA release into the cytosol or nucleus. However, successful luciferase expression after 24 hours
reveals that certain amounts of DNA have been released and reached the nucleus. As few plasmids

302,303 the endosomal release of micelle

are sufficient to induce significant levels of gene expression
DNA may have been below the detection limit of our microscopical set-up. Alternatively, the effective
release may occur at later time points. The highly increased transgene expression of ligand-equipped
micelles with proper PEG17 shielding suggests that the RGD ligand also induces alterations in the

intracellular processing in addition to accelerated uptake kinetics.
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Effects of the RGD ligand on intracellular processes have been reported. Shayakhmetov et al.

304 Chavez et al.

revealed that the RGD motif triggers the enhanced endosomal release of adenovirus
described membrane destabilizing properties of the RGD ligand at low pH*®. The RGD ligand may
therefore account for enhanced transfection in later stages of transfection besides the accelerated and

preferential internalization.

To conclude, our results give mechanistical insights into the interplay of shielding and receptor
targeting. Surface shielding of integrin-targeted micelles has a significant effect on their targeting
specificity. This effect is expected to be a general phenomenon for the targeting of charged polyplexes
to all kinds of membrane receptors and has to our knowledge has not been investigated on single cell
level so far. Solely in the presence of proper shielding, integrin targeting had a significant effect on
internalization and transgene expression, which is an important feature for the selective targeted
therapy of cancer cells. Our results emphasize that highly sensitive microscopy on the single cell level
provides additional information on the cellular localization which cannot be resolved in bulk
experiments. Furthermore, as shown for the coincubation experiments at low micelle dose,
microscopical observations can be performed at extraordinary low particle concentrations and on a
single particle level which is not feasible with standard cytometric analysis. Previous studies revealed
that micelles built from block copolymers are promising candidates for gene therapy because they
have a uniform size and are stable over a long time period®®" ?®* 2%¢ e propose that PEG17 shielded
micelles equipped with a cyclic RGD ligand are the favoured system of choice for clinical therapy as
they exhibit higher transfection efficiencies, a higher specificity for integrin-dependent endocytosis
compared to PEG12 shielded micelles, and are functional at low doses as well. This gained
knowledge enables the improved design of future gene vectors in order to maximize their therapeutic

benefit for clinical application.
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4.2 Reversible PEG shielding for improved intracellular DNA release

This chapter is adapted from:

C. Zhu, M. Zheng, F. Meng, F.M. Mickler, N. Ruthardt, X. Zhu and Z. Zhong,

“Reversibly Shielded DNA Polyplexes Based on Bioreducible PDMAEMA-SS-PEG-SS-PDMAEMA Triblock
Copolymers Mediate Markedly Enhanced Nonviral Gene Transfection.”

Biomacromolecules, (2012), 13(3), 769-78

4.2.1 Particle design

To improve the intracellular delivery of DNA from PEGylated particles bioreducible triblock copolymers
(PDMAEMA-SS-PEG-SS-PDMAEMA, Mw=6.6-6-6.6 kDa)) were designed. Poly-dimethylaminoethyl
methacrylate (PDMAEMA) copolymers are conveniently synthetized by living radical polymerization
providing controlled macromolecular structure and composition. The introduced reduction-responsive
disulfide-bond (S-S) is stable in extracellular fluids but can be cleaved in the reductive environment of
282, 306

. Like their non-reducible
analogues (PDMAEMA-PEG-PDMAEMA), the bioreducible copolymer effectively condensed DNA into

intracellular compartments, such as the cytoplasma or the nucleus

small nanoparticles with an average diameter less than 120 nm and close to neutral zeta potential
(Fig. 4.13). In contrast, the 6.3 kDa PDMAEMA homopolymer was not able to efficiently condense
DNA. In the presence of 10 mM dithiothreitol (DTT) the reducible particles showed rapid deshielding
in vitro, as confirmed by a significant increase in particle surface charge from +0.7 mV to +11 mV.
Furthermore the size of reversible shielded polyplexes rapidly increased in the presence of DTT, most
likely due to aggregation of the cleaved homopolymer. Release of DNA in response to 10 mM DTT
was further detected in gel retardation assays. DNA release occurred when using the reducible
polymer, whereas no disassembly was observed for polyplexes with the non-reducible analogue
proving selective cleavage and disassembly of the disulfide-bond equipped polyplexes in a reductive

environment.

DNA polyplex

S-S

Figure 4.13 Design of reversibly PEG-shielded Poly-dimethylaminoethylmethacrylate (PDMAEMA)
polyplexes. PDMAEMA-SS-PEG-SS-PDMAEMA triblock copolymers (Mw = 6.6-6-6.6 kDa) effectively condenses
DNA into partially shielded nano-sized particles with high colloidal stability. The cleavage of the reduction-
responsive disulfide bond results in particle deshielding and DNA release. Non-reducible particles consisting of
PDMAEMA-b-PEG-b-PDMAEMA triblock copolymers (Mw= 6.4-6-6.4 kDa) and DNA serve as reference.
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4.2.2 Live-cell imaging of particle uptake and trafficking to late endosomes

In order to compare the cellular uptake and intracellular trafficking of the non-reducible PDMAEMA-b-
PEG-b-PDMAEMA (6.4 kDa) and the bioreducible PDMEAMA-SS-PEG-SS-PDMAEMA (6.6 kDa)
polyplexes fluorescence live-cell imaging experiments were performed on a single cell level. For the
imaging experiments polyplexes with fluorescent dye-labeled plasmid DNA were prepared.
To evaluate polyplex uptake into endocytic compartments, Cy5 labeled polyplexes were incubated on
HuUH7 cancer cells expressing Rab9-GFP as a marker for late endosomes. Z-stacks of single cells
were recorded by spinning disk confocal microscopy in a time interval of 0-30 hours after polyplex
addition. Z-projections of the recorded image sequences were analyzed for colocalization of
polyplexes with Rab9-GFP labeled endosomes. By quantifying the time-dependent colocalization
degree of both polyplex types, information on their uptake kinetics and intracellular processing could
be gained.

Our microscopical images indicate that both polymer types form uniformly sized, non-aggregated
particles that efficiently bind to the plasma membrane of the cell. After 1 hour of incubation similar
particle numbers were monitored on the cells for the non-reducible and the bioreducible particles.
During the first four hours of incubation low colocalization with Rab9 positive endosomes was
observed for both polyplex types as indicated in the overlay images of the GFP and the Cy5 channel
(Fig. 4.14). Most polyplexes were retained in the plasma membrane region during this time period
indicating slow internalization of both PDMAEMA-SS-PEG-SS-PDMAEMA as well as PDMAEMA-b-
PEG-b-PMAEMA polyplexes. In contrast, at later time points (17 — 30 hours post polyplex addition)
both polyplex types showed intracellular localization and fast directed motion indicating active
transport along the microtubule network. Enrichment of particles was detected in the perinuclear
region of the cell. At this time points, a high percentage of polyplexes showed colocalization with Rab9
positive endosomes as demonstrated by the white spots in the overlay image of the green and the

magenta channel, revealing polyplex transport to late endosomal compartments.
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Figure 4.14 Uptake and trafficking of PDMAEMA polyplexes to late endosomes. Cy5 labeled polyplexes
(PDMAEMA-SS-PEG-SS-PDMAEMA = upper row, PDMAEMA-b-PEG-b-PDMAEMA = lower row) were applied to
Rab9-GFP expressing HuH7 cells and imaged by spinning disk confocal microscopy after 1, 4, 17 and 26 hours.
Fluorescence overlay images were obtained by superimposing z-projections of the GFP and the Cy5 channel.
Polyplexes colocalizing with Rab9-GFP labeled late endosomes appear in white. The region of the cell nucleus is
marked with a dashed yellow line. Both polyplex types show increasing colocalization with Rab9-GFP labeled
endosomes over time. Scale bar = 10 pm.

Quantification of the time-dependent colocalization degree with custom-written analysis software
revealed a linear increase of the colocalization degree in the first 25 hours post polyplex application,
reaching similar levels for both polyplex types (Fig. 4.15). For both polyplex types, a broad spread of
the data points was observed reaching from 50 to 95 % colocalization after 25 hours of incubation,
indicating that a number of heterogenic cell-specific factors influence the polyplex internalization.

However the mean colocalization values were similar for the two polyplex compositions.

These data suggest that the inserted disulfide bond does not disturb the particle formation, the uptake
kinetics or intracellular trafficking of the polyplexes. Independently of the disulfide bond, both
polyplexes were endocytosed and transported to late endosomal compartments in the same time
interval.
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Figure 4.15 Quantification of the colocalization degree of polyplexes and late endosomes. Cy5 labeled
polyplexes were incubated on Rab9-GFP expressing HuH7 cells for the indicated time periods before imaging
with spinning disk confocal microscopy. Obtained movies were analyzed for colocalization of polyplexes with
Rab9-GFP labeled late endosomes with custom-written software. Each data point represents the colocalization
degree in a single cell. PDMAEMA-b-PEG-b-PDMAEMA and PDMAEMA-SS-PEG-SS-PDMAEMA polyplexes
show a similar increase in the time-dependent colocalization degree indicating simultaneous uptake and
transportation to late endosomes.

4.2.3 Luciferase reporter gene expression

To test if the transfection efficiency of the PDMAEMA polyplexes is improved by the bioresponsive
linker luciferase expression experiments were performed at Soochow University. For the experiments,
cells were plated at a density of 1.5-10° cells/well and treated with 100 pl polyplex dispersion with
pCMV Luc plasmid, equivalent to 1 pg DNA per well. After 48 hours of incubation luciferase
expression was determined using a commercial luciferase assay kit.

The results revealed a significant increase in transgene expression in the presence of the bioreducible
linker (Fig. 4.16). PDMAEMA-SS-PEG-polyplex treated cells exhibited approximately 28-fold increased
luciferase expression levels compared to PDMAEMA-b-PEG polyplex treated cells. This result
suggests that the disulfide bond indeed facilitates the intracellular delivery of the DNA resulting in

higher plasmid copies available for gene expression.
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Figure 4.16 Luciferase reporter gene expression. Cells were transfected with PDMAEMA-SS-PEG-SS-
PDMAEMA polyplexes and PDMAEMA-b-PEG-b-PDMAEMA polyplexes, respectively. Each well was transfected
with 1 pg of DNA and analyzed for luciferase expression after 48 hours by photoluminescence detection. Data are
shown as mean % standard deviation (n=3, student’s t-test, ** p< 0.01). PDMAEMA-SS-PEG-SS-PDMAEMA
polyplex treated cells show enhanced reporter gene expression compared to PDMAEMA-b-PEG-b-PDMAEMA
polyplex treated cells.

4.2.4 DNA release

To study if enhanced DNA release into the cytoplasm or the nucleus can be visualized for the
reversibly shielded polyplexes, cells were incubated with the two polyplex types for 25 hours before
imaging with spinning disk confocal microscopy. By digital image analysis, polyplex filled endosomes
and the cytoplasmic region were identified in z-projections of recorded cells using an intensity
threshold criterion. The mean fluorescence intensity of endosomes as well as the cytoplasm was
determined and compared for both polyplex types (Fig. 4.17).

Our results show that the fluorescence intensity of polyplex filled endosomes is similar for both
polyplex types. Furthermore no significant increase of the cytoplasmic fluorescence intensity could be
detected for the disulfide-equipped polyplexes compared to the non-reducible polyplexes. Inside the
nucleus which was identified by comparison with the transmission light image, no fluorescent spots
were observed. In z-projections some spots appear in the nuclear region but they originate from
endosomes in z-planes above or below the nucleus. These data suggest that the majority of
polyplexes remains entrapped in late endosomes and endosomal release seems to be a main
bottleneck in the transfection process. Nevertheless, our transfection experiments revealed that a

certain number of plasmids had access to the transcription machinery of the cell, as significant
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reporter gene expression was detected. The number of released plasmid DNA molecules though

seems to lie below the detection limit of our imaging method.
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Figure 4.17 Polyplex fluorescence in endosomes and cytoplasm after 25 hours of incubation.

A Color coded confocal images of polyplex treated cells. Polyplexes were incubated on Rab9-GFP
expressing HuH7 cells for 25 hours before imaging with spinning disk confocal microscopy. To visualize the
fluorescence intensities of endosomes and the cytoplasm in treated cells, z-projections of confocal z-stacks were
built and brightness and contrast settings were equalized for all recorded images. Fluorescence intensities were
color coded according to the calibration bar in the upper left part of the images. Representative cells incubated
with PDMAEMA-b-PEG-b-PDMAEMA (left image) or PDMAEMA-SS-PEG-SS-PDMAEMA (right image) are
shown. Similar fluorescence intensity distributions are observed for both polyplex types. Low fluorescence
intensities of the cytoplasm indicate low endosomal release of both polyplex types. Scale bar = 10 um.
B Quantification of mean fluorescence intensities. The fluorescence of polyplex containing endosomes and
the cytoplasm was quantified by digital image analysis in z-projections of single cells. Median values were
calculated and plotted in a histogram (N=18 cells for PDMAEMA-SS-PEG-SS-PDMAEMA polyplexes, N=17 cells
for PDMAEMA-b-PEG-d-PDMAEMA polyplexes), the standard deviation is represented by error bars.

4.2.5 Discussion

Our experiments reveal favorable properties of the reversible shielded polyplexes for gene delivery.
The bioreducible polymer forms stable complexes with DNA that bind to the surface of cancer cells
and show similar uptake and intracellular trafficking to late endosomes like the non-reducible
polyplexes. In vitro assays revealed successful deshielding and DNA release from bioreducible
polyplexes in reductive environment. Enhanced reporter gene expression was induced in cancer cells
by the reversible shielded polyplexes compared to the stably shielded polyplexes indicating that
intracellular cleavage of the disulfide bridge facilitates the transfection process.

Our confocal images additionally revealed that endosomal escape is an important bottleneck in the

transfection process as the majority of PDMAEMA-polyplexes remained entrapped in endosomes.
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A recent study by Rehman et al suggests, that only a very limited number of polyplexes contribute to

endosomal release of nucleic acids™®®

. The authors suggest the formation of transient pores in the
endosomal membrane instead of complete membrane rupture. We therefore suppose that the number
of DNA molecules released to the cytoplasm and the nucleus lies below the detection limit of our
method for both polyplex formulations but is sufficient to induce transgene expression.

Conflicting reports can be found in the literature on the redox-potential of endocytic compartments.
Experiments with redox-sensitive GFP suggested that late endosomes, lysosomes and recycling
endosomes are oxidative®”’. However, more recently, Yang et al. performed experiments with a folate-
FRET conjugate that changes fluorescence upon disulfide cleavage, showing that disulfide cleavage
occurs with a half-time of 6 hours inside endosomes®®,

Different scenarios can be envisioned how particle deshielding improves the transfection process.
First, cleavage of the PEG molecule inside the endosome might enhance endosomal leakiness by
increasing the proton sponge effect of the polymer or facilitating the interaction of cationic PDMAEMA
with the endosomal membrane resulting in local endosome destabilization. Second, the cleavage of
the polymer might enhance the particle decondensation inside the endosome or the cytoplasm
resulting in enhanced DNA release. In vitro assays confirmed that the PDMAEMA homopolymer alone
is not able to form stable particles; the linkage of two PDMAEMA molecules in the PDMAEMA-SS-
PEG-SS-PDMAEMA polymer seems to be required for effective DNA complexation. After disulfide
reduction the cleaved homopolymer tends to form aggregates, interactions with DNA are weakened
and DNA release is triggered.

We conclude that bioresponsive deshielding is a promising strategy to overcome the PEG-dilemma. It
allows the design of long-circulating particles with low toxicity and low nonspecific interactions

combined with improved intracellular DNA delivery.
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5 Receptor targeting of gene vectors

For efficient cancer therapy with low systemic toxicity “intelligent” delivery systems are desired that
selectively target tumor cells or the tumor environment and do not affect healthy cells.

A variety of surface receptors are overexpressed on the plasma membrane of cancer cells providing
promising target structures for specific binding and internalization of small molecule drugs, drug
delivery nanocarriers or gene vectors equipped with selective targeting ligands. Among these

126 the folate

receptors are the epidermal growth factor (EGF) receptor®’, the transferrin receptor
receptor®® and a subset of integrins®. Molecules used for specific receptor binding include natural
protein ligands, peptide ligands, antibodies, antibody fragments, carbohydrates and aptamers.

Many publications feature the positive effect of receptor targeting in vitro and in vivo and a number of
antibody-drug conjugates are already approved for cancer treatment, such as Trastuzumab
Emtansine®®, a conjugate of an EGFR-directed antibody and the cytotoxic drug Mertansine that is
applied for the treatment of breast cancer.

However, some challenges need to be taken into account when using targeting ligands. First, the
ligand may modify the uptake pathway of the drug or gene carrier resulting e.g. in transport to
degradative compartments. Second, the ligand can activate undesired cell signaling-cascades that
promote cell proliferation and survival. Furthermore, hydrophobic targeting ligands might induce
enhanced particle aggregation. Also, the production costs of receptor-targeted nanocarriers might
significantly increase due to challenging synthesis and conjugation of the targeting ligand. Therefore
the targeting ligand should be chosen carefully, the ligand density on the particle surface should be
optimized and the effect of ligand installation on cellular interactions has to be elucidated in detail.
As part of this thesis, different receptor targeting strategies were investigated with live-cell imaging.
In a first project, we compared the cellular interactions of EGF receptor-targeted polyplexes that were
equipped either with the natural full-length EGF ligand or a short synthetic peptide in terms of uptake
kinetics, transfection efficiency, endocytosis pathway and molecular mechanism of ligand induced
EGF receptor internalization (see section 5.1). This project was performed in collaboration with the
groups of Prof. Ernst Wagner and PD Dr. Manfred Ogris from the pharmacy department of the LMU

Munich. Described results are taken from our publication in Nanoletters®.
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In a second project the internalization efficiency of integrin-targeted polyplexes and transferrin
receptor-targeted polyplexes was studied for different ligand densities on the particle surface.
Additionally the strategy of combined integrin and transferrin receptor targeting of polyplexes (dual
targeting) was evaluated (polyplexes for these experiments were provided by the group of Prof. Ernst
Wagner, LMU Munich) (see section 5.2). Experiments from section 5.2 were performed by Leonhard
Mockl under my instruction and results are adapted from his bachelor thesis.

In section 5.3 the development of a microfluidic device is described that was established to study
interactions between nanoparticles and cells or physiological surfaces under flow conditions. Flow
experiments were performed by the students Ellen Broda and Sophia Betzler under my supervision.

Parts of the chapter are adapted from their master and bachelor thesis.
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5. RECEPTOR TARGETING OF GENE VECTORS

5.1 Tuning nanoparticle uptake: Natural and artificial EGFR targeting ligand
mediate two distinct endocytosis mechanisms

This chapter is adapted from:

F.M. Mickler, L. Mdckl, N. Ruthardt, M. Ogris, E. Wagner and C. Brauchle,

“Tuning Nanoparticle Uptake: Live-Cell Imaging Reveals Two Distinct Endocytosis Mechanisms Mediated by
Natural and Artificial EGFR Targeting Ligand.”

