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1. Abstract

Gene therapy is currently a promising treatment for debilitating diseases that do not respond
to traditional treatments™. During gene therapy, foreign genetic material is introduced into
the hostoés cell in the expectation that mal func
The simplest approach to gene delivery systems is delivery of naked deoxyribonucleic acid
(DNA) or ribonucleic acid (RNA). The latter is gaining more interest as is does not involve
permanent changes™ ®. Transfer of naked genetic material into cells is inefficient, but can be
improved by encapsulating DNA or RNA into vehicles. Existing conventional vehicles are
divided into two major classes: viral and non-viral vectors. Even though the efficiency
improves significantly with these vectors, there are still major disadvantages such as
potential trigger of an immune response, serum inactivation and toxicity towards cells among
many others, which limit the applications of gene therapy. A suitable alternative to existing
vehicles has therefore become imperative. Artificial viruses can be used to improve
downsides of viral and non-viral vectors and deliver genetic material with high efficiency.
However, artificial viral coat proteins require controlled self-assembly on genetic material
without the formation of intra- or intermolecular bridging, random aggregates and irregular
sizes. All these key issues make it rather difficult to design artificial viral coat proteins® .
Nevertheless, Hernandez-Garcia and colleagues succeeded in the design of a minimalistic
viral coat protein, existing of three building blocks, that is capable of self-assembling on DNA
and mRNA forming virus like particles (VLPs)!% .

Here, we continue on previous projects and use the artificial protein C;SQ10Ky2 to form rod-
shaped VLPs in presence of mRNA encoding for enhanced green fluorescent protein
(eGFP). These VLPs were used for particle stabilization tests, transfections, cell viability
assays and haemolysis experiments. Findings show that VLPs protect mRNA against
enzymatic degradation induced by RNase A/T1 and transfect HelLa cells with an equal
activity as lipofectamine 2000. There was no cytotoxicity induced by VLPs towards HelLa
cells and only moderate haemolysis was observed. Unfortunately, VLP instability in presence
of serum was observed. These findings imply that VLPs of C,SQ10K1, are promising delivery
vehicles provided that the particle instability caused by serum will be improved to enable
applications for in vivo studies.
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2. Introduction

2.1 Gene therapy

Gene therapy is evolving rapidly and is subject of numerous studies™® as a therapeutic
strategy for a number of diseases that do not respond to conventional therapies™. During
gene therapy, nucleic acids are introdu c ed i nt o t Ioenduceotsetpfoductianeot |
therapeutic proteins from these cells. So a malfunctioning gene activity can be augmented by
replacement with genetic material encoding for correctly functioning protein. In addition, gene
therapy can also be used to interfere with the expression or hamper synthesis of targeted
proteins.

The simplest approach to gene delivery systems is transferring naked RNA or DNA into the
host. The latter is most commonly used, but RNA is lately gaining more interest’® ® 4, as only
temporary changes can be achieved with RNA. There are different forms of RNA that exert
potency for gene therapy, for example messenger RNA (mRNA), microRNA (miRNA) and
short interfering RNA (siRNA). The latter two trigger RNA interference (RNAIi), which
specifically responds to the presence of double stranded RNA (dsRNA) and degrades the
RNA into siRNA and thereby silences protein production'®.

Delivery of naked DNA or RNA is a convenient and cost effective method for gene therapy.
In spite of these advantages, delivery of naked genetic material into cells is inefficient due to
its large uncontrollable size and hydrophilic nature, resulting from negatively charged
phosphate groups. Moreover, presence of nucleases in the systemic circulation degrades
naked genetic material rapidly. Efficient transfection of genetic material can be achieved by
incorporating DNA or RNA in synthetic or biological vehicles.

A gene-delivery vehicle has to overcome various biological barriers (Figure 1). Besides
carrying the template and crossing the plasma membrane of target cells®®, the vehicle
should also protect the template from degradation by inter- and extracellular nucleases*
and present and facilitate migration of the template through the nucleus™™. Also replication of
the subjected gene should be ensured. All these matters make it rather difficult to gain
effective gene therapies for debilitating diseases, since the success of gene therapy is
largely dependent on the vector. The two major classes of existing gene-delivery vehicles,
non-viral and viral, will be further discussed.

2.2 Viral vectors

Different viral vectors have been the main conduits for gene delivery, from the onset of gene
therapy. Viruses exert high capacity to carry genetic material and to cross the cell
membrane®. It is therefore promising to introduce a foreign gene into a virus and deliver this
gene into target cells with high efficiency. Clinical trials have already demonstrated that these
(recombinant) viral vectors are capable to induce high-level and long-lasting gene expression
in different types of tissues™™” ¥, Recombinant viral vectors lack the essential genes required
for replication, infection and assembly of new virus particles. Most commonly used viral
vectors are adenoviruses™, because of their association with multiple human diseases and
thus their facility to transfect human cells effortlessly.

Assembly of different types of (recombinant) viruses often follow same physical principles; an
initial binding event of coat protein to their template triggers subsequent binding of other coat
proteins to the template, resulting in embedment of the genome®”. Complete encapsulation
of the (viral) genome is ensured by a highly cooperative process in which weak, reversible
and allosteric interactions occur between coat proteins and the nucleic acids, resulting in the
formation of mature viruses in distinct shapes!?.
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Though viral vectors display high transfection efficiency and decent cooperation with a
genetic template, there are various significant drawbacks to these types of vectors. The
efficiency of these vectors is made possible by the infectious character of viral proteins. Yet,
these same proteins could potentially activate an immune response, which in turn could limit
re-administration of the viral vector. It should also be noted that recombinant viruses are
limited in the amount of DNA that they can carry and deliver. But more alarming,
recombination events could occur and result in development of replication-competent
viruses.

