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Zusammenfassung

Zusammenfassung

Transkript-Therapien mit chemisch modifizierten Boten-RNAs (cmRNAs) werden als
vielversprechende und sichere Alternative zu Gen- und Proteinersatztherapien entwickelt. In
Patientenzellen zu einem therapeutischen Protein translatierte cmRNAs sollten im Vergleich zu
rekombinanten Proteinen ein geringeres Risiko von adoptiver Immunogenitat bergen, und im
Vergleich zu Gentherapien bergen sie nicht das Risiko der insertionellen Mutagenese. In dieser
Dissertation wurden effiziente Methoden zum Transport von cmRNAs in Zellen etabliert, die fir
die Zelldifferenzierung und Dedifferenzierung verwendbar sind. Um den Differenzierungsstatus
einer Zelle zu é&ndern, sollten in der Regel ein oder mehrere Transkriptions- bzw.
Wachstumsfaktoren dber einen bestimmten Zeitraum in Zielzellen von cmRNA translatiert
werden, um Dedifferenzierung bzw. Differenzierung hervorzurufen. Dazu kann entweder ein
verbesserter Transport von cmRNAs in Zielzellen oder eine verlangerte Abgabe von cmRNAS an

Zielzellen aus einem Depot heraus hilfreich sein.

Fur eine zukilnftige Verwendung zur Zell-Dedifferenzierung wurde in dieser Dissertation die
Magnetofektion von gleichzeitig mehreren cmRNAs als verbesserte Transportmethode entwickelt.
Zuerst wurde die Magnetofektion unter Verwendung von verschiedenen magnetischen
Nanopartikeln mit unterschiedlichen Eisen-zu-RNA-Verhaltnissen, mit der normalen Lipofektion
und Polyfektion unter der Verwendung von Luciferase (Luc) cmRNA verglichen, um ein optimales
Protokoll fur die Transfektion von cmRNAs zu etablieren. AnschlieBend wurde dieses Protokoll
fur die Co-Transfektion von bis zu drei Reporter cmRNAs (Luc, eGFP und RFP) in Monokultur
von primaren embryonalen murinen Fibroblasten (PMEF) oder Co-Kultur von PMEF und fotalen
Fibroblasten vom Schwein (PFF) getestet. Parallel dazu wurde eine Kinetikstudie durchgefihrt,

um die Wirkung der Magnetofektion auf die Translation von d2eGFP cmRNA zu untersuchen.
4



Zusammenfassung

SchlieBlich, wurde das Protokoll auch fiir die Co-Transfektion verschiedener cmRNAs auf Mono-
und-Co-Kulturen von unterschiedlichen Zellen optimiert. Dies ist in der Forschung und in
therapeutischen Anwendungen relevant, wenn eine gleichzeitige Wirkung von mehreren in der
MRNA kodierten Proteinen erforderlich ist, wie beispielsweise zur Reprogrammierung zu

induzierten pluripotenten Stammzellen (iPS) mit cmRNAs von Yamanaka-Faktoren.

Im zweiten Teil dieser Dissertation wurden vakuum-getrocknete, mit cmRNA beladene
Kollagenschwamme als Transkript-aktivierte Matrizen (TAMs) fiir einen nachhaltigen mRNA
Transport entwickelt, die eine anhaltend hohe Protein-Translation lber sechs Tage hinweg
ermoglichten. Ein besonderer Vorteil der entwickelten Technologie ist ihre hohe
Transfektionseffizienz von bis zu 100% transfizierte Zellen bei geringer Zelltoxizitat. Auf den
TAM geladene cmRNAs in Lipid-Nanopartikelformulierung waren mindestens 6 Monate lang bei
Raumtemperatur stabil. Zum Ende dieser Arbeit wurden optimierte TAMs mit cmRNA hergestellt,
welche flir humanes Bone Morphogenetic Protein 2 (hnBMP2) kodieren. Mit diesen TAMs wurde
in vitro osteogene Differenzierung mit MC3T3-E1-Zellen und mesenchymalen Stammzellen
erzielt. Schlie3lich konnte in einem nicht kritischen Femurknochen-Defektmodell in der Ratte eine
durch diese TAMs induzierte verbesserte Knochenheilung nachgewiesen werden und so die

Eignung des Systems in einer préklinischen therapeutischen Anwendung demonstriert werden.

In dieser Dissertation wurden zusammengefasst zwei hoch effiziente Methoden fir den Transport
von cmRNAs in Zellen entwickelt. Die erste Methode empfiehlt sich flr die weitere Verwendung
zur Reprogrammierung von differenzierten Zellen zu Stammzellen, die zweite Methode ist
nachweislich fiir die Induktion einer osteogenen Differenzierung und damit zur Knochenheilung
geeignet. Beide Methoden bringen die Transkript-Therapie einen Schritt nédher an die klinische

Anwendung heran.



Summary

Summary

Transcript therapies, using chemically modified messenger RNAs (cmRNAs), are emerging as
safer yet promising substitutes for gene and recombinant protein therapies. cmnRNAs do not harbor
the risk of insertional mutagenesis which is normally associated with DNA-based gene delivery.
In addition, adoptive immunogenicity accompanied with recombinant protein therapy is less likely
to happen when using cmRNAS. In this thesis, efficient methods for cnRNAs delivery, which are
useful for cell differentiation and dedifferentiation, were established. To change a cell’s
differentiation status, normally one or more transcription factors should over-express for a defined
period. Therefore, either enhanced delivery or prolonged delivery of cmnRNAs can be helpful to

reach the goal.

In this thesis, magnetofection of cmRNAs has been introduced as an enhanced cmRNA delivery
method for future use in cell dedifferentiation. First, magnetofection, using different magnetic
nanoparticles with various iron-to-RNA ratios, was compared to normal lipofection and polyfection
to find an optimized protocol for single cmRNA delivery, using Luciferase (Luc) cmRNA. Then
the established protocol was tested for cotransfection of up to three reporter cnRNAs (Luc, eGFP
and RFP) in the mono-culture of Primary Mouse Embryonic Fibroblasts (PMEFs), or the coculture
of PMEFs and Porcine Fetal Fibroblasts (PFFs). In parallel, kinetics studies were performed to
investigate the effect of magnetofection on kinetics of expression of d2eGFP cmRNA. As a result,
the protocol was well optimized for cotransfection of different cnRNAs on mono-and-co-cultures
of different cells. This is relevant in research and therapeutic applications when simultaneous
translation of several cmnRNA-encoded proteins is required, such as reprogramming to induced

pluripotent Stem Cells (iPSCs) with cmRNAs encoding Yamanaka factors.



Summary

In the second part of this study, vacuum-dried cmRNA-loaded collagen sponges were used as
transcript-activated matrices (TAMs). TAMs served as depots for sustained cmRNA delivery,
providing steady state protein production for six consecutive days. A particular advantage of this
technology was high cell transfection efficacy (close to 100%) and low cell toxicity. Considering
stability issues, cmRNAs loaded on the TAMs were stable for at least 6 months at room
temperature. At the end, osteogenic differentiation in vitro (with MC3T3-E1 cells and
mesenchymal stem cells), and bone regeneration in vivo (in rat femur defects), using hBMP2

cmRNAs, confirmed the ability of the system in a preclinical application.

Summarizing, two highly efficient methods for mRNA transfection were developed in this thesis.
The first one will be useful for reprogramming differentiated cells to stem cells. The second one
was proven to be suitable for inducing osteogenic differentiation and bone regeneration. Both

methods bring transcript therapy a step closer to clinical applications.



Introduction

1 Introduction

1.1 Messenger RNA (MRNA)
1.1.1 mRNA,; transcription and transcript
Messenger RNA (mMRNA) is a large family of RNA molecules that transfers genetic information

from DNA to the ribosome, where the genetic information is translated into a specific protein

(Figure 1).

00000000
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el HH T
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Figure 1 From DNA to protein; mRNA convey the information from nucleus to ribosomal machinery (resource: Wikipedia)
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Following DNA transcription by RNA polymerase, the precursor mRNA, known as primary
transcript, is created. The precursor mRNA is further subjected to post-transcriptional
modifications namely, addition of a 5" cap, polyadenylation at the 3" end, and RNA splicing. The
final product, so called mature mRNA, can be translated into the final protein with the help of

ribosome’s protein-manufacturing machinery [1].

1.1.2 mRNA structure

The general structure of a mature eukaryotic mRNA is illustrated in Figure 2.

The structure of a typical human protein coding mRNA including the untranslated regions (UTRs)

Cap [5' UTR Coding sequence (CDS) 3'UTR Pct>ly|-A
Start Stop al

5 3!

Figure 2 Structure of a mature eukaryotic mRNA (resource: Wikipedia)

A fully processed mMRNA includes a 5' cap, 5' untranslated region (5"UTR), coding region, a 3'
UTR, and a poly(A) tail. The coding region, also known as open reading frame (ORF), contains
the genetic information for protein production. ORF starts with the start codon AUG, and

terminates with one of the stop codons UAA, UAG, or UGA.

UTRs, on the other hand, often contain regulatory regions that affect translation efficiency,
localization, and stability of the mRNA [2-4]. For example, incorporation of UTRs of B-globin
MRNA greatly improves RNA stability and leads to more than a 1,000-fold increase in reporter
gene expression than mRNAs lacking these elements [5].

In addition to UTRs, the 5”cap and the 3 poly(A) tail protect the mRNA molecules from enzymatic

degradation, and are also essential for nuclear export and translation of mRNA [6-9].
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Introduction
1.2 mRNA therapeutics: a versatile substitute for protein and gene

therapy

In recent decades, recombinant protein and gene therapy have been considered as impressive
remedies for life-threatening genetic diseases. However, despite all progress, considerable
implications have accompanied these approaches thus far. In protein therapy, the recombinant
proteins can elicit an immune response, as they were not produced in the host’s protein machinery,
and are recognized as foreign antigens [10]. In gene therapy, on the other hand, entry of DNA into
the nucleus is well known to be a success-limiting step, especially for non-viral delivery systems.
Delivery into the nucleus is even more problematic for transfection of non-dividing cells, as these
cells rarely have cell cycle-dependent breakdown of the nuclear membrane [11, 12]. The other
significant drawback of DNA-based delivery is potential mutagenicity, due to the risk of insertion
of DNA into the host genome and the subsequent induction / suppression of endogenous gene

expression [13, 14].

The limitations of DNA-based gene therapy have led to intense research focus on messenger RNAs,
a promising alternative, which neither needs to enter the nucleus, nor harbors the risk of insertional
mutagenesis. Moreover mRNA transfection results in rapid but transient production of the protein
of interest, which might serve as an additional safety aspect in regenerative medicine [15, 16].
Accordingly, mRNAs are emerging as promising therapeutics in a broad variety of medical

indications [17-19].
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1.2.1 Difficulties in applications of mMRNA therapeutics; solutions and

modifications

Although the idea of RNA-based transfection is associated with a great number of advantages in
gene therapy, the strong immunogenicity and limited stability of conventional mMRNA hamper its
widespread utilities [20]. Recently, these problems have been overcome, using chemically
modified MRNA (cmRNA), in which 5 — 50% of the uridines and cytidines is replaced with thio-
uridine and 5-methyl-cytidine, respectively. This type of cmRNA, also called stabilized non-

immunogenic mMRNA (SNIM RNA), is prepared by in vitro transcription [21, 22].

1.3 mRNA delivery: current methods and future perspectives

1.3.1 Current methods for mMRNA delivery

Mechanical methods, such as gene gun delivery of mRNA have been investigated for transgene
expression to elicit immunity [23]. Electroporation, as another example of mechanical methods,
has been used to deliver mRNA-encoding tumor antigens to transfect human dendritic cells for
dendritic cell-based tumor vaccines [24]. Naked mRNA also has been shown to successfully

transfect dendritic cells in vitro [25].

Numerous studies have established cationic lipids as efficient non-viral vectors for mRNA
delivery, whereas polycations have not been so intensely investigated with respect to their potential

as mRNA delivery agents [5, 26-29].

1.3.2 Magnetofection: enhanced nucleic acid delivery

In 2000, the generic term “magentofection” was introduced for the first time [30], and has since

been independently developed by a number of different research groups [31-35]. Recently,
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magnetofection has been widely used as a dependable and efficient transfection method for

localized enhanced delivery of nucleic acids [36].

In this method, nucleic acids, along with viral and non-viral vectors, are associated with magnetic
nanoparticles. The resulting magnetic complexes can then be concentrated on the target cells’
membranes, using a magnetic field [37] to attain targeted and/or enhanced delivery (Figure 3) [36,

38, 39].

S
66 N

A \/
()
Viral and non-viral
vectors associated

with magnetic
nanoparticles

Cell

Figure 3 Magnetofection; magnetic field force the nucleic acid / vector to the target cell (C. Plank et al. / Adv. Drug Deliv. Rev. 63
(2011) 1300-1331)

Magnetofection accelerates vector sedimentation on the surface of the target cells, and hence
overcomes the slow diffusion and time-dependent inactivation of vectors under cell culture
conditions [40]. Nevertheless, the mechanism of vector uptake by magnetofection is probably the
same as for a conventional transfection, namely endocytosis [37]. In addition, it has been previously
shown that the magnetic nanoparticles are fully biocompatible and biodegradable after in vivo

applications [41].
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Magnetofection has been well established for DNA as well as for small interfering RNA (siRNA)
delivery to the target cells in vitro [39, 42-44]. Several studies have also proved the in vivo
functionality of magnetofection for delivery of DNA plasmid [40, 45], short hairpin RNA (shRNA)
[46], and antisense oligodesoxynucleotides [47]. The magnetofection of messenger RNA, however,

has been demonstrated and established for the first time in the current work.

1.3.3 Transcript-activated matrices (TAMS): sustained mRNA delivery

1.3.3.1 3D cell culture versus conventional 2D cell culture

2D “petri dish”-based cell culture on polystyrene or glass materials has been, and still is, the most
common method for culturing eukaryotic cells [48]. However, recent studies have shown that,
compared to ‘petri dish’-based 2D cell cultures, the culturing of cells within 3D scaffolds more
closely resembles the in vivo situation with regard to cell shape, cell signaling and cellular behavior,
which in turn can influence gene expression in the cells [49, 50]. Therefore, 3D cell culture models
can bridge the gap between conventional 2D cell culture systems and in vivo tissues. Such 3D
models can, therefore, reduce the number of animal studies needed for efficacy and toxicity

screening [51].

1.3.3.2 3D culture models-Scaffold free systems
Based on use or non-use of scaffolds, 3D culture models can be divided into two groups. The most
common examples of 3D culture without scaffolds are organotypic explant cultures and cell

spheroids (Figure 4) [48, 51].
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Figure 4 Models for 3D cultures. (A) Without using scaffolds. (a) Organotypic explant culture. (b) Cellular spheroids (figures taken
from Pmpaloni F. et al./ Nature Rev Mol cell biol. 2007;8:839-45) [51]. (B) Using 3D scaffold (Figure provided by
http://www.medibena.at)
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Organotypic explant culture, in which organ slices are cultured either on a semiporous membrane
or within a collagen gel, preserves the original tissue architecture very well. Such a model has been
widely used for studies of brain and neural physiology [52, 53]. The heterogeneity and low

transparency of organ explants are the main drawbacks associated with this model.