Nano Letters, (2012), 12, 3417-3423

5.1.1 Particle design

The epidermal growth factor (EGF) receptor is a promising target structure for cancer therapy as it is

101

overexpressed on a broad variety of different tumors ~. During the last years, in vitro and in vivo

studies have demonstrated that recombinant full-length EGF can be coupled to gene and drug delivery

19310 Recent studies

systems providing their efficient and fast receptor mediated endocytosis
revealed that the full-length EGF ligand can be substituted by EGFR-directed antibodies **° or by short
artificial peptides *'*, such as GE11 *'**'*, This alternative ligand was identified by phage display and
binds to the EGF receptor without mitogenic activity. The GE11 peptide allows cheap and up-scalable
synthesis of EGF receptor-targeted nanocarriers for further preclinical or clinical investigations .
The EGFR targeting with GE11 is receptor specific and gene carriers equipped with GE11 show
transfection efficiencies similar to gene carriers with EGF*'* %S  Specific therapy of EGFR
overexpressing tumors was achieved in vivo with GE11-equipped gene carriers 318,

Here, we compare the effect of the full-length EGF ligand and the short GE11 peptide ligand on the
mechanism of nanocarrier endocytosis in detail by applying highly sensitive fluorescence live-cell
microscopy. As a model system for therapeutic nanocarriers in gene delivery, we applied fluorescently
labeled polyplexes — complexes of PEGylated polyethylenimine (PEI) and plasmid DNA - equipped
with the respective targeting ligands **'.

Prior to each experiment, EGF polyplexes, GE11 polyplexes and untargeted polyplexes were
generated freshly in HEPES buffered glucose (HBG, 20 mM HEPES pH 7.1, 5 % glucose w/v) at a
molar N:P ratio of 6:1 (nitrogen in LPEI to phosphate in DNA), as described recently 314, 318 Briefly,
dye-labeled plasmid DNA (final concentration 20 pg/ml) was complexed with positively charged
polymer (EGF-PEG-PEI, GE11-PEG-PEI or PEG-PEI, respectively) containing a 2 kDa polyethylene
glycol (PEG) linker conjugated to 22 kDa linear polyethylenimine (PEI) (Fig. 5.1). Recombinant 6 kDa
murine EGF and GE11 (CYHWYGYTPQNVI), were used as targeting ligands. We confirmed specific
EGFR targeting of the formed EGF- and GE11 polyplexes in previous studies using competition with

free ligand and receptor negative control cell lines 3431 31

. As EGF polyplexes tend to aggregate at
high ligand concentration, 10 % of targeted EGF polymer was mixed with 90 % untargeted polymer in
our experiments. The GE11 ligand exhibits lower aggregation properties and allows the formation of

polyplexes with 100 % targeted polymer (see appendix, Fig. Al).
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ligand - PEG - PEI plasmid DNA polyplex

EGE GE11

(full-length ~ (short
ligand) peptide)

Figure 5.1 Design of EGF- and GE11 polyplexes. Targeting ligands (6 kDa full-length EGF ligand or peptidic
GE11 ligand (13 amino acids)) were coupled to polyethylene glycol—polyethylenimine (PEG, 2kDa; linear PEI, 22
kDa) polymers. The resulting EGF-PEG-PEI and GE11-PEG-PEI polymers effectively condensed DNA into
nanosized particles. For the formation of EGF polyplexes, 10 % targeted polymer was mixed with 90 %
untargeted polymer; for GE11 polyplexes 100 % targeted polymer was applied. Untargeted polyplexes (PEG-PEI)
served as reference for non-specific uptake.

5.1.2 Uptake kinetics determined by quenching assay

To compare the uptake kinetics of the different polyplex types, we performed a quenching analysis of
Cy3 dye-labeled polyplexes on EGFR overexpressing HuH7 cells. For this purpose, polyplexes were
incubated with cells for defined time periods before trypan blue was added as a membrane
impermeable fluorescence quencher under microscopical observation. Only the fluorescence of
extracellular but not intracellular polyplexes is quenched. Our data reveal that EGF polyplexes were
internalized with fast kinetics. Up to 80 % of the EGF-equipped polyplexes were endocytosed in the
first 10 minutes post application (Fig. 5.2), consistent with previous studies on EGF polyplexes 310,
Interestingly, internalization of GE11 polyplexes occurred with significantly slower kinetics reaching
only 40 % internalization in the same time interval. However, GE11 polyplex uptake significantly
exceeded the uptake of untargeted polyplexes, which showed less than 20 % internalization during the
first 10 minutes of incubation. As expected for single cell experiments, a high statistical spread of the
data points was observed, caused by the biological heterogeneity of single cells. However, a clear
trend was detected. It should be noted that absolute internalization values might be overestimated in
the quenching assay as membrane bound polyplexes, which are not yet internalized but are
incorporated into membrane invaginations, might not be completely accessible for the fluorescence

guencher.
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Figure 5.2 Uptake kinetics of EGF-, GE11- and untargeted polyplexes determined by quenching assay.
Cy3-labeled polyplexes were incubated on HuH7 cells for the indicated time periods before addition of trypan blue
as a fluorescence quencher of extracellular polyplexes. Each data point represents the calculated fraction of
internalized polyplexes in a single cell measurement. (Orange square: EGF polyplexes, blue square:
GE11polyplexes, magenta square: untargeted polyplexes).

5.1.3 Live-cell imaging of polyplex uptake

To support the data from the quenching experiments, additional live-cell imaging of polyplexes was
performed by spinning disk confocal microscopy on the single cell level (Fig. 5.3 A). For the
experiments, HuUH7 cells were incubated with Cy5-labeled EGF-, GE11- or untargeted polyplexes.
Short movies of confocal z-slices of single cells were recorded in the first hour post polyplex addition.
To illustrate the cellular motion of polyplexes, two-dimensional trajectories were generated by
superimposing a time-series of 134 images (time projection), where each image was acquired at a
frame rate of 330 ms. Endocytosed polyplexes can be identified by their central location within the cell
and their characteristic intracellular motion, such as fast directed transport along microtubules, which
is illustrated by long trajectories in the time-projection. Extracellular polyplexes are characterized by
their location in the cellular periphery and their characteristic slow, concerted motion on the plasma
membrane. Our data verified the fast endocytosis of EGF polyplexes. Within 30 minutes of incubation,
the majority of EGF polyplexes was found in intracellular compartments that showed fast
transportation towards the perinuclear region of the cell. Spots detected in proximity of the cell nucleus
showed a clear increase in fluorescence intensity (6-10 times enhanced total integrated intensity of the

fluorescent spots) indicating the fusion of several endosomal compartments during trafficking in the
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cytosol. In contrast, GE11 polyplexes as well as untargeted polyplexes showed considerable
membrane retention during the first 30 minutes of incubation.

To quantify the internalization degree, cells were evaluated by digital image analysis using a novel
custom-designed ImageJ macro (Nano_In_Cell_3D) (Fig. 5.3 B). This new analysis tool enables the
selective quantification of particles in specific subcellular regions on the single cell level. Here we
evaluated the internalization degree of particles by quantification of the fluorescence signal in the
plasma membrane region and the cytoplasmic region.

For the analysis, cells were incubated with polyplexes for 20 minutes, fixed and the plasma membrane
was stained with Wheat Germ Agglutinin (WGA)-AlexaFluor488. Z-stacks of single cells were imaged
with dual laser excitation. By digital image analysis the membrane and the cytoplasmic region was
identified and the polyplex fluorescence was subsequently quantified in both regions. The
internalization degree was then calculated for each cell by dividing the fluorescence signal in the
cytoplasm by the fluorescence signal of the entire cell (= cytoplasm + membrane region). As only
polyplexes were examined that had already bound to the cell surface, effects due to different binding
affinity were avoided and not considered.

For EGF polyplexes, a mean internalization degree of 70 % was determined after 20 minutes of
incubation, indicating their fast receptor-mediated endocytosis consistent to our quenching data.
Polyplexes without a targeting ligand showed only 9 % mean internalization, portending that unspecific
receptor-independent internalization was successfully prevented by the implemented PEG shielding.
GE11-equipped polyplexes reached a significantly higher mean internalization degree of 26 % in the
same time period. Our results indicate that two different modes of EGFR mediated endocytosis exist: a
fast uptake mode in case of EGF binding and a slow mode in case of GE11 hinding to the receptor.
The different uptake mode of EGF polyplexes and GE11 polyplexes was further confirmed by a
coincubation experiment, in which Cy3-labeled EGF polyplexes and Cy5-labeled GE11 polyplexes
were simultaneously added to the same cell chamber. Dual color movies affirmed that in the first hour
of incubation, a large number of GE1l polyplexes remained extracellularly bound to the cell
membrane, whereas EGF polyplexes were efficiently internalized in the first hour of incubation
(Fig. 5.4).

The experiments described so far revealed the superior uptake characteristics of EGF polyplexes in
the first hour of incubation. These results obtained by single cell imaging are in agreement with a
recent study by flow cytometry showing enhanced EGF- versus GE11 polyplex levels after 30 minutes

of incubation on cells 3.
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Figure 5.3 Different uptake kinetics visualized by spinning disk confocal microscopy. (A) Cy5-labeled
polyplexes were incubated onto HuH7 cells for 30 minutes before imaging with spinning disk confocal microscopy.
Confocal z-slices of representative cells (left image) are shown together with the transmission light image (TL,
central image) of the respective cell. To display the characteristic intracellular motion of endocytosed patrticles, a
sequence of 134 recorded images equivalent to a time interval of 45 seconds was superimposed (time projection,
right image). Polyplexes identified as internalized are highlighted by yellow circles. The region of the cell nucleus
and the cell membrane is marked in the transmission light image by a dashed red line. Scale bar: 10 um. (B)
Quantification of polyplex internalization after 20 minutes of incubation by digital image analysis. Mean
internalization values are presented in the histogram. (N=14-17 cells for each data point). P-values were
determined by student’s t-test. (***P <0.0001 for EGF- compared to GE11 polyplexes, and GE11- compared to
untargeted polyplexes). The standard error of the mean (SEM) is represented by error bars.
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polyplexes TL time projection

Fig. 5.4 Coincubation of differently labeled EGF- and GE11 polyplexes. Cy3-labeled EGF polyplexes (marked
in green) and Cy5-labeled GE11 polyplexes (marked in magenta) were simultaneously applied onto HUH7 cells
and imaged after 35 minutes by widefield fluorescence microscopy. An overlay image of the Cy3 and the Cy5
channel is depicted together with the transmission light image (TL) of the cell and a time projection (overlay of 134
images from a 45 seconds time interval). A significant number of EGF polyplexes show intracellular transport and
are located in proximity to the cell nucleus. GE11 polyplexes remain bound in the peripherical membrane region
of the cell.
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Next, to analyze the ligand effect on a longer time scale, polyplexes were incubated for four to six
hours on HuH7 cells before imaging. In figure 5.5 A fluorescence widefield images of treated cells,
incubated with EGF-, GE11- or untargeted polyplexes, are displayed together with the respective
transmission light image of the cell. To visualize the cellular motion of the polyplexes, time-projections
of the recorded movies are presented. Interestingly, our data revealed efficient internalization of GE11
polyplexes after four hours, comparable to EGF polyplexes. Both polyplex types showed distinct
accumulation in perinuclear endosomes and characteristic intracellular motion. In contrast, untargeted
polyplexes were predominantly retained in the cellular periphery. Internalization efficiencies of the
polyplex types were quantified as described above. Mean values of internalization efficiencies
obtained after four to six hours of incubation are displayed in figure 5.5 B. Quantification confirmed
that GE11 polyplexes reached the same mean internalization levels as EGF polyplexes (65 % and
67 % of internalized polyplexes, respectively), whereas untargeted polyplexes showed a significantly
lower mean internalization degree of 31 %. These data suggest continuous uptake of GE11

polyplexes, resulting in their efficient internalization within four hours.
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Figure 5.5 Efficient internalization of GE11 polyplexes on the long time scale. (A) HuH7 cells were incubated
for four hours with Cy5-labeled EGF-, GE11- or untargeted polyplexes and imaged by widefield microscopy.
Fluorescence (left image) and transmission light images (TL, central image) of representative cells are shown.
Endosomal movements are visualized in time projections of 134 frames (right image, 45 seconds time interval).
Polyplexes showing typical intracellular motion are marked with yellow circles. The region of the cell nucleus and
the plasma membrane is highlighted by a dashed red line. Scale bar = 10 pm. (B) Quantification of polyplex
internalization after four to six hours of incubation by digital image analysis. Mean internalization values are
presented. (N=17-19 cells for each polyplex type). The standard error of the mean (SEM) is represented by error
bars. **P <0.0001 for GE11 polyplexes compared to untargeted polyplexes.
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5.1.4 Uptake pathway

In addition to differences in the internalization kinetics, we evaluated details of the endocytic pathway
for GE11- and EGF polyplexes. To this end, we performed colocalization experiments with pathway

10 Transferrin-Alexa488 was coincubated with Cy5-labeled polyplexes on HuH7

specific markers
cells as a marker for clathrin-mediated endocytosis. Stably transfected Caveolin-GFP HuH7 cells were
used to study the occurrence of caveolin-mediated uptake. Treated cells were imaged three hours
post polyplex addition by spinning disk confocal microscopy with alternating laser excitation and dual
channel detection to rule out spectral crosstalk of the two labeling dyes. Fluorescence overlay images
of both emission channels are shown in figure 5.6 for representative cells. Both, EGF- and GE11
polyplexes showed high colocalization with transferrin as demonstrated by the distinct white signal in
the overlay image. Low colocalization with Caveolin-GFP was observed for both polyplex types.
Hence, EGF- as well as GE11 polyplexes are predominantly internalized via clathrin mediated

endocytosis, seemingly not affected by the replacement of the full-length EGF ligand.

B Caveolin GFP

Figure 5.6 Colocalization with pathway specific marker proteins. (A) Transferrin-Alexa488 (green) was
coincubated as marker for clathrin mediated endocytosis with EGF- (left side) or GE11 polyplexes (right side, both
magenta) onto HuH7 cells. Three hours post polyplex addition z-planes of single cells were imaged by spinning
disk confocal microscopy with alternating laser excitation. Fluorescence overlay images of both fluorescent
channels are shown for representative cells. Colocalizing endosomes appear in white and are marked with yellow
circles. (B) Incubation of polyplexes on HuH7 expressing Caveolin-GFP (green) as a marker for caveolae. Scale
bar = 10 pm.
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5.1.5 Receptor signaling activation

It is well known that binding of the full-length EGF ligand to its receptor induces receptor dimerization,

autophosphorylation and downstream signaling **°

. An important signaling transducer which is
stimulated during this cascade is the extracellular signal regulated kinase (ERK). To compare the
extent of receptor signaling induced by GE11- and EGF polyplexes, we analyzed the phosphorylation
degree of cytoplasmic ERK in polyplex treated cells by western blotting (Fig. 5.7). As positive control
for EGFR signaling, cells were treated with free EGF. The resulting blots revealed a clear signal for
phosphorylated ERK in the positive control and significantly lower phosphorylation levels in untreated
cells and cells treated with untargeted polyplexes. GE11 polyplex treated cells showed less ERK
phosphorylation compared to EGF polyplex treated cells. This indicates reduced activation of the EGF

receptor signaling cascade after binding of GE11 polyplexes.
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Figure 5.7 EGFR activation after polyplex binding. A Schematic illustration of the EGF receptor signaling
cascade. B Phosphorylation of ERK protein monitored by Western Blotting. HuH7 cells were incubated with EGF-
(lane 1), GE11- (lane 2) or untargeted polyplexes (lane 3) for one hour before lysis of the cells. EGF receptor
activation was analyzed in the cell lysates using antibodies directed against the phosphorylated and
unphosphorylated version of the ERK protein, respectively, which is activated during downstream signaling of the
EGF receptor. As positive control, free EGF (lane 4) was incubated on the cells, whereas untreated cells were
used as negative control (lane 5).

5.1.6 Correlation between receptor signaling and uptake kinetics

To examine the correlation between activation of receptor signaling and uptake kinetics of polyplexes,
we performed an inhibitor assay with AG1478, a drug that specifically blocks the phosphorylation of

the EGF receptor **°

. HUH7 cells were starved in serum free medium overnight to reduce background
activation of the EGF receptor. The next day, cells were preincubated with AG1478 for one hour

before addition of EGF-, GE11- or untargeted polyplexes.
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Control cells were kept in serum-free medium without inhibitor treatment. 20 minutes post polyplex
addition to cells the internalization efficiency of polyplexes was analyzed. Most strikingly, a strong
effect of the inhibitor on the internalization of EGF polyplexes was observed (Fig. 5.8 A). Without
inhibitor, EGF polyplexes showed a mean internalization degree of 70 %, whereas in the presence of
AG1478 only 22 % mean internalization was reached. Reduced uptake of EGF polyplexes in the
presence of AG1478 was also visualized in living cells by widefield-fluorescence microscopy (Fig. 5.8
B). Time projections of the recorded movies clearly demonstrate enhanced retention of EGF
polyplexes at the plasma membrane and reduced intracellular transport in presence of the inhibitor.
This result reveals that the fast uptake kinetics of EGF polyplexes is coupled to activation of receptor
signaling. In contrast, the uptake efficiency of GE11 polyplexes and untargeted polyplexes was not
significantly affected by the inhibitor, portending uptake without EGFR activation. Remarkably, the
uptake level of GE11 polyplexes without inhibitor matched the uptake level of EGF polyplexes in the
presence of the inhibitor (mean internalization values of 24 % and 22 %, respectively) verifying that the

internalization kinetics is determined by receptor signaling and not by the binding affinity of the

particle.
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Figure 5.8 Tyrosine kinase inhibitor effect. (A) Serum starved HuH7 cells were treated with AG1478, a specific
inhibitor of EGFR phosphorylation, or kept untreated before incubation of the indicated polyplex types for 20
minutes. Mean internalization levels were evaluated by digital image analysis. The standard error of the mean
(SEM) is represented by error bars (N=54-63 cells for each data point). ***P <0.0001 for EGF polyplexes with
inhibitor treatment compared to EGF polyplexes without inhibitor treatment. (B) Serum starved HuH7 cells were
incubated with EGF polyplexes in the presence of AG1478 (right side) or without inhibitor (left side). Cells were
imaged by widefield microscopy 35 minutes post polyplex addition. Single snapshots of representative cells as
well as time projections of 100 frames (equivalent to a time interval of 33 s) are presented to visualize the
localization and motion of the polyplexes. Scale bar = 10 pm.
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5.1.7 Effect of serum starvation

As published by Song et al., serum starvation of cells interrupts connections between the EGF

receptor and the actin cytoskeleton of the cell %

. We therefore additionally tested the effect of
starvation on the uptake efficiency of EGF and GE11 polyplexes on a longer time scale. Cy5-labeled
polyplexes were incubated on serum-supplemented or serum-starved cells for four to six hours prior to
analysis. Surprisingly, we observed a significant effect on the uptake of GE11l polyplexes (mean
internalization degree with serum 65 %, without serum 40 %) but not on the uptake of EGF polyplexes
(Fig. 5.9 A, 5.9 B). Polyplexes without a targeting ligand were also not affected by the starvation.
Remarkably, in starved cells GE11 polyplexes showed comparable internalization as untargeted
polyplexes, whereas in non-starved cells GE11 polyplexes reached similar internalization levels as
EGF polyplexes. These data suggest that GE11 induced uptake of polyplexes requires pre-existing
connections of the EGFR to the actin cytoskeleton, whereas EGF is able to trigger new connections to
the cytoskeleton after receptor binding, resulting in fast polyplex endocytosis. The different
mechanisms proposed for the uptake of EGF- and GE11 polyplexes are summarized in figure 5.10.
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Figure 5.9 Effect of serum starvation. (A) EGF- and GE11 polyplexes were incubated on non-starved (upper
row) or starved cells (FCS depletion for 16-18 hours, lower row) for four hours and imaged by widefield
fluorescence microscopy. Single snapshots (left image) as well as time projections of 100 frames (right image, 33
seconds time interval) are shown. Scale bar = 10 um. (B) Quantification of the serum effect. EGF-, GE11- and
untargeted polyplexes were incubated on starved (FCS depletion for 16-18 hours) and non-starved cells for 4-6
hours before imaging with spinning disk confocal microscopy. Mean internalization efficiencies were evaluated by
digital image analysis. The standard error of the mean (SEM) is represented by error bars. (N=15-19 cells for
each polyplex type), ***P <0.0001 for GE11 polyplexes with FCS compared to GE11 polyplexes without FBS.
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5.1.8 Discussion
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Figure 5.10 Schematic illustration of the proposed uptake mechanism of EGF- and GE11 polyplexes. (A,
C) EGF polyplexes (red particle) bind to the EGFR (blue) on the plasma membrane. The EGF ligand induces
downstream signaling triggering the fast clathrin-mediated endocytosis of the polyplex. In the absence of transient
connections between the EGFR and actin (starved cells, C) new linkages are induced by signaling activation. (B,
D) GE11 polyplexes (blue particle) bind the EGFR without subsequent signaling activation resulting in slower
uptake compared to EGF polyplexes. The receptor-dependent uptake is mediated by transient connection
between the EGFR and actin in serum-supplemented cells (B) and is inhibited in starved cells (D).