Figure 1. Schematic overview of a mammalian cell, including lysosomes, endosomes, ribosomes, endoplasmic
reticulum, Golgi-system and mitochondria. A gene-delivery vehicle has to overcome various biological barriers.
Not only does a gene-delivery vehicle have to cross the cell membrane, but it also has to protect the template
from extracellular nucleases (orange). Once the vehicle has entered the cell, the template should also be
provided with protection against intercellular nucleases (purple) and be ensured of entrance into the nucleus
(blue). Adapted from [22].

2.3 Non-viral vectors

Non-viral vectors are developed using biocompatible materials and innovative fabrication
approaches. They offer several potential advantages over viral-vectors; they do not include
any viral derived particles nor do they induce a potential immune response. Moreover, there
are no limitations with regards to the amount of genetic material that can be incorporated and
delivered. Cationic lipids and polymers are examples of conventional non-viral vectors and
were first introduced as delivery agents in 1987 2. From then on, the agents are frequently
used for in vitro studies.

Cationic lipids and polymers interact with nucleic acids through electrostatic interactions and
form complexes, so called lipoplexes and polyplexes, respectively. It is only recently that the



mechanism underlying cell entry by lipoplexes and polyplexes is understood. Lipoplexes and
polyplexes are able to bind to the cell surface through non-specific, electrostatic interactions
between the cationic nature of the lipids and polymers and the negatively charged cell
membrane®>?". Subsequently, the complexes enter the cell via endocytosis. Cationic lipids
and polymers are simple and allow large-scale production. Lipofectamine 2000 is a
commonly used cationic lipid, which displays a high transfection efficiency. However,
lipofectamine 2000, among many other cationic lipids and polymers, has a dose-dependent
toxicity towards cells®®*”. This means that high gene transfection usually relates with high
cytotoxicity!®*.

The efficiency of non-viral vectors is in general not satisfactory, particularly for in vivo
applications. This is largely due to inactivation of cationic lipids and polymers by serum,
affecting the transfection efficiency drastically’®?. Unfortunately, instability caused by serum
limits the applicability of cationic lipids and polymers. Therefore, the need to switch to an
alternative delivery method has become imperative.

2.4 Artificial viruses

Artificial viruses can be used to improve downsides of viral and non-viral vectors as they are
not limited to certain molecules or solutions. In addition, a potential viral-triggered immune
response can essentially be avoided. The use of artificial viruses may also lead to a better
understanding of natural viruses. Many attempts have been made in designing and
synthesising artificial viruses™ %, but all are far from ideal.

Assembly of artificial viruses requires controlled coating of genetic material without any intra-
or intermolecular bridging. In addition, the formation of random aggregated coat proteins
should essentially be prevented to avoid irregular shapes and uncontrollable sizes that can
limit the applicability of artificial viruses. It is therefore very problematic to design artificial
viral coat proteins that self-assemble properly into regularly shaped and sized artificial
viruses.

Nevertheless, Hernandez-Garcia and colleagues have taken
the key issues into account and have succeeded in designing
a minimalistic artificial viral coat protein, inspired by the
tobacco mosaic virus (TMV) (Figure 2), capable of forming
VLPs in the presence of plasmid DNA®. These virus-like
particles provide DNA with protection against enzymatic
degradation and have a similar transfection efficiency as the
conventional non-viral delivery vectors polyethylenimine (PEI)
and lipofectamine 2000.

The artificial viral coat protein is marked by three functional
blocks (Figure 3). An oligolysine block (Ki») is used to bind
specifically to nucleic acids through electrostatic interactions

between the positively charged NH, groups of K;, and the

negatively charged phosphate groups of the template®®. High

cooperativity is achieved by a silk-like sequence

S=(GAGAGAGQ), that folds and stacks into stiff filamentous

structures in solution®* !, For n=10 silk strands, the template

is completely covered, but a lower number of repeats is

inadequate to create decent cooperation between the DNA and the viral coat proteins. On
the contrary, increasing the number of repeats does affect the transfection efficiency of the
VLPs!™. Hence, n=10 silk strands results in the most decent features of the VLPs.




Prevention of aggregation of the artificial coat proteins is attributed to the approximately 400-
amino-acid-long hydrophilic random-coil sequence C (C,), which was initially designed as a
hydrophilic type of gelatine®®. It contains a high fraction of prolines and uncharged

hydrophilic amino acids.
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Self-assembly of the artificial coat proteins in presence of plasmid is very similar to natural
viruses; the proteins assemble at the origin of assembly region located on the template and
is also achieved through allosteric interactions. Binding of a first subunit initiates
conformational changes and induces a subset of other units to bind to the template, resulting
in full coverage of the plasmid DNA.

Preliminary study has shown that these artificial viral coat proteins can also self-assemble on
mRNA, encoding for eGFP, and form similar rod-shaped VLPs as reported with DNAM. As
described previously, RNA has potency to be used for gene therapy and unlike DNA, it can
be directly translated into protein once entered the cell. For this study, we continued working
with eGFP mRNA and complexed it with two different types of viral coat protein; C;Ki,
(lacking the middle domain) and C,SQ;0K;,. Different experiments were performed on these
RNA-protein complexes.