Cellular spheroids are the reductionist simple 3D models that benefit from the tendency of adherent
cells to aggregate. Similar to organotypic culture, spheroids do not require scaffolds. However,
their higher transparency makes them good candidates for imaging with light, fluorescence and
confocal microscopy [48]. Spheroid models have been widely used for solid tumor studies [54].
Despite all these advantages, applications of spheroids are limited by the size of 3D cultures. When
cell aggregation mass exceeds 1-2 mm, toxicity problems arise due to lack of transfer of nutrition
and waste metabolites into and out of the spheroid [51, 55]. This problem has been overcome by

the use of highly porous scaffolds, which allow the flow of gases, nutrition and metabolites [56].

1.3.3.3 3D culture scaffolds; collagen polymers

Within the metals, glasses, polymers, and ceramics that can be used as 3D scaffold for 3D cell
culture, polymers have received the most interest due to the possibility of controlling their chemical
and structural properties. Polymer matrices are subdivided further into synthetic (e.g. poly glycolic

acid (PGA) and poly lactic acid (PLA)), and natural polymers (e.g. collagen and chitosan) [56, 57].

A substantial requirement of all biomaterial scaffolds is that they provide an extracellular matrix
environment for supporting cell growth. In addition, an ideal 3D scaffold for clinical purposes
should be biocompatible and biodegradable [58]. Natural polymers, such as collagen, tend to be

more biocompatible than synthetic ones [58].

Collagen is one of the abundant and highly biocompatible natural polymers for 3D cell culture.

Collagen, a fibrous, triple-stranded helical protein, which serves as a mechanical support for
15
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connective tissues, is involved in cell distribution and different functional expressions in the cells
[59]. Collagen sponges, as 3D scaffolds for cell culture, can modify migration, attachment,
adhesion, and in certain cases the differentiation of cells, as described in detail by Chevallay et.al.
[60]. Although there are at least 19 different types of collagen, collagen type I (located in skin and

bone), type 1l (cartilage), and type 111 (blood-vessel walls) are considered the main types [57, 59].

1.3.3.4 Collagen scaffolds; biomedical applications

Collagen has been successfully investigated for tissue engineering as well as drug/protein/gene

delivery (Figure 5) [59, 61-63].

16



Introduction

tissue sample cell culture in 3D matrix implantation /in vivo
4 \ ( / tissue regeneration: \
neotissue
fibroblasts cartilage
chondrocytes
osteoblasts
hepatocytes
enterocytes bore
uroepithelial cells oki
o
liver
intestine
Idh ureter
e P AN o
implantation in vivo
skin biopsy gene transfection and seeding in 3D matrix intraperitoneally or
subcutaneously
4 N [/ N o
fibroblasts transfected  biodegradable 3D °’;‘r’.f°ssz’:e°'
cells matrix e
synthesis of protein
% &=
. Y
5 -
} B
Q k‘ gene of interest
% A N

Figure 5 Collagen sponges serves as suitable 3D scaffolds for (a) tissue engineering and (b) gene therapy. Figure taken form
Chevallay et al./ Med Bio Eng Comput, 2000, 38: 211-8 [60].

Extra strength and stability of collagen fibers, which come from their self-aggregation and cross-
linking, make them excellent scaffolds for biomedical uses. Indeed, the degree of in vivo
biodegradability of collagen scaffolds can be controlled with the help of crosslinking agents such
as glutaraldehyde [59]. Regarding tissue engineering, collagen-based implants have been evaluated

for dermal tissues and burn wounds [64, 65], bone regeneration [66, 67], blood vessels and heat
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valves [68, 69], periodontal tissues [70], and peripheral nerve regeneration [71]. In addition,
collagen in the form of films, shields, sponges, gels, and tablets has been successfully used for
gene, protein and drug delivery [59, 63, 72-74]. Currently, collagen is the only FDA approved

carrier for recombinant bone morphology protein 2 (BMP2), which is useful for bone healing [75].

1.3.3.5 Collagen sponges for sustained cmRNA delivery

For years, sustained gene or drug delivery systems have been the subject of intense research as they
provide patients with a steady state concentration of their cargos and reduce multiple dosing
schedules. As a result, patient compliance is increased, which in turn can lead to a better acceptance
of therapeutic approaches [76, 77]. In case of cnRNA therapy, such retard delivery systems can be
particularly suitable when long-term protein expression is the aim. Nevertheless, efficient methods
for sustained delivery of mRNAs are lacking so far. Therefore, collagen sponges have been tested

for the first time in this project as carriers for sustained cmRNA delivery.
1.4 Cell fate conversion: changing cell differentiation status

Transcription factors are able to modify or even change the cells’ fates. The ability to convert a
stem cell to a somatic cell (differentiation), or a somatic cell to a stem cell (dedifferentiation)

holds great promise for cell-based therapy and regenerative medicine [78, 79] (Figure 6).

Y A dedifferentiation

differentiation

stemecells terminally deifferentiated cells

Figure 6 Genetically modified cells can undergo differentiation or dedifferentiation
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1.4.1 Differentiation

Cell differentiation refers to a process in which a less specialized cell, such as a stem cell, changes
to the more specialized one. This process finally leads to the terminally differentiated cells, which

are not able to further differentiate [1].

Differentiation of cells to osteoblasts by using BMPs is one example of cell differentiation
application in regenerative medicine. Several studies have shown that BMP2 can trigger
differentiation to osteoblasts, and thus is a suitable tool for bone healing in vitro and in vivo, using
either protein or gene therapy approaches [80-82]. Bone regeneration with BMP2 cmRNA has been

established within this thesis.

1.4.2 Dedifferentiation

Cell dedifferentiation, also known as cell reprogramming, is a relatively new approach in
biotechnology, where a specialized cell reverts to a simpler state of stem cell. The self-renewal
properties along with their capability to give rise to multiple differentiated cell types make stem

cells unique tools for regenerative medicine (Figure 7) [83].
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Figure 7 Self-renewal and the capability of differentiation to other cell types are the unique stem cells’ properties

In 2006, Shinya Yamanaka proved that over-expression of four transcription factors, OCT3/4,
SOX2, KLF4 and cMYC (also known as Yamanaka factors), can reprogram mature fibroblasts to
pluripotency [84]. He was awarded the 2012 Nobel Prize for the discovery that mature cells can

reprogram into induced pluripotent stem cells (iPSCs) [85].

The discovery of iPSCs was a remarkable achievement in biotechnology and regenerative
medicine, since iPSCs can be generated from one’s own cells, and thus do not harbor the risk of

genetic incompatibility or immune rejection. From the ethical side, too, iPSCs are more favourable

than the embryonic stem cells [83].

In 2010, successful reprogramming from fibroblasts to iPSCs with cmRNAs encoding Yamanaka

factors was performed for the first time [86]. In this protocol, coculture of fibroblasts underwent a
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“daily transfection regime” for 14 days, and iPSC colonies were picked up at day 18 (Figure 8)

[87].
Plating cells Daily transfection with KMOSL + NDG Pick clones Expanssion
Day -2 Day -1 Day 0-6 Day 6-14 Day 15-18 Day 18 onward
DMEM DMEM Pluriton 0 Biuriton ) hES hES/mTeSR1
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{(aeé'e ‘e\{‘}&b %Q\\‘{\\Q

Figure 8 Schematic of step-wise protocol for reprogramming to iPS, using cmRNAs. Figure from Mandal et al./ Nat. Protoc. 2013;
8: 568-82 [87]

Different reprogramming Kits based on the above mentioned protocol are commercially available.
However, the protocol suffers from limitations such as low reprogramming efficiency (0.04-4.4%)

and high sensitivity to even minor changes [86, 87].

Therefore, an efficient and robust reprogramming protocol is still lacking.

1.5 Thesis objectives

The main goal of this thesis was to establish efficient methods for cmRNA delivery that are useful
for cell differentiation and dedifferentiation. To change a cell’s fate, normally one or more
transcription factors should be over-expressed for a defined period. Therefore, either enhanced

delivery or prolonged delivery of cnRNAs can be helpful to reach our goal.

In this report, magnetofection of cmnRNAs has been introduced as an enhanced cmRNA delivery
method, more efficient than conventional lipofection or polyfection. The goal in this part was
simplification and enhancement of the current protocol for iPSC reprogramming with cmRNAs
encoding Yamanaka factors [87]. However, the reprogramming to pluripotency was not performed

in this thesis.
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In the second part of this study, vacuum-dried cmRNA-loaded collagen sponges have been used
as transcript-activated matrices (TAMs) for sustained cmRNA delivery (Figure 9), providing

steady state protein expression for six consecutive days.

Figure 9 Schematic of sustained cmRNA delivery system using collagen sponges. (1) Trans-activated matrix: collagen sponges pre-
loaded with cmRNA complexes. (2) Cell seeding on trans-activated matrix. (3) By the time cell grow, proliferate and reach the
complexes, and (4) Cells are transfected with complexes of cmRNAs and produced protein of interest (Picture prepared by Christian
Koch)

At the end, osteogenic differentiation in vitro (with MC3T3-E1 cells and MSCs) and in vivo (in rat
femur defects), using hBMP2 cmRNAs, confirmed the ability of the transcript-activated matrices

in a preclinical application.
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2 Materials and Methods

2.1 Materials

2.1.1 Cell culture reagents

Dulbecco's Modified Eagle's Medium (DMEM), alpha Minimum essential medium (a-MEM),
Dulbecco's Phosphate-Buffered Saline without Calcium and Magnesium (DPBS), Fetal Bovine
Serum (FBS), Penicillin/Streptomycin (P/S), 0.05% Trypsine-EDTA and collagenase type | and II
were purchased from Gibco by Life Technologies GmbH (Darmstadt, Germany). Collagen
sponges, with the trade name “KOLLAGEN resorb™”, were provided by Resorba (Niirenburg,

Germany).

2.1.2 Chemicals and reagents

Helper lipids including 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and Cholesterol
were supplied by Avanti Polar Lipids INC (AL, USA). Other required materials for complex
preparation, such as ethanol and 1,2-Dimyristoyl-sn-glycerol, methoxypolyethylene Glycol
(DMG-PEG) 2kD were purchased from CarlRoth (Karlsruhe, Germany) and Nof America

Corporation (NY,USA), respectively.

D-luciferin was obtained from Roche Diagnostics (Unterhaching, Germany). Liposomal
transfection reagent Dreamfect-gold (DF-Gold), and 96-well magnetic plates was acquired from
OZ Biosciences (Marseille, France). methylthiazoyldiphenyl-tetrazolium (MTT) was provided by
Trevigen (MD, USA). BioRAD protein assay reagent was purchased from Bio-Rad Laboratories

(Hercules, USA).
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Non-viral vectors for cnRNA delivery including PAA20k-EPE and C12EPE were also provided

by Ethris GmbH (Planegg, Germany).

Magnetic nanoparticles (MNPs), i.e. PEI Mag2 and SO-Mag5, were supplied by Dr. Olga

Mykhaylyk in the medical faculty of Technical University Munich.

Anti-rat CD45-FITC, CD90-FITC, CD29-FITC, CD31-PE, CD106-PE, and also isotype controls
including IgM,k-FITC, 1gG1,k-FITC, IgG1,k-PE were supplied by BD Pharmingen™ (San Jose,

CA, USA).

Other reagents and materials were obtained from Sigma-Aldrich, unless specified otherwise.

2.2 cmRNA production

The chemically modified mRNAs encoding for d2eGFP, RFP, SOX2, KLF, cMYC, and OCT3/4

have been produced in this thesis. Other cmRNASs were supplied by Ethris GmbH.

An in vitro transcription (IVT) was performed using RiboMax Large Scale RNA production
System-T7 (Promega, Madison, WI, USA) to produced cmRNAs. Shortly, plasmid vectors were
linearized with Not I and purified using chloroform/ethanol precipitation. Prior to transcription,
ribonucleotide mixture was prepared using adenosine-triphosphate (ATP), guanosine-triphosphate
(GTP), uridine-triphosphate (UTP) and cytosine-triphosphate (CTP) as well as the chemically
modified ribonucleotides methyl-CTP and thio-UTP (Jena Bioscience, GmbH, Jena, Germany)
with a final concentration of ATP: GTP: UTP: CTP: methyl-CTP: thio-UTP of 7.13mM: 1.14mM:
5.36mM: 5.36 mM:0.536 mM: 0.536 mM. 20 pl IVT mixture was then prepared by adding anti-
reverse cap analog (ARCA), T7 RNA polymerase and linearized template DNA, and incubated for
2 h at 37°C to complete the transcription procedure. Next, DNA template was digested during 20

min incubation at 37°C with DNase I. The cmRNA product was precipitated during 30 min
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incubation on ice with pre-cooled ammonium-acetate with a final concentration of 2.5 M. After
centrifugation, the pallet was washed twice with 70% ethanol and re-suspend in water for injection
(WFI). The precipitation step with ammonium-acetate and washing with ethanol were repeated
again, and final cmRNA pallet was re-suspended in WFI. cmRNA concentration and purity were
determined with NanoDrop 2000C spectrophotometer (Thermo Scientific, DE, USA). In addition,

further quality control of cmRNA product was performed by loading on the 1% agarose gel.

2.3 Cell culture

Primary Mouse Embryonic Fibroblasts (PMEFs) (PMEF cells strain CF-1/ untreated, Millipore,
CA, USA), and Porcine Fetal Fibroblasts (PFFs, provided by Dr. Bartosz F. Grzeskowiak) were
cultured in complete DMEM high glucose (supplied with 10% FBS (Millipore, CA, USA) and 1%
penicillin/streptomycin) and kept at humidified 37 °C supplied with 5% CO2. For both cell types,
the plates were coated with Gelatin 0.1% for 30 min at RT prior to cell seeding. Cells splited 1:3

to 1.5 every three to five days. The fibroblast have been used in passage 7 to 15.

NIH 3T3 cell line (ATCC, VA, USA), and rat mesenchymal stem cells (MSCs) were cultured using
complete DMEM low glucose (supplied with 10% FBS and 1% penicillin/streptomycin). Mc3T3-
E1 cells (ATCC, VA, USA), were cultured in the complete alpha Minimum essential medium (o-
MEM). NIH3T3 and MC3T3-EL1 cells were splitted every three to five days 1:5 to 1:20, and have
been used until passage 20. MSCs were expanded at the density of 1000-3000 cells/cm?, and have

been used until passage 6 in this project.