In the present study we unraveled the mechanism of EGF receptor mediated internalization of
polyplexes decorated with different EGFR ligands. By applying highly sensitive fluorescence
microscopy in combination with our recently developed digital image analysis method, we gained
precise quantitative data on time-dependent polyplex internalization. Our data reveal that the uptake
kinetics of polyplexes is strongly influenced by the applied targeting ligand. EGF polyplexes with
natural full-length EGF showed extraordinary fast endocytosis reaching up to 80 % internalization in

the first 10 minutes of polyplex incubation consistent with earlier studies 310

. GE11 polyplexes
equipped with an artificial peptide ligand reached 40 % internalization in the same time interval
whereas without any targeting less than 20 % internalization was detected. Remarkably, after four
hours of incubation, GE11 polyplexes reached same internalization levels as EGF polyplexes (mean

internalization degree of 67 % and 65 %, respectively), whereas untargeted polyplexes showed
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significantly higher membrane retention (only 31% internalization). It should be noted that EGF
polyplexes contained lower ligand density than GE11 polyplexes because of the higher aggregation
tendency of full-length EGF, however the present EGF concentration was sufficient to mediate efficient
receptor binding and uptake of the particles.

We demonstrate that the fast kinetics of EGF polyplex uptake is mediated by activation of receptor
signaling, whereas the slow internalization of GE11 polyplexes occurs without considerable receptor
activation. Inhibition of receptor phosphorylation by the specific tyrosine kinase inhibitor AG1478
reduces the uptake level of EGF polyplexes to the level of GE11l polyplexes. Furthermore, we
observed a strong effect of serum starvation on the internalization of GE11 polyplexes, but not on the
uptake of EGF polyplexes. These data suggest the existence of two different uptake modes for EGFR
targeted polyplexes, regulated by the targeting ligand.

It is well known that binding of free EGF to the EGFR induces receptor dimerization, followed by
subsequent receptor phosphorylation and activation of down-stream signaling promoting cell

104, 105

proliferation, survival, adhesion, migration and differentiation . To terminate receptor signaling,

the receptor-ligand complex is internalized into clathrin coated vesicles and transported to lysosomal

compartments %

. Our data suggest that particle-conjugated EGF stimulates the same process
involved in the internalization of free EGF, triggering the accelerated endocytosis of the conjugated
payload (Fig. 5.10 A). This is supported by (i) our observation of ERK phosphorylation after incubation
of cells with EGF polyplexes, (ii) the retarded uptake of EGF polyplexes in the presence of a tyrosine
kinase inhibitor and (iii) the colocalization of EGF polyplexes with markers for clathrin-dependent
endocytosis. The dual active role of the EGF ligand in EGFR docking and activation of receptor
signaling as responsible event for accelerated uptake might present an added value in drug carrier
design in a broader context for targeting of non-malignant cell types, but not in cancer applications

because of the stimulation of undesired cell proliferation.

Much less is known so far about the uptake mechanism of artificial ligands for EGFR targeting such as
antibodies and peptides. A number of studies have demonstrated the positive effect of artificial EGFR

311, 312, 322. Here

ligands on gene or drug delivery, however the underlying mechanism remained unclear
we show by combination of live-cell imaging with biological assays such as western blotting, tyrosine
kinase inhibition and serum starvation that GE11 polyplexes are internalized via a clathrin-dependent
uptake mechanism that occurs with slower kinetics, without EGFR signaling and depends on the
presence of serum proteins (Fig. 5.10 B, D). It is known that in the absence of serum proteins,
connections between the EGFR and the actin cytoskeleton are missing **. New linkages between the
EGFR are induced by receptor signaling *'° and actin reorganization is postulated to be an important
requisite for endosome formation *®. We therefore propose that the constant endocytosis of GE11
polyplexes is mediated by pre-existing linkages between EGF receptor and actin which are induced by

stimulating agents in the serum supplement.
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A recent study with radiolabeled cetuximab, an EGFR-directed therapeutic antibody, described its slow
internalization into cancer cells, similar to the uptake kinetics observed by us for GE11 polyplexes323.
These results indicate that artificial EGFR binding ligands, such as antibodies and GE11 peptide,
which are not evolutionary optimized for signal transduction, might utilize a common alternative uptake

pathway mediated by non-activated EGF receptors as described above.

From our mechanistic study on the single cell level together with previously published ensemble data
on GEL11 polyplexes, several conclusions can be drawn on potential advantages of the peptide ligand

GEL11 for clinical application:

(i) GE11 polyplexes undergo efficient clathrin-mediated endocytosis and transport to the perinuclear
region between one and four hours of incubation suggesting their high transfection potential.
Consistently, we recently demonstrated high transgene expression induced by GE11 polyplexes in

several cancer cell lines, comparable to expression levels induced by EGF polyplexes314’ 5 Th

e
retarded uptake of GE11- compared to EGF polyplexes thus does not seem to have a negative effect
on transfection. The detected transgene expression correlated to EGFR levels on the cells,

demonstrating specificity of GE11 polyplexes for EGFR targeting®'® *°.

(i) We demonstrate that efficient uptake of GE11 polyplexes occurs without EGFR signaling activation
using an alternative actin-dependent pathway. The reduced mitogenic signaling of the GE11 peptide
displays a crucial benefit for cancer treatment in vivo, as the stimulation of cancer cell proliferation is

circumvented.

(iif) Recently, we demonstrated that the EGFR level on the surface of cancer cells remains constant

314 In contrast after treatment with

after treatment with GE11 polyplexes indicating a recycling process
EGF polyplexes, the EGFR level is quickly reduced. Increased surface levels of the EGFR during
treatment with GE11 polyplexes might enable prolonged receptivity of the cells for circulating

polyplexes improving the targeting effect in vivo.

(iiii) Due to the small ligand size and the reduced hydrophobicity of the GE11 ligand, polyplexes with
low aggregation properties and high ligand densities can be formed that are well-suited for up-scaled
production and in vivo application. In fact, we obtained promising results with GE11 polyplexes in
tumor bearing mice, showing successful gene therapy of solid tumors after systemic polyplex

administration 1% 316324,

Taken together, we conclude from our mechanistical study that the alternative EGFR-mediated
delivery of nanocarriers with artificial targeting peptides represents a promising strategy for efficient

cancer treatment without side-effects from mitogenic signaling.

75



5.RECEPTOR TARGETING OF GENE VECTORS

5.2 Influence of ligand density and dual targeting

5.2.1 Particle design

Targeting ligands on the surface of polyplexes encounter for receptor mediated uptake, but not much
is known about the critical ligand concentration that is required for enhanced uptake. To enlighten the
influence of ligand density on particle internalization, we quantified the uptake efficiency of transferrin
receptor-targeted polyplexes and integrin-targeted polyplexes with different ligand densities by
confocal microscopy combined with a digital image analysis routine.

For the experiments, PEGylated PEI polyplexes with covalently attached peptidic targeting ligands
were applied to DU145 prostate cancer cells with high levels of integrin and transferrin receptor
expression325. An arginine-glycine-aspartic acid (RGD) containing peptide was incorporated for
integrin targeting, whereas the B6 peptide was applied for transferrin receptor targeting. To vary the
ligand density on the particle surface, different ratios of untargeted and targeted polymer were mixed
during the self-assembly process (e.g. 10 % RGD-PEG-PEI polymer was mixed with 90 % PEG-PEI
polymer to obtain polyplexes with 10 % ligand density).

Motivated by the biphasic mechanism viruses enter the cell, a number of studies deal with the idea of
using two different ligands for receptor targeting of polyplexes to enhance their specific binding and

uptake efficiency®*>3%’

. These studies postulate that one ligand mediates cell attachment of the
particles whereas the second ligand induces internalization. To additionally investigate the effect of
dual targeting on the uptake efficiency, we incubated polyplexes carrying RGD- and B6 ligands in a

1:1 mixture on DU145 cells.

5.2.2 Quantifying the uptake efficiency from confocal images

The uptake efficiency of polyplexes was determined after an incubation time of 40 minutes on DU145
cells. To guarantee a defined incubation time, cells were fixed in 4 % paraformaldehyde. To identify
the membrane region of the cell, the membrane was stained with CTB-488. Z-stacks of single cells
were imaged by spinning disk confocal microscopy with alternating laser excitation. Next,
nanoparticles in the membrane region and in the intracellular region were quantified using the ImageJ-
macro “Nano-In-Cell-3D” developed by Adriano Torrano and Julia Blechinger®®. The macro
determines the cell volume by following the stained membrane from the top to the bottom of the cell
using a masking strategy. In a next step an intensity threshold for particles and the width of the
membrane region is entered. The macro then assigns whether identified particles are inside or outside

the cell or in the membrane region by overlying the membrane and the particle images.
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By analyzing the integrated fluorescence intensity of particles/endosomes in the membrane region and

inside the cell the uptake efficiency can be determined:

Integrated fluorescence intenty in intracellular region

Uptake efficiency =
p y integrated fluorescence intensity (membrane region+intracellular region)

In figure 5.11 a color coded z-stack of a representative DU145 cell is presented, in which the
membrane region is depicted by a yellow line, intracellular polyplexes are shown in green, membrane

associated particles are marked in blue and extracellular particles appear in white.

Figure 5.11 Analysis of spinning disk confocal images by the ImageJ macro Nano_In_Cell_3D. Z-slices of
a representative DU145 cell treated with dual-targeted polyplexes are presented. The cell membrane was stained
with CTB-488 after formaldehyde fixation (magenta label). By using the macro the membrane region of the cell
was determined (yellow lines) and membrane bound particles (blue label), intracellular particles (green label) and
extracellular particles (white label) were distinguished.

Results from quantification of polyplex uptake are shown in figure 5.12. The calculated uptake
efficiencies were plotted against the ligand density on the particle.

For transferrin receptor-targeted polyplexes with B6 ligand a linear increase in the uptake efficiency
was observed from 5 % to 30 % ligand density until saturation was reached and the uptake efficiency
remained constant for higher ligand concentration (Fig.5.12 A). Data were approximated by
asymptotic fitting (y = a — bc®). It should be noted that particle aggregation was induced when ligand
concentrations exceeded 60 %; therefore these particles were not included in the analysis. Our data
suggest that the optimal concentration of B6-equipped polymers for transferrin receptor targeting lies
around 30 %.

For integrin-targeted polyplexes the dependency of the uptake efficiency on the ligand density did not
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seem to follow simple saturation but a more complex kinetics (Fig. 5.12 B). At low ligand concentration
(5-20 %) the uptake efficiency was not significantly affected by increasing ligand densities. Between
20 % and 50 % ligand concentration the uptake efficiency of polyplexes increased reaching a plateau
level. Data could be fitted using a hill-like function. Our data indicate that a critical number of integrins
are required to induce endocytosis of the nanoparticles; around 50 % of targeted polymer should be
applied to achieve optimum polyplex internalization.

For dual-targeted polyplexes, a saturation curve was observed similar to B6 targeted polyplexes.
Notably, the maximum uptake efficiency of dual targeted polyplexes (25 % internalized particles) did
not reach the level of single targeted polyplexes (35 % and 45 % uptake for B6 polyplexes and RGD
polyplexes respectively) (Fig. 5.12 C).
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Figure 5.12 Internalization efficiencies of polyplexes dependent on ligand density. Polyplexes were
incubated on DU145 cells for 40 minutes followed by formaldehyde fixation and membrane staining.
Subsequently, cells were imaged by spinning disk confocal microscopy and polyplex internalization was evaluated
by the digital image analysis routine Nano_In_Cell_3D. The percentage of internalized particles is plotted versus
the ligand density for transferrin receptor-targeted polyplexes with B6 ligand (A), integrin-targeted polyplexes with
RGD ligand (B) and dual-targeted polyplexes with a 1:1 mixture of RGD and B6 ligands (C). n=9-15 cells per data
point, mean values are presented; the standard error is presented in error bars.
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5.2.3 Discussion

To create targeted polyplexes for specific gene delivery that provide high uptake efficiencies,
moderate production costs and low aggregation, the ligand density on the particle surface should be
optimized.

The uptake efficiency of targeted particles is most likely determined by the probability of receptor
binding and the kinetics of receptor mediated particle endocytosis. When receptor-ligand interactions
are weak, dissociation of the receptor-ligand complex can take place before endocytosis is induced.
Furthermore, positively charged nanoparticles with insufficient shielding can exhibit additional
interactions with negatively charged cell surface molecules and be internalized by alternative receptor-
independent endocytosis pathways. We propose that by increasing the number of ligands the
possibility of receptor binding is enhanced and thereby the probability of receptor mediated particle
internalization increases. Above a certain ligand level, further elevation of ligand density does not lead
to additional receptor-ligand interactions; therefore the uptake kinetics of particles with rather high
ligand concentration is saturated. Using high ligand concentration above the saturation level can have
negative side effects such as enhanced particle aggregation and increased production costs. We
suggest that our method can be applied to determine the saturation level of ligands to optimize the
concentration of targeted polymer in the production process.

Integrins are known to be activated by a clustering mechanism®®. In this case, a higher ligand
concentration on the particle surface might be required for multiple receptor binding. Sancey et al.
revealed that single RGD fails to induce integrin internalization whereas tetrameric RGD constructs
induce integrin clusters and efficient clathrin-dependent integrin endocytosis®*. The low internalization
of RGD polyplexes at low ligand density might therefore be explained by ineffective receptor
clustering. The effect of integrin clustering on the endocytosis of gene vectors has to our knowledge
not been investigated in detail so far. Therefore it might be of interest to further analyze the diffusion
and localization of labeled integrins in the membrane and their interaction with RGD-equipped
nanoparticles with more sensitive methods to gain improved mechanistical insights in the future.
Our experiments with dual targeted polyplexes indicated reduced uptake efficiencies of membrane
bound polyplexes with two targeting ligands compared to single targeted polyplexes. A recent study
with dual targeted polyplexes by Nie et al. suggested that the RGD ligand mediates membrane binding
of particles, whereas the transferrin receptor is responsible for particle uptakeszs. In this scenario the
RGD ligand would enhance the number of membrane bound particles that are available for transferrin
receptor mediated endocytosis. The uptake kinetics of the bound particles should resemble the
kinetics of single targeted B6 polyplexes. In accordance to this hypothesis we observed a similar
saturation curve for dual targeted polyplexes and transferrin receptor targeted polyplexes. The
reduced uptake levels of dual targeted polyplexes observed in our measurement indicate that the RGD
ligand might interfere with the transferrin receptor binding. However, more experiments are required to

explain this effect.
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In our experiments we observed similar attachment of all particle types to the plasma membrane, few
particles detached after membrane binding or were observed swimming in the cell medium. The
cellular attachment of polyplexes with residual positive charge seemed to be dominated by
electrostatic interactions rather than by receptor binding. However, when using particles with
increased shielding or negative surface charge, an enhanced effect of dual targeting might be
observed. We assume that the combination of two ligands may have additional positive effects on
intracellular trafficking and endosomal release of particles. Previous studies described improved
transfection efficiencies of dual-targeted polyplexes, however further experiments are required to

dissect the underlying mechanism.

We suggest to perform additional live-cell imaging studies (e.g. cellular attachment under flow
conditions, analysis of the uptake pathway, intracellular trafficking and endosomal release) to

understand the mechanism by which the second ligand improves the gene delivery process.
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5.3 Receptor targeting under flow

5.3.1 Microfluidic set-up

Most in vitro experiments on the adhesion and internalization of gene vectors are performed under
static conditions. However in vivo many cells are subjected to perfusion, e.g. endothelial and smooth

39 osteocytes from bone canaliculi**® , hepatic cells

muscle cells in blood vessels, renal tubular cells
from bile canaliculi®*" or metastatic cancer cells.
Cells can experience different types of fluid flow. Cells from small arteries and veins are exposed to
constant laminar flow. Pulsatile flow with periodically changing flow rates is induced by the heartbeat in
large arteries. At branching sites of blood vessels non-uniform flow occurs.

The friction of liquid against the plasma membrane of cells induces shear stress. The shear stress
ranges from 0.5 dyn/cm2 in small arteries to 20 dyn/cm2 in the aorta. The mechanical stimulus has
large impact on the adhesion and physiology of cells. It can induce rearrangement of the
cytoskeleton®*? as well as changes in metabolism and gene expression®®.

To study nanoparticle-cell interactions under shear stress, cells can be grown in microfluidic channels
that are commercially available with different geometries and coatings. Different pump systems can be
applied to create a directed, laminar flow. Flow can also be induced by acoustic streaming on a
surface acoustic wave device®*.

Adhesion of nanoparticles under flow conditions can significantly alter to adhesion under static
conditions. Dispersed nanoparticles in fluids are generally subjected to the gravitation field and drag
forces. Particle deposition to cells depends on the diffusion velocity and the sedimentation of the
particles and is determined by the density of the particle, the density of the medium and the particle

335

size™. Hinderliter et al revealed that the transport of small nanoparticles below 10 nm is dominated by

diffusion, whereas above 100 nm sedimentation plays an increasing role®*°.