3. Aim of the study

The aim of this thesis was to investigate the physical and chemical stability of the established
VLPs of mRNA with C,SQ10K;, in presence of serum and nucleases, respectively. The
physical and chemical stability were determined using Atomic Force Microscope (AFM) and
gel electrophoresis. Moreover, the transfection efficiency of VLPs was assessed and
compared to the conventional non-viral vector lipofectamine 2000. Some preliminary test
were done on the localisation of mMRNA in HelLa cells delivered by VLPs. Toxicity towards
HelLa cells induced by and haemolytic activity of VLPs were also examined.



4. Material and methods

4.1 Materials

The proteins C4K;, and C;SQq0K1, were kindly provided by I.M. Storm and R.J. de Vries,
respectively, and were produced and purified as described previously™® *". The eGFP mRNA
(996 nucleotides, 1 mg/mL in 10 mM Tris-HCI and pH 7.5) was purchased from TriLink
Biotechnologies (L-6301). The mRNA is capped (Cap 0) and polyadenylated, mimicking fully
processed mature mRNA. Sodium phosphate monobasic and dibasic and dithiothreitol (DTT)
were purchased from Sigma-Aldrich (S5011, S9763 and 43815, respectively) and were used
to prepare a 100 mM phosphate buffer (PB buffer) including 1 mM DTT (pH 7.4). Syringe
filters (0.2 and 0.45 um) were used to filter FBS, RPMI-1640, MiliQ water and PB buffer and
were purchased from mdi Membrane Technologies (SYNNO101MNXX104 and
SYNNO102MNXX104, respectively). Quartz cuvettes (3.00 mm diameter, 8.5 centre height,
material; quartz Suprasil®) were used for DLS measurements and were purchased from
Hellma Analytics (105-204-1085-40).

Agarose tablets (200 tablets, 0.5 gram each), 6x DNA loading dye and RNase A/T1 mix (2
mg/mL of RNase A and 5000 U/mL of RNase T1) were purchased from Thermo Scientific
(R2801, R0611 and ENO0551, respectively). RNase A and RNase T1 originate from bovine
pancreas and Escherichia coli, respectively. The RNase A/T1 mix was used to test for the
chemical stability of C;SQ1oK15. SYBR® Safe DNA gel stain (10,000X concentrate in DMSO)
and Tracklt™ 1 Kb Plus DNA ladder were purchased from Life Technologies (S33102 and
10488-085, respectively).

Lipofectamine® 2000 and LysoTracker® Red DND-99 (1 mM solution in DMSQO) were
purchased from Life Technologies (11668-027 and L-7528, respectively). Transferrin from
human serum (Alexa FLuor® 546 conjugate), Quant-iT'” RiboGreen® RNA reagent and
RNaseZap® were also purchased from Life Technologies (T23362, R11491 and AM9780,
respectively). Resazurin sodium salt was purchased from Sigma-Aldrich (R7017). Gibco®
RMPI medium with phenol red and Gibco® RMPI medium 1640 without phenol red were
purchased from Life Technologies (21875 and 11835, respectively). These mentioned
agents, together with trypsin, fetal bovine serum (FBS) and red blood cells (RBCs), were
provided by M.E. Favretto.

4.2 RNA-protein complex preparation

Fresh stock solutions of protein (C4K; and C4SQi0Ki2) were prepared by dissolving a
weighted amount of protein in filtered MiliQ water. Subsequently, solutions were mixed by
vortexing for approximately 1 minute. RNA-protein complexes were prepared by mixing a
stock solution of protein with a stock solution of mRNA in 10 mM PB buffer (pH 7.5)
containing 0.1 mM DTT (for preventing formation of sulphur bridges). RNA-protein
complexes were prepared at a protein-to-RNA charge ratio of 3 (N/P= 3, molar ratio between
positively charged NH,gr oups ( N) fr okpdbbt odinegab i o ggkoyps
of the mRNA (P)). Samples were mixed by pipetting up and down and were left to incubate
for 24 hours at room temperaturetoform 6 mat ur.ed VLPs

Calculations used for sample preparation are given in Appendix A. Sample calculation.

4.3 Particle stability in presence of serum and nucleases

4.3.1 Preparation of hydrophilic silicon wavers

A plate of silica was cut in small squares of 1 x 1 cm and put in an equal volume of 96% v/v
ethanol and MiliQ water. Subsequently, the wafers were sonicated for 30 minutes to 1 hour.
Ethanol and MiliQ water were then removed and the wafers were dried with nitrogen. The

charge



wafers were then treated with a plasma cleaner for approximately 2 minutes to remove any
impurities. The silicon wafers were cleaned before every experiment.

4.3.2 Assessment of RNA-C4SQ10K12 stability in serum (AFM)
The physical stability of RNA-C,SQ10K1, complex in 5% FBS was assessed with AFM. The
RNA-C,;SQ;0K1, complex ([RNA] = 1 ug/mL) was prepared as described in section 4.2.

A volume of 150 pL of RNA-protein complexes was added to an equal volume of RPMI-1640
with and without 10% FBS (final concentration is 5%) and left to incubate for an additional 2
hours. Incubation in 10 mM PB buffer served as negative control. After 2 hours of incubation
in either cell culture medium or PB buffer, a small volume (5 uL) of sample was applied onto
a clean hydrophilic silicon surface and left to dry for approximately 3 minutes. The surface
was then rinsed with 1 mL of filtered MiliQ water to remove salts and non-adsorbed particles.
Subsequently, the surface was slowly dried with nitrogen. Samples were analyzed using a
Digital Instruments Nanoscope V equipped with a non-conductive silicon nitride probe
(Bruker) with a spring constant of 0.24 N/m in the ScanAsyst imaging mode. Images were
recorded at 0.977 Hz and at 512-1,024 samples/lines. Images were processed using
NanoScope Analysis 1.20 software. A second-order flattening was applied for all images.
Contour lengths of particles were measured with ImageJ software.