In all cases, cells were cultured and kept at humidified 37 °C supplied with 5% CO2.
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2.4 Preparation of magnetic cmRNA complexes

For magnetofection experiments, three different components were mixed to prepare magnetic
complexes: cmRNAS, enhancers (cationic lipids or polymers) and magnetic nanoparticles (Figure

10).
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nanoparticles (cationic lipid/ polymer) complex

Figure 10 Schematic of non-viral self-assembling magnetic complexes of cmRNA (according to a figure from C. Plank et al. /
Advanced Drug Delivery Reviews 63 (2011) 1300-1331)

The magnetic complexes were prepared at cmRNA concentration of 10 pg/ml. Magnetic
nanoparticles (PEl Mag2 and SO-Magb) at different iron to nucleic acid ratios (w:w), Df-Gold with
different lipid to nucleic acid ratios (v:w), and PAA20k-EPE in different N:P (nitrogen of amino
groups of cationic polymer to phosphate groups of nucleic acid) ratios have been used to optimize
the cmRNA magnetic complex preparation. For a conventional lipofection and polyfection,
magnetic nanoparticles were replaced with WFI. After mixing the components, the mixture was
further incubated at RT for 20 min to allow self-assembling, then 1:2 dilutions with serum- and

supplement-free DMEM were performed to set up all the different doses of cmRNAs. The prepared
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dilutions then were added to the 70% confluent fibroblasts and the plates were incubated on the

magnet for 20-30 min at humidified 37 °C and 5% CO2.

In the 96-well-plate format, complexes were prepared in total volume of 360 ul, from which 50 pl
was added to each well of the cell culture plate, to perform three replicates for each sample. For

other plates, the final volume of complexes were calculated accordingly.

2.5 cmRNA complexes characterization

Particle size and zeta potential of lipoplexes were measured by laser light scattering, using a
Zetasizer (Malvern Instruments, Worcester, UK).750ul of complexes (or 1:5 to 1:10 dilution of
complexes in supplement free-media) were filled into a clean disposable cuvette cell, and a total of

30 and 300 runs were performed for particle sizing and estimation of surface charge, respectively.

2.6 Analysis of translation of reporter cnRNAs

2.6.1 Luciferase assay

24 h after transfection, supernatant of the wells of a 96-well-plate was removed, and the cells were
washed with DPBS. Next, 100l lysis buffer (0.1% Triton X-100 in 250 mM Tris pH 7.8) per well
was added, and plate incubated for 10-15 min at RT. 50 pl of the cell lysate then were transferred
to the wells of a black 96-well plate and mixed with 100 pul of luciferin buffer (35 mM D-luciferin,
60 mM DTT, 10 mM magnesium sulphate, 1 mM ATP and 25 mM glycyl-glycine-NaOH buffer,
pH 7.8). Chemiluminescence was recorded using a TopCount instrument (Canberra Packard,
Groningen, The Netherlands). The amount of Luciferase was then calculated using a calibration

curve.

In the next step, the amount of Luciferase were normalized per total protein in the cell lysate. For

that, 150 pl deionized water was added to each well in a 96-well-plate, followed by transferring 10

27



Materials and Methods

pl of the cell lysate to the corresponding wells of the protein assay plate. Then 40 ul BioRad protein
assay reagent was added to each well, and plate placed on a shaker for 5-10 min. The absorbance
was measured at 590 nm using Wallac 1420 Multi-label counter; measuring time set to 0.1 s
(Wallac Victor, Perkin—Elmer Life Sciences). The amount of protein was then calculated using a

calibration curve.
2.6.2 Fluorescent-activated cell sorting (FACS)

To prepare the FACS samples for the cells in conventional 2D culture, cells were washed with
DPBS and detached using 200 pl/well/12-well-plate 0.05% Trypsin-EDTA. To detach the cells
cultured in collagen scaffolds however, each sponge was incubated with 300U/ml collagenase type
I in Hanks’ balanced salt solution (HBSS) with Calcium and Magnesium for 4 to 7 h. During
incubation time, sponges were visually investigated for several times to ensure complete collagen
digestion. Then, cells were centrifuged at 5009 for 5 min, followed by washing with DPBS. In the
next step, cells were incubated for 5 min at 37°C with 10 pl 0.05% Trypsin-EDTA to accelerate
detachment of cells. Detachment was stopped by adding 90ul of DPBS containing 2% FBS to each
well. FACS analysis was carried out using Attune NXT flow cytometer (Life technologies, NY,
USA). Before each experiment, the machine was calibrated using calibration beads (Molecular
probes, Life technologies, NY, USA). Cell debris was excluded from analysis by using forward-
and side-scatter gating. Untransfected cells cultured under 2D and 3D condition were used as
negative controls to adjust fluorescence channel. The data, obtained from triplicates, was analyzed

with FlowJo_V10 software.
2.6.3 Metridia luciferase assay

Kinetics of translation of a reporter cmnRNA, Metridia luciferase, was used to test the quality of

collagen sponges for sustained cmRNA delivery. For this, cell culture supernatant was collected

28



Materials and Methods

every 24 h post transfection, and replaced with new media. The collected media was either
proceeded immediately for measurement, or frozen at -20 °C until the last day of experiment to
measure samples collectively. To quantify Met luc expression, 80ul of supernatant was gently
mixed, in black 96-well plates (Costar, NY, USA), with 30 ul of 0.05 mM Coelenterazine
(Synchem, Felsberg, Germany) and measured, using a luminescence reader (Wallac Victor,

Perkin—Elmer Life Sciences) in triplicates.

2.7 Cell viability assays

2.7.1 Cell viability assay for conventional 2D culture: MTT assay

The MTT assay, based on reduction of the MTT reagent into formazan by superoxide anions
produced in the mitochondrial respiratory chain, was performed to assess the cytotoxicity of the
cmRNA polyplexes, lipoplexes, and magnetic complexes. 24 h post-transfection, supernatant of
cells were discard, and the cells were washed with DPBS. Then cells were incubated for 2 h with
100 pl of 1 mg/mL MTT solution prepared in DPBS with 5 mg/mL glucose. When violet crystals
of formazan were observed under the microscope, 100 ul solubilisation solution (10% Triton X-
100 in 0.1 N HCL in anhydrous isopropanol) per well was added and plate was incubated at 37°C
on the shaker overnight to let the formazan crystals to be dissolved. The optical density was
measured at 590 nm. Untransfected cells were used as a reference, and 100 pl MTT solution mixed

with 100 pl solubilisation solution used as the background.

2.7.2 Cell viability assay for 3D culture: ATP Glo assay

For assessment of cell viability TAMSs loaded with different doses of Met luc cmRNA complexes
were used. NIH3T3 cells were inoculated on the sponges at 10,000 cells per sponge, and cultivated
in complete DMEM for 48 h. Cells cultivated on collagen sponges not loaded with cmRNA

formulations were used as control. Cell viability was evaluated using CellTiter-Glo® according to
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manufacturer’s instructions (CellTiter-Glo® luminescence cell viability assay, Promega, WI,
USA). 70 pl of the final reaction medium was transferred to a white 96-well plate (Costar, NY,
USA), and measured using a luminescence reader (Tecan infinite 200 pro, Tecan group Ltd,

Switzerland) in triplicates.
2.8 Preparing cmRNA complexes for loading onto collagen sponges

A proprietary cationic lipid (C12EPE) has been used as a non-viral transfection agent, along with
DPPC and cholesterol as helper lipids and DMG-PEG2k as PEGylated lipid. Lipoplexes were
formed at a final cmnRNA concentration of 200ug/ml and N/P ratio of 8 which stand for molar
ratios of amino groups of proprietary lipid to phosphate groups of cmRNA using the solvent
exchange method [88]. Briefly, lipoplexes were induced to self-assemble by rapid injection of an
ethanolic solution of lipid phase into an aqueous solution of cmRNA in10mM citrate / 150 mM
sodium chloride using insulin syringes, followed by 15 sec vortexing at high speed and 30 min
incubation at RT. The formulated lipoplexes were then dialyzed against double distilled water using
dialysis cassettes with molecular weight cut-off of 7 kDa (Pierce, USA).

To prepare cmRNA polyplexes, 500ul of cmRNA solution was added to 500ul of Polyethylenimine
(PEI) solution, followed by 30 s vortexing, and 30 min incubation at RT. Polyplexes were prepared

at the final cmRNA concentration of 200ug/ml and an N/P ratio of 10.

2.9 Experimental set up for cell transfection on vacuum-dried cmRNA-

loaded collagen sponges as transcript-activated matrices (TAMS)

The experimental set up for preparation TAMSs with collagen sponges is illustrated in Figure 11.
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Figure 11 Schematic of preparation transcript-activated matrices (TAMs) using collagen sponges

First, collagen sponges were cut in small pieces (6mm in diameter) using a puncher (VBS
Lochzange, Nr. 19970181). The pieces were placed in the wells of a sterile flat bottom,
polypropylene uncoated 96-well-plate (Eppendorf, Humburg, Germany). 50 ul of lipoplexes in

sucrose (2%), as a lyoprotective, were added drop wise to each piece and incubated for 90 min at
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RT to be completely soaked by the sponges. Loaded sponges then were moved to a high vacuum
(Martin Christ Gefriertrocknungsanlagen GmbH, Osterode am Harz, Germany) and dried there for
at least 2 h at 0.05 mbar. After that, sponges were either used for seeding cells or vacuum-sealed
and kept at RT until use. In case of cell seeding, desired cell density in 50 pl complete media
(complete DMEM for NIH3T3 and MSC cells) was added to every sponge followed by 30 min
incubation at humidified 37 °C and 5% COZ2. During incubation time, cells had to be seeded on
collagen sponges as they could not adhere and grow on polypropylene uncoated plate. Then, 200
pl complete media was added to the wells and plates incubated in cell culture incubator.

Whole procedure performed under sterile condition using laminar hood (BDK Luft und
reinraumtechnik GmbH, Sonnenbihl-Genkingen, Germany). Moreover, plastic materials were

avoided due to high electrostatic charge of collagen sponges.
2.10 Scanning Electron Microscopy (SEM)

Scanning electron microscopy was used to characterize the morphology of collagen sponges and
evaluate loading cmRNA complexes on that. All samples were coated with Gold and Palladium
with ratio of 60/40, using a sputter coater (Edwards sputter coater S150B, HHV Ltd, West Sussex,
UK). Then, SEM was carried out using a Zeiss-Leo DSM 982 Gemini (FELMI-ZFE, Graz, Austria)

at5 kV.

2.11 Labeling cmRNAs with FITC

100ug td-Tomato cmRNA was FITC-labeled with 50ul label IT reagent, using the Label IT®
Nucleic Acid Labeling kit (mIR3200, Mirus, Madison, WI, USA), according to manufacturers’
instruction. The FITC labeled-cmRNAs were then purified with ammonium-acetate precipitation,

and the cmRNA pallet was re-suspended in WFI. Labeling degree was calculated as 11 FITC
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molecules per cmRNA molecule, using UV-measurement with NanoDrop 2000C

spectrophotometer (Thermo Scientific, DE, USA).

2.12 Fluorescence microscopy

Lipoplexes containing FITC-conjugated cmRNAs , as well as transfected cells with tdTomato,
eGFP, RFP and d2eGFP cmRNAs were visualized under the fluorescence microscope (Leica DMi8

fluorescent microscope, Leica microsystems, Heerbrugg, Switzerland).

2.13 Hematoxylin-Eosin (HE) staining of cells seeded on the collagen

Sponges
Cells were fixed with 4% formaldehyde in phosphate-buffered saline (PBS), PH 7.4, overnight at
RT. Then collagen sponges were dehydrated and embedded in paraffin. Collagens’ sections
(7umm) were deparaffinized, and stained with Hematoxylin and Eosin according to standard

protocols.

2.14 Investigation of hBMP2 on the collagen sponges using

Immunohistochemistry (IHC)

5 days after transfection, hBMP2 loaded and unloaded collagen sponges containing MC3T3-E1
cells were fixed with 4% formaldehyde in phosphate-buffered saline (PBS) PH 7.4, overnight at
RT and kept in 70% ethanol. Then all collagen sponges were dehydrated and embedded in paraffin.
Immunohistochemistry was performed for hBMP2 using a polyclonal antibody (ab14933, Abcam,
Cambridge, UK). Collagens’ sections (7umm) were deparaffinized, and treated with 1% hydrogen

peroxide in PBS for 10 min at RT to inactivate the endogenous peroxidases. After washing with
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PBS, the sections were permeabilized with 0.3% Tritone X-100 in PBS for 5min, washed again

with PBS and were blocked with 1.5% blocking serum for 1 h in a humid chamber at RT.

Then the slides were incubated with the primary antibody in a humid chamber at 4°C overnight. In
the following day, after removing excess of unbound antibody by PBS washing, the sections were
incubated with anti-rabbit secondary antibody complexed with avidin-biotin system (Rabbit ABC
Staining System: sc-2018, Santa Cruz, CA, USA), and procedure continued following the
manufacturer’s protocol. Sections were incubated with peroxidase substrate for 3 min, followed by
washing in H20 and counterstaining in hematoxylin. At the end, dehydration steps and mounting

with Roti Histokitt 11 medium (CarlRoth, Karlsruhe, Germany) were performed.
2.15 Isolation and expansion of rat mesenchymal stem cells (MSCs)

Rat bone marrow mesenchymal stem cells (BMSCs) were provided by Ethris GmbH.