Under flow conditions particles migrate with the induced stream; their local velocity depends on the
applied flow rate and the channel geometry. A typical flow profile in a unilaminar channel is depicted in
figure 5.13. The flow velocity shows a parabolic shape in z-direction, with low flow velocities close to

the channel wall and maximum velocity in the center of the channel.
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Figure 5.13 Flow profile of a unilaminar microfluidic channel with 0.4 mm height and 5 mm width. The flow
profile in the channel is characterized by a parabolic shape in y-direction. (Source: Ibidi GmbH, application note
11)

We tracked the movement of fluorescently-labeled beads at different z-positions in a microfluidic
channel. For the experiments a surface acoustic wave (SAW) driven microfluidic device was used,
provided by the group of Prof. Achim Wixforth from Augsburg University. To detect an adequate
number of steps for each particle, images were acquired at a frame rate of 35 ms and a maximum
local flow velocity of 150 um/s (at 200 um height) was set during the measurement. The obtained
trajectories revealed that close to the channel wall the particles show typical Brownian, non-directed
motion (2 um height). 5 um above the channel wall the random walk was superimposed by the
external flow resulting in directed, but tumbling particle motion. 85 um above the channel fast directed

motion of the particles without tumbling was observed (Fig. 5.14).

height: 2 um 5 um 85 um

Figure 5.14 Particle trajectories in a microfluidic channel. The movement of fluorescent-dye labeled 0.17 um
beads under flow was recorded at a frame-rate of 35 ms by widefield-microscopy at different height in a surface-
acoustic wave driven microfluidic channel (images from left to right: 2 um, 5um and 85 um above the
bottom).Trajectories of single particles are presented. Image size = 61 um x 61 pm.
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In addition to the surface acoustic wave driven (SAW) microfluidic device we set up a second syringe
pump driven microfluidic device (with commercially available components) during our study. The
syringe pump allows a broad range of flow rates and different operation modes (oscillating flow,
constant unilaminar flow, pulsatile flow) and is more flexible compared to the SAW device.
Furthermore the syringe pump can be connected to commercially available Ibidi Cell Culture
Channels. These channels are easily assembled, show high stability and allow efficient cell growth
and convenient exchange of medium. Furthermore multichannel systems are available for parallel
screening experiments and the flow profile in the available channels is well characterized. Therefore
the following flow experiments were performed with the syringe pump driven microfluidic system. The

applied microfluidic setup is depicted in figure 5.15.

Figure 5.15 Schematic illustration of the syringe pump driven microfluidic system. Particles were
suspended in cell medium and added to a heated reservoir on a magnetic stirrer. The flow chamber (single- or
multi channel slides from Ibidi GmbH) was connected to the reservoir and an engine driven syringe pump by
flexible tubes. By starting the pump a laminar flow with defined flow rate is generated and the particle solution
passes through the microfluidic channel into the syringe. The picture was kindly provided by Ellen Broda.

To study nanoparticle adhesion to cells or physiological surfaces, fluorescent-dye labeled
nanoparticles were added to a reservoir with cell medium that was heated to 37 °C and stirred to
promote homogenous nanoparticle dispersion. Next the motor driven syringe pump was turned on to
flush the nanoparticle solution through flexible tubes into the microfluidic channel with cultivated tumor
cells or selected surface coating. Constant flow of 2 ml/minutes (equivalent to a shear stress of 2.6
dyn/cm2 in the applied Ibidi Luer p-slides 1°4 with 0.4 mm height and 5 mm width) was applied in our
experiments. At defined time points selected regions were imaged by widefield fluorescence

microscopy.
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In figure 5.16 exemplary images of representative cells are shown that reveal the time-dependent
cellular adhesion of nanoparticles under flow. To quantify nanoparticle adhesion, particles were
identified by digital image analysis using an intensity threshold criterion and size restriction.

1 minute 10 minutes 20 minutes

633nm

Figure 5.16 Cellular attachment of polyplexes under flow. HuH7 cells in a microfluidic channel were subjected
to Cy5-labeled PEG-PEI polyplexes at flow rate of 2 ml/min (flow was generated by a motor-driven syringe pump).
Polyplex attachment was detected at a given time by 633 nm laser excitation (from left to right: 1 minute, 10
minutes and 20 minutes incubation). Fluorescence images of representative cells are shown together with the
transmission light image of the respective cell, the region of the nucleus and the plasma membrane is marked by
a yellow line. Polyplex attachment clearly increases with time

5.3.2 Influence of PEG shielding on polyplex adhesion under flow

With the established microfluidic device we first studied the effect of PEGylation on the adhesion of
untargeted polyplexes to collagen, the most abundant molecule of the extracellular matrix, as well as
non-specific polyplex binding to HuH7 cancer cells.

In our experiments we compared PEI polyplexes with 2 kDa PEG (PEG2-polyplexes) and 20 kDa PEG
(PEG20-polyplexes). Polyplexes were formed by self-assembly of negatively charged plasmid DNA
and the cationic polymer prior to the experiment. The assembly process is influenced by many
variables such as polymer composition, temperature and incubation time. We realized that the
number, size and fluorescence intensity of formed polyplexes can vary significantly between different
samples. Therefore careful controls are required to compare the adhesion of two different polyplex
samples under flow. To estimate the number of polyplexes that were initially applied to the reservoir of
the microfluidic channel, we took a control sample in each experiment: A defined volume of this control
sample was pipetted into a collagen coated Labtek well and the number of sedimented particles on the
coverslip was counted at a set time-point. According to the control number, the detected number of
bound polyplexes in the microfluidic channel was the normalized.

In figure 5.17 our data on the time-dependent adhesion of PEG2- and PEG20- polyplexes to a
collagen surface (A) and to HuH7 cells (B) is presented. Each data point corresponds to the
normalized number of detected polyplexes from one field-of-view at a defined point of time. Our data
reveal a clear effect of the implemented PEG shielding on polyplex adhesion under flow. At all times
particles with 20 kDa PEG showed reduced adhesion to both collagen and HuH7 cells, compared to
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particles with 2 kDa PEG. This result suggests that electrostatic interactions diminish in the presence
of longer PEG, which would be advantageous for in vivo application of polyplexes. Next to electrostatic
interactions, the size of the polyplexes might also influence their adhesion. Polyplexes with longer
PEG showed reduced sizes in general which may contribute to reduced sedimentation in the flow
channel and therefore reduced particle deposition to the cell surface or collagen. Notably for cell-
binding a higher spread of the data-points was observed compared to collagen binding indicating that
cell cell-specific factors such as the cell morphology or surface molecule expression, influence

nanoparticle adhesion.
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Figure 5.17 Adhesion of PEG2 and PEG20 polyplexes under flow. The adhesion of labeled PEG2 polyplexes
and PEG20 polyplexes to (A) collagen and (B) HuH7 cells was monitored by widefield-fluorescence microscopy
over 30 minutes (flow rate = 2 ml/min). Particles were quantified by digital image analysis using an intensity
threshold and size restriction criterion and their number was normalized according to an external control. In the
presence of longer PEG, particle adhesion to collagen and HuH7 cells was reduced.

5.3.3 EGF receptor-targeted polyplexes under flow

In chapter 5.1, we studied the internalization of EGF receptor-targeted polyplexes with 2 kDa PEG into
HuUH7 cancer cells under static conditions. We demonstrated that the full-length EGF ligand modifies
the uptake kinetics of polyplexes, promoting fast receptor-dependent polyplex internalization, whereas
untargeted polyplexes exhibit slow uptake. The positive effect of ligand installation on the transfection
efficiency of EGF-PEG2-polyplexes was confirmed by other in vitro and in vivo studies.

To analyze if the EGF ligand promotes the adhesion of polyplexes to EGFR expressing cancer cells,
we compared the binding of EGF-equipped an untargeted polyplexes in our microfluidic flow chamber.
Experiments were performed analogue to the previously described flow experiments. Figure 5.18
depicts the adhesion kinetics of EGF-PEG2 and PEG2 polyplexes within 30 minutes under flow
conditions (flow rate = 2 ml/minutes; shear stress = 2.6 dyn/cm?). Unexpectedly, similar normalized
particle numbers were detected in the first 20 minutes of incubation. Within 20 to 30 minutes of

incubation only a slight increase in particle adhesion could be observed for the EGF polyplexes.
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Additional experiments were performed after 1.5 hours of incubation, also here only a low effect of the
EGF ligand within one magnitude was observed (data not shown). These results suggest that the
cellular adhesion of PEG2-polyplexes is dominated by non-specific interactions and not by receptor-

ligand interactions.
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Figure 5.18 Cellular attachment of EGFR-targeted and untargeted polyplexes under flow. HuH7 cells in a
microfluidic channel were subjected to EGF-PEG2 polyplexes (magenta squares) or untargeted PEG2 polyplexes
(blue circles) for 30 minutes under flow conditions (2ml/min flow rate). The kinetics of particle attachment was
followed by widefield-fluorescence microscopy. Each data point represents the normalized number of polyplexes
bound to a single cell. Data were approximated by linear fitting.

5.3.4 Discussion

In this study a microfluidic device was successfully established that allows the detection of
nanoparticle interactions with cells and physiological biomolecules at different shear rates.

In a first set of flow-experiments we evaluated the adhesion of untargeted polyplexes with different
PEG shielding to collagen and to HuH7 cancer cells. We revealed that polyplexes with 2 kDa PEG
show strong adhesion to collagen. In vivo this interaction may lead to strong retention of polyplexes in
the extracellular matrix. The polyplex binding to collagen could be reduced by elongation of the PEG
linker (20 kDa PEG). Polyplexes with 20 kDa PEG also exhibited reduced non-specific binding to
HuH7 cancer cells compared to polyplexes with 2kDa PEG.

In a second set of experiments the adhesion of EGFR-targeted polyplexes and untargeted polyplexes
with 2 kDa PEG to EGFR overexpressing HuH7 cancer cells was compared. Unexpectedly the EGF
ligand had only low effect on the binding of polyplexes to HuH7 cells; the unspecific electrostatic
interactions of the positively charged polyplex core seemed to dominate the adhesion process.

Consequently, as a next step it would be of interest to monitor cell adhesion of targeted particles with
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reduced surface charge under flow conditions. One possibility would be to use targeted polyplexes
with long 20 kDa PEG linkers for these experiments.

However, we learned from our first microfluidic experiments that calibration of the experiments with
self-assembly polyplexes is very challenging. The number and size of the polyplexes varies for each
polyplex batch and aggregation of polyplexes can be induced over time in the cell medium.
Implementation of longer PEG molecules or targeting ligands can affect the self-assembly process
resulting in altered polyplex structure, DNA packaging and surface charge. The attachment of particles
to cells under flow however is affected by each of these variables. The particle size and density
determines the diffusion and sedimentation velocity of particles. The probability of cell surface binding
increases with the number of deposited particles and additionally depends on various physico-
chemical parameters such as hydrophobicity and surface charge. We tested different external and
internal controls in our experiments to estimate the size and number of our particles in solution and
particle deposition to the cells in the microfluidic channel, such as spin-coating of particles to a
coverslip, particle sedimentation onto collagen under static conditions, fluorescence correlation
spectroscopy (FCS) measurements in solution, and simultaneous multi-channel experiments with
different cell-types and surface coatings. Nevertheless, exact quantification remained difficult.
Therefore we decided to use commercially available model beads for future targeting experiments that
should provide homogeneous size and defined composition. First experiments with PEGylated latex
beads revealed a promising effect of installation of a B6 ligand on the specific binding to transferrin
receptor overexpressing cancer cells. Another strategy would be to use stabilized polyplexes with

internal cross-links for future experiments that should remain functional over longer time periods.

Despite some challenges, the microfluidic setup has great potential to elucidate interesting questions
in the future. For example multiple microfluidic channels can be simultaneously flushed with a particle
solution to screen the interactions of newly developed materials with selected molecules and cells in
parallel. We are currently setting up a four-channel system in which the binding of particles to target
cancer cells, non-target endothelial cells, extracellular matrix components and blood proteins can be
evaluated at the same time. Furthermore, by combining highly-sensitive fluorescence imaging with
particle tracking, the mechanisms of particle binding to targeting receptors, the glycocalyx or specific
surface molecules can be enlightened. Next to adhesion studies, information on the effect of shear
stress on the internalization kinetics of nanoparticles can be gained. Also the effect of residual
molecules from the fabrication process of particles (e.g. free polymer, ions or surfactants) on particle

binding, uptake and cell viability can be evaluated.

Furthermore, in the microfluidic flow chamber the effect of nanoparticles on circulating non-adherent
metastatic cells or immune cells can be analyzed as well. Also, new types of gene or drug
nanocarriers for the therapy of multiresistant bacteria cells in the blood flow, or for the therapy of

cardiovascular diseases may be examined.
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6 Improved scaffolds for gene and drug delivery

A plethora of polymer and dendrimer scaffolds with multiple modifications are available for the delivery
of drugs and nucleic acids to cells and laboratories around the globe are working steadily on the
design of improved molecules with high loading capacity, reduced aggregation, specific functionalities
and low toxicity. When searching for publications dealing with “polymer and gene” in the U.S. library of
medicine of the National Institutes of Health, almost 67.000 entries are displayed (status, May 2013).
The production process of these scaffolds is often challenging due to complex, multi-step synthesis
and purification. Furthermore lots of the produced scaffolds are polydisperse mixtures of molecules
with a broad range of different sizes and conjugation sites.

Here we analyze two novel nanocarrier scaffolds with improved production process for their ability of

gene and drug delivery.

In the first to part of this chapter we apply live-cell imaging to compare gene delivery by a new 4-arm-
PEG dendrimer hybrid and a 2-arm PEG dendrimer hybrid that can be synthetized in only four steps
with simple purification methods (section 6.1). The constructs were synthetized and characterized in
the group of Prof. Craig Hawker at UC Santa Barbara and results described in this chapter are taken
from our joint publication in the journal Biomacromolecules®.

In section 6.2 we study a similar internally functionalized dendrimer to which coumarin was attached

as a model delivery agent via cleavable ester bonds®’

. The effect of coumarin loading to the
dendrimer and intracellular coumarin delivery was monitored by confocal microcopy. Experiments with
coumarin-loaded dendrimers were performed in collaboration with Dr. Roey Amir (UC Santa Barbara,
since 2012 University of Tel Aviv) and Dr. Lorenzo Albertazzi (UC Santa Barbara, since 2012
University of Eindhoven) during the research visit of Lorenzo Albertazzi at our department.

In section 6.3 cellular interactions of a novel sequence-defined polymer with PEG shielding and EGF
conjugation for EGFR targeting were monitored. The synthesis of this polymer with defined
architecture and conjugation sites is based on the solid phase assisted coupling of artificial amino acid

subunits published recently by Schaffert et al.**®

Synthesis and characterization of the EGFR-targeted
polyplexes was performed by Ulrich L&achelt, reporter gene expression assays were provided by Petra

Kos (both from the group of Prof. Ernst Wagner, pharmacy department, LMU Munich).
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6.1 Internally functionalized dendrimers with PEG core for gene therapy

This chapter is adapted from:

L. Albertazzi, F.M. Mickler, G.M. Pavan, F. Salomone, G. Bardi, M. Panniello, E. Amir, T. Kang, K. Killops, C.
Brauchle, R. J. Amir and C. J. Hawker.

“Strong positive dendritic effects in the bioactivity of internally functionalized dendrimers with PEG cores”,
Biomacromolecules (2012), 13, 4089-4097

6.1.1 Particle design

Dendrimers are appealing scaffolds for biomedicines because of their modular structure and the
plurality of functional endgroups. However, their synthesis is still considered to be time-consuming
requiring rigorous purification processes. To simplify the dendrimer preparation several groups have
reported the use of polyethylene glycol (PEG) as difunctional core for dendrimer synthesis. These
strategies rely on the solubility of the PEG core to simplify the purification by dialysis or precipitation.
Additionally the introduced PEG core has shown to enhance the colloidal stability of particles and
reduce toxicity.

In this study fourth-generation amine-terminated hybrid dendrimers were synthetized by our
collaboration partners at the UC Santa Barbara based on a 4-arm PEG star core, in only four steps
with precipitation and dialysis as the only means of purification. The prepared 4-arm dendrimer-PEG
hybrid (4-arm PEG G4) contains 40 internal hydroxyl groups and 64 cationic amines at the chain ends
(Fig. 6.1). Corresponding fourth-generation 2-arm dendrimers with 20 internal hydroxyl groups and 32
cationic amines (2-arm PEG G4) as well as second-generation dendrimers were synthetized for
reference measurements. Viability of cells in the presence of the 4-arm PEG G4 dendrimer was
assessed by a Pl and calcein acetoxymethyl ester (AM) assay, confirming high cell viability up to a
dendrimer concentration of 1 uM. Only at 10 uM concentration the 4-arm PEG G4 dendrimer showed
toxicity. At this concentration the dendrimers’ toxicity correlated to the number of end groups, the
corresponding 2-arm PEG G4 hybrid dendrimer exhibited significantly lower toxicity. Live-cell imaging
experiments performed by our collaboration partners with fluorescently labeled dendrimers revealed
high cell-affinity and internalization of the 4-arm PEG G4 dendrimer as well as destabilization of
endolysosomal vesicles in the presence of dendrimers. Furthermore molecular dynamic (MD)
simulations were performed that suggest a much more dynamic behavior of the 4-arm PEG G4

dendrimer compared to the 2-arm PEG G4 dendrimer.
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Figure 6.1 Dendrimer design. Schematic representation of the structures of fourth generation amine terminated
hybrid dendrimers with two-arm PEG core (2-arm PEG-G4, left image) and four-arm PEG star core (4-arm-PEG-
G4, right image. Cationic amine groups (blue spheres) can mediate DNA complexation.

6.1.2 DNA binding and gene transfection

The high structural dynamics of the 4-arm PEG G4 dendrimer coupled to numerous cationic surface
groups, the cell-internalization ability and endosomal destabilization suggest that these hybrid
dendritic systems may be attractive candidates for binding of negatively charged nucleic acids and
subsequent delivery to the cytoplasm for gene delivery applications.

To compare the DNA binding ability of the 4-arm PEG G4 dendrimer and the 2-arm PEG G4
dendrimer an ethidium bromide (EB) exclusion assay was performed. EB emits red fluorescence upon
intercalation into DNA. When a second molecule with higher affinity binds to the DNA and displaces
the dye, a drop in fluorescence is observed. The assay revealed that the 4-arm-PEG-G4 dendrimer
has significantly higher affinity for DNA than the 2-arm-PEG-G4 dendrimer (Fig. 6.2 A).

To analyze further the formation of 2- and 4-arm-based dendriplexes and study their ability to bind cell
membranes, we mixed both types of dendrimers with Cy5-labeled DNA to form Cy5-labeled
dendriplexes. The 2- and 4-arm dendriplexes were then incubated for one hour with HelLa cells and
single particles were imaged using highly sensitive confocal spinning disk microscopy at the single cell
level. Both 2- and 4-arm dendriplexes attached to the plasma membrane (Fig. 6.2 B); however,
significantly lower fluorescence intensity per particle was detected in the case of the 2-arm
dendriplexes (Fig. 6.2 C). This result supports the enhanced ability of 4-arm dendriplexes to bind DNA,
as demonstrated in the EB intercalation assay. The amount of DNA delivered to Hela cells after 22 h
of incubation by the 2-arm and the 4-arm dendritic carriers was then quantified from the intensity of the
fluorescence signal. Significantly, the amount of DNA that was delivered by the 4-armPEG-G4 was
nearly an order of magnitude greater than that for the 2-arm dendriplex (Fig. 6.2 C). The enhanced
DNA delivery by the 4-arm dendriplex can be attributed to numerous property enhancements driven by
changes due to the 4-arm architecture and higher number of amine end groups, which leads to

improved DNA-binding efficacy.
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To verify the formation and internalization of intact dendriplexes, additional experiments were
performed with dual labeled particles prepared from Cy3-labeled DNA and Atto647-labeled dendrimer.
Dual color images confirmed colocalization of DNA and dendrimers in membrane bound particles as
well as in intracellularly transported and perinuclear endosomes (data are shown in the appendix, Fig.
A2). Next to the dual-labeled particles, an excess of free dendrimer was detected. Incorporation of
free dendrimer in endosomes together with complexed particles might facilitate endosomal release
and enhance transgene expression.