4.3.3 Aggregation behaviour of C4SQ10Kj2 in presence of serum (DLS)

During this MSc thesis, it was aimed to study the aggregation behaviour of C;SQ10K12 in
presence of serum. A concentration series of RNA-C,;SQ10K1, was prepared in filtered 10 mM
PB buffer (pH 7.5) (see section 4.2). Samples were mixed by vortexing for 1 minute and left
to incubate for 24 hours at room temperature. A concentration series (ranging from 0 to
100%) of FBS was also prepared in RPMI-1640. Cylindrical quartz cuvettes (3.00 mm
diameter) were rinsed by MiliQ water and acetone and were dried with nitrogen. Serum and
RPMI-1640 were first filtered through 0.2 uM pore size filters. For light scattering of RNA-
C4SQ10K12, complexes and FBS, 100 pL of sample was transferred to a quartz cuvette and
analyzed using a Malvern Instruments Zetasizer Nano ZS equipped with a 4 mW He-Ne ion
laser. DLS measurements were performed at 37 ©. Due to several reasons, the aggregation
behaviour could not be studied by DLS.

4.3.4 Preparation of 1% agarose gel

One percent agarose gel was prepared by dissolving one or two tablets of agarose (0.5 or
1.0 g, respectively) in 100 mL 1x TAE buffer. The agarose solution was boiled using a
microwave. Subsequently, the agarose solution was cooled down to approximately 50 °C.
Five or ten microliters (depending on the volume) SYBR Safe DNA stain were added to the
solution and mixed. The solution was directly poured into an appropriate tray provided with a
comb. The gel was left to gelate for 0.5-1.5 hour at room temperature. Then, the gel
(including the tray and comb) was transferred to the gel electrophoresis chamber containing
1X TAE buffer. After sample loading, 3 pL SYBR Safe DNA stain were added to the buffer at
the anode.

4.3.5 Precipitation of RNA-C;,SQ10K12 complexes in presence of serum

A protein condensation experiment was performed as an alternative method for the study of
aggregation behaviour of RNA-C,SQ0K;, complexes in serum. RNA-protein complexes were
prepared as described previously and were left to incubate for 24 hours at room temperature.
A fixed concentration of RNA-protein complexes were mixed with different fractions of serum
(0, 1, 5, 10, 20, 30, 40, 50, 60, 70, 80, 90 and 100). Different factions of serum were
prepared by mixing filtered serum with filtered RMPI-1640. VLP-serum mixtures were
prepared by mixing an equal volume (9 uL) of RNA-protein complexes with an equal volume
(9 L) of FBS solution of a desired concentration. Protein-FBS mixtures were left to incubate



for 1.5 hours at room temperature. Then, samples were centrifuged at 11000 RPM (~14000
g) for 1 hour at room temperature. Directly after centrifuging, 10 pL of the supernatant were
collected and mixed with 2 pL of 6x loading dye. Samples were mixed by pipetting and were
electrophoresed in a 1% agarose gel at 100V for 1.5 hour. A 1 kb DNA marker was included
as a size reference. Bands were visualized using SYBR Safe DNA stain and gels were
imaged with Bio-Rad Gel Dox Ex Imager.

4.3.6 Treatment of RNA-C;SQ;0K12 with RNase A/T1 mix

The availability of protein protected mMRNA to nucleases was valuated using gel
electrophoresis. RNA-protein complexes were prepared as described in section 4.2.
Subsequently, 9 uL RNA-protein complex were incubated with 1 uL RNase A/T1 mixture for
0, 1 and 10 minutes and 3, 6 and 24 hours at room temperature. Naked mRNA was used as
a control. After incubation, 2 pL of 6x loading buffer were added to the samples. Samples
were mixed by pipetting and were electrophoresed in 1% agarose gels at 100V for 1 to 1.5
hour. A 1 kb DNA marker was included as a size reference. RNA bands were visualized with
SYBR Safe DNA stain. Gels were imaged with Bio-Rad Gel Doc EX Imager.

4.4 Transfection efficiencies of RNA-protein complexes

4.4.1 Cell culture of HelLa cells

HelLa cells were grown as monolayers in RPMI-1640 medium supplemented with 2 mM L-
glutamine and 10% FBS at 37 °C, in a humidified atmosphere with 5% CO,. Cells were
passaged after 2 days or when reached 80-90% confluency. HelLa cells were transferred and
seeded in 24-well plates a day before the transfections at a density of 4-10* cells/well in 1 mL
of RPMI-1640 medium supplemented with 2 mM L-glutamine and 10% FBS. Cells were
provided with fresh medium (with or without serum) before every transfection experiment.
Cells were cultured by J. van Oostrum and provided by M.E. Favretto.

4.4.2 Dose dependence response of C;SQ10K12 in Hela cells

The dose dependence response of RNA-C,SQ10K;, in HelLa cells was determined in order to
find a convenient amount of mMRNA to transfect the cells with. HelLa cells were cultured as
described in section 4.4.1.