Adipose mesenchymal stem cells (AMSCs) were isolated form the fat tissue of a male rat. In this
procedure, fat tissue was cut into millimeter sized pieces and transferred to a falcon tube (Corning
incorporated, NY, USA) containing sterile DPBS and washed several times with DPBS. Next, fat
pieces were incubated in a collagenase type Il solution (0.4 mg/ml) at humidified 37 °C for 30 min.
Then, collagenase activity was stopped by adding complete DMEM culture medium (DMEM
containing 10% v/v FBS and 1% v/v Penicillin/streptomycin), and the mixture was centrifuged at
600 g for 10 min. The upper fat layer was collected and re-suspended in complete DMEM culture
medium. In the next step, the cell suspension was filtrated through a 40 um cell strainer (Corning
incorporated, NY, USA), and plated in T75 cm? flask (Corning incorporated, NY, USA) and placed
at humidified 37 °C and 5% CO2 in complete DMEM [89]. To remove the non-adherent cells the
media was changed the following day. The cells were expanded with cell densities 1500-3000

cells/cm?and the media changed every three days. In this study, MSCs were used until passage 6.
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2.16 Secretion of hBMP-2 by MSCs cultivated on hBMP2-cmRNA

loaded collagen matrices

Medium samples from MSC transfected with different doses of hBMP2 cmRNA lipoplexes were
collected 24 h after transfection, and the concentration of hBMP-2 was measured with a human
BMP-2 ELISA kit following manufacturer’s instructions (R&D Systems, Minneapolis, MN).
Experiments were performed in triplicates, and the protein content was determined using a standard

curve (r>=0.99)

2.17 In vitro osteogenic differentiation

Collagen sponges were loaded with 3ug hBMP2 cmRNA lipoplexes in 2% sucrose and vacuum-
dried as described previously. In the next step, 30,000 MC3T3-EL1 or freshly isolated rat MSCs, in
50 pl media, were seeded on each collagen sponge and incubated for 30 min at 37 °C in a
humidified atmosphere of 5% CO2, to ensure the cell adherence to the collagen sponges. Then,
250l Osteogenic Medium (DMEM+ 2% FBS+ 10mM R-Glycerophosphate+ 200uM L-Ascorbic
acid+ 1% Pen-Strp for MSCs, and a-MEM+ 10% FBS+ 10mM R-Glycerophosphate+ 50 pg/ml L-
Ascorbic acid+ 1% Pen-Strp for MC3T3-E1) was added to each well. Half of the media was
renewed every two to three days. Negative controls including untransfected cells in 3D (seeded on
collagen sponges) and 2D (seeded on the normal cell culture flask) were treated exactly like
transfected cells in 3D. 7 and 14 days post seeding, cells were investigated for expression of

osteogenic markers by RT-PCR.
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2.18 RNA isolation, and reverse transcriptase real-time polymerase chain

reaction (RT-PCR)

7 and 14 days after seeding cells on the hBMP-2 loaded collagen sponges, appropriate volume of
collagenase I in Hanks’ balanced salt solution (HBSS) was added to each well to reach the final
concentration of 300 U/ml of collagenase type I. Then, plates were incubated for 4 to 7 hours at
humidified 37 °C and 5% CO2. When the collagen sponges were entirely dissolved, cells were
centrifuged at 500g for 5 min, supernatant removed and cells subsequently lysed by TRIzol reagent
(Ambion by life technologies, Darmstadt, Germany) for total RNA isolation, following
manufacture’s instruction. For each of the hBMP2 transfected and untransfected groups, 15

sponges were used, and the lysed cells were pooled together for RNA isolation.

RNA concentration and purity were determined with NanoDrop 2000C spectrophotometer
(Thermo Scientific, DE, USA). First-strand cDNA was reverse-transcribed from 450 ng of total
RNA Dby the use of First Strand cDNA Synthesis Kit (Thermo Scientific, Darmstadt, Germany),

following manufacturer’s instructions.

To evaluate the expression of osteo-related genes, soAdvanced Universal SYBR Green Supermix
(Bio-Rad, Munich Germany) was used to perform quantitative realtime PCR (n = 3). PCR was
carried out on a Light Cycler 96 thermal cycler (Roche, Mannheim, Germany). The expression
levels of target genes were normalized to that of GAPDH (in case of MC3T3-EL1 cells), and beta-
tubulin (for MSCs). The data expressed as fold induction relative to controls, i.e. untransfected
MC3T3-Elcells in 3D, and untransfected MSCs in 2D culture. Primer sequences were listed from

5’ to 3’ as follows:

Table 1 Mouse primers for osteogenic differentiation experiment on MC3T3-EL1 cells
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Gene Forward primer Reverse primer

ALP gtgccctgactgaggctgtc ggatcatcgtgtcctgctcac

OCN ccgggagcagtgtgagctta tagatgcgtttgtaggcggtc
GAPDH gcacagtcaaggccgagaat gccttctccatggtggtgaa

Table 2 Rat primers for osteogenic differentiation experiment on MSCs

Gene Forward primer Reverse primer
RUNX2 ccgtgtcagcaaaacttcttt gctcacgtcgctcatcttg
OSX cccaactgtcaggagctagag gatgtggcggctgtgaat
OCN acggcagcttcagctttg gaggcagagagagggaacag
ALP tggaacactgggtcccata gacctggtcttccctccaa
B-tubulin ctgatgagcagggcgagt tccgagaagttcttaagcectca

2.19 In vivo bone differentiation

An in vivo implantation experiment was design, following the Guidelines for The Care and Use of
Laboratory Animals provided by District Government of Upper Bavaria. In total 9 Sprague-Dawley
rats (6-month-old males, average weight 600 to 700 g; Janvier, Le Genest-St- Isles, France) were

used. In each rat, femur defect in the left leg was treated with empty collagen sponge (as negative
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control), and the right femur defect was cured with 2.5 ug hBMP2 cmRNA-loaded sponge. To

avoid infection and alleviate pain during and after the operation, routine antibiotics and analgesics

were prescribed, and animals were anesthetized using a combination of Medetomidin (Domitor®,
Orion pharma, Espoo, Finland; 135 pg/kg), Midazolam (Dormicum®, Unterhaching, Germany;

2.5 mg/kg) and Fentanyl (Duragesic®, Beerse, Belgium; 5 pg/kg).

After shaving and disinfecting, a 1.5 cm skin incision on the lateral surface of the thigh of animal

was made to generate a mini-invasive access to femur.

A 2-mm dill hole, as a non-critical defect, was created in the middle third of the femur bone, using
compressor orthopedic drill machine (Aesculap GA 207 (0-750 1 min); PEP GmbH - Fair and
worldwide trade, Dessau, Germany), and a drilling bit (Aesculap GS 4 (Stainless 2) @ 2 mm; PEP

GmbH - Fair and worldwide trade, Dessau, Germany).

After implantation of collagen sponges into drill holes, 4-0 vicryl sutures (Ethicon, USA) were
used to close the muscles, fascia and skin. Post operation, a film of silver aluminum aerosol (Henry
Schein, Langen, Deutschland) was sprayed on the operated area to provide a protective layer

against contaminations and damage of the wound by other animals. The rats were sacrificed at 2
weeks, using natrium pentobarbital (Narcoren®, Merial GmbH, Hallbergmoos, Germany; 400

mg/kg), and samples were collected for uC-T and histology analysis.

2.20 p-computed tomography (u-CT) analysis

Three dimensional x-ray micro-computed tomography (u-CT) imaging was performed to quantify
bone formation, using UCT 40 (Scanco Medical, Bassersdorf, Switzerland). Bone volume was
measured to compare the amounts of newly formed callus within each specimen (defects treated

with empty collagen sponges and defects treated with hBMP2 cmRNA-loaded collagen sponges).
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2.21 Histological observation of rat femur defects

Histological evaluations were carried out by Professor Reinhold Erben in the University of
Veterinary Medicine Vienna.

Femoral shafts were embedded in a modified methylmethacrylate embedding mixture as described
(Erben 1997 J Histochem Cytochem 45:307-313), and 5-um-thick longitudinal sections were
prepared using a Leica SM2500 sledge microtome (Leica Microsysteme, Wetzlar, Germany).
Sections were stained with toluidine blue and von Kossa/McNeal (Erben RG, Glésmann M 2012
Histomorphometry in rodents. In: Bone Research Protocols, Methods in Molecular Biology vol.
816. Helfrich MH, Ralston SH (eds) Humana Press, New York, NY, USA, pp 279-303).
Histomorphometry of the newly formed callus tissue was performed using OsteoMeasure 3.0
(OsteoMetrics, Decatur, GA, USA) and AxioVision 4.7 (C. Zeiss, Jena, Germany) software for

semiautomatic and automatic image analysis, respectively.

2.22 Statistical analysis

All statistical analyses as well as half-life measurements were performed using GraphPad Prism
version 6.05 for windows (GraphPad Software Inc., San Diego, CA). Statistical significance was

determined using t-test and multiple t-test. P< 0.05 was considered significant.
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Results

3 Results

3.1 Magnetofection: enhanced cmRNA delivery

3.1.1 Optimum cell density for culture of Primary Mouse Embryonic Fibroblasts

(PMEFs)

Cell density plays a critical role in keeping primary cells proliferative and productive in the log
phase due to high sensitivity of primary cells to contact inhibition [90]. Therefore, optimum density
of PMEFs was determined, using luciferase assay. Different cell densities per well of a 96-well-
plate were transfected with various Luc cmRNA doses along with Dreamfect-gold (Df-Gold) as a
cationic lipid vector. 24 h later, luciferase and total protein expression were measured, and
expression of the luciferase was normalized to that of the protein (Figure 12). Based on the
transfection efficacy, 4000 PMEFs per well in a 96-well-plate was chosen as the optimal PMEF
density, and number of cells per wells for other cell culture plate formats were calculated

accordingly.

Luc cmNA/ Df-Gold
407
-®- 5000 cells/well

- 4000 cells/well

301
=& 3000 cells/well

20

101

pg Luciferase / pg protein

(O T 1
0.0 0.5 1.0 1.5
|l og LuccnRNA (pg/cell)

Figure 12 Determination of optimal cell density for PMEFs per well in 96-well-plates. Luciferase assay: transfection efficacies of
different doses of Luc cmRNA for various cell densities of PMEFs. All data shown are mean + SD from the values of three replicates.
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3.1.2 Optimizing the ratio of lipid to nucleic acid for Df-Gold as a cationic lipid

vector

To find the best transfection reagent for magnetofection of cmRNAs, Df-Gold was tested as an
example of lipid vectors. Therefore, Df-Gold with various lipid to nucleic acid (L:N) ratios, either
alone or in combination with two different magnetic nanoparticles (SO-Mag5 and PEI Mag2), was
used for Luc cmRNA complex preparation. The prepared complexes were then added to the
overnight culture of PMEFs. 24 h later, transfection efficacy and cell toxicity were measured using
luciferase and MTT assays, respectively. As shown in Figure 13, regardless of the type of magnetic
nanoparticle used, magnetofection increased the transfection efficacy of cmRNA, compared to
conventional lipofection. The maximum transfection efficacy was observed at L:N of 4:1 and 5:1.
In the MTT assay results, increasing lipid to nucleic acid ratio did not yield any enhanced cell

toxicity. On the contrary, L:N 6:1 increased cell proliferation.
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Figure 13 Magnetofection compared to lipofection, optimizing L/N ratio. (A) Luciferase assay: transfection efficacy of Luc cmRNA
in PMEFs. (B) MTT assay: toxicity of Luc cmRNA complexes in PMEFs. Untransfected cells were used as control. All data shown
are mean + SD from the values of three replicates.

Based on these results, L:N 4:1 was selected as the optimal ratio, which gave high transfection
efficacy as well as low cell toxicity.
3.1.3 Optimizing polymer to nucleic acid ratio for PAA20k-EPE as a cationic

polymer vector

To investigate the effect of magnetofection using cationic polymers as transfection reagents,

PAA20k-EPE, patented by Ethris GmbH, was used (Figure 14).
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Figure 14 Schematic of PAA20k-EPE, a cationic polymer vector for cnRNA delivery. PAA20k-EPE comprised of an olygo(alkyl
amine) with ethylen-propylen-ethylen (EPE) backbone, conjugated to poly(acrylic acid).

24 h after seeding PMEFs, cells were transfected with polyplexes of Luc cmRNA and PAA20k-
EPE, with N:P ratios 16:1 and 32:1, which stand for molar ratios of the amino group of cationic
polymer to the phosphate group of RNA. Magnetic complexes were prepared using two different
magnetic nanoparticles (PEI Mag2 and SO-Mag5). Transfection efficacy and cell toxicity were
assessed 24 h post transfection with luciferase and MTT assays, respectively (Figure 15). The
results showed that using a higher N:P ratio (32:1) did not result in any significant increase in the
transfection efficacy, but negatively affected the cell viability. Therefore, the N:P ratio of 16:1 was

chosen for future experiments.
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Figure 15 Magnetofection compared to polyfection, optimizing N:P ratio. (A) Luciferase assay: transfection efficacy of Luc cmRNA
in PMEFs. (B) MTT assay: toxicity of Luc cmRNA complexes in PMEFs. Untransfected cells were used as control. All data shown
are mean + SD from the values of three replicates.

3.1.4 Evaluation of lipid and polymer vectors for magnetofection

To find the most efficient vector for magnetofection of cmRNAs, transfection efficacy of Df-Gold

and PAA20k-EPE were compared, considering all previous optimizations.

cmRNA complexes were self assembled using Luc cmRNA and vectors, alone or along with

magnetic nanoparticles (PElI Mag2 and SO-Mag5).

Figure 16 shows the luciferase expression of different Luc cmRNA complexes, 24 h after

transfection of PMEFs.

44



Results

1007

80 Luc cmRNA/Df-Gold

Luc cmRNA/ Df-Gold/ PEI Mag2

60 - Luc cmRNA/ Df-Gold/ SO-Mag5

f rwe

Luc cmRNA/ PAA20k

/ Luc cmRNA/PAA20k/ PEI Mag2

404

¢

204 Luc cmRNA/PAA20k/ SO-Mag5

0 T T
0.5 1.0 15

log Luc cmRNA (pg/cell)

ng Luciferase / pug protein

-20"

Figure 16 Magnetofection compared to lipofection and polyfection. Luciferase assay: transfection efficacy of Luc cmRNA into
PMEFs, using Df-Gold (lipofection), PAA20k-EPE (polyfection), and combination of enhancers with various magnetic
nanoparticles (magnetofection). All data shown are mean + SD from the values of three replicates.

Based on the results, although magnetofection improved the transfection efficacy using both
cationic lipids and polymers, Df-Gold, as a lipid vector, was more efficient for magnetofection of

cmRNAs.

3.1.5 Optimizing the ratio of iron to nucleic acid

Various iron to nucleic acid (Fe:N) ratios were compared to find the most efficient and lowest toxic
amount of iron in the complexes. PMEFs were transfected with different complexes containing
Luc cmRNA, Df-Gold, and two magnetic nanoparticles (PEI Mag2 and SO-Mag5) with Fe:N ratios
0.5:1,1:1,1.5:1,and 2:1. Luciferase and MTT assays were performed 24 h post transfection (Figure

17).
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Figure 17 Magnetofection compared to lipofection; optimizing Fe/N ratio.(A) Luciferase assay: transfection efficacy of Luc cmRNA
in PMEFs. (B) MTT assay: toxicity of Luc cmRNA magnetic complexes in PMEFs. Untransfected cells were used as controls. All
data shown are mean + SD from the values of three replicates.

Considering transfection efficacy, Fe:N 0.5:1 and 1:1 led to slightly higher cnRNA translation,

especially at higher cnRNA doses. Furthermore, according to MTT results, higher concentration

of iron in the complexes did not increase cell toxicity. Indeed, cell proliferation was improved using

Fe:N 1.5:1.

Based on the transfection efficacy and cell viability results, Fe:N 1:1 was chosen as the optimum

Fe:N ratio for transfection of single cmRNA.

46



Results

3.1.6 Kinetics studies; magnetofection vs. lipofection

Since cmRNAs result in transient protein production, kinetic studies of translation of cmRNAs
would be useful to plan retransfection studies, when prolonged protein production for a desired

period is aimed at.