To evaluate the actual transfection potential of the dendriplexes, we then used a plasmid encoding for
green fluorescent protein bearing a nuclear localization signal (EGFPNuc) in combination with either
the 2- or 4-arm dendrimer. The fluorescence arising from GFP expression allows the transfection
efficiency to be quantified by widefield-fluorescence microscopy. Figure 7.1b,c shows the overlay of
transmission light images for treated cells coupled to the green fluorescence signal for GFP
expression, followed by quantification of the GFP fluorescence signals, respectively. It is particularly
noteworthy that the 2-armPEG-G4 shows no apparent transfection, whereas a strong fluorescence

signal from GFP expression following transfection with the 4-arm dendriplexes was observed.

6.1.3 Discussion

Our results clearly show an enhanced ability for DNA delivery for the 4-armPEG-G4 platform
compared with the corresponding 2-armPEG-G4 derivative.

The improved gene delivery by the 4-arm dendrimers is most probably attributed to a combination of
different effects. First, 4-arm dendrimers provide significantly improved DNA complexation, as
demonstrated by the enhanced DNA fluorescence per particle and the ethidium bromide exclusion
assay. The enhanced ability of the 4-arm dendrimer for DNA condensation can be easily explained by
the availability of higher numbers of cationic amines and the enhanced dynamic flexibility of the 4-arm
compared to the 2-arm construct. Secondly, 4-arm dendriplexes seemed to exhibit higher membrane
affinity than the 2-arm dendriplexes, as higher particle numbers were counted on cells for the 4-arm
construct. However this observed effect might also be attributed to the reduced fluorescence intensity
of 2-arm polyplexes, the fluorescence intensity of some 2-arm polyplexes might lie below the detection
limit. The uptake kinetics of 4-arm and 2-arm constructs detected during live-cell imaging was quite
similar. However as higher amounts of DNA were packed into particles, higher DNA levels reached the
interior of the cell when using the 4-arm construct. Because of higher dendriplex loading inside
endosomes, we suggest that proton sponge induced endosomal release is additionally facilitated for
the 4-arm construct.

The main drawback of the 4-arm dendrimer is its enhanced toxicity. The removal of residual free
dendrimer from the dendriplex solution might significantly reduce the toxicity of dendriplexes.
Furthermore in the future internal cleavable linkers may be introduced to enhance the biodegradability

of the dendrimers. Also, targeting ligands might be used to provide application for targeted therapy.
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Figure 6.2 Dendrimer-mediated gene delivery. (a) EB intercalation assay and (b) confocal imaging (images
widths are 30 um for the left and center images and 205 um for the image on the right) show dendriplex formation
(left), cellular accumulation of dendriplexes (center), and the nuclear accumulation of the expressed GFP Nuc

(green) overlaid on a transmission light image of treated cells (right). (c) Quantification of fluorescence signal (400
ng of DNA, N/P = 4, 240 pL).
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6.2 Intrinsically functionalized dendrimers for drug delivery

6.2.1 Particle design

A number of dendritic architectures have been developed for the delivery of therapeutic biomolecules
to diseased cells. Two major strategies for dendrimer mediated drug delivery are non-covalent drug
encapsulation®* and covalent attachment of drugs to the dendritic chain end>*.

Amir et al. published an alternative design in which the cargo molecule is covalently attached via
cleavable ester bonds to the interior of a fourth generation 2-arm PEG dendrimer hybrid®*’ (Fig. 6.3).
This strategy allows high and reproducible drug loading without significantly changing the surface
structure of the dendritic scaffold and controlled intracellular drug release by enzymatic cleavage. In
their study Amir et al. used coumarin dyes as model delivery unit. The dendrimer scaffold was
additionally labeled by attachment of the Alexa Fluor dye AF647. Coumarin is often used as precursor
for the synthesis of pharmaceutical compounds for anticoagulation. It can also be applied for the
therapy of Iymphedema341. Coumarin fluorescence is quenched at high loading inside the particle and
fluorescence increases after delivery to the cell. In vitro experiments confirmed that coumarins are
released from the dendrimer in the presence of esterases. Imaging experiments on melanoma cells
demonstrated that the coumarin loaded dendrimer carrier is successfully internalized into cells and
coumarin is released to the cytoplasm. The published results suggest that internally functionalized

dendrimers are promising candidates for drug delivery applications.
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Figure 6.3 Internally functionalized dendrimers for drug delivery. Protonated amine groups at the chain ends
(yellow) of fourth generation 2-arm PEG dendrimer hybrids mediate cellular uptake. Coumarin dyes (blue) were
attached to the interior of the dendrimer via covalent ester-bonds and can be released by enzymatic cleavage. A
non-cleavable dye (red) allows monitoring of the dendrimer itself. Figure taken from Amir et al®¥’
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6.2.2 Live-cell imaging of loaded and unloaded dendrimers

Amir et al. observed in their study that the membrane binding and internalization kinetics of the
dendrimer-coumarin complex seemed to differ from the unloaded dendrimer. To study this effect in
more detail, we analyzed the cellular interactions of coumarin-loaded dendrimer and the unloaded
dendrimer on our microscope setups with improved sensitivity. Analysis of the dendrimer solutions on
a coverglass revealed that coumarin-loading of the dendrimer seemed to trigger a self-assembly
process, as particles (single spots with increased fluorescence intensity) were observed in our
microscopic images whereas the non-loaded dendrimer was homogeneously distributed on the
coverglass without particle formation (Fig. 6.4). Particle formation in the presence of coumarin was
confirmed by dynamic light scattering (DLS) measurements.

Our confocal images further revealed that the unloaded dendrimers display high affinity for the plasma
membrane of cells. Shortly after addition of the dye-labeled dendrimer to HelLa cells homogeneous
staining of the plasma membrane was detected. As expected, the cationic amine groups at the chain
ends of the dendrimer seem to trigger efficient cell binding and uptake.

In contrast, for the coumarin loaded dendrimer only few fluorescent spots were detected on the
plasma membrane of Hela cells during the first hour of incubation, indicating that the formed particles
exhibit reduced membrane affinity (Fig. 6.4). However, the number of membrane bound particles
increased with time and distinct membrane accumulation was detected after four hours.

By following the movements of single coumarin-dendrimer particles and analyzing their time-
dependent trajectories we could observe different effects: Particles sometimes detached from the
plasma membrane after initial binding supporting our hypothesis of weak interactions between the
dendrimer and cell surface molecules. Other particles showed directed, surfing motion along the
plasma membrane. After particle internalization typical diffusive behavior of endosomes as well as
active transport processes were detected. In the first 30 minutes post dendrimer addition few particles
reached endocytic compartment, enhanced intracellular accumulation was observed between one and
four hours of incubation.

Next, we studied the time-dependent increase of cytoplasmic coumarin fluorescence by spinning disk
confocal microscopy with alternating laser excitation (Fig. 6.5). Unexpectedly, an increase in diffuse
cytoplasmic fluorescence was observed in the first hour of incubation, before the majority of particles
were internalized. At later time-points coumarin was also detected in endosomes colocalizing with the
dendrimer. This result suggest that a subset of coumarin molecules are cleaved from the dendrimer
and enter the cell circumventing endocytosis, whereas another subset of coumarin remain bound to

the dendrimer and are internalized via endocytosis.
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Figure 6.4. Different membrane affinity of coumarin-loaded (upper row) and unloaded dendrimer (lower
row). AF647-labeled dendrimer solutions with covalently attached coumarin or without modification were applied
to HelLa cells. Cellular adhesion and uptake was detected by spinning disk confocal microscopy. Confocal z-
slices of representative cell are shown for different incubation times (15 minutes, 1 hour and 4 hours respectively).
Dendrimer binding to the coverglass is additionally depicted. In the presence of coumarin particles are formed that
exhibit reduced affinity to the plasma membrane compared to the unloaded dendrimer.
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Figure 6.5 Coumarin release into cells. Coumarin loaded dendrimers were applied HelLa cells and the
dendrimer signal (magenta) and the coumarin signal (green) was followed by spinning disk confocal microscopy
with alternating laser excitation over eight hours. A Overlay images of both fluorescent channels are shown for
confocal slices of representative cells after 15 minutes, 30 minutes, 2 hours and 8 hours of incubation. An
increase of diffuse cytoplasmic coumarin fluorescence is observed over time. After 2 hours white spots appear in
the cytoplasm indicating colocalization of dendrimers and coumarin in endosomes. B The fluorescence intensity
of cytoplasmic coumarin was quantified by digital image analysis and plotted over time. Mean values are
presented for n=8-10 cells. The standard deviation is presented in error bars.
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6.2.3 Discussion

The application of dendrimers for the efficient and safe delivery of pharmaceutical compounds with low
bioavailability and high systemic toxicity is a promising strategy. In this study an internally
functionalized PEG-dendrimer hybrid was designed with high drug loading capacity, 20
coumarin molecules were attached as a model delivery unit to each dendrimer. The applied 7-
(diethylamino)coumarin can be described by two resonance structures; a non-polar structure that is
predominant in the ground state and a polar structure with positive and negative charge.

Our experiments from live-cell imaging indicate that loading of the coumarin dye to the dendritic carrier
significantly alters the dendrimer-cell interactions. In the presence of coumarin the formation of
particles with increased fluorescence intensity was observed, indicating the clustering of several
coumarin-dendrimers. In contrast, the unloaded dendrimer remained homogenously dissolved. The
formed particle showed reduced binding to the cell membrane and the coverglass, which may be
explained by exposure of PEG molecules to the particle surface. The reduced binding of the formed
particles might be advantageous for future targeted delivery applications with additional targeting
ligands. However, as the loaded molecules strongly changed the behavior of dendrimers, we
encourage the testing of real drug candidates for dendrimer loading. It might be very interesting to

compare the effects of drugs with different size and hydrophobicity on the dendrimer assembly.

In our experiments we observed a fast increase of coumarin fluorescence inside the cells, which was
not expected and cannot be explained by the endocytosis and subsequent release of dendrimer-
coumarin conjugates. The used dendrimer conjugates were purified systematically and should not
contain free dye. Furthermore control experiments revealed that free coumarin does not pass the
plasma membrane of cells, only at very high concentration of free dye an increase in cytoplasmic
fluorescence was observed. The mechanism of this interesting effect remains unclear up to now. One
could imagine local membrane destabilization induced by the dendrimer resulting in access of the
molecules to intracellular esterases and membrane passage of the cleaved dye.

Again, it would be very interesting to repeat the release experiment with a real drug to monitor if the

cytoplasmic increase is specific for coumarins or can be observed for other drugs as well.

The synthesis of new dendrimer conjugates with real drug candidates is currently under progress. We
hope that live-cell imaging experiments can enlighten valuable mechanistic details on dendrimer

mediated drug delivery in the future.
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6.3 Sequence defined scaffolds from solid phase supported synthesis

6.3.1 Particle design

Synthetically engineered polymer conjugates are often polydisperse mixtures lacking the molecular
precision of biological macromolecules. Schaffert et al. (group of Prof. Ernst Wagner, Pharmacy
department, LMU) described a new solid phase supported method to synthetize sequence-defined
polymer scaffolds with controlled topology and functionalities®*. For the synthesis, artificial Fmoc/Boc
protected amino acids with defined diaminoethane units were used. The diaminoethane motif is
protonated at physiological pH and is known to be responsible for the high transfection efficiency of
polyethylenimine, which has become the gold standard for gene delivery. With lysines as branching
points and cysteines as disulfide forming stabilization units and various hydrophobic domains,
Schaffert et al. created a library of more than 300 defined polymers with different shapes and
modifications.

Based on the artificial aminoacid Succinoyl Tetraethylene Pentamine (STP, see figure 7.1 A), Ulrich
Lachelt (group of Prof. Ernst Wagner, Pharmacy department) further developed sequence defined
oligomers with PEG shielding and EGF ligand for EGF receptor targeting. Each polymer contained 24
protonable amines for DNA complexation. For reference measurements an untargeted PEGylated

STP polymer was synthetized.

6.3.2 EGF ligand induces cell binding and uptake of STP polyplexes

To verify successful ligand installation and functional receptor targeting of the new polymers, we
imaged their cellular interactions by spinning disk microscopy. In the experiments the polymers were
complexed with Cy5-labeled plasmid DNA. The polymer contained cysteines for disulfide stabilization
of the formed particles. We confirmed that functional particles with homogeneous size distribution
were formed when mixing the reduced polymer with DNA. To prevent polymer oxidation before particle
formation, particles should be assembled on ice and careful storage and handling of the polymer is
required (see appendix, Fig. A3).

To study their cellular adhesion, EGF-equipped STP polyplexes (EGF-PEG-STP) and untargeted STP
polyplexes (PEG-STP) were added to EGFR overexpressing HuH7 cells (Fig. 6.6 A). Interestingly,
EGF STP polyplexes showed efficient binding to the cells whereas only few untargeted STP
polyplexes were detected on the plasma membrane. This result suggests very specific binding of the
STP polyplexes and low non-specific interactions of the particles, different to previous experiments
with PEI polyplexes.

From our previous studies with EGF-PEI polyplexes (chapter 5.1) we learnt that the EGF ligand

triggers exceptionally fast receptor mediated endocytosis of particles by signaling activation.

98



6. IMPROVED SCAFFOLDS FOR GENE AND DRUG DELIVERY

To detect if EGF-PEG-STP polyplexes are internalized with fast kinetics as well, we recorded short
movies of single cells in the first hour post polyplex addition. In figure 6.6 B, two-dimensional
trajectories of EGF-PEG-STP polyplexes after 40 minutes of incubation are presented, generated by
superimposing a time-series of 100 images which were acquired at 330 ms frame rate. Displayed

polyplexes show typical intracellular motion revealing successful receptor-mediated endocytosis.

A Polyplex adhesion B Polyplex uptake
EGF-PEG-STP PEG-STP EGF PEG STP
TL Cy5 signal Cy5 signal TL time projection

TL Cy5 signal

Figure 6.6 Adhesion and uptake of sequence defined STP polyplexes. Z-projections from confocal stacks are
depicted (Cy5 signal) together with the transmission light image of the cell (TL). The region of the nucleus and the
plasma membrane is marked by a dashed yellow line. (A) Sequence defined EGFR-targeted (EGF-PEG-STP)
and untargeted (PEG-STP) polyplexes were dissolved in cell medium and added to HuH7 cells under
microscopical observation. Whereas targeted polyplexes efficiently bound to the cells, few untargeted polyplexes
were detected on the plasma membrane. (B) Efficient uptake of EGF-equipped polyplexes after 40 minutes of
incubation. 2-dimensional trajectories of particles are displayed in a time-projection (right image), in which 100
frames with 330 ms frame rate were superimposed.

6.3.3 Comparing gene transfer efficiency of EGF-PEG-STP and EGF-PEG-PEI polyplexes

To compare the transfection potential of the newly developed sequence defined STP polymers and
standard polydisperse PEI polymers, reporter gene expression assays were performed by Petra Kos
(group of Prof. Ernst Wagner, Pharmacy department, LMU). For the experiments EGFR-targeted and
untargeted PEG-STP- and PEG-PEI polyplexes with pCMV Luc plasmid were applied at same DNA
concentration and N/P ratio to cells. One set of experiments was performed in the presence of
chloroquine as enhancer of endosomal escape. Results are displayed in figure 6.7. The untargeted
STP-PEG polyplexes did not induce gene expression above the background level, for both
chloroquine treated and untreated cells. This result is in agreement with our imaging data revealing
low PEG-STP polyplex binding to the cells. In contrast untargeted PEI-polyplexes mediated
significantly higher gene expression, which can be explained by higher levels of non-specific particle

internalization. Remarkably, the EGF-equipped PEG-STP polyplexes showed no significant transgene
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expression in the absence of chloroquine, but strongly enhanced expression levels (more than 500
fold increase) in the presence of chloroquine. This result suggests efficient uptake but poor endosomal
release properties of the new construct. In comparison, EGF-PEI polyplexes showed high reporter
gene expression gene levels also in the absence of chloroquine, Results are displayed for mixtures

with an N:P ratio of 6:1 but similar transfection data were achieved for N:P of 12:1.
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Figure 6.7 Luciferase reporter gene expression. 10.000 cells per well were transfected with targeted EGF-
PEG-STP and EGF-PEG-PEI as well as untargeted PEG-STP and PEG-PEI polyplexes in the presence of
chloroquine as enhancer of endosomal escape or without chloroquine. Reporter gene expression was detected
after 24 hours of incubation, experiments were performed in triplicates. The standard deviation is shown in error
bars. Buffer treated cells (HBG) served as reference.

6.3.4 Discussion

The recently published solid phase assisted synthesis is a potent method to produce defined polymers
with high precision®*®. These polymers are very useful to analyze accurate structure-activity
relationships. Furthermore the high precision of the method should maximize the yield of functional
polymer and reduce side effects from non-functional molecules, which is an important requisite for

their application in clinical therapy.
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Here, we confirmed the successful coupling of an EGF ligand to PEGylated sequence defined STP
polymers resulting in efficient membrane binding and fast uptake of the formed polyplexes into HUH7
cells. In comparison to polydisperse PEG-PEI polyplexes the untargeted PEG-STP polyplexes did not
mediate significant membrane binding and uptake, portending superior shielding of the novel STP
polyplexes. However, it should be noted that we observed altered cell binding and uptake as well as
enhanced aggregation of the untargeted PEG-STP polyplexes in some polymer batches. We suspect
that these effects are caused by oxidation processes in the stock solution, but further experiments are
required to explain these observations.

Luciferase reporter gene expression assays suggested that EGF-PEG-STP polyplexes are efficiently
internalized but do not as escape from endosomes, as the addition of chloroquine as an endosomal
escape agent was required for successful gene expression. In contrast, polydisperse EGF-PEG-PEI
polyplexes induced high gene expression also in the absence of chloroquine, demonstrating improved
endosomal escape of the PEI polyplexes. The insufficient endosomal escape of sequence defined
STP polyplexes was also observed in recent studies with integrin and transferrin receptor-targeted
STP polymers®*.

To enhance endosomal escape of the EGF-PEG-STP polyplexes, additional molecules may be
coupled during the solid phase assisted synthesis in the future; e.g. the pore-forming subunit of the
hemagglutinin protein.  Another strategy comprises the addition of histidines for enhanced
endolysosomal buffering of the STP polyplexes. This strategy will be described in more detail in the

next chapter (see 7.2).
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7 Endosomal escape and nuclear import

Endosomal release and nuclear import are regarded as two major bottlenecks for gene delivery.
Multiple strategies are currently investigated to improve the transfection efficiency of artificial gene
nanocarriers by facilitating their escape from endosomal compartments and enhance the delivery of
DNA to the nucleus.

Strategies for endosomal escape include membrane destabilization by pH sensitive fusogenic or pore

YT or attachment of fusogenic lipids®.

forming peptides derived from viruses or bacteria
Furthermore, molecules with high buffering capacity in the endolysosomal pH range can induce
endosomes destabilization by promoting ion inflow and osmotic swelling of the endosomal
compartment184. Promising data were also published recently on light-induced release of
photosensitizer-equipped particles®”® or the local heating of membranes by plasmonic gold
nanoparticles'®.