Different concentrations of mRNA (corresponding to 60, 120 and 240 ng of mRNA) were
complexed with C,SQqKy, at final protein concentrations of 5.2:10°, 1.6-10, 3.1-10%
6.2:10" and 1.2:10° pM. Then, RNA-protein complexes were incubated for 4 hours with
HelLa cells seeded in a 24-well plate in RPMI-1640 without serum. Equal concentrations of
naked mRNA and mRNA complexed with 0.5 pL lipofectamine 2000 were used as control
and reference, respectively. Lipofectamine 2000 was incubated with mRNA for 30 minutes at
room temperature.

After incubation with the RNA-C,SQ10K1,, cells were washed with 150 uL trypsin. Trypsin
was immediately removed. For the detachment, an additional 150 pL trypsin were added to
the cells and incubated for approximately 5 minutes at 37 °C, in a humidified atmosphere
containing 5% CO.,. Cells were then resuspended in twice as much RPMI-1640 medium with
2 mM L-glutamine and 10% FBS to neutralize trypsin remnants. Subsequently, 200 pL of
each sample were transferred to flow cytometry tubes. Samples were analyzed with Becton
Dickinson FACScalibur flow cytometer and fluorescein detector. The threshold was set at
10,000 events and eGFP was detected in the FL1 (green) channel at 488 nm. Data were
analyzed using Flowing Software 2. Fluorescence histograms were used for the
determination of eGFP expression in HelLa cells upon treatment with complexes (Appendix.
B. Fluorescence histograms).



4.4.3 Time dependence response of C,SQ10K12 in HelLa cells

The time dependence response of RNA-C,SQ10K;, in HelLa cells was determined to find a
convenient incubation time with the RNA-protein complex. One hundred and twenty
nanograms of mMRNA were complexed with the corresponding amount of C;SQ10K12. Then,
150 uL of RNA-protein complexes were incubated for 0.5, 2, 4 and 24 hours with HelLa cells
in a 24-well plate containing 150 uL RPMI-1640 without serum.

After incubation with the RNA-protein complexes, cells were washed with 150 pL trypsin,
which was immediately removed. An additional 150 pL trypsin were added to the cells and
incubated for approximately 5 minutes at 37 °C, in a humidified atmosphere containing 5%
CO,. Three hundred microliters RPMI-1640 containing 10% FBS were added to the cells to
neutralize trypsin remnants. Then, 200 pL of sample were transferred to flow cytometry tubes
and were analyzed with Becton Dickinson FACScalibur flow cytometer and fluorescein
detector. The threshold was set at 10,000 events and eGFP was detected in the FL1 (green)
channel at 488 nm. Data were analyzed with Flowing Software 2. Fluorescence histograms
were used for the determination of eGFP expression in HelLa cells upon treatment with
complexes (Appendix B. Fluorescence histograms)

4.4.4 Transfections with RNA-protein complexes

Proteins, C4;K1, and C;SQ10K1,, were incubated with 120 and 240 ng mRNA for 24 hours at
room temperature at N/P=3, to form RNA-protein complexes. Subsequently, RNA-protein
complexes were incubated for 4 hours with HeLa cells in a 24-well plate containing either
150 pL RMPI-1640 with 10% FBS or without. Equivalent concentrations of naked mRNA and
MRNA complexed with 0.5 pL lipofectamine 2000 were used as control and reference,
respectively. Lipofectamine 2000 was incubated with mRNA for 30 minutes at room
temperature to form lipoplexes.

After incubation with RNA-protein complexes, cells were washed with 150 pL trypsin, which
was immediately removed. Again, 150 L of trypsin was added and incubated with the cells
for approximately 5 minutes at 37 °C, in a humidified atmosphere with 5% CO.,.
Subsequently, 300 pL of RMPI-1640 supplemented with 10% FBS were added to the cells to
neutralize any trypsin remnants. Two hundred microliters of sample were transferred to
special flow cytometry tubes. Samples were analyzed with Becton Dickinson FACScalibur
flow cytometry and fluorescein detector. The threshold was set at 10,000 events and eGFP
was detected in the FL1 (green) channel at 488 nm. Data were analyzed with Flowing
Software 2. Fluorescence histograms were used for the determination of eGFP expression in
HelLa cells upon treatment with complexes ( Appendix B. Fluorescence histograms).

4.4.5 Localization of mRNA delivered by RNA-protein complexes

4.4.5.1 Preparation of RNA-protein complexes with labelled mRNA

RNA-protein complexes were prepared similarly as described in section 4.2. A stock solution
of RNA (0.001 mg/mL) was first mixed with RiboGreen to a ratio of 1:1000. Fresh stock
solutions of protein were prepared by dissolving a weighted quantity of protein in MiliQ water.
Protein solutions were mixed by vortexing for approximately 1 minute. RNA-protein
complexes were acquired by mixing a stock solution of protein with a stock solution of
RiboGreen-labelled mRNA (at N/P=3) in a 10 mM PB buffer containing 0.1 mM DTT. A small
volume (2 pL) of RNaseZap was added to the RNA-protein complexes for inhibitory of
RNases present in the sample. Samples were mixed by pipetting up and down and were left
to incubate for 24 hours at room temperature.