To assess kinetics of translation of cmRNA at the protein level, a protein with a short half-life is
needed. In this case, the increase or decrease of protein production precisely correlates with the
cmRNA translation rate. For this purpose, destabilized eGFP cmRNA, d2eGFP cmRNA, was
synthesized. The half-life of this destabilized form of GFP protein has been reported to be 2 hours
[91]. Figure 18 compares the kinetics of expression of eGFP cmRNA, with a 26 h half-life, with
d2eGFP in PMEFs culture [91]. Due to the long half-life of the eGFP protein, expression of eGFP
had a cumulative effect which could not be related to the cmRNA translation, especially at later
time points (see T=72 h in Figure 18). However, d2eGFP showed a corresponding translation

profile over the time, thanks to its short half-life.
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Figure 18 Kinetics studies: comparison of the translation kinetics of eGFP (T %: 26 h) and 2deGFP (T %: 2 h) cmRNAs. In each
case PMEFs were transfected with SO-Mag5/Df-Gold/cmRNA (16 pg/cell). Pictures were taken at 4x magnification using a Nikon

microscope.
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FACS analysis was performed to compare translation kinetics of d2eGFP post lipofection (d2eGFP

cmRNA/ Df-Gold) and magnetofection (d2eGFP cmRNA/ Df-Gold/ SO-Mag5). For this, both the

number of eGFP positive cells (Figure 19 A) and their mean fluorescence intensity were quantified

(Figure 19 B). For both the measured parameters, significantly higher values were observed post

magnetofection, indicating higher transfection efficiencies coupled with rapid onset of cmnRNA

translation.
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Figure 19 Kinetics studies: translation kinetics of 2deGFP cmRNA using magnetofection and lipofection. (A) Percentage of positive

cells. (B) Mean Fluorescence intensity
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3.1.7 Cotransfection of two cmRNAS; magnetofection compared to lipofection and
polyfection
To evaluate the possibility and effect of magnetofection on cotransfection of different cmRNAs,
cotransfection of Luc and eGFP cmRNAs in PMEFs was performed, using Df-Gold and PAA20k-
EPE as vectors, and PEI Mag2 and SO-Mag5 as magnetic nanoparticles. All previous optimizations
in a single cmRNA transfection (i.e. L:N, N:P, and Fe:N ratios) were applied in this experiment.
Figure 20 A, shows the luciferase translation 24 h post luc cmRNA transfection, and luc and eGFP
cmRNAs cotransfection, in both of which magnetofection could improve transfection efficacy.
Since Df-Gold worked more efficiently than the PAA20k-EPE, it was chosen for the further

investigations in cotransfection of cmRNAs.

FACS analysis was also performed to investigate the possible effect of cotransfection on translation
of eGFP cmRNA, using magnetofection and lipofection (Figure 20 B). Also in this case,
magnetofection could improve the transfection efficacy in transfection as well as cotransfection of
cmRNAs. In addition, no considerable differences were observed in translation efficacy of eGFP

c¢mRNA transfection and cotransfection.
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Figure 20 . Magnetofection compared to lipofection and polyfection in cotransfection of two cmRNAs. (A) Luciferase assay:
transfection efficacy of Luc cmRNA in cmRNA transfection and cotransfection, using lipofection, polifection, and magentofection.
DF-Gold was chosen as vector for further cotransfection experiments. Data are mean + SD from the values of three replicates. (B)
FACS analysis: transfection efficacy of eGFP cmRNA in single mRNA transfection and cotransfection, using lipofection and
magentofection.

Regarding luciferase and eGFP translation in this experiment, cotransfection of different cnRNAs

was feasible and did not affect the translation of any of the individual cmRNAs.

3.1.8 Cotransfection of three different cmRNAs: lipofection vs magnetofection

To be able to investigate the double positive cells in cotransfection studies, RFP cmRNA was

synthesized, and the further optimizations were carried out using Luc, eGFP and RFP cmRNA:s.
51



Results

3.1.8.1 Order of mixing of complexes’ components affect cotransfecion efficacy

To prepare cmRNA magnetic complexes, three different components had to be mixed together:

cmRNAs, cationic lipids, and magnetic nanoparticles (Figure 21 A). To investigate the effect of

order of mixing of these components on cotransfection of cmRNAS, complexes containing the Luc,

eGFP and RFP cmRNAs cocktail; Df-Gold; and MNPs (PEI Mag2 or SO-Mag5) were prepared

using different orders of mixing (Figure 21).
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Figure 21 Evaluation of different orders of mixing of components for complex preparation in cotransfection of Luc, eGFP, and RFP
cmRNAs. (A) Schematics of complex components. (B) FACS analysis: measuring double positive cells 24 h after cotransfection of

PMEFs.
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The prepared complexes then were added to the overnight cultured PMEFs. 24 h later,
cotransfection efficacy was measured using FACS analysis, with order 3 revealing the lowest

cotransfection efficacy. Order 1 was chosen for further experiments in this thesis.

3.1.8.2 Different strategies for adding various cmRNAs in complex preparation creates a
dramatic effect on the efficacy of cotransfection
Different strategies of mixing various cmRNAs together and with other components of complexes
(vectors and magnetic nanoparticles) were tested to find the most effective combination, resulting
in the highest number of cotransfected PMEFs. As illustrated in Figure 22 A, one strategy was to
add single cmRNAs, one by one, to the eppi containing Df-Gold and magnetic nanoparticles
(strategy 1). Strategy number 2 showed the separate complex preparation for Luc, eGFP and RFP
cmRNAs, where the prepared complexes were mixed directly before being added to the cells.
Strategy 3, on the other hand, was to make a cocktail of cmRNAs’ stocks, and then use this cocktail

for complex preparation.
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Figure 22 Determining the most efficient strategy of mixing cmRNAs for cotransfection of Luc, eGFP, and RFP cmRNAs. (A)
Schematic of three different strategies for complex preparation.(B) FACS analysis: dot plots of single and double positive cells after
cotransfetion of cmRNAs, using different strategies. (C) FACS analysis: measuring double positive cells 24 h after cotransfection
of PMEFs. X-axis is in logarithmic scale.

All prepared complexes were then added to the overnight culture of PMEFs. 24 h later, FACS
analysis was performed to assess the efficacy of cotransfection by measuring double positive cells
(RFP+ GFP+). Figure 22 B displays the obvious differences in dispersity of cells in the dot plots
of FACS analysis, and Figure 22 C quantifies the number of double positive cells. According to
the FACS results, strategy number one was superior to other strategies, especially number 3
(cocktail of cmRNAS). Strategy 1 led to a high number of double positive cells that showed higher
mean fluorescence intensity in dot plots than the strategy number 3. To be sure about the efficacy,
strategy 1 was repeated but by using different orders when adding various cmRNAs to the solution
of Df-Gold and MNPs. Similar results were obtained (data not shown). Cotransfection of just two
MRNAs (RFP and eGFP) also did not vary the results (data not shown). Note that Luciferase was

efficiently expressed in all different strategies (data not shown).
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3.1.8.3 An optimized protocol was used to cotransfect PMEFs

Based on previous optimizations, SO-Mag5 nanoparticles were firstly mixed with Df-Gold, and
then Luc, eGFP, and RFP cmRNAs were added stepwise. The mixture then was incubated for 20
min at RT to let the complexes self-assemble. Next, the prepared complexes were added to the
semi-confluent culture of PMEFs, and the plate was incubated on the permanent magnetic field
(average field and field gradient of 213 mT and 4 Tm™, respectively) for 20 min at humidified 37
°C and 5% CO2 (Figure 23 A). Then, the magnetic field was removed and double positive cells

were visualized with a Nikon fluorescent microscope, 24 h post transfection (Figure 23 B).
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Figure 23 Cotransfection of Luc, eGFP, and RFP cmRNAs in an optimized way (strategyl, orderl). (A) Schematic of optimized
complex preparation and cotransfection. (B) Double positive PMEFs 24 h after cotransfection.

3.1.8.4 Magnetofection improved the efficacy of cotransfection of cmRNAs

24 h after the cotransfection of PMEFs with Luc, eGFP and RFP cmRNAs, the effect of
magnetofection on improvement of cotransfection efficacy was investigated by using fluorescent
microscopy, luciferase assay, and FACS analysis. As presented in Figure 24 A, more single and

double positive cells were visualized with magnetofection than lipofection. Magnetofection also
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had a positive effect on translation of luciferase in cotransfection of Luc, eGFP and RFP cmRNAS
in PMEFs (Figure 24 B). In addition, when magnetic nanoparticles were used more double positive

cells (eGFP+, RFP+) were detected by FACS analysis (Figure 24 C).
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Figure 24 The effect of magnetofection in efficacy of cotransfection of Luc, eGFP, and RFP cmRNAs in PMEFs. (A) Fluorescent
microscopy of cotransfected cells. (B) Luciferase assay: translation efficacy of luc cmRNA after cotransfection. Values are mean +
SD from three replicates. (C) FACS analysis: investigation of double positive cells. All data were obtained 24 h after cotransfection.
X-axis is in logarithmic scale.
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3.1.8.5 Iron content did not increase the toxicity in cotransfection of cmRNAs

According to previous optimizations, Fe:N 1:1 and 0.5:1, showed the highest transfection efficacy
as well as low toxicity in single cmRNA transfection (Figure 17). In cotransfection of various
cmRNAs however, the high amount of cmnRNAs and, consequently, the high amount of iron might
increase the risk of iron toxicity. Therefore, an MTT assay was performed to determine a safe iron
content for cotransfection of cmRNAs. For this, respiration activities of cells were measured 24 h
post cotransfection of PMEFs with Luc, eGFP and RFP cmRNAs, supplied with Df-Gold and
magnetic nanoparticles (PEI Mag2 or SO-Mag5) with Fe:N 1:1 and 0.5:1. As shown in Figure 25,
higher iron content did not increase the cell toxicity, and indeed, enhanced cell proliferations.

According to these results, the cotransfection project was continued using Fe:N 1:1.
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Figure 25 Optimizing iron to nucleic acid ratio in cotransfection of three cmRNAs to PMEFs. MTT assay: evaluation of toxicity of
the most efficient concentrations of iron in the magnetic complexes.Untransfected cells were used as control. All data shown are
mean + SD from the values of three replicates. X-axis is in logarithmic scale.
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3.1.9 Transfection and cotransfection of cmRNAS into cocultures of different cells;

magnetofection compared to lipofection

A coculture of PMEFs and Porcine Fetal Fibroblasts (PFFs) was used to investigate the effect of
magnetofection on transfection and cotransfection of cmRNAs in cocultures of different cells. In
these experiments, Df-Gold as vector and PEI Mag2 and SO-Mag5 as magnetic nanoparticles were
used. First, PMEFs (feeder layer) were seeded in day -2. One day later, PFFs (main layer) were
seeded on the feeder layer. Transfection or cotransfection of cmnRNAs was done 24 h after seeding
the main layer, and a FACS analysis was performed 24 h post transfection/cotransfection (Figure
26). Prior to flow cytometry, PMEFs were stained with anti-feeder-APC (Miltenyi Biotec, Bergisch

Gladbach, Germany), and thus could be distinguished from PFFs in the FACS analysis.

seeding PMEFs seeding PFFs transfection/ FACS analysis

(feeder layer) (main layer) cotransfetion

Day -2 Day -1 Day O Day 1

Figure 26 Time schedule for cotransfection of three different cmRNAs in coculture of cells

3.1.9.1 Transfection of single cmRNA into the coculture of PMEFs and PFFs

The effect of magnetofection on the transfection efficacy of single cmRNA in the coculture of
PMEFs and PFFs was investigated using magnetofection and lipofection for delivery of RFP
cmRNA and delivery of eGFP cmRNA, separately. As shown in Figure 27 A and B, regardless of
type of magnetic nanoparticle and cmRNA, magnetofection improved the transfection efficacy in
both the main layer (PFFs) and the feeder layer (PMEFs) over that obtained by convetional

lipofection.
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In general, transfection efficacy in PFFs was lower than PMEFs, which can be due to either

different protein production ability in various cells, or higher passage number of PFF in this

experiment.
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Figure 27 Magnetofection compared to lipofection in single cmRNA transfection into the coculture of PFFs and PMEFs. FACS
analysis: quantification of GFP positive cells and RFP positive cells 24 h after transfection. (A) Feeder layer: PMEFs. (B) Main
layer: PFFs. X axis is in logarithmic scale.

3.1.9.2 Cotransfection of three different cnRNAs into coculture of PMEFs and PFFs

Cocultures of PMEFs and PFFs were cotransfected with three cmnRNAs (Luc, eGFP and RFP). 24
h later, cotransfection efficacy was assessed by measuring double positive cells (Figure 28).
According to results, magnetofection improved the cotransfection efficacy of cmRNAs in both
feeder and main layers of the coculture of the cells. Luciferase expression was not measured in this

experiment.
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Figure 28 Magnetofection compared to lipofection in cotransfection of Luc, eGFP, and RFP cmRNAs into a coculture of PFFs and
PMEFs. FACS analysis: investigation of double positive cells. All data obtained 24 h after cotransfection. X-axis is in logarithmic
scale.

3.1.10 Characterizing magnetic lipoplexes of cmnRNAs

Size and zeta potential of different complexes were measured using the Malvern instrument
(Worcester, UK) (Table 3). All complexes were positively charged; although, the complexes with
SO-Mag5 were bigger, the transfection efficacy using SO-Mag5 or PEI Mag2 showed no dramatic

differences (Figure 24, Figure 27, and Figure 28).

Table 3 Characterization of cmRNA magnetic lipoplexes

Complex composition Hydrodynamic  Zeta potential
diameter (nm) (mV)
DF-Gold/PEI Mag2/ eGFP cmRNA
155.3 18.23
DF-Gold/PEI Mag2/ RFP cmRNA
192.4 16.17
DF-Gold/PEI Mag2/ Luc cmRNA
138.7 17.63
DF-Gold/So- Mag5/ eGFP cmRNA
1080.0 19.30
DF-Gold/So- Mag5/ RFP cmRNA
998.3 19.33
DF-Gold/So- Mag5/Luc cmRNA
1105.6 18.13
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3.1.11 Magnetofection of cmRNA,; a well optimized protocol for enhanced cmRNA

delivery in vitro

In this study, a protocol for enhanced non-viral cmRNA delivery by using magnetofection was
established. Among non-viral vectors, Df-Gold (a cationic lipid) enhanced cmRNA delivery more
efficiently than PAA20k-EPE (a cationic polymer). With both positively charged (PEI Mag2) and
negatively charged (SO-Mag5) magnetic nanoparticles, magnetofection improved the efficacy of

transfection as well as cotransfection of cmRNAs in the mono and coculture of primary fibroblasts.