For enhanced nuclear import of DNA molecules, the attachment of nuclear localization sequences
(NLS) or the incorporation of specific sequence elements for transcription factor binding are

192

investigated ™. Furthermore the coupling of small ligands that recognize specific molecules which are

known to be transported from the cytoplasm to the nucleus can enhance nuclear accumulation of
nucleic acids'®.

Because the portion of nucleic acids that are released from endosomes is usually very small and the
majority of synthetic gene nanocarriers remain entrapped in endosomes over many hours, the
subsequent processing of gene nanocarriers inside the cytoplasm or the nucleus is very difficult to
detect by standard live-cell imaging routines.

In this chapter we introduce two strategies to visualize endosomal destabilization and nuclear import in
living cells. In a first project we used a calcein release assay to monitor the effect of histidines on
destabilization of endosomal membranes (chapter 7.1). For the study, targeted sequence-defined STP
polymers with histidine modification were provided by our collaboration partners in the pharmacy
department of the LMU (group of Prof. Ernst Wagner). Prior to our live-cell imaging experiments, they
performed detailed experiments on the buffering capacity and transfection efficiency of the synthetized
polymers. The described data from this chapter are included in a manuscript, which is currently in the
revision process.

In a second project (chapter 7.2) we used microinjection as a tool to dissect nuclear import processes.
Model protein constructs for the experiments were provided by Dr. Kevin Meier (group of Prof. Ernst

Wagner, Pharmacy department, LMU).
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7. ENDOSOMAL ESCAPE AND NUCLEAR IMPORT

7.1Histidine as endosomal escape agent

This chapter is adapted from:

U. Lachelt, P. Kos, F.M. Mickler, E. Salcher, W. Roedl, N. Badgujar, Naresh, C.Brauchle and E. Wagner,
“Fine-tuning of proton sponges by precise diaminoethanes and histidines in pDNA polyplexes.”
Nanomedicine, 2013, accepted

7.1.1 Particle design

Polymers with highly basic groups are widely used as nanocarriers for gene delivery as they provide
protonated polycationic structures at neutral pH that form complexes with negatively charged nucleic
acids. Residual less basic groups, such as histidines, can provide additional buffering capacity in the

endolysosomal pH range which may facilitate endosomal escape of the gene vectors.

In this study sequence defined oligomers with artificial succinoyl tetraethylene pentamine (STP)
building blocks and histidines as protonable DNA-binding and buffering units were synthetized by
Ulrich Lachelt (group of Prof. Ernst Wagner , LMU Munich) using a recently developed solid-phase
assisted strategy (Fig. 7.1 A). To determine the basicity and buffering capacity of the synthetized
oligomers at extracellular and intracellular pH (pH range = 5.0-7.4), potentiometric backtitrations of
acidified samples with sodium hydroxide solution were performed. The titrations revealed that STP
polymers without histidines show highest buffering capacity at extracellular pH (above pH=7.0) and
lower buffering capacity in the endolysosomal range. Histidine incorporation led to an increase of the
total buffering capacity and mediated a more homogeneous buffering distribution between pH=5.0 and
pH=7.4 suggesting improved buffering in endolysosomal compartments.

To study if the transfection efficiency of targeted gene vectors is improved by histidine incorporation,
well shielded PEGylated two-arm STP oligomers were generated for DNA complexation (Fig. 7.1).
Alanines were used as non-functional substitutes for histidine. As branching points a,e-amidated
lysines were introduced, cysteines were additionally incorporated as disulfide forming polyplex
stabilization units. For specific transferrin receptor targeting a B6 ligand was attached. Furthermore
polymers with a new peptidic ligand (CMBP, c-Met binding peptide) for binding of the hepatocyte
growth factor receptor were generated.
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Figure 7.1 Design of targeted PEGylated STP oligomers with histidine for enhanced endosomal escape.
A Artificial succinoyl tetraethylene pentamine (STP) was used as protonable building block for DNA complexation.
The chemical structure of an histidine-equipped STP unit (STP-H) is depicted. B Sequence defined oligomer with
2-arm topology. Histidines (H) were introduced for improved endosomal escape; alanines (A) were applied as
non-functional substitutes in control oligomers. a,e-amidated lysine (K) served as branching unit, cysteines (C)
were incorporated for disulfide-crosslinking of oligomers after DNA complexation. For shielding, a polyethylene
glycol (PEG) linker was attached. Targeting ligands were coupled for specific receptor targeting.

7.1.2 Uptake efficiency and gene transfer

First, the uptake efficiency of transferrin receptor-targeted STP polyplexes with histidine (B6-His
polyplexes) or without histidine modification (B6-Ala polyplexes) was compared to the uptake of
untargeted polyplexes (Ala-His polyplexes) by flow cytometry. The results obtained by our
collaboration partners confirmed low non-specific uptake of the untargeted polyplexes and greatly
enhanced uptake of the transferrin receptor-targeted polyplexes into transferrin receptor expressing
DU145 cells, independently of alanine- or histidine modifications.

In a next step, the transfection efficiency of the respective polyplex formulations was determined in
luciferase gene expression assays. To study the effect of endosomal escape on gene transfer, one set
of cells was coincubated with the lysosomotropic reagent chloroquine. The untargeted polyplexes
lacking B6 did not mediate signals above the background level in chloroquine treated as well as
untreated cells, consistent to the low uptake determined by flow cytometry. In contrast the targeted B6-
equipped polyplexes with or without histidine induced high transfection levels when chloroquine was
added to enforce endosomal escape. In the absence of chloroquine, the histidine-analogue showed
10-30 fold enhanced gene expression levels compared to the histidine-free analogue. This result
suggests that endosomal escape of DNA is improved for the histidine-equipped polymer.

By live-cell imaging of fluorescent-dye labeled STP polyplexes on DU145 cells, we confirmed that
homogenously sized, non-aggregated particles were assembled (see appendix, Fig. A4). Targeted
polyplexes with and without histidine showed similar affinity to transferrin receptor overexpressing
DU145 cells. An uptake study by spinning disk confocal microscopy revealed that both polyplex types
were efficiently endocytosed and transported to perinuclear endosomes between one and four hours
of incubation (Fig. A4).

105



7. ENDOSOMAL ESCAPE AND NUCLEAR IMPORT

7.1.3 Endosomal escape monitored by calcein release assay

The previous results from reporter gene expression suggested enhanced destabilization of the
endosomal membrane due to the incorporated histidines. To monitor if endosomal destabilization can
be detected in the presence of histidine, we applied a calcein release assay on living DU145 cells.
Upon coincubation with STP-polyplexes, fluorescent calcein dyes are internalized into polyplex filled
endosomes. When the endosomal membrane is destabilized the small calcein molecules can diffuse
into the cytoplasm. Calcein fluorescence is partly self-quenched at high concentration reducing the
fluorescence signal from endosomes and allowing improved detection of dequenched calcein
fluorescence after endosomal release.

In our experiments we passively coincubated 0.5 mg/ml calcein with B6 STP-His or B6 STP-Ala
polyplexes for 3.5 hours on DU145 cells. Afterwards cells were washed several times to remove
background fluorescence from the medium. Single z-slices of cells were imaged in CO,-independent
medium by spinning disk confocal microscopy. In figure 7.2 the calcein fluorescence of representative
cells is depicted. Whereas for the alanine analogue the calcein fluorescence is mainly restricted to
endosomes (spotty staining), an increase of the cytoplasmic calcein fluorescence was observed for
the histidine analogue. The calcein fluorescence in the cytoplasm was quantified by digital image
analysis in ImageJ. For the quantification mean grey values of background pixels and endosomal
compartments were determined and two thresholds were set to exclude those regions from
guantification. The integrated intensity of cytosolic pixels above the lower background threshold and
below the upper endosomal threshold was then calculated (integrated intensity = number of selected
pixels x mean grey value of selected pixels). Mean values of all evaluated cells are presented in
figure 8.2 C demonstrating significantly increased calcein release to the cytoplasm in presence of the

histidine analogue compared to the alanine analogue.

Next to transferrin receptor-targeted STP polyplexes, we additionally evaluated the endosomal release
properties of histidine-equipped STP polyplexes with a new targeting ligand for hepatocyte growth
factor binding, Also for these polyplexes improved endosomal calcein release was observed in the
presence of histidine (data are shown in the appendix, figure A5). The new construct is currently

tested in additional in vitro and in vivo experiments to determine its potential for in vivo gene delivery.
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Figure 7.2 Calcein Release assay with transferrin receptor-targeted STP polyplexes. B6-equipped
polyplexes with (A) histidine as endosomal escape agent (B6-STP-His) or with (B) alanine substitution (B6-STP-
Ala) were coincubated with 0.5 mg/ml calcein on transferrin receptor overexpressing DU145 cells. Calcein release
from endosomes was imaged with 488 nm laser excitation after 3.5 hours of incubation of spinning disk confocal
microscopy. Images of five representative cells are depicted, the fluorescence intensity is color coded with orange
and white regions exhibiting highest calcein fluorescence. (C) Calcein fluorescence in the cytoplasm was
quantified by digital image analysis. Mean values of all evaluated cells are presented (N=20 for B6 SP Ala, N=22
for B6-STP-His), the standard error is depicted by error bars. A significant increase in calcein release from
endosomes is observed for the histidine analogue.

7.1.4 Discussion

During their journey into cells, gene nanocarriers are exposed to a range of different pH values from
pH=7.4 at the plasma membrane to pH=5.0 in lysosomal compartments. To change their properties
dynamically in different compartments can be advantageous for the transfection process. Strong
bases that are protonated at extracellular pH promote efficient complexation of nucleic acids.
Functional groups with lower basicity that are protonated at endolysosomal pH can induce enhanced
ion influx into endosomal compartments which according to the proton sponge hypothesis results in
osmotic endosome swelling and membrane rupture. Cationic molecules might also directly induce
defects in membranes.

Our experimental results support the positive effect of histidine incorporation on polymer mediated
gene delivery. The imidazole side chain of the histidine molecule has a pKa of approximately 6.0. This
suggests that ion influx is triggered after trafficking of the polyplexes to late endosomes.

In our experiments we detected a clear increase of calcein fluorescence in the cytoplasm after 3.5
hours of B6-STP-His polyplex incubation. Noteworthy at this point of time the DNA signal was still
restricted to endosomes and colocalization of DNA and calcein was observed.
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This result suggests local and temporal destabilization of the endosomal membrane rather than
complete endosomal rupture. In this scenario, a subset of calcein molecules may leave the endosome
via a small pore or defect together with a low number of DNA molecules, whereas the majority of the
material remains entrapped in the endosome. The release of calcein is probably much easier to detect
by fluorescence microscopy than the release of DNA, because of the dequenching effect and the small
size of the calcein that allows fast distribution in the cytoplasm. In contrast the diffusion of large DNA
molecules is strongly limited in the crowded cytoplasm.

Of course it would be of high interest to enlighten the process of endosomal DNA release in more
detail. To allow the improved detection of released DNA molecules in the cytoplasm, it would be useful
to apply constructs which show low fluorescence in endosomes and increased fluorescence after
cytoplasmic delivery. For this purpose we are currently developing a DNA sensor, in which a donor
and a quencher dye are connected via a bioreducible bond. In the cytoplasm the quencher should be
cleaved and the fluorescence of the DNA construct should appear. With this sensor the effect of
different lysogenic substances might be quantified in the future. Also the effect of DNA structure and
size on endosomal release can be investigated. Mechanistic insights into the endosomal release

process might then help to design more efficient artificial gene nanocarriers in the future.
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7.2 Visualizing nuclear localization sequence (NLS) mediated import

7.2.1 Micromanipulators for direct cytoplasmic delivery

One method to dissect the nuclear import behavior of biomolecules is to circumvent endosomal
accumulation by direct injection of the material into the cytoplasm of the cell. For this approach
programmable micromanipulators are commercially available that provide the semi-automated
microinjection of small volumes into single cells under microscopic observation. The molecules of
interest are loaded into a thin microcapillary which is precisely located to the target cell and
mechanically penetrates the cell membrane. The injection substance is then delivered from the

capillary upon a pressure pulse.

7.2.2 NLS mediated import of microinjected proteins

We examined the approach using a model eGFP protein construct with a nuclear localization
sequence for nuclear import. The GFP construct was provided by Kevin Meier (Pharmacy department,
LMU) and contained an additional pH-sensitive linker (azidomethyl-methylmaleic anhydride
(AzZMMMan)) for subsequent coupling of the protein to a nanocarrier device®***. In our experiments the
nIsGFP construct was either microinjected into the cytoplasm of HeLa cells or applied extracellularly to
the cell medium. Imaging of single cells by spinning disk confocal microscopy revealed that the
fluorescent protein showed relatively low cell affinity and was retained at the plasma membrane or in
endosomes after extracellular application; no fluorescent signal was detected in the cytoplasm or the
nucleus (Fig. 7.3 A). In contrast, injection into the cytoplasm resulted in fast accumulation of the
fluorescent protein inside the nucleus (Fig. 7.3 B). This result demonstrates that nls-equipped proteins
can be efficiently transported to the nucleus after release to the cytoplasm. Furthermore, our results
indicate that the attached linker does not disturb the nuclear import process of the protein and can be

applied for the bioreducible coupling of biomedical substances to nanocatrriers.
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A extracellular application B microinjection

Figure 7.3 NLS-mediated protein import after cytoplasmic exposure. A NLS-GFP construct was placed either
in the cell medium (A) or microinjected directly into the cytoplasm of HelLa cells (B). Detection of the GFP signal
by spinning disk confocal microscopy revealed endosomal or membrane retention of GFP after extracellular
exposure, whereas microinjected GFP was efficiently transported to the nucleus.

7.2.3 Discussion

Our first experiments with a model protein construct demonstrate that microinjection is a powerful tool
to dissect the nuclear import characteristics of biomedical substances. The combination of
microinjection and highly-sensitive fluorescence imaging may provide interesting data on the
cytoplasmic fate and the kinetics of nuclear import of drugs and nucleic acids in the future. The gained
knowledge can help to improve the design of gene and drug delivery vectors to achieve e.g. more
efficient decondensation inside the cell or improved interaction with the nuclear import machinery. Also
cytoplasmic interaction of microRNAs or siRNAs with selective cytoplasmic molecules, e.g. ribosomes

or the RISC complex might be elucidated with the help of microinjection.
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8 Conclusion

The results from this thesis clearly demonstrate that rational design of “intelligent” gene nanocarriers
can be used to overcome the multiple cellular barriers for gene delivery. We show that the
implementation of targeting ligands in combination with PEG shielding can be applied to mediate
enhanced uptake of nanocarriers into diseased cancer cells. By selecting between different ligand
molecules the signaling activation inside the cell as well as the uptake kinetics of the particle can be
modulated. We also reveal the high potential of bioresponsive elements, such as enzyme-cleavable
linkers for intracellular drug release, redox-sensitive linkers for intracellular particle deshielding or pH-
sensitive histidines for endosomal destabilization. However, next to rational design additional fine-
tuning of the polymers in cell-based assays is required to balance benefits and drawbacks of each
modification. We show that it is not easy to predict from theory the best polymer composition for
efficient nucleic acid complexation but low toxicity, the exact PEG linker length for sufficient shielding
but high transfection as well as the optimum ligand concentration for efficient uptake but affordable
synthesis; however these parameters can be experimentally determined.

Live-cell imaging is a powerful tool to support both, the identification and confirmation of novel
concepts for rational gene delivery as well as the improvement of existing nanocarriers. This thesis
was performed in close collaboration and with constant feedback from research groups with chemical
and pharmaceutical expertise. This interdisciplinary approach is of great importance for the design of
safe and effective gene vectors in the future with cheap, reproducible synthesis and excellent in vivo
pharmacokinetics. Single cell imaging can provide valuable mechanistical insights into the cellular
processing of gene vectors with different functionalities. In the future highly-sensitive fluorescence
microscopy may also serve as tool to study the interaction of nanocarriers in more complex systems,

such as artificial blood vessels or three-dimensional tissues.

111



112



9 Experimental Methods

9.1 Particle preparation

All gene vectors used throughout this thesis were formed by self-assembly from plasmid DNA
(equipped with fluorescent-dyes for imaging experiments) and cationic polymers with different
functionalities. Polymers were synthetized, purified and characterized by our collaboration partners.
Particle assembly was performed, in general, shortly before the experiments in our laboratory. The
production of the different polymer-based gene vectors that were studied in this work will be described

in the following.

9.1.1 DNA labeling

Plasmid DNA encoding for Luciferase under the CMV promoter (pCMV-Luc, size=6400 bp) was
covalently labeled with Cy5 and Cy3 by the Label IT Nucleic Acid Labeling Kit (Mirus, Madison, WI)
according to the manufacturer's protocol. The DNA was purified by precipitation with sodium acetate
(0.3 M) in ethanol at -80°C overnight. By centrifugation in a refrigerated microcentrifuge at full speed,
the DNA was pelleted. The pellet was washed several times with sterile water followed by
centrifugation. The purified DNA was resolved in sterile water and stored at -20°C. The concentration
of the DNA and the labeling degree was determined in a Nanodrop spectrometer (Thermo Scientific,
Wilmington, USA).

9.1.2 Integrin-targeted polyplex micelles with different PEG lengths

Polymer synthesis

Cyclo[RGDfK (CX-)] (c(RGDfK)) peptide (X=6-aminocaproic acid: e-Acp) was purchased from Peptide
Institute (Osaka, Japan). Thiolated block copolymers, poly(ethylene glycol)-block-poly(L-lysine-SH)
(= PEG-p(Lys-SH)) for RGD(-) micelles and c(RGDfK)-poly(ethylene glycol)-block-poly(L-lysine-SH)
(= c(RGDfK)-PEG-p(Lys-SH)) for RGD(+) micelles, were synthesized as previously reported®®" %,
The block copolymers used for the formation of PEG17 micelles consisted of a 17000 g/mol PEG, a
polylysine segment with a polymerization degree of 73 and a thiolation degree of 15 %. Block
copolymers of PEG12 micelles were equipped with a 12000 g/mol PEG and a thiolation degree of

11 %. The number of repeated lysine units and thiolation degree in PEG-p(Lys-SH)s were determined
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from the peak intensity ratio of the assigned protons to PEG protons in 1H NMR spectra, according to

a previous publication®®

. In detalil, the lysine unit was calculated from the peak intensity ratio of beta-
gamma-delta methylene protons in lysine to methylene protons in PEG. Also, the thiolation degree
was calculated from the peak intensity ratio of methylene protons in 3-mercaptopropyonyl moiety to
methylene protons in PEG. The narrow molecular weight distribution (Mw/Mn~1.12) of the synthesized
polymers was confirmed by gel permeation chromatography.