4.4.5.2 Staining of HelLa cells and imaging by confocal microscope

Hela cells were cultured as mentioned in section 4.4.1. and were transferred and seeded in
two p-Slides with 8 wells in 200 uL RPMI-1640 supplemented with 2 mM L-glutamine and
10% FBS. After 24 hours, old media was removed and cells were provided with 150 pL
RMPI-1640 with 2 mM L-glutamine. Then, 150 pL of RNA-protein complexes were added to
cells and incubated for 2 hours at 37 °C, in a humidified atmosphere containing 5% CO.,.
After 1 hour of incubation, 15 pL of transferrin (12 mg/ml) were added to the complexes in
one p-Slide and left to incubate for 1 hour at 37 °C, in a humidified atmosphere with 5% CO,.
After 1.5 hour, 3 uL of LysoTracker Red were added to the complexes (in another p-Slide)
and left to incubate for 30 minutes. After 2 hours of incubation, complexes were removed and
cells were provided with 150 pyL of fresh medium without FBS. Subsequently, cells were
imaged using a Leica Confocal Microscope. Non-treated cells were used as a negative
control. Image processing was performed with Fiji is just ImageJ. Quality of images was
improved by optimising the brightness and contrast.

4.5 Assessment of cell-damaging properties of RNA-protein complexes

4.5.1 Cytotoxicity of RNA-protein complexes towards Hela cells

Acute toxicity induced in HelLa cells by C4K, and C4SQq0K1, complexed with mRNA was
determined using a resazurin assay. Resazurin is poorly fluorescent, but when reduced to its
opponent resorufin, highly fluorescent. Resazurin is reduced by NADH or NADPH in
mitochondria. This reduction in mitochondria occurs strictly when cells are viable.

Toxicity of lipofectamine 2000 complexed with mRNA towards HelLa cells was also
assessed. Hela cells were cultured under the same conditions as described in section 4.4.1.
Cells were transferred and seeded in a 96-well plate at a density of 8-10° cells/per, one day
before performing the cytotoxicity assay. Then, complexes were added to a final protein
concentration of 0.75, 1.5, 3.75, 7.5 and 15 uM to cells, containing 50 uL RPMI-1640
supplemented with 2 mM L-glutamine and 10% FBS, for a 3.5 h o u indulsation at 37 °C, in a
humidified atmosphere with 5% CO,. Equivalents mRNA concentrations were complexed
with 0.5 pL lipofectamine 2000. Complexes were removed from cells and were provided with
200 pL resazurin (0.1 g/L in RPMI-1640 supplemented with 2 mM L-glutamine and 10%
FBS). Cells were incubated with resazurin for an additional 2 hours. Subsequently,
fluorescence intensity measurements (Ex: 540/25, Em: 620/40) were performed on a BioTek
Synergy 2 plate reader. Non-treaded cells and RPMI-1640 supplemented with 2 mM L-
glutamine and 10% FBS served as control and blank, respectively. Cell viability was
calculated using the following formula:

b 6 QM & 'QE-Q6—6 P (1)

4.5.2 Haemolysis induced by RNA-protein complexes

A haemolytic assay was performed to measure the haemolytic activity of the RNA-protein
complexes, which will identify the degree of interaction with negatively charged membranes.
RBCs of blood group O Rhesus-positive were used for the experiments and were processed
according to standard Dutch blood bank protocols, including reduction of leukocytes and
storage in saline-adenine-glucose-mannitol. Five hundred microliters of RBCs in an
Eppendorf tube were centrifuged for 3 minutes at 3000 RPM and the supernatant was
removed. Then, the RBCs were resuspended in 500 pL Ringer solution (125 mM NaCl, 5 mM
KCIl, 1 mM MgSO,, 32 mM HEPES, 5 mM glucose and 1 mM CacCl,) and centrifuged 1
minute at 4000 RPM. The supernatant was removed and this procedure was repeated again.
The remaining pellet was resuspended in remnants of the supernatant. An aliquot of 14 pL of
the suspension was transferred to new Eppendorf tubes and adjusted to 150 pL with Ringer



solution. Complexes were added to the cells to a final protein concentration of 1, 2, 5, 10 and
20 uM and were incubated for 2 hours. Samples were regularly shaken to prevent
precipitation. Cells incubated with 10 mM PB buffer were used as a negative control.
Ruptured RBCs were used as a positive control and were acquired by incubation in MiliQ
water. After 2 hours of incubation, RBCs were centrifuged for 3 minutes at 3000 RPM and
the supernatant was collected. Sixty microliters of the supernatant were transferred to a 96-
well plate and adjusted to 300 pL with demineralized water. The absorbance of each sample
was measured at 405 nm and the degree of haemolysis was calculated with the following
formula:

POOQA &€ & 64 pPTT 2




5. Results

5.1 Physical and chemical stability of VLPs of mMRNA with C;SQ10K15 In
presence of serum and nucleases

5.1.1 AFM imaging of RNA-C4SQ10K12 in presence of serum

Instability of potential gene delivery vectors caused by serum is a key issue that should be
taken into account for in vitro and in vivo applications. Preliminary study has already shown
that C;SQqoKy> coats individual mRNA molecules into well-defined rod-shaped VLPstY,
However, no exclusive serum stability experiments are performed on these RNA-protein
complexes. To establish that the RNA-C,SQ0K;> complexes are stable in serum, RNA-
C4SQ10K1, complexes (IMRNA] = 1 pg/mL, N/P=3) were incubated for 2 hours in RPMI-1640
with 10% FBS and compared to complexes incubated in RPMI-1640 medium only and 10
mM PB buffer. The effect of serum on RNA-protein complexes was investigated using AFM
imaging (Figure 4A-D).

o
\

Complexes of mMRNA with C,SQ10K1, show similar morphology as reported previously™ .