In conclusion, this thesis introduced a well optimized protocol for a safe and efficient cmRNAS
transfection in vitro. This is relevant in research and therapeutic applications when simultaneous
translation of several mMRNA-encoded proteins is required, such as reprogramming fibroblasts to

IPSCs with cmRNAs encoding for Yamanaka factors.
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3.2 cmRNA delivery in 3D matrices of collagen sponges: sustained
cmRNA delivery

3.2.1 Preparation and characterization of cmnRNAs complexes with a proprietary
cationic lipid

The preparation of lipid/RNA complexes is an important prerequisite for cnRNA delivery due to

high sensitivity of the mMRNA molecule to the ubiquitous nucleases. In this part of the project, a

proprietary cationic lipid from Ethris GmbH, C12EPE , was used as a non-viral vector. This

cationic lipid is based on a short oligo(alkyl amine), comprising four amino groups in an ethylene-

propylene-ethylen (EPE) backbone, as shown in Figure 29.

(CHz)gCHz (CH3)sCH3
H H o HO OH
HZN/\’N\/\/N\/\NHZ + 5eq. — HQC(HZC)Q\K\N/\/N\/\/N\/\N/\((CHZ)QCH3
(CH2)sCH3 H
OH OH OH
(CH3)gCH3

Figure 29 Schematic of C12EPE comprising an olygo(alkyl amine) with ethylen-propylen-ethylen (EPE) backbone and five
equivalents of 1,2-epoxydodecane

This alkyl amine was then made to react with 5 equivalents of 1,2-epoxydodecane in order to
generate C12EPE [92], which in turn built lipoplex with cmRNAs by means of electrostatic
interaction between the positive amino groups of lipid and negative phosphate groups of cmnRNA
[28]. To stabilize the lipoplex structure and reduce the leakage of encapsulated cnRNAs, C12EPE
was further supplied with two helper lipids, namely 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
(DPPC) and cholesterol [93, 94]. 1,2-Dimyristoyl-sn-glycerol methoxypolyethylene Glycol,
(DMG-PEG) 2kD, was also added as shielding lipid. It has been previously demonstrated that

PEGylation improves the physico-chemical characteristics of liposome formulation by increasing
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water solubility, protecting from enzymatic degradation, and limiting immunogenic and antigenic
reactions [95]. Final N/P ratios for the entire ethanolic lipid mixture were 8/ 5.29/ 4.41/ 0.88 for
molar ratios of amino groups of C12EPE/ DPPC/ Cholesterol/ DMG-PEG, respectively, to one
phosphate group of cnRNA molecule.

Recently, the effect of polyethylenimine (PEI) in cmRNA delivery for bone regeneration has been
published [96]. Consequently, cmRNA polyplexes containing PEI were formulated, at an N/P ratio
of 10, to compare with cmRNA lipolexes with C12EPE.

Biophysical characteristics of the cmRNA complexes have been tabulated in Table 4. The
hydrodynamic diameter for all the products were approximately 50 nm. cmRNA lipoplexes had a
polydispersity index close to 0.1, which indicates a homogeneous product. In contrast to highly
positive PEI polyplexes, total surface charge for all lipoplexes were slightly positive, close to

neutral.

Table 4 Characterization of cmRNA complexes

Mean SD Poly Dispersity Zeta Potential
mRNA Complex  Hydrodynamic Hydrodynamic Index (PDI) (mV)
Diameter (nm) Diameter (nm)

eGFP/ PEI 49.25 1.15 0.237 32.2
eGFP/C12EPE 45.86 0.34 0.061 0.82
Met luc/C12EPE 69.95 0.26 0.177 0.464
hBMP2/C12EPE 51.84 0.84 0.094 0.27
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3.2.2 cmRNA complexes with C12EPE were more efficient and less toxic than

cmRNA-PEI complexes

The efficiency and toxicity of cmRNA complexes with PEI and proprietary lipid were then
compared in a set of preliminary experiments to find the most efficient vectors for cnRNA delivery
on transcript-activated matrices (TAMSs). PEI complexes loaded on TAMs showed no effect for
cmRNA delivery (Figure 30 A). Indeed, cmRNA lipoplexes with C12EPE showed lower toxicity

and higher efficiency than PEI complexes, and thus were used for further experiments (Figure 30
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Figure 30 Comparison of PEI and C12EPE as vectors for Met luc cmRNA transfection on TAMs. (A) Expression of Metluc: cmRNA
transfection efficacy at 24 h and 48 h post transfection. (B) CellTiter-Glo assay: toxicity measurement at 48 h post transfection.
Untransfected cells were used as negative control. All data shown are mean + SD from the values of three replicates. X-axis is in
logarithmic scale.
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3.2.3 Collagen sponges as suitable 3D scaffolds for cell culture

For investigation of cell behavior on the 3D matrix, migration of different cells into the collagen
sponges was confirmed by Eosin-Hematoxylin (EH) staining of a vertical cut of a sponge several
days after cell seeding. Figure 31A shows migration of NIH3T3 cells into the collagen scaffold 7
days after cell seeding. In another experiment, expansion of MC3T3-E1 cells within the collagen
matrix was visualized 5 days post cell seeding. Most of the cells appeared on the surface of the
collagen sponge one day after seeding, while the sponge was densely populated five days after

seeding (Figure 31 B). This indicates that by the time cells colonized the interior of the 3D matrix.
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Figure 31 Hematoxylin-Eosin staining: collagen sponges serve as suitable 3D scaffolds for culturing different cells. (A) NIH3T3
cells 7 days after seeding on the collagen sponge. (B) Empty sponge and sponge containing MC3T3-E1 cells, 1 and 5 days after
cell seeding. In all pictures the nuclei of the cells were stained in dark blue.
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3.2.4 Loading and vacuum-drying of cmRNA lipoplexes onto the collagen sponges
Prior to loading on the collagen sponges, sucrose was added to the lipoplex preparation to a final
concentration of 2% wi/v as a lyoprotectant. Lyoprotectants maintain the integrity of the biological
system during dehydration in the vacuum-drying process [97]. Visualizing the unloaded sponges
by scanning electron microscopy (SEM) showed that compared to a native collagen sponge, a
vacuum-dried collagen sponge containing 2% sucrose resembled a closed cage with smaller pores,
where pores get filled with sucrose film (Figure 32).

native collagen sponge vacuum-dried collagen sponge

Figure 32 SEM pictures of collagen sponges before and after vacuum drying.
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In addition, vacuum-dried cmRNA-loaded sponges were investigated by SEM with higher
magnification, and particulate structures were revealed that might represent lipid nanoparticles

(Figure 33).

Unloaded sponge Complex-loaded sponge

Figure 33 Scanning electron microscopy of vacuum-dried collagen sponges, unloaded and loaded with luciferase cmRNA lipoplexes
(mean hydrodynamic diameter of lipoplexes: 65,8 nm).
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3.2.5 Cell seeding and cell transfection onto transcript-activated matrices (TAMS)

To investigate cmRNA loading as well as cell transfection on TAMs, collagen sponges were loaded
with 2ug of tdTomato cmRNA lipoplexes, in which 10% of tdTomato cmRNA were covalently
FITC-conjugated. The dispersity of cells and cmRNA lipoplexes on the sponges, as well as
transfection efficacy, was visualized, using a Leica DMi8 fluorescent microscope (Leica
microsystems, Heerbrugg, Switzerland) 30 h after seeding NIH3T3 cells. As presented in Figure
34, cells were transfected and expressed tdTomato protein (red spots) mostly in locations with high

cmRNA accumulations (green spots).
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Figure 34 Fluorescence microscopy of NIH3T3 cells 30 h after seeding on the collagen sponges loaded with tdTomato cmRNAs,
where 10% tdTomato cmRNAs were FITC labelled. Scale bars show 50 pm.
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3.2.6 Transfection efficacy using TAMs

To verify the efficacy of cell transfection in TAMs, transfection efficacy of NIH3T3 cells was
assessed 48 h after seeding the cells onto the eGFP-encoding TAMs. Firstly, positive eGFP
expressing cells were visualized using a JULY™ fluorescence microscope (Baker and Baker
Ruskinn, USA) (Figure 35 A). To quantify these results, a FACS analysis was performed and a
significant increase in the mean fluorescence intensity in transfected cells was observed (Figure 35
B). Up to 100% transfection efficiencies were obtained by using higher cnRNA amounts per cell

(Figure 35 C).
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Figure 35 Transfection efficacy 48 h after seeding NIH3T3 cells on eGFP-encoding TAMs. (A) Fluorescence microscopy with 4x
magnification (JULY™): expression of eGFP cmRNAs in NIH3T3 cells. (B) FACS analysis: a clear shift of mean fluorescent
intensity in NIH3T3 cells transfected with 100 pg/cell eGFP ¢cmRNA, compared to untransfected cells. (C) FACS analysis:
correlation of mMRNA dose with respect to transfection efficiency. Data shown are mean + SD from the values of three replicates.
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3.2.7 TAMs function as depots for sustained cmRNA delivery

To investigate whether TAMSs can provide a sustained cmRNA delivery system, translation kinetics
of Metridia luciferase (Met luc) cmRNAs in NIH3T3 cells was recorded over 11 days and

compared with translation in conventional 2D format (Figure 36).
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Figure 36 Translation kinetics of Metridia luciferase cmRNAs in 2D versus 3D culture, using NIH3T3 cells. Supernatants were
collected every 24 h after transfection, and expression of Met luc was measured immediately in Relative Light Unit (RLU). All data
shown are mean + SD from the values of three replicates. Y-axis is in logarithmic scale

TAMs showed the properties of a sustained cmRNA delivery system with a plateau of protein
expression for six consecutive days and substantial residual expression at the higher doses even
after 11 days, whereas no expression was detectable after 8 days in the conventional 2D cell culture

system.

Similar results were obtained by loading unmodified mMRNA-containing lipoplexes onto the

collagen sponges (Figure 37).
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Figure 37 Kinetics of Met luc translation post transfection of chemically modified Met luc mRNA or unmodified Met luc mRNA in
NIH3T3 cells on TAMs. Supernatants were collected every 24 h after transfection, and kept at -20 °C. After 10 days, expression of
Metridia luciferase was measured for all time points. Data shown are mean + SD of three replicates. Y axis is in logarithmic scale.

Interestingly, the sustained delivery efficiency was dependent to a significant degree on the vacuum
drying step during sponge preparation. When cells were seeded on sponges right after soaking the
lipoplexes into the sponges, there was no initial plateau of reporter expression (Figure 38).
However, the half-life of expression (18 h) was twice the one upon transfection in 2D format (9 h)
but shorter than the signal decay after plateau expression on the dried sponges (23 h). This provides
evidence that vacuum-drying is an essential step to provide a sustained cmRNA delivery system in

our setting.
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Figure 38 Effect of vacuum drying on kinetics of Metluc translation in NIH3T3 cells on collagen sponges. Supernatants were
collected every 24 h after transfection and kept at -20 °C. After 5 days, expression of Metridia luciferase was measured for all time
points. Data shown are mean + SD of three replicates. Y-axis is in logarithmic scale.

In addition, TAM was tested for primary cells, using rat mesenchymal stem cells (MSCs) isolated
from bone marrow (BMSCs) and adipose tissue (AMSCs). With both cell types, the kinetics of
Met luc translation were determined by seeding an increasing number of cells on lipoplex-loaded
collagen sponges (Figure 39.A). The initial plateau of reporter expression was not as pronounced
as with NIH3T3 cells. Expression half-life was 15 h for BMSC and 21 h for AMSC. There was a
sigmoidal dependence of expression levels on the number of cells seeded per sponge for BMSC
reaching a plateau at 20,000 cells per sponge and an EC50 value of 8,000 cells per sponge. In
contrast, no cell density-dependent plateau of expression was reached in the examined range of cell
densities for AMSC such that no reliable EC50 value could be determined. Summarized, high-level
expression was maintained for at least four days at and above 5,000 cells per sponge with both cell

types (Figure 39 B).
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Figure 39 Kinetics of Metridia luciferase translation on TAMSs, using MSCs at different cell densities. mRNA doses were calculated
as 50 pg/cell. Supernatants were collected every 24 h after transfection, and kept at -20 °C. After 8 days, expression of Metridia
luciferase was measured for all time points. (A) Kinetics of protein production in different cell densities. Y-axis is in logarithmic
scale. (B) Expression of Met luc cmRNA 72 h after transfection in different cell densities. X-axis is in logarithmic scale. Data shown
are mean + SD from the values of three replicates.

3.2.8 In vitro osteogenic differentiation using hBMP2-encoding TAMs

To validate the performance of the sustained cmRNA delivery system for a physiological effect,
two in vitro osteogenic differentiation experiments were designed with two different cell types,

namely MC3T3-E1 and MSCs, using hBMP2 cmRNA lipoplexes [81, 82, 98].
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3.2.8.1 Invitro cell differentiation using MC3T3-E1 cells

First, expression of BMP2 protein was detected using immunohistochemistry (IHC) of collagen
sponges. 10,000 of osteoblast-like cells (MC3T3-E1) were seeded on the hBMP2-encoding
TAM. Cells on the empty sponges were used as a negative control. Five days later, the sponges
were assessed for the expression of BMP2 using immunohistochemistry, following by counter-

staining of the cells’ nuclei with hematoxylin (Figure 40).

Unloaded sponge hBMP2 cmRNA-loaded sponge

Figure 40 IHC of collagen sponges for the detection of hBMP2 five days after seeding MC3T3-E1. hBMP2 proteins were stained
in dark brown. The nuclei of the cells were counter-stained with Hematoxylin in dark blue. Red arrows show some examples of
hBMP2 positive cells.
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Although some of the substrate solutions were absorbed by the collagen sponges and gave a
brownish background, dark brown spots indicating BMP2 protein were more intense and widely
dispersed in the sponges loaded with hBMP2 cmRNA, especially close to the locations of the cells

(stained in dark blue).

To confirm osteogenic differentiation in MC3T3-EL1 cells, 7 and 14 days after seeding the cells on
hBMP2-encoding TAMSs, reverse transcription polymerase chain reaction (RT-qPCR) was
performed to quantify the expression of osteogenic markers (OCN and ALP). Untransfected cells,
seeded on unloaded collagen sponges, were used as a negative control. As shown in Figure 41,

both markers strongly expressed in both time points, and the expressions increased by day 14.
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Figure 41 In vitro bone differentiation using MC3T3-E1 cells. RT-qPCR results: fold increase of expression of osteoblast markers
at 7 and 14 days after seeding MC3T3-E1 cells on hBMP2-encoding TAMs. Values are mean + SD from of three replicates, and
normalized to the expression of GAPDH. Data expressed as fold increase to untransfected cells in 3D.