Micelle assembly:

Micelles were generated as reported in 2®* ?®°_ Briefly, plasmid DNA was ion complexed with thiolated
block copolymers (PEG-p(Lys-SH) for RGD(-) micelles or c(RGDfK)-p(Lys-SH) for RGD(+) micelles) at
a molar N:P ratio of 2:1 (nitrogen in lysine to phosphate in DNA) in 10 mM Tris-HCI buffer (pH 7.4)
supplemented with 10 % volume of 100 mM DTT. Disulfide linkages were formed during dialysis of
micelles against 10 mM Tris-HCI buffer. As determined by Eliman’s method, more than 90 % of thiol
groups were converted to disulfide linkages. Cumulant diameters analyzed by light scattering (Nano
SZ zetasizer, ZEN3600, Malvern Instruments, Worcestershire, UK)) were approximately 112 nm for
PEG12 micelles and 104 nm for PEG17 micelles. Zeta-Potentials measured in 10 mM Tris-HCI, pH 7.4
by laser Doppler electrophoresis using Nano ZS with a He-Ne laser (633 nm) were approximately +1.5
mV for PEG12 and +0.5 mV for PEG17 micelles.

9.1.3 Reversibly shielded PDMAEMA polyplexes

Polymer synthesis

PDMAEMA-SS-PEG-SS-PDMAEMA triblock copolymers were prepared in four steps’. Briefly,
poly(ethylene glycol) (HO-PEG-OH, 6 kDa, Alfa Aesar) was activated by addition of p-Nitrobenzyl
chloroformate (NPC). The resulting NPC-PEG-NPC was mixed with cysteamine-2HCI and
triethylamine (Et3N) to achieve Cys-PEG-Cys. Next, a solution of 4-cyanopentanoic acid
dithionaphthalenoate (CPADN) and N-hydroxysuccinimide (NHS) was reacted with dicyclohexyl
carbodiimide (DCC) to yield NHS-CPADN. Cys-PEG-Cys and NHS-CPADN were mixed to achieve
CPADN-SS-PEG-SS-CPADN. For polymerization of the PDMAEMA-SS-PEG-SS-PDMAEMA
copolymer, CPADN-SS-PEG-SS-CPADN was incubated with 2-N,N-Dimethylaminoethyl methacrylate
(DMAEMA, Alfa Aesar), AIBN and THF.

The non-reducible PDMAEMA-b-PDMAEMA polymer was synthetized in two steps: HO-PEG-OH was
reacted with CPADN and DCC to yield CPADN-PEG-CPADN, followed by polymerization with
DMAEMA, AIBN and THF.

Polymer characterization was performed by 1H-NMR spectra and gel permeation chromatography.
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Polyplex assembly

The polyplexes were prepared by mixing a HEPES buffer solution (20 mM, pH 7.4) of triblock
copolymer to a HEPES buffer solution of plasmid DNA (37.5 pyg/mL) at a molar N:P ratio of 12:1. The
dispersions were incubated at room temperature for 30 min before cell experiments were carried out.
For particle characterization the &-potentials and hydrodynamic diameters of polyplexes in HEPES
buffer (20 mM, pH 7.4) were determined at 25 °C using a Zetasizer Nano ZS instrument (Malvern)
equipped with a standard capillary electrophoresis cell and dynamic light scattering (DLS, 10 mW

He—-Ne laser, 633 nm wavelength).

9.1.4 Receptor-targeted PEG-PEI polyplexes

Ligand-equipped PEG-PEI polyplexes for EGF receptor targeting, transferrin receptor targeting,
integrin targeting and dual receptor targeting were prepared using the same strategy:

Polymer synthesis

Targeted polymers (EGF-PEG-PEI, GE11-PEG-PEI, B6-PEG-PEI) and untargeted polymers (OPSS
(orthopyridyl-dithio)-PEG-PEI or Cys-PEG-PEI) contained a 2 kDa polyethylene glycol (PEG) linker
conjugated to 22 kDa linear polyethylenimine (PEI) and were synthesized as described recently 34 38,
Briefly, linear PEI with an average molecular weight of 22 kDa was synthetized according to Brissault
et al.>®
OPSS-PEG-NHS spacer (Ortho-Pyridyldithio (OPSS)-polyethylene glycol (PEG(2kDa)) -N-

Hydroxylsuccinimide ester, Nektar, San Carlos, USA) to gain OPSS-PEG-PEI. Targeting ligands were

and purified by gel filtration. The linear PEI was then incubated for 20 hours with a surplus of

activated by reaction with SPDP (N-succinimidyl 6-(3-(2-pyridyldithio)-propionate) resulting in ligand-
PDP (ligand-(2-pyridyldithio) propionate). Reduction in DTT (dithiothreitol) was then performed to gain
thiolated Ligand-SH. Thiolated ligands were reacted with OPSS-PEG-PEI followed by gel filtration to
yield the targeted polymers ligand-PEG-PEI. RGD-equipped polymers were synthetized analogously
but contained branching PEI (bPEI 25 kDa, Sigma, Germany) and 3.4 kDa PEG. The B6 peptide (Ac-
CGHKAKGPRKNHZ2, 1122 Da) and the RGD peptide (H-BA-C1DC2RGDC3FC4-NH2, C1C4/C2C3-
bicyclo, 955 Da) were obtained from IRIS Biotech (Marktredwitz, Germany), recombinant 6 kDa
murine EGF from Prepro Tech EC (London, UK) and GE11 (CYHWYGYTPQNVI) from Biosyntan
(Berlin, Germany).

Particle assembly

Prior to each experiment, polyplexes were generated freshly in HEPES buffered glucose (HBG, 20
mM HEPES pH 7.1, 5 % glucose w/v) at a molar N:P ratio of 6:1 (nitrogen in LPEI to phosphate in
pDNA) and a final pDNA concentration of 20 pg/ml (20 % of labeled DNA were mixed with 80 %
unlabeled DNA). For the formation of EGF polyplexes 10 % of EGF-PEG-PEI was mixed with 90 %
untargeted OPSS-PEG-PEI, for GE11 polyplexes 100 % GE11-PEG-PEI was applied. For B6-PEG-
PEI, RGD-PEG-PEI and dual-targeted polyplexes, a series of particles with 5 to 100 % targeted
polymer were prepared. Light scattering (Zetasizer 3000 HS, Malvern Instruments, Worcestershire,
UK) revealed cumulant diameters in a range of 90 to 120 nm in HBG buffer of the formed

polyplexes*.

115



9. EXPERIMENTAL METHODS

9.1.5 Dendrimer hybrids for gene and drug delivery

Dendrimer synthesis

The 4-arm-PEG-G4 dendrimer hybrid was prepared in four steps. In step one, a tetra-amine PEG (10
kDa, Laysan Bio) was incubated with glycidyl propargyl ether (Santa Cruz Biotechnology) in MeOH to
give the tetraalkyne dendrimer 4-arm-PEG-G1, which was precipitated into ether and collected by
filtration. In step two, the product was mixed with cysteamine hydrochloride and DMPA (2,2-
dimethoxy-2-phenylacetophenone, Sigma Aldrich) under UV-light in MeOH to give dendrimer 4-arm-
PEG-G2. The solution was dialyzed and freeze dried. In a third step, glycidyl propargyl ether and
DIPEA (N,N-diisopropylethylamine, TCI America) were added to give dendrimer 4-arm PEG G3, which
was again purified by precipitation and filtration. In step four, cysteamine hydrochloride and DMPA
were added to achieve the final 4-arm-PEG-G4.

The 2-arm-PEG—-G4 dendrimer was prepared analogously with 10 kDa bis-amine PEG as starting

material (for details see®’

). For internal coumarin loading, functionalization of the internal hydroxyl
groups was performed at the terminal alkyne stage of the synthesis (2-arm-PEG-G3) by esterification
with an excess of 7-(diethylamino)-coumarin-3-carbonyl chloride. The internally functionalized
derivative, was dialyzed to remove excess coumarin, followed by thermal thiol-yne coupling with
cysteamine hydrochloride in the presence of AIBN to give the hybrid dendritic structure (2-arm-PEG-
G4-(coumarin),g). For fluorescent dye-labeling, dendrimers were conjugated with Alexa647
fluorophores. Conjugation has been carried out via amide bond between the primary amine of the
dendrimer and the N-hydroxysuccinimide activated carboxyl of the fluorophores.
Particle formation

Dendriplexes were generated by incubating DNA (Cy5-labeled pCMVLuc for single particle imaging
experiments, unlabeled peGFPNuc for gene expression) with different dendrimers at N:P=4:1 for
30 minutes at room temperature in HBG buffer (20 mM Hepes pH 7.1, 5 % glucose w/v). DNA binding
by the dendrimers was monitored by an ethidium bromide intercalation assay. Therefore, ethidium
bromide (1 pg/ml) and DNA (3 pug/ml) were dissolved in 0.05 mol/l Tris—HCI buffer with 50 mmol/l NaCl
(pH = 7.4). The fluorescence spectra of ethidium bromide (EB) in the presence of DNA before and
after addition of dendrimers were taken with a Cary Eclipse fluorimeter. EB was excited at 477 nm and
the emission spectra were recorded from 490 to 850 nm. A sample of EB with dendrimer was studied

to check that no interaction of the macromolecule with the dye occurred.
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9.1.6 Sequence defined STP Polymers from solid phase synthesis

Polymer synthesis

Sequence defined polymers with succinoyl tetraethylene pentamine (STP) building blocks were
synthesized manually by Ulrich Lachelt (group of Prof. Wagner, LMU) under standard Fmoc solid
phase peptide synthesis conditions using syringe microreactors as described recentlysss. Coupling of
STP building blocks, PEG or aminoacids (histidines as endosomal escape agent, lysines as branching
points, cyteines as stabilization units, alanines as non-functional substitutions) was carried out by
using Fmoc protected versions of them. Deprotection was performed by incubation with piperidine.
After each coupling and deprotection step a washing procedure was performed. As targeting ligands,
B6 peptides (sequence: GHKAKGPRK), CMBP peptides, or 6kDa recombinant EGF were used.

All polymers were purified by size exclusion chromatography.

For calcein release assays receptor-targeted, PEGylated polymers with two-arm topology were used
(B6-His = KRPGKAKHG-(dPEG24)2-AK[A-(STP-A)4-C]2 , B6-Ala = KRPGKAKHG-(dPEG24)2-HK[H-
(STP-H)4-C]2). EGF-STP polyplexes were synthetized analogously, with some modifications. By solid-
phase synthesis an untargeted construct with an activatable linker was produced that subsequently
was coupled to EGF in solution resulting in EGF-PEG-STP= EGF-Triazol-PEG24-K(STP4-C)2.
Particle assembly

Prior to each experiment, STP polyplexes were generated freshly from frozen polymer stock and DNA
stock. Mixing of polymer and DNA at a molar N:P ratio of 12:1 in HEPES buffered glucose (HBG, 20
mM HEPES pH 7.1, 5 % glucose w/v) was performed on ice with a final pDNA concentration of 20
pg/ml (20 % of labeled DNA were mixed with 80 % unlabeled DNA), followed by incubation for 40

minutes at room temperature.
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9.2 Cell culture

HelLa (cervical cancer cells), HuH7 (human hepatocellular carcinoma cells) and DU145 cells (human
prostate cancer cells) were grown at 37 °C in 5 % CO, humidified atmosphere.

HeLa cells were cultivated in Dulbecco’s modified Eagle medium (DMEM) (Gibco®, Invitrogen™ ™,
Karlsruhe, Germany) supplemented with 10 % fetal bovine serum (FBS, Gibco®). Wild-type HuH7
cells (JCRB 0403, Tokyo, Japan), Rab9-GFP expressing HuH7 cells and Caveolin-GFP expressing
HuH7 cells (plasmid Cavl-eGFP was kindly provided by Ari Helenius, ETH Zurich; stably transfected
cells were prepared by Dr. Nadia Ruthardt) were cultivated in DMEM/F12 (Gibco®) with 10 % FBS.
Before seeding of HuH7 cells, FBS was replaced by B27 supplement (Gibco®). DU145 cells were
grown in RPMI 1640 medium (with glutamine, Gibco®) supplemented with 10% FBS. For live-cell
imaging, cells were seeded at a density of 1.0x10* - 2.0x10* per well into a collagen coated 8 well-
chambered Lab-Tek slide (Nunc, Rochester, NY) or 8-well chambered ibiTreat p-Slides (lbidi GmbH,
Munich) 24-48 hours before particle addition. Ibidi Luer p-slides 14 (Ibidi GmbH, Martinsried,
Germany) treated with collagen A suspension (Biochrom AG) were used for experiments under flow.
4.0x10° cells were seeded per channel 48 hours before imaging. Cells were imaged in CO,-

independent medium (Invitrogen) supplemented with FBS on a heated microscope stage at 37 °C.

9.3 Single-cell imaging

9.3.1 Particle addition

For cell experiments, particles can either be diluted in cell medium followed by slow sedimentation and
attachment of particles over time, or pipetted in a small volume on top of the cells to achieve
immediate contact of particles with cells. For imaging experiments with a defined starting point (uptake
kinetics, quantification of uptake efficiencies), we applied the second method; the cell medium was
removed down to a thin fluid film followed by addition of suspended particles (volume 3-5 pl). One
minute post particle addition the removed medium was resupplied.

For experiments that should be performed analogue to bulk reporter gene expression experiments,
larger volumes (100-400 pl) were applied. For each set of experiments standardized concentrations of
DNA, incorporated into polyplexes, were applied.

RGD polyplex micelles (chapter 4.1): low dose = 5 ng of DNA per well in 3 pl volume (8-well slide), in
case of colocalization 2.5 ng DNA per micelles type, high dose = 264 ng DNA per well in 100 pl
volume, for colocalization 132 ng per micelle type; PDMAEMA polyplex (chapter 4.2): 210 ng per well
in 110 pl volume, medium exchange after 5 hours, EGFR-targeted PEI polyplexes (chapter 5.1): 60 ng
DNA per well for widefield microscopy, 120 ng per well for spinning disk microscopy (3 and 6 pl
volume); B6- and RGD PEI polyplexes (chapter 5.2): 80 ng DNA per well (4 pl volume); dendriplexes
(chapter 6.1 and 6.2): 400 ng DNA per well in 240 pl, medium exchange after 5 hours; STP polyplexes
(chapter 6.3); 60 ng of DNA in 200 pl, STP His polyplexes (chapter 7.1);: 400 ng DNA in 200 pl

medium.
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9.3.2 Particle quenching

Fluorescence of Cy3-labeled ligand-PEG-PEI polyplexes (40 ng of DNA per well, added at defined
starting point) was quenched at the indicating time-points by resuspending 2 pl of 0.4 % trypan blue
solution (Sigma-Aldrich, Germany) into 350 pl medium of the observation chamber during image
acquisition at the widefield microscope (frame rate 500 ms). As trypan blue is membrane impermeable
only extracellular particles are quenched. To determine the internalization degree (= number of
detected particles after quenching / number of detected particles before quenching), fluorescent
polyplexes were counted with a custom-designed analysis software written in Matlab and Labview
using an intensity threshold criterion and a defined size restriction. Prior to the analysis, the quenching
behavior of particles in cell-free slides was examined and the concentration of trypan blue was
adjusted to confirm successful fluorescence quenching and low increase of background fluorescence
after trypan blue addition. These control measurements were also used to determine the parameters
(intensity threshold and particle size) for the particle counting software. For quenching of Cy3-labeled

RGD-equipped polyplex micelles, 3 pl of trypan blue was added to 400 pl cell medium.

9.3.3 Markers of cellular compartments

As a marker for clathrin-mediated endocytosis, 2.5 pg/ml Alexa 488-labeled transferrin (Invitrogen,
Karlsruhe, Germany) was coincubated with Cy5-labeled particles. Control experiments excluded direct
interactions of transferrin and particles in the cell medium.

For detection of caveolin-mediated endocytosis, particles were incubated on stable caveolin-GFP
expressing cells. Alternatively, caveolin-dependent endocytosis was imaged by addition of BodipyFL
Lactosylceramide (Sigma-Aldrich, Germany) to cells.

Stable Rab9-GFP expressing cells were applied to detect transport into late endosomal
compartments.

To stain the plasma membrane of cells, 2.5 pg/ml Wheat Germ Agglutinin (WGA)-AlexaFluor488

conjugate (Invitrogen, Karlsruhe, Germany) was added prior to imaging.

9.3.4 Dead cell staining

A trypan blue assay was used for dead cell staining. Trypan blue (Sigma-Aldrich, Germany) is a
commonly used dye that is membrane impermeable and therefore does not pass the membrane of
viable cells. Control cells were treated with cytotoxic ethanol (25% vol in cell medium). Trypan blue
treated cells (2 pl of 0,4% trypan blue solution added to 400 yl medium), were imaged by widefield
microscopy with 633 nm laser excitation shortly after trypan blue addition.
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9.3.5 Inhibition of endocytic pathways

For inhibition of clathrin-mediated endocytosis, cells were preincubated with 10 pg/ml chlorpromazine
(Sigma-Aldrich, Germany) in CO,-independent medium supplemented with FBS for 30 minutes. RGD-
equipped polyplex micelles were then added in the presence of chlorpromazine at a DNA
concentration of 264 ng, together with 2.5 pg/ml Alexa Fluor 488 transferrin (Invitrogen) as a positive
marker for clathrin inhibition. Treated cells were imaged 2-3 hours post micelle addition by spinning
disk confocal microscopy. Cell medium was changed to fresh, chlorpromazine containing medium
before imaging to reduce background fluorescence by non-internalized fluorophores. To prove the
membrane integrity of cells in the presence chlorpromazine, a trypan blue exclusion assay was
performed with cells treated with 10 pug/ml chlorpromazine for 4 hours. To prove functional caveolin-
dependent endocytosis in chlorpromazine treated cells, control cells were coincubated with 0.8 uM
Bodipy FL lactosylceramide (Invitrogen) and 2.5 pg/ml Alexa Fluor 633 transferrin (Invitrogen) for 2.5

hours, before imaging with spinning disk confocal microscopy using alternating laser excitation.

9.3.6 Receptor signaling assays

For inhibition of EGFR phosphorylation, serum containing cell medium was replaced by serum-free
DMEM/F12, 16-18 hours before polyplex application. One hour before polyplex addition, cells were
treated with 10 pM Tyrphostin AG1478 hydrochloride (N-(3-Chlorophenyl)-6,7-dimethoxy-4-
quinazolinanine hydrochloride, storage of stock solution 10 mM in DMSO), (Tocris Biosciences, Bristol
UK), diluted in serum-free CO,-independent medium with 0.2 % BSA. Reference cells were kept in
serum-free medium without inhibitor treatment. Control experiments confirmed that polyplex
internalization was not affected by DMSO at the applied concentration. To evaluate the influence of
serum starvation, experiments were additionally performed with non-starved cells in the presence of
10 % FBS. We also used Erlotinib Hydrochloride for inhibition of EGFR expression, but some cells

showed resistance to the drug.

9.3.7 Fixation of cells

To stop particle endocytosis at a defined point of time for subsequent quantification of the
internalization degree, cells were fixed with paraformaldehyde (Electron Microscopy Sciences,
Hatfield) in PBS. Cells were washed once in phosphate buffered saline buffer (PBS, Invitrogen) before

addition of 4 % paraformaldehyde for 15 minutes. After fixation cells were kept in PBS.

9.3.8 Calcein Release Assay

For calcein release assay with B6-PEG-STP polyplexes, 10.000 DU145 cells per well were seeded on
Ibidi p-slides (Ibidi GmbH, Planegg/Martinsried, Germany) 48 hours prior to particle addition. 20 ul of
polyplexes (400 ng DNA, N/P 16) were coincubated with 0.5 mg/ml calcein in 200 pl RPMI medium
containing 10 % FCS for 3.5 hours on the cells. Afterwards cells were washed 4 times with PBS, and

medium was replaced with 300 pl CO,-independent medium containing 10% FBS. Z-slices of single
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cells were imaged by spinning disk confocal microscopy with 488 nm laser excitation.