Approximately 125 VLPs were counted for each condition, with the exception of serum. Less
VLPs have bound to the silica substrate due to binding competition with serum derived
proteins. Therefore, only 88 complexes were counted. The contour lengths of the counted
VLPs were determined using ImageJ. The complexes show a polydisperse size distribution
in each condition (Figure 5). High fractions of VLPs are ranging between 60-169 nm. Low
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contour lengths (<70 nm) can be attributed to protein-only assemblies, whereas high contour
lengths can be the result of two (or even more) VLPs sticking together. It should be noted

that an additional incubation in serum shifts the length distribution to larger contour lengths.
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The average contour length of VLPs in different conditions was also determined (Figure 6).

On average, VLPs have a contour length of 153+99 nm in case of the typical 24 hours of
incubation in 10 mM PB buffer required for the formation of mature complexes. An additional

2 hour incubation time in PB buffer, gives rise to an average contour length of 128+96 nm,
whereas incubation in RPMI-1640 leads to an average contour length of 120+70 nm. The



effect of serum on VLPs seems negligible, the average contour length of VLPs incubated in
10% FBS is 179+99 nm.
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5.1.2 Aggregation behaviour of C4SQ10Kj2 in serum

Studies with AFM did not show any major instabilities of C;SQ10K1, caused by serum. In
addition to AFM studies, attempts were made to study the aggregation behaviour of
C4SQ0K1, in presence of serum for further confirmation on patrticle stability. In case of only
moderate aggregation, ideally the resulting intensity of the VLP-serum mixture should be
equal to the sum of the individual intensities of C,SQioKi, and serumP®. Conversely, if
aggregation, due to interactions between VLPs and serum, is observed, the resulting
intensity of the VLP-serum mixture will exceed the sum of the individual intensities.
Unfortunately, there was no opportunity to test the aggregation behaviour of C;SQ10K1, in
serum by DLS. As can be seen from Figure 7, serum causes a relatively high scattering
intensity, even at (low) percentages that are typically used for culturing cells. On the contrary,
C4SQ0K1, scatters to a lower extent compared to serum (Figure 8). To study any
aggregation behaviour, quite high and low concentrations of protein and serum, respectively,
would be a requisite. It was therefore, together with limitations of an MSc thesis, decided to
switch to an alternative and faster method for the study of aggregation properties of
C4SQ10K1, in presence of serum.
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Figure 7. Dose-dependent scattering of FBS. Different fractions of serum were prepared in RPMI-1640 medium

and analysed using DLS.
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5.1.3 Precipitation of C4SQ10K12 in presence of serum

As mentioned previously, aggregation behaviour of C,SQ;0K;, in serum could not be studied
by DLS. Instead, a protein condensation experiment was carried out with mixtures of a fixed
concentration of RNA-C,SQ;0K1, complexes and different FBS percentages. Samples were
centrifuged at 11000 RPM for 1 hour. The supernatants were collected and analyzed by
agarose gel electrophoresis (Figure 9). On average 12000 base pairs (bp) DNA equal
approximately 7.8 kilodalton (kDa). The molecular weight of the RNA-C,SQ0K;, complex
exceeds by far the highest band of the DNA marker. So it is expected to acquire a band near
the loading wells. Indeed, the band corresponding to the RNA-protein complex is detectable
in case of 0, 1 and 5%. Hence, the RNA-C,SQ0K;, complex seems stable at very low
concentrations of serum. However, no complexes are detected at serum concentrations
higher than 5%, with the exception of 100%. There is a slight band visualized at the expected
location of the complex in case of 100%. Remarkably, at 20% serum and higher, two bands
are detected that are intensified with increasing serum concentration (indicated in red). The
upper and lower bands correspond to approximately 10000 bp (~3.25 kDa) and 2500 bp
(~0.81 kDa), respectively. The protein condensation assay indicates that proteins are more
or less stable at very low concentrations of serum, but instability issues are observed starting
from 7% serum.
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5.1.4 Enzymatic degradation of naked and protein-protected mRNA

It is imperative for non-viral delivery agents to provide the template with protection against
nucleases. RNA-C,SQ;0K1, complexes were incubated with an RNase A/T1 mix at different
incubation times in order to evaluate the degree of protection offered by C;SQ10K1» to mMRNA.
Naked mRNA was included as a control. Samples were analyzed by agarose gel
electrophoresis (Figure 10A-B). It can be seen that naked mRNA is completely digested after
already 1 minute (Figure 10A). Conversely, even after 24 hours of incubation with RNases,
complexes are still detected (Figure 10B). The bands become less intense over time,
indicating a moderate degradation of the mRNA. Moderate degradation of the template is not
even unfavourable as delivery agents should make the template accessible for certain
applications such as labelling. Hence, the protein C;SQ10K1, reveals an extremely large level
of protection and yet the mRNA remains accessible to some extent.
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5.2 Delivery of mMRNA by VLPs in absence and presence of serum