3.2.8.2 Invitro cell differentiation using Mesenchymal stem cells (MSCs)

In the next step, the same setting was used to perform in vitro osteogenic differentiation using
MSCs. First, freshly isolated cells were evaluated for the positive and negative surface markers of
MSCs, using FACS analysis (Figure 42). As expected, cells were expressing CD90 and CD29,

which are identifiers for MSCs. On the other hand, the cells did not express markers of
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differentiated cells, such as CD45 (expressed in all hematopoietic cells except erythrocytes and
platelets), CD106 (found on endothelial or vascular cells, upon inflammation), and CD31 (found
on platelets, monocytes, neutrophils) [99]. Negative results obtained with isotype controls, i.e. IgM

K-FITC, IgG1 K-FITC and 1gG1 K-PE, ensured specific binding of applied antibodies.
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lgG1,K-PE
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Figure 42 FACS analysis: investigation of positive (CD90 and CD29), and negative (CD45, CD106 and CD31) markers for MSCs
after isolation from fat tissue of rat. IgM K-FITC, 1gG1 K-FITC, and 1gG1 K-PE have been used as isotype controls.

Thereafter, MSCs were seeded on the hBMP2-endocing TAMs. At 24 h post transfection, hBMP2

translation was quantified in the supernatant, using ELISA (Figure 43).
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Figure 43 ELISA: production of hBMP2 by MSCs seeded on hBMP2-encoding TAMs. Data shown are mean + SD from the values
of three replicates.

7 and 14 days later, expression of osteogenic markers (RUNX2, OSX, OCN, and ALP) were
detected, using RT-gPCR. Unexpectedly, all markers were highly expressed, not only in transfected
but also in untransfected MSCs seeded on the 3D collagen scaffold. Therefore, an untransfected
MSCs culture in a conventional 2D setting (standard cell culture cultivation in a petri-dish), treated
exactly like cells in 3D (with respect to medium and washes), was chosen as the negative control
to normalize the expression of osteogenic markers observed in cells in 3D. As presented in Figure
44 A, the cultivation in a 3D collagen matrix alone significantly upregulated the expression of
osteogenic markers in MSCs. In addition to the quantification of osteogenic markers via real time
PCR, sponges were visualized for macroscopic changes during the course of the differentiation
experiment. The images are shown in Figure 44 B. By day 7, sponges loaded with hBMP2 appeared

fluffier and had expanded in size, while unloaded sponges condensed and shrank over time.
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Figure 44 . In vitro bone differentiation, using MSCs. (A) RT-qPCR results: fold increase of expression of osteoblast markers at 7
and 14 days after seeding MSCs on hBMP2-encoding TAMs. Values are mean + SD from of three replicates, and normalized to the
expression of f-tubulin. Data expressed as fold increase to untransfected cells in 2D, and compared using multiple t-test. (B)
Macroscopic changes in sponges‘ morphologies during differentiation. Pictures were taken from the 96-well-plate 7 days after
seeding MSCs on the sponges.

3.2.9 Invivo bone regeneration using hBMP2-encoding TAMs

In vivo bone regeneration activity was evaluated in a non-critical rat femur defect model. hBMP2-
encoding TAMs as well as empty collagen sponges were applied to nine femur defects for each
group. In details, the sponges were implanted in to 2-mm diameter bone defects, created in the
central part of rat femur bones. To visualize and quantify bone healing, a micro-computed

tomography (u-CT) scan was taken two weeks after surgery. As presented in Figure 45 A and B,
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significantly more newly formed bone was found in the defects treated with hBMP2-encoding

TAMs than the ones treated with empty sponges.
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Figure 45 In vivo bone regeneration. (A) u-CT images of rat femur bone at 2 weeks after implantation. Red parts represent newly
formed bone. (B) p-CT analysis for evaluation of bone formation areas at 2 weeks after implantation. Values compared using t-test
(n=9).
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Further analysis with p-CT in different parts of the bone (periosteal, cortical, and medulla) revealed
the highest bone regeneration in the medullary area (Figure 46), where lots of bone marrow stem

cells do exist.
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Figure 46 In vivo osteogenic effect of collagen sponges loaded with hBMP2 cmRNA lipoplexes in different parts of bone. Values
compared using T-test.

To analyze the newly formed callus tissue in defects treated with hBMP2-encoding TAMs,
histomorphometry was carried out at week 2 by Professor Reinhold Erben in the University of
Veterinary Medicine Vienna. Similar to the p-CT results, more mineralized callus formation was
found in the hBMP2 cmRNA-treated group relative to controls (Figure 47 A and B). The newly
formed callus within the defect contained a higher amount of fibrous tissue in the defects treated
with hBMP2-encoding TAMSs compared to those treated with empty sponges (Figure 47 C). In the
bone healing process, fibrous tissue can trigger osteoid formation and bone regeneration [100].
Accordingly, a trend towards a higher osteoid volume was observed in the hBMP2 cmRNA-treated

defects (Figure 47 D).
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Figure 47 Histomorphometric analysis of in vivo bone regeneration (A) Von Kossa/McNeal staining of 5-pum-thick, longitudinal
femoral bone sections. Rectangles show where the sponges were placed in the defect. Mineralized tissue is stained in black. (B)
Area of periosteal mineralized callus. (C) Relative amount of fibrous tissue (Fb.V/TV) within the callus in the defect. (D) Osteoid
volume (OV/BV) within the callus tissue. Data represent means + SD for n= 9 animals each. P values were calculated by t-test.
Histological evaluations were carried out in the University of Veterinary Medicine Vienna by Prof. Reinhold Erben.
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3.2.10 Stability assay of vacuum-dried cmRNA lipoplexes on TAMs

Long-term stability assessment was performed to estimate the shelf life of vacuum-dried cmRNA

lipoplexes on TAMs as ready-to-use bioproducts. For this purpose, 96-well-plates containing Met

luc-encoding TAMs were vacuum-sealed and stored at room temperature (RT). At regular

intervals, one of the plates was used to seed NIH3T3 cells on. 24 h post cell seeding, expression of

Metridia luciferase was measured. The expressions from plates stored for different time points

were then compared to that of a plate which had been used directly after vacuum-drying (time

point=0). As shown in Figure 48, regardless of the applied cmRNA doses, vacuum-dried cmRNA

complexes on the TAMSs were stable at least for 6 months at RT. After 12 months of storage at RT

the TAMs were still active and could transfect the cells; however, the transfection efficacies were

reduced to some extent.
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Figure 48 Stability of vacuum-dried cmRNA lipoplexes on TAMs. Metridia luciferase cmRNA-loaded collagen sponges vacuum-
dried for 2 h, then vacuum sealed and kept at RT. In different time points after vacuum-drying, plates opened and NIH3T3 cells
were seeded on the sponges. Expression of Met luc was measured 24 h after cell seeding. All data shown are mean + SD from the

values of three replicate. Y-axis is in logarithmic scale.
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4 Discussion

The future prospects of regenerative medicine and tissue engineering include the regeneration or
even replacement of damaged tissues or organs in order to restore their normal functions [101]. To
do this, differentiation and dedifferentiation of the cells have been used as strong tools in
regenerative medicine, when a cell can be reprogrammed to the desired state [102]. To date, most
of work in this area has been performed using gene or protein delivery [63, 101, 103-105]. In this
thesis, we take advantage of cmRNAs, which have remarkable benefits over gene and recombinant
protein therapy [17, 18, 21], but rarely have been used for cell fate conversion [86, 96].

To successfully design robust systems for genetic modifications of cells, we attempted to combat
the most critical difficulties seen in cell fate conversion. One major problem in cell reprogramming
is low efficacy [86, 106]. The other difficulty in this area is that normally cell fate conversion needs
a prolonged protein expression for a defined time [86, 107, 108], and thus requires repetitive
retransfection regime [86]. To address the first problem, magnetofection was introduced as an
enhanced cmRNA delivery method. Considering the latter, collagen sponges as “transcript-

activated matrices” have been used for sustained cmRNA delivery.

4.1 Safety aspects of MRNA therapeutics over gene and protein

therapies

Remarkable advantages of mRNA over DNA make the former a superior choice for gene transfer
and protein expression. These advantages include the lack of necessity of nuclear delivery, and no
risk of insertional mutagenesis [109]. mRNAs also surpass recombinant protein therapies in safety

aspects as the translated proteins are produced by the host protein machinery and undergo all post
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translational modifications of the host. Therefore, the immune response, which is normally
associated with recombinant protein delivery, might be eliminated [17, 18, 20].

Until very recently mRNA applications were limited to genetic vaccines [110, 111]. This was
primarily due to difficulties along with mRNA handling and delivery. Unmodified mRNA is very
sensitive to the ubiquitous presence of nucleases, and thus degrade quickly compared to DNAs.
Furthermore, mMRNA can be detected with a family of pattern-recognition receptors (PRCs), known
as Toll-like receptors (TLRs), and activate inflammatory reactions which play an important role in
antiviral response in the body [109].

These problems have been recently overcome by using nucleotide modifications that hinder
binding mMRNA molecules to PRR, and thus reduced the immune reaction. These modification
included replacement of 5-50% uridine and cytidine with 2-thiouridine and 5-methylcytidine,
respectively [21, 22].

The final cmRNAs, with less immunogenicity and higher stability, have become the focus of
intense research in molecular medicine and biotechnology [20, 112].

Thanks to these scientific endeavors, starting with the first preclinical exploration of mMRNA in
1990s, mRNAs and cmRNAs are currently being investigated for many therapeutic approaches,
from which mRNA-based cancer immunotherapies and infectious disease vaccines are now in their
clinical phases [112]. Figure 49 illustrates the current preclinical and clinical studies involving

mMRNA therapeutics.
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Figure 49 Current therapeutics investigation of mRNA. Figure taken from Sahin et al,/ Nat Rev Drug Discov., (2014) [112]

Despite remarkable achievements in the mRNA therapeutics field, robust systems for efficient

MRNA delivery are in early development only [109, 113]. This study established two kinds of

delivery methods for cmRNAs: magnetofection for enhanced cmRNA delivery, and using

transcript-activated matrices (TAMS) for sustained cmRNA delivery.
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4.2 Magnetofection: enhanced cmRNA delivery

Since its discovery in 2000, magnetofection has been widely investigated for enhanced and targeted
delivery of DNA, siRNA, shRNA, and antisense oligodesoxynucleotides, as well as of viral vectors
[30, 46, 47, 114]. Even though more scientific efforts are necessary to establish efficient
magnetofection methods for in vivo applications [45], its enhancing effect on nucleic acid delivery
in vitro has been well established [36]. Consequently, the in vitro effect of magnetofection for
enhanced mMRNA delivery has also been expected, but not guaranteed. Indeed, despite high
similarity in the structures, different vectors are suitable for DNA and mRNA delivery [15, 92]. In
other words, suitable magnetic nanoparticles that function for enhanced DNA delivery, may not do
the same for mRNA delivery. Therefore, magnetofection of cnRNA has been in fact evaluated for
the first time in this thesis. The final goal of this in vitro optimization was to simplify and improve
the efficacy of the current complex protocol for reprogramming somatic cells to pluripotency [86,
87]. However, reprogramming to pluripotency itself stood beyond the scope and objectives of this

thesis.

PMEFs have been chosen for all magnetofection screening experiments, as these cells are widely
used for reprogramming to iPSCs [86, 106, 115, 116]. Since these cells are not cancerous cell lines,
being sensitive to contact inhibition [1], their optimum density was determined prior to all
screening assays (Figure 12). The experimental range of cell densities was chosen close to that of
recommended in commercially available resources of MEF, i.e. 1 X 10* cells/cm2, (product sheet
of MEF (C57BL/6) [MEFBL/ 61], (ATCC® SCRC1008 ™)), and further experiments were
performed according to the determined optimum cell density (4000 cells/well in a 96-well-plate
format). In the next step, a suitable vector for magnetofection of cmRNA was identified,

considering transfection efficiency and cell toxicity. DreamFect™ Gold (Df-Gold), as an example
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of cationic lipid vectors, was compared to PAA20k-EPE, a cationic polymer. The vectors were
compared in their efficacy for cmRNA delivery, either alone (in form of lipofection and
polyfection), or in combination with magnetic nanoparticles (magnetofection). On the other hand,
two types of magnetic nanoparticles with different surface charges (PElI Mag2 positively and SO-
Mag5 negatively charged) were tested to see the possible effects of surface charge in cmRNA
delivery.

Before comparing the vectors, each of them has been optimized considering lipid to nucleic acid
(L:N) ratio for cationic lipids, and N:P ratio for cationic polymers. Different L:N and N:P ratios
have great influence on the efficacy of nucleic acid, namely mRNA, delivery [16, 117].

In this study L:N=4:1 (V:W) was chosen as the optimum ratio for cmnRNA delivery resulting in
high transfection efficacy and low cytotoxicity (Figure 13). L:N ratio of 4:1 for Df-Gold has been
previously used for the delivery of other nucleic acids [118, 119]. Although a higher L:N ratio like

6:1 enhanced cell viability, transfection efficacy with this ratio was not satisfactory.

Among cationic polymers, a proprietary molecule from Ethris GmbH, PAA20k-EPE, was tested
for its efficacy. This polymer contains several secondary amino groups, which help in endosomal
escape of the mRNA cargo via proton sponge mechanisms (see Figure 14) [120]. Comparing
different N:P ratios of PAA20k-EPE proved that a higher N:P ratio (32 instead of 16) increased
cell toxicity, but not the transfection efficacy (Figure 15). This is in line with previous studies that
have shown higher N:P ratios do not guarantee higher transfection efficacy in nucleic acid delivery

[121], and optimal N:P ratio is specific for every cationic polymer [122].

Although magnetofection improved the transfection efficacy regardless of the type of magnetic
nanoparticles, Fe:N ratios of the nanoparticles (Figure 17), and type and amount of non-viral

vectors (Figure 15, Figure 13), Df-Gold led to a higher transfection efficacy than PAA20k-EPE
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(Figure 16). This is in agreement with findings of Bettinger et al., who claimed that usually cationic

lipids work better than polymers for mRNA delivery [15].

To find the best type of magnetic nanoparticle for cnRNA delivery, SO-Mag5 (negatively charged)
and PEI Mag2 (Positively charged) were compared for different Fe:N ratios. No matter whether
SO-Mag5 or PEI Mag2 were used, all resulting magnetic lipoplexes were positively charged (Table
3), indicating that the positive charge of the cationic lipid more than neutralized the charge of the
magnetic nanoparticles. Although the zeta potential was almost the same for magnetic lipoplexes
composing SO-Mag5 or PEI Magz2, the size measurements showed dramatic differences. Magnetic
lipoplexes containing SO-Mag5 were approximately five times bigger than those with PEI Mag2.
However, they showed no significant differences in transfection efficacy of Luc cmRNA in PMEFs
(Figure 17). These data disagree with other findings for conventional DNA-based gene delivery,
where Baichao et al., for example, showed that bigger lipoplexes had higher efficiency, as the large
particles facilitated membrane fusion [123]. The relation between size and transfection efficiency
of nucleic acids is reported in other studies as well [124-126]. Concerning magnetic lipoplexes
however, Plank, et al. claimed no direct relationship between size and transfection efficacy [36].
Based on these findings, magnetic nanoparticles in different size ranges are forced to the surface
of target cells and thus accelerate the endocytosis rates. This phenomenon can eclipse the efficiency

derived from time-dependent aggregation and sedimentation of larger particles.