For CMPB-PEG-STP polyplexes, 400 ng DNA (N:P=12:1) were added to 200 ul fresh RPMI medium
on DU145 cells. 40 minutes post particle addition the cell medium was removed and replaced by 300
ul fresh RPMI medium containing 0.5 mg/ml calcein. 20 hours post particle addition; cells were imaged
with 488 nm laser excitation (calcein signal) after 2 washing steps with PBS in COj-independent
medium containing 10% FCS by spinning disk confocal microscopy and z-projections of single cells
were built.

To quantify the calcein signal in the cytoplasm, a lower threshold 1 was set to exclude background
signal and a higher threshold 2 was set to exclude the calcein signal from endosomes. For selected
pixels above threshold 1 and below threshold 2, the mean fluorescence intensity as well as the total

integrated density (= mean fluorescence intensity of pixels x pixel area) was determined.

9.3.9 GFPnuc expression

To evaluate the transfection potential of dendriplexes, cells were seeded in 8-well chambered ibiTreat
p-Slides (lIbidi GmbH, Munich) and transfected with 400 ng peGFPnuc plasmid complexes by 4-arm
and 2-arm PEG dendrimer hybrids. 5 hours post particle addition, medium was exchanged. GFPNuc
expression was detected after 40 hours of incubation by widefield microscopy with a 10x or 20x
objective. The total fluorescence signal per field of view was calculated in ImageJ by summing all pixel

intensities above a set intensity threshold.

9.4 Bulk cell assays

9.4.1 Flow cytometry

Flow cytometry was applied by our collaboration partners to quantify cell-associated and internalized
particles in a large number of cells. Therefore the cells of interest were plated into 24-well slides.
Labeled particles were applied at a DNA concentration of 1 pug per well and incubated for the indicated
time period (24 hours for RGD-polyplex micelles). Afterwards, cells were washed in PBS. To remove
extracellular polyplexes, the washing buffer contained 100 I.U. of heparin in some experiments. Next,
cells were detached with trypsin-EDTA solution and suspended in PBS. The fluorescence intensity
from suspended cells was measured in a flow cytometer (BD LSR Il flow cytometer, BD Biosciences
for RGD micelles). DAPI (4',6-diamidino-2-phenylindole) was used to discriminate between viable and

dead cells.

9.4.2 Luciferase reporter gene expression

To determine the transfection efficiency of the different polyplex types studied in this thesis, our
collaboration partners performed standard luciferase reporter gene expression assays.

For the assay, the cells of interest were seeded on a multiwall plate 24 hours before particle addition.
Particles containing luciferase encoding plasmid DNA were added at defined DNA concentration and

121



9. EXPERIMENTAL METHODS

incubation time. Following this incubation period the luciferase gene expression was evaluated by a
Luciferase Assay Kit (Promega, Madison, WI) using photoluminescence detection in a plate reader
(Berthold Technologies, Milbach, Germany). Transfection efficiencies were expressed as relative light
units (RLU) per mg protein or per 10.000 cells. (For RGD+ polyplex micelles: 1 pg DNA per well in 24-
well slide, 48 hours incubation; for STP polyplexes: 200 ng DNA per well in 96-well slide, 24 hours
incubation (medium exchange after 40 minutes); for PDMAEMA polyplexes: 1 ug DNA per well in 12-

well plate, 48 hours incubation.

9.4.3 Western Blotting

Western Blotting was performed to detect EGF receptor phosphorylation after polyplex binding to cells.
For the assay, HuH7 cells were seeded at a density of 2x10° in 6 well plates. The next day, medium
was replaced by 2 ml of fresh medium containing 100 plI of polyplexes, equivalent to 2 pg of DNA. As
positive control, cells were treated with 108 pmol of free EGF; untreated cells were used as negative
control. After 45 minutes of incubation at 37 °C, cells were washed with PBS followed by addition of
100 ul lysis buffer (Promega) supplemented with protease inhibitor cocktail (Roche, Germany) and
phosphatase inhibitor cocktail 1+11 (Sigma-Aldrich, Germany). Cells were harvested with a cell scraper
and incubated in lysis buffer for further 20 minutes on ice. Cell debris was removed by centrifugation
for 15 minutes at 13.000 rpm and 4 °C. 40 pg of soluble protein (determined by Bradford assay) was
separated by polyacrylamide gel electrophoresis and blotted onto a polyvinylidene fluoride membrane.
Unspecific binding sites were blocked by incubation with 5% non-fat milk for one hour.
Immunostaining was performed over night at 4 °C with monoclonal mouse anti-phospho-ERK (dilution
1:2000) and polyclonal rabbit anti-ERK antibodies (dilution 1:5000) (New England Biolabs, Beverly,
MA, USA). Horse radish peroxidase conjugated secondary anti-mouse and anti-rabbit antibodies
(Vector Labs, Burlingame, CA, USA) chemiluminescence detection kit (ECL, Amersham, Arlington

Heights, IL, USA) were used for visualization.

9.5 Microscopical setup

9.5.1 Wide-field fluorescence microscopy

Wide-field fluorescence microscopy was performed at the indicated time-points on a custom built
setup based on the Nikon Ti microscope equipped with a Plan Apo 60x, 1.49 NA oil immersion
objective and a heated microscope stage (37°C). Cy3- and Cy5-labeled particles were excited with
532 nm and 633 nm laser light, GFP with 488 nm laser light (300 or 500 ms per frame). For dual color
imaging, alternating excitation was used. Fluorescence was collected in epifluorescence mode, split
into two emission channels by a dichroic mirror (565 DCXR, Chroma) and passed through filter sets
(Cy3 or GFP and 725/150, semrock). The green and red emission channels were projected onto two
EMCCD cameras (DU-897 iXon+, Andor) with an image size of 61 um x 61 um for the 60x objective.
Laser powers were optimized for each sample to receive maximum signal to noise ratio and low
autofluorescence background. Overlay images were post-processed with Imaged. To control the

viability of cells, transmission light images of the treated cells were recorded.
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The region of the nucleus and the plasma membrane were identified in the transmission light images

and transferred to the fluorescence overlay images.

9.5.2 Spinning disk confocal microscopy

Spinning disk confocal microscopy was performed on a setup based on the Nikon TE2000E
microscope and the Yokogawa spinning disk unit CSU10. The system was equipped with a Nikon 1.49
NA 100x Plan Apo oil immersion objective. 488 nm laser light was applied for the excitation of GFP,
calcein, Alexa 488 and Atto 488 fluorophores, 640 nm laser light for the excitation of Cy5 |,
Atto 633and Alexa 647 fluorophores; coumarins were excited with 405 nm laser light. For two color
detection, alternating laser excitation was used with a frame rate of 300 to 500 ms per frame. Confocal
z-stacks of cells were imaged with a spacing of 166 nm between two planes. Fluorescence was split
into two emission channels by a dichroic mirror (565DCXR chroma) and passed through appropriate
filter sets (for 488 nm and 640 nm laser excitation: 525/50 and 730/140 filter, semrock). Image
sequences were captured with an EM-CCD camera (iXon DV884; Andor), image size = 31 um x 63

pm for each channel with 100x objective. Displayed images were post-processed with ImageJ.

9.6 Microfluidic setup

9.6.1 SAW system
The surface acoustic wave (SAW) driven microfluidic device used in the work was kindly provided by
the group of Prof. Wixforth from Augsburg University. In the device, a loop channel without external

fluid connections is equipped with an integrated acoustic micro pump3# 3%

. The acoustic micropump,
consisting of an interdigital transducer on a piezoelectric material, generates a surface acoustic wave
after excitation with a high frequency signal. When the wave enters the water-filled channel a
pressure-driven directed flow is induced (acoustic streaming effect). The loop channel with a volume
of 180 ul is embedded in a PDMS chamber (produced with an Elastomer Kit (SYLGARD 184 Silicon
Elastomer Kit, Dow Corning)) that is sealed with a coverglass. Before use, the PDMS chamber was
cleaned in 0.5 % Helmanex followed by sonication. Assembled chambers were treated by plasma
cleaning (20 kHz, 50 minutes; FEMTO, Diener) to enhance their stability. For cell seeding (2x10* cells
per channel) the chamber was coated with collagen. To study particle movements under flow,
tetraspeck Beads (FluoroSpheres, 0.17 um, deep red fluorescent), were pipetted directly into the

channel and the flow was generated under microscopical observation on the widefield microscope.

9.6.2 Syringe pump device

In the syringe pump microfluidic device, the flow is generated by an external engine driven syringe
pump that is connected to a linear microfluidic channel via external tubings. The device was set up by
Ellen Broda during her master’s thesis. It contains a medium filled reservoir that is heated to 37°C and
stirred continuously. For the measurements, polyplexes were added to the reservoir (20 pl polyplex

solution equivalent to 400 ng DNA were applied to 56 ml medium). By starting the engine of the pump
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(PHD 2000 Programmable, Harvard Apparatus, Holliston, USA) the plunger of the mounted syringe
(Terumo, 10 ml or 60 ml) mechanically drives backwards and the fluid from the reservoir is flushed
trough flexible tubes (Tygon, 1.6 mm diameter) into the microfluidic channels (Ibidi GmbH, Martinsried,
Germany) generating a continuous flow. Flow chambers were coated with collagen or with cells. All
compartments, syringe, flexible tubes, flow chamber and reservoir were filled with fluid prior to the
experiments and were carefully assembled to prevent the formation of air bubbles in the system. A
constant flow rate of 2 ml/min was applied in our experiments. Polyplex adhesion under flow was
detected over 30 minutes by widefield microscopy with 633 nm laser excitation. To image the total
amount of particles on a cell, the focus was adjusted manually along the z-axis during image
acquisition from the top to the bottom of the cell. Subsequently z-projections of the obtained image
sequences were built in ImageJ and particles were counted by custom-build software provided by Dr.
Volodymyr Kydryavtsev, using a size-restriction of counted particles and an intensity threshold for
particle identification. To compare different polyplex types with variable number of formed particles in
solution, an external control was applied. For the control, a defined volume of polyplex suspension
was pipetted into a collagen coated well (0.8 cm?) filled with 200 pl cell medium. After a set time-
interval, sedimented particles on the collagen surface were detected, and the counted number from 10
pictures was averaged as control number. According to the calculated control number, the humber of
detected particles counted in the flow chamber was normalized. For cell measurements, only particles
on top of the cell and not on the coverglass were counted and the number of particles was additionally
normalized to the region of the cell.

9.7 Micromanipulator for cytoplasmic injection

For microinjection of proteins into the cytoplasm we used a commercially available InjectMan® NI
micromanipulator (Eppendorf, Hamburg, Germany) equipped with a Femtojet® microinjector
(Eppendorf). Samples were centrifugated at full speed in a microcentrifuge to remove aggregates and
the supernatant was loaded into sterile femtotips (Eppendorf, Hamburg, Germany). Microinjection was
performed according to the manufacturer’s protocol with an injection pressure of p; = 150 hPa and an
injection time t=0.7 s. The microinjector was set-up on the confocal spinning disk microscope, for
phase contrast imaging of cells during microinjection a long working distance condenser and a 20 x
and 40x dry objective were used. To relocate injected cells after exchange of the objective to higher
magnification (100 x, oil immersion objective) for fluorescence imaging, cells were seeded on a 35 mm

p-dish with an integrated grid (Ibidi, Martinsried, Germany).

124



9. EXPERIMENTAL METHODS

9.8 Data analysis

9.8.1 Image calibration and editing

To allow the comparison of signals from two emission channels, the channels need to be geometrically
calibrated. Therefore, a reference image of Tetraspeck microspheres (fluorescent blue-green-orange-
darkred, Invitrogen) spin-coated on a cover-glass was recorded for each set of experiments. A
program which allows the calibration of one channel with respect to another was written in Labview
and Matlab by Dr. Volodymyr Kydryavtsev. In the program, corresponding particles in each channel
are selected and a transformation matrix is determined to correct linear and non-linear distortions of
the channels.

For the processing of obtained raw images and movies (cutting images, overlay of images, selection of
slices, thresholding, background subtraction, histogram analysis, formation of time-projections or z-
projections, color coding, introduction of scale bars) the freely available ImageJ software was used.
The ImageJ software was further applied to quantify the mean fluorescence intensity and total

integrated density of particles or regions of interest above or below a set intensity threshold.

9.8.2 Particle counting

To count the number of particles on cells (e.g. in adhesion experiments under flow or quenching
experiments) the software program “Count Colocalized Particles” written by Dr. Volodymyr
Kudryavtsev was used.

Particles were identified by the following criteria: an intensity threshold that is adjusted dynamically,
the particle size and the minimum distance between two neighbored particles to exclude aggregates.
The dynamic intensity threshold was calculated for each image based on the intensity of each pixel in
the image: A Gaussian fit of the pixel intensity distribution was performed, the center of the Gaussian
fit lcenter @and the width of the distribution o were determined. The corresponding threshold was given

by threshold = lcener + N- O.

9.8.3 Particle tracking

To track particles in the microfluidic channel, the Manual Tracker Plugin from Image J was applied.
During tracking the center of the particle has to be selected manually in each frame. The plugin then
searches in a defined radius around the selected spot for the brightest pixel to improve the centering

and calculates the particle velocity for each step.
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9.8.3 Colocalization analysis

For the quantification of the colocalization degree in the recorded movies, the green and the red
channel were geometrically calibrated according to control measurements with 0.17 um tetraspeck
beads (Invitrogen, Karlsruhe, Germany). To enhance the signal to noise ratio in the images, median
background subtraction was performed in ImageJ. (In case of colocalization of RGD(+) and RGD(-)
polyplex micelles, widefield images were analyzed, in case of colocalization of PDMAEMA polyplexes
with Rab9 GFP confocal z-projections (maximum intensity) were evaluated). Fluorescent spots were
counted in both channels with custom-built software, written in Labview and Matlab by Dr. Volodymyr
Kudryavtsev, using an intensity threshold criterion and a defined size restriction. Fluorescent spots
were determined as colocalized in case the mean fluorescence intensities in both fluorescent channels
were above the defined threshold. Optimized parameters were kept constant for all evaluated images.
To calculate the degree of colocalization, the number of colocalized spots was divided by the total
number of spots in the reference channel. For the histogram, the mean value of all analyzed cells was

calculated. P-values were determined by Student’s t-test.

9.8.4 Nano_In_Cell_3D

To quantify the degree of internalized Cy5 polyplexes in treated cells, acquired confocal cross-sections
were evaluated using the custom-designed, semi-automated Imaged macro “Nano_In_Cell_3D”

published recently by Adriano Torrano and Dr. Julia Blechinger [http://imagejdocu.tudor.lu]®**®. On the

basis of the membrane staining with WGA-AlexaFluor488, a three-dimensional image of the cell is
reconstructed. For identification of the cell, the top and the bottom slide have to be selected in the
acquired stack. The macro then creates a three dimensional mask of the cell, which can be corrected
manually if required. In the following step, a background value and the threshold value for particles as
well as the width of the membrane region is entered for analysis. The macro then assigns whether
identified particles are inside or outside the cell or in the membrane region by overlying the membrane
and the particle images. By analyzing the integrated fluorescence intensity of particles/endosomes in

membrane region and inside the cell the uptake efficiency can be determined:

integrated fluorescence intensity in inracellular region

uptake efficiency =
b y integrated fluorescence intensity (membrane region+intracellular region)

In addition to the report from quantification, a color coded image stack of the cell is displayed by the

program.
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Appendix
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Figure Al. Reduced aggregation of polyplexes with GE1ll ligand. EGF receptor-targeted
polyplexes formed from Cy5-labeled plasmid DNA and 100 % GE11-equipped polymer (left image),
100 % EGF-equipped polymer (central image) or a mixture of 10 % EGF-equipped polymer and 90 %
untargeted polymer (right image) were spincoated on a coverglass and imaged by widefield
microscopy. Hydrophobicity of EGF induces particle aggregation at high ligand concentration.
Therefore polyplexes with 10 % EGF ligand were applied in our experiments.

30 minutes 20 hours
2-arm PEG + DNA 4-arm PEG + DNA 2-arm PEG + DNA 4-arm PEG + DNA

Figure A2. Integrity of dendriplexes confirmed by dual color imaging. Dendriplexes containing
Cy3-labeled DNA (green signal) and AF647-labeled dendrimer (red signal) were imaged by alternating
laser excitation after 30 minutes (left side) and 20 hours (right side) incubation on HelLa cells. Overlay
images of both fluorescence channels are presented (widefield images are shown for 30 minutes
incubation, whereas confocal images are depicted for 20 hour incubation). 4-arm PEG dendrimer
hybrids and 2-arm PEG dendrimer hybrids are compared. Colocalization of DNA and dendrimer
(yellow signal) reveals binding and internalization of intact dendriplexes. An excess of free dendrimer
is observed in the samples with high affinity to the coverglass. To visualize the cell morphology the
plasma membrane of cells was additionally stained in red after 20 hours of incubation.
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EGF STP polyplexes

Fresh polymer stock, assemblyon ice  HBG diluted stock, assembly at RT

Fig. A3. Effect of polymer handling on the formation of STP polyplexes. Small particles with
homogeneous size distribution are formed on ice when using fresh polymer solution (left image),
whereas aggregated particles are observed for HBG diluted polymer stock and incubation at room
temperature (right image).To prevent oxidation of cysteine equipped polymers prior to particle
complexation, the stock polymer should be diluted in water, stored at — 80 degrees and freeze-thawing
cycles should be avoided. Mixture of polymer and DNA should be performed on ice.

2.5h

Fig A4. Comparable cell binding and uptake of B6-PEG-STP polyplexes with histidine (B6 His,
left image) or alanine modification (B6 Ala, right image). Confocal images of single cells recorded
by spinning disk confocal microscopy immediately after particle addition (Oh) or after 2.5 hours of
incubation are presented. Homogenously sized particles attached to the cell surface with high affinity.
Both particle types were incorporated in intracellular compartments after 2.5 hours, as indicated by an
intensity increase of the detected spots, their central localization close to the cell nucleus and typical
intracellular motion (diffusion and directed transport) observed in the recorded movies.

128



APPENDIX

CMBP STP His

160000000

120000000

80000000

40000000

Calcein Fluorescence

4500 CMBP STP His CMBP STP Ala

Figure A5. Calcein Release assay with hepatocyte growth factor receptor-targeted STP
polyplexes. C-Met binding peptide (CMBP)-equipped polyplexes with (A) histidine as endosomal
escape agent (CMBP STP His) or with (B) alanine substitution (CMBP STP Ala) were coincubated
with 0.5 mg/ml calcein on transferrin receptor overexpressing DU145 cells. Calcein release from
endosomes was imaged with 488 nm laser excitation after 20 hours of incubation by spinning disk
confocal microscopy. Images of five representative cells are depicted, the fluorescence intensity is
color coded with orange and white regions exhibiting highest calcein fluorescence. (C) Calcein
fluorescence in the cytoplasm was quantified by digital image analysis. Mean values of all evaluated
cells are presented (N=20 cells), the standard error is depicted by error bars. A significant increase in
calcein release from endosomes is observed for the histidine analogue.
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