5.2.1 Dose dependence response of C4SQ10K12in HelLa cells

Messenger RNA dose effect on the level of gene expression was assessed in order to find a
convenient amount of MRNA to transfect cells with and to achieve a satisfying fluorescence
intensity. The protein C;,SQ10K1, was incubated with mRNA at N/P=3 for 24 hours at room
temperature to form complexes. The fluorescence intensity of eGFP functioned as a reporter
for the delivery of mRNA encoding for eGFP into HelLa cells. Besides RNA-C4SQ10K12
complexes, naked mRNA was used as a control and lipofectamine 2000 served as
reference. As shown in Figure 11, a bell-shaped dose-responsive curve was obtained for the
transfection efficiency of the RNA-C;SQi0K;, complex. Both complexes, C4SQ10Ki» and
lipofectamine 2000, performed with close level. Delivery of naked mRNA into HelLa cells was
not successful. It is speculated that this is due to rapid degradation by cellular RNases.
Delivery of 120 ng mRNA with C,SQ0K1, results in the highest fluorescence intensity.
Besides 120 ng, also 240 ng of mRNA results in a satisfying transfection efficiency of eGFP-
mRNA. However, such high mRNA quantities can have toxic side effects towards cells.
Therefore, we have chosen to continue the transfections with 120 ng mRNA, but still included
240 ng as a reserve.
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5.2.2 Time dependence response of C4SQ10K12 in HelLa cells

To establish eGFP expression, complexes need to enter the cell in which they disassemble
from the template. The mRNA can then be translated by the ribosomes in the cytoplasm.
This complete process starting from entering the cell until the actual translation of mMRNA into
eGFP consumes time. This so called transfection time is dependent on the type of cells and
delivery agent amongst many other factors. We have incubated cells for different incubation
time periods in order to find an optimal and convenient incubation time to transfect HeLa
cells. The protein C4SQ10K1> was incubated with 120 ng mRNA at N/P=3, to form relevant
complexes. HelLa cells were incubated with the complexes for 0.5, 2, 4 and 24 hours. An



equivalent amount of mMRNA was complexed with lipofectamine and was included as a
reference. Naked mRNA was set as control. Distinct differences were observed in
transfection efficiency of different incubation periods (Figure 12). After 0.5 hour incubation,
cells show hardly any eGFP expression. This also applies to an incubation period of 2 hours.
Only after 4 hours of incubation a sufficient level of eGFP was detected. This level drops
significantly after 24 hours of incubation. Similarly to the dose dependence response, naked
MRNA results hardly in any eGFP intensity. Again, this is plausible due to rapid enzymatic
degradation by RNases present in the cellular environment. The optimal incubation time lies
somewhere in between 4 hours and 24 hours. However, we have chosen to incubate HelLa
cells with complexes for 4 hours as this is a convenient incubation time.
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5.2.4 Transfection efficiency of VLPs in absence and presence of serum

To determine in vitro gene transfer capability of C;SQ0K15, transfections of HelLa cells were
carried out. Preliminary results showed that 120 ng of mRNA was most effective among
other doses of MRNA tested (Figure 11). In addition, it is found that an incubation time of 4
hours is sufficient and results in the highest eGFP-mRNA expression (Figure 12). Therefore,
we transfected Hela cells for 4 hours with C;K3, and C;SQ10K1, using 120 ng mRNA. The
protein C4K;, was used for comparison as it lacks the domain essential for cooperativity with
the template. An equivalent amount of mRNA was complexed with lipofectamine 2000 and
was included as reference. Naked mRNA was also included as control. To investigate the
role of serum on gene delivery by our complexes, transfections were performed in absence
and presence of serum. Transfections were performed using Hela cells grown as
monolayers in 24-well plates and eGFP expression was measured directly after transfections
by flow cytometry. The eGFP intensity of each sample was normalized to the sum of all
fluorescence intensities. Data in Figure 13 show that of all three delivery agents, the protein
C4K1, is the least successful in delivering mRNA and ensuring expression of eGFP. This
protein lacks the silk-like sequence domain that leads to high cooperativity between the
protein and the template. Lipofectamine 2000 and C,SQ0K;, are equivalent to each other.



In absence of serum, transfection efficiencies of C4Ki,, C4SQ10K12> and lipofectamine 2000
are 19.4+0.1, 30.7+9.5 and 29.4+11.3, respectively. Presence of serum reduces the
transfection efficiency of C4Ki;, and C;SQi0Ki, complexes by about 2-fold (8.6+8.0 and
14.0+8.1, respectively). This decline in transfection efficiency is more severe in case of
lipofectamine 2000, which is about 3-fold (10.0+7.6).
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5.2.3 Uptake of mRNA in HeLa cells delivered by VLPs

First steps were taken in employing cell entry by our RNA-protein complexes. HelLa cells
were grown as monolayers in a p-Slide with 8 wells and were provided with RPMI-1640 cell
culture medium without serum. Cells were incubated for 2 hours with VLPs of 120 ng mRNA
with C4K1, and C;SQ10Ki,. Non-treated cells were included as a control. After 1 hour of
incubation, cells were supplied with transferrin with an Alexa Fluor conjugate, which is a key
marker for receptor-mediated endocytosis. Lysotracker red was supplied after 1.5 hour of
incubation with complexes. Lysotracker red stains acidic organelles such as endosomes and
lysosomes. After the 2 hours of incubation, complexes were removed and cells were
provided with fresh medium. Confocal microscopy was used to study the uptake of mRNA
(Figure 14A-W). It should be noted that the bright field image of a single cell treated with
C4SQ10K12 is missing. Unfortunately, cells stained with Lysotracker red were necrotic and are
therefore not included in the images. VLPs of C4K;, and C,SQ;0K;, are both capable of
delivering mRNA into HelLa cells. Similar to the transfection efficiencies, C4K;, delivers
MRNA to a lower extent compared to C,SQ;0K;,. These acquired results indicate that the
complexes enter the cell via the class of endocytosis as transferrin does. However, cell entry
by complexes is not limited to this type of endocytosis only as the overlap between
RiboGreen labelled mRNA and transferrin is not entirely 100%.
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