Regarding the toxicity assays, applied magnetic nanoparticles not only were biocompatible and
non-toxic for the cells, but also enhanced cell proliferation and viability (Figure 17). Other studies
also confirmed the ability of iron nanoparticles coated with different materials to promote cell

proliferation [127, 128].
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Next, kinetics studies were performed post cmRNA lipofection and magnetofection, where
dramatic enhanced delivery was obtained using magnetofection (Figure 19). Kinetics of expression
is a key point to modify the current protocol for reprogramming fibroblasts to iPSCs that needs 14
consecutive days of transfection [87]. In this experiment, magnetofection did not prolong the
cmRNA translation. However, it did accelerate the translation of cmRNA, compared to lipofection
(peak of translation was at 12 h and 24 h for magnetofection and lipofection, respectively). Based
on the enhanced and accelerated cmRNA delivery, by using magnetofection a shorter and more

concise protocol for reprogramming to iPSC is expected (probably 7 days instead of 14 days).

One other important requirement for reprogramming to iPSC is the simultaneous cotransfection of
four different cmRNAs to fibroblast [84, 86]. In this study, various ways of mixing complex
components have been examined to determine the optimal strategy for complex preparations of up
to three reporter cmRNAs (Figure 21, and Figure 22). Based on the findings, adding different
cmRNAs, sequentially, to the tube containing MNPs and Df-Gold (Strategy 1 in Figure 22 A) led
to the highest cotransfection efficacy. In this way, the number of positive cells as well as the
intensity of transfected cells is higher than using a cocktail of cmRNAs (see strategy 1 and 3 in
Figure 22 B and C). Nevertheless, magnetofection could even further improve the efficacy in each
strategy of complex preparation. To date, for reprogramming to iPSC with cmRNAs, a cocktail of
cmRNAs has been used [87]. Therefore, our protocol, which benefits not only from an optimized
strategy for complex preparation but also enhanced delivery with magnetofection, is likely to

improve the efficacy of reprogramming fibroblasts to iPSC (Figure 50).
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Figure 50 Expected improvement in efficiency of iPSC reprogramming using the optimized magnetofection protocol. FACS
analysis: dot plots show the number and intensity of double positive cells after cotransfection of Luc, eGFP and RFP cmRNAs. (A)
Current method (lipofection, using a cocktails of cmRNAs), and (B) optimized method in this thesis (magnetofection, adding
cmRNAs sequentially to the complex of lipid and MNPs). Arrows show populations of cotransfected cells.

Furthermore, magnetofection significantly improved cotransfection efficiency in coculture of
different primary fibroblasts (see Figure 28). In current setup, PMEFs and PFFs were cocultured
and transfected following Mandal’s protocol (Figure 26) [87], and higher transfection efficacies
were obtained, both in single cmRNA transfections (eGFP or RFP) and in cotransfections of

different cmRNAs (Luc, eGFP and RFP) (see Figure 27, and Figure 28).

The final protocol for magnetofection of cmRNA is relevant in research and therapeutic
applications when simultaneous translations of several cmnRNA-encoded proteins are required,

such as reprogramming to iPSCs with cmRNAs encoding Yamanaka factors.
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4.3 Transcript-activated matrix (TAM): sustained cmRNA delivery

As mentioned previously, mRNA delivery results in rapid and transient protein production.
Therefore, a sustained cmRNA delivery system will be useful when a prolonged production of
protein is required. The conversion of cells’ fates, for instance differentiation to osteoblasts or
dedifferentiation to pluripotency, are good examples of such a situation [81, 106]. In this
dissertation, a kind of transcript-activated matrix, consisting of collagen sponges loaded with

lipoplexes of cmRNAs, has been established for retard cmRNA delivery (Figure 51).

Figure 51 Transcript-activated matrix: vacuum-dried cmRNA complex loaded collagen sponges serve as TAMSs, in which cells can
grow and proliferate (Source: http://pubs.acs.org/cen/coverstory/7948/print/7948dnadelivery.html)

Firstly, we showed that cells can grow on and in the 3D matrix of a collagen TAM. Collagen
sponges have been known for a long time to be suitable 3D scaffods for cell culturing, which can
in turn improve cell signaling and cellular behavior, and influence gene expression in the cells [60].
Furthermore, collagen sponges are approved for clinical use as wound dressings or for filling bone
defects [129], and have been used to form gene-activated matrices (GAMS) in preclinical research
for gene therapy-supported tissue regeneration [60, 130, 131]. GAMSs, as described in the literature,

are mostly comprised of recombinant adenoviruses and retroviruses [131], or polymer-based
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plasmid DNA delivery systems [132]. Here a lipid-base cmRNA delivery system using collagen
sponges was applied to prepare ready-to-use TAMs.

A uniform distribution of cnRNA lipoplexes and cells on TAMs was observed (Figure 31, Figure
33, and Figure 34). The quantification of eGFP cmRNA transfection efficacy on the TAMs by
FACS analysis demonstrated the remarkably high efficacy of this technology, which approached
100% (Figure 35 B and C). To validate the TAMSs for clinical approaches, cell viability was also
assessed, and a very high cell viability, around 90%, was observed even for high doses of cmRNA
(up to 100 pg/cell), which was acceptable for both in vitro and in vivo applications. (Figure 30 B).
The high cell-viability could be the result of the uniform cell distribution within the 3D matrix,
which can closely resemble an in vivo situation and improve cell signaling and proliferation [49],
and consequently the cells were able to tolerate even high doses of cnRNA complexes. This high
cell viability will be particularly beneficial if the general efficacy is low and higher doses of
cmRNAs are needed.

In the next step, kinetics of translation of Metridia luciferase cnRNA were measured to assess the
ability of collagen sponges to provide sustained cmRNA delivery, using NIH3T3 cell line (Figure
36) and primary cells with various cell densities (Figure 39), as well as modified and unmodified
mMRNAs (Figure 37). Based on the kinetics results, TAMs provide a robust sustained delivery
system for cmnRNAs, which is independent of mMRNA modifications, cell type and cell density,
even for primary cells which are more sensitive to contact inhibition and cell density [90]. Such a
system will be very advantageous if there is a lack of a source of cells and patient samples, when a
switch to a low cell density would also be feasible.

To have such a retard delivery system, vacuum-drying seems to play a critical role, whereas the
translation of cmRNAs in non-dried sponges decreased faster than in dried ones. In addition, the

translation of cnRNAs on the non-dried sponges had a shorter half-life (18 h) than that of cnRNAs
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on the dried sponges (23 h) (Figure 38). The prolonged cmRNA delivery after vacuum-drying
might be due to the closed structure of TAMs (Figure 32), where imprisoned lipoplexes need time
to either reach the cells or be released from the matrix [81]. The uniform distribution of the vacuum-
dried cmRNA lipoplexes on the TAMs (Figure 33) could be another reason for the steady state
protein production for several days, without peaks of transfection efficacy or a burst release [81].
Vacuum-drying had another substantial influence, stabilizing cnRNA complexes on the TAMs for
at least 6 months at RT (Figure 48). This considerable shelf life for the very sensitive mMRNA
molecules [133] can in turn increase the availability and ease of use of potential cmMRNA
therapeutics, especially in developing countries with minimum storage conditions, and bring
cmRNAs closer to the clinical applications.

When TAM had been well optimized for delivery of reporter cnRNAs into the cell line as well as
the primary cells, the system was tested for potential delivery of a physiological cnRNA, namely
hBMP2.

First, TAMs indeed prolonged delivery of physiological cmnRNA, where translation of the hBMP2
cmRNA was detected five days after seeding the cells on the hBMP2-encoading TMAs (Figure
40).

Then, the system was tested at the preclinical level, and hBMP2-encoding TAMs were applied to
induce bone formation in vitro, and in vivo.

Indeed, the bone-inducing effect of BMP2 cmRNA complexes with PEI has been very recently
published [96]. In our study, however, we proved that dried cmRNA-PEI polyplexes on TAM were
not able to transfect the cells, and thus were not suitable vectors for our delivery system. cmRNA
lipoplexes, on the other hand, showed very high transfection efficiencies (Figure 30 A). In addition,
cmRNA-PEI polyplexes were more toxic than cmRNA lipoplexes (Figure 30 B), which can be the

result of their high positive surface charges (Table 4) [134]. Moreover, the size of hBMP2 cmRNA
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lipoplexes in this study was half that of cmRNA polyplexes that Elangovan et. al used (Table 4)
[96]. The smaller particle size here (around 50 nm) can improve in vitro cellular uptake as well as
in vivo pharmacokinetics and biodistribution [135].

Various studies have proven the effect of BMP2 protein in bone tissue engineering, using different
carriers [81, 82, 136]. However, currently collagen is the only FDA approved carrier for
recombinant hBMP2. Consequently, the efficiency of collagen as a carrier for stabilized hBMP2
cmRNAs was investigated in this thesis. Just recently, Balmayor et. al indicated that hBMP2
cmRNAs can trigger bone formation using fibrin matrices [137]. However, collagen sponges are
easier to handle, especially considering in vivo applications, and also provide stable and ready-to-
use bioproducts for clinical applications in tissue engineering.

In vitro bone differentiation was performed using the osteoblast-like cell line (MC3T3-E1) (Figure
41) and MSCs (Figure 44), seeded on the hBMP2-encoding TAMs [81, 98]. With MC3T3-E1
cells, hBMP2 cmRNA had a significant effect in triggering bone formation, as expression of
osteogenic markers was several fold higher in transfected cells than in untransfected cells seeded
on 3D collagen scaffolds (Figure 41).

On the contrary, there was almost no significant difference in expression of osteogenic markers
between hBMP2 transfected MSCs and untransfected MSCs on the collagen sponges (Figure 44
A). However, expression of hBMP2 from MSCs seeded on the hBMP2 cmRNA-loaded collagen
sponge was previously detected, using ELISA (Figure 43). According to this data, collagen sponges
themselves can trigger bone regeneration in MSCs in vitro. Previously, it also had been shown that
collagen itself could be used as bone substitutes due to its osteoinductive activity [67].

Another explanation for this phenomenon may be the dramatic macroscopic changes in transfected
and untransfected collagen sponges containing MSCs (Figure 44 B). By day 7, sponges loaded with

hBMP2 appeared fluffier and had expanded in size, while unloaded sponges condensed and shrank
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over time. Since MSCs were too confluent in the unloaded shrunken sponges, they would probably
lose their multipotency and start to program to the terminally differentiated cells [138, 139], and
as they were growing in the osteogenic medium, an osteogenic differentiation would be most likely.
To perform the in vivo experiment, loaded and unloaded collagen sponges were implanted into the
rat femur defects. Two weeks later, rats were sacrificed and bone formation was evaluated using
M-CT and histomorphometry. The obtained results were similar to those of in vitro osteogenic
differentiation. Both p-CT results and histomorphometry showed significantly higher bone
formation in the defects treated with hBMP2-encoding TAMSs, compared to empty collagens
(Figure 45, Figure 47). uCT analysis showed that the maximum bone formation took place in the
medullary area (Figure 46). Although for an ideal tissue engineering strategy, new bones should be
created mostly in the cortical area, the predominantly medullary bone formation seen in this study
may be due to placement of collagen sponges in the bone defects. In our study, the collagen sponges
were placed in the whole bone defect (and not just in the cortical part). Since the marrow cavity
contains more BMSCs compared to other parts of the bone, maximum hBMP2 cmRNA-induced
bone formation may have happened there. In other words, to see a cortical bone formation, hBMP2-
encoading TAMs should be placed just in the cortical area, which is not feasible in a rat model, due
to the small size of rat bones. Other publications treating the same animal model with recombinant
BMP2 protein also showed more bone formation in the medullary than in the cortical area at 2
weeks post-surgery. However, more cortical bone formation was observed at 4 weeks post-surgery
[140]. Therefore, additional experiments at later time points would be useful for investigation of
bone regeneration in the cortical area.

These results were different from what had been seen in the in vitro osteogenic differentiation using
MSCs, where hBMP2 cmRNA-loaded and unloaded collagen sponges were equally effective

(Figure 44 A). This difference could be due to differences in the in vitro and in vivo circumstances,
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as many factors could influence the effect of BMPs and collagen sponges for bone regeneration in
vivo, such as the presence of small molecules, growth factors and cytokines [141-143]. Such factors
are missing in the in vitro situation, and thus in vivo results may not exactly follow in vitro results.
Accordingly, for future studies, collagen sponges can be pre-loaded not only with desired cnRNA
lipoplexes, but also with small molecules and cytokines, which can enhance the immigration of
MSCs inside the sponges [144, 145], and thus improve the transfection efficacy.

Overall, this project revealed the safety, efficiency, and stability of transcript-activated matrices as
ready-to-use bioproducts. The virus-free and gene-free technology provides a cmRNA-based
sustained delivery system, which is independent from RNA modification, cell type and cell density.
Investigating bone differentiation in vitro and in vivo with this technology confirmed the usefulness
of TAMs for clinical applications, when a prolonged protein delivery meets the aim of therapy.
This study opens new ways for easier yet promising applications of messenger RNA which surpass

DNA-based gene therapy in safety aspects.
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6 Abbreviations

ATP

cmRNA

CTP

DNA

Df-Gold

DMEM

eGFP

GAM

GTP

hBMP2

HE

ICH

IPSC

IVT

L:N

Luc

MNP

MRNA

MSC

N:P

ORF

PEI

Adenosine triphosphate
Chemically modified mMRNA
Cytidine triphosphate
Deoxyribonucleic acid

DreamFect Gold

Dulbecco's Modified Eagle's Medium
Enhanced green fluorescent protein
Gene-activated matrix
Guanosine-triphosphate

Human bone morphogenetic proteine2
Hematoxylin eosin
Immunohistochemistry

Induced pluripotent stem cell

In vitro transcription

Lipid: Nucleic acid

Luciferase

Magnetic nanoparticles

Messenger Ribonucleic acid
Mesenchymal stem cell

Nitrogen: phosphate

Open reading frame

Plyethylenimine
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Abbreviations

PFF
PI

PMEF
PRR

RFP

RLU

RT
RTQPCR
SEM
shRNA
siRNA
SNIM RNA
TAM

TLR

UTP

UTR

WEFI

a-MEM

Porcine fetal fibroblasts

Propidium lodide

Primary mouse embryonic fibroblast

Pattern recognition receptor

Red fluorescent protein

Relative light unit

Room temperature

Reverse transcription quantitative polymerase chain reaction
Scanning electron microscopy

Small hairpin RNA

Small interfering RNA

Stabilized non-immunogenic messenger RNA
Transcript-activated matrix

Toll-like receptor

Uridine triphosphate

Untranslated region

Water for injection

Alpha Minimum essential medium
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