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l. INTRODUCTION

As science rapidly evolves in the fields of medicine, genetics,
pharmaceutics, and related, it is gaining a deeper understanding of
diseases and developing more sophisticated treatments. Three decades
ago, the enormous area of gene therapy emerged and has grown rapidly
since [1, 2], leading to over 3600 gene therapy trials [3], 27 approved cellular
and gene therapy products by the FDA [4], and 14 approved therapy
medicinal products by the EMA [5] to date.

Gene therapy is a technique to modify a person’s genes to treat or cure
diseases by replacing a disease-causing gene with a healthy copy of the
gene, inactivating a not functioning disease-causing gene, or introducing a
new or modified gene to treat a disease, including cancer and other genetic
disorders, as stated by the FDA [6]. Due to its complexity, since the
beginning of gene therapy clinical trials, euphoria and alarm were present,
as successful first treatments were overshadowed by occasional severe
adverse effects [7]. Therefore, within its own limits, an emphasis has been
placed on producing safer and more efficient therapies. Regarding its
possibilities, gene therapy is considered a promising treatment option for
several, otherwise often untreatable diseases, already demonstrating
improvements for patients suffering from blindness, neuromuscular

disease, hemophilia, and cancer [8].

Cancer, a term for a large group of genetic diseases, arises when normal
cells transform into tumor cells that grow uncontrollably and thus can invade
healthy nearby tissue and spread to other organs, i.e., metastasize [9]. In
2020, cancer accounted for almost 10 million deaths and constituted a
leading cause of death worldwide. One-third of deaths from cancer are due
to unhealthy lifestyles, such as smoking, obesity, alcohol consumption, low
intake of fruit and vegetables, and a lack of physical activity. As most
cancers can be cured when detected early enough and treated effectively
[10], many efforts are being made to come up with novel treatment options,
such as chimeric antigen receptor T cell (CAR T) therapy [11], or e.g.,

oncolytic virotherapy against advanced melanoma [12].



Introduction 2

Besides novel gene therapeutic anti-cancer therapies, approaches in gene
therapy, such as adeno-associated virus vector-based treatment against
Hemophilia B [13], or Leber congenital amaurosis [14], ex vivo lentivirus-
transduced hematopoietic stem cells to treat patients suffering from cerebral
adrenoleukodystrophy [15], give hope that more untreatable diseases can

be cured in the future.

Finally, gene therapy plays an important role in the newly emerging field of
xenotransplantation, a field of research that aims at ‘producing’ genetically
modified tissues and organs in animals to serve as donors for human
patients [16]. Therefore, pigs, which are used because of their similarity in
anatomy and physiology, get multiple genetic modifications to prevent
hyperacute rejection and vascular rejection of organs or tissues

transplanted into humans [17].

1.1 Delivery systems

One of the major hurdles of any therapy is to get the therapeutic agent, in
this case nucleic acids (NAs), to the desired target location, which can
maximize therapeutic benefits, minimize unwanted side effects, enhance
patient compliance [18], but also combat poor biodistribution, rapid break
down of the drug in vivo, unfavorable pharmacokinetics, toxicity, and lack of

selectivity for target tissue, to name a few [19].

Amongst other ways, drug delivery was realized by nanocarriers, a
tremendous and inhomogeneous group of nanoparticles utilized to transport
therapeutic agents to their target locations [20]. Presently, there are two
dominant classes of systemically applied nanocarriers for therapeutic
nucleic acid agents: viral and non-viral vectors with their benefits and
limitations, such as possible severe immunogenicity of viral vectors [21]
while achieving decent transfection efficiencies, and vice versa for non-viral
vectors being immune inert, but often lack transfection efficiency [22]. Due
to their good transfection efficiency and their well-known cell tropism, viral
vectors are still widely used in research but also for vaccines and gene

therapy trials [23-25]. However, immunogenicity of viral vectors always
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poses a risk of sever adverse reactions that have even led to treatment-

induced leukemia and death of patients treated with viral vectors [7, 26].

Indeed, considering the otherwise welcomed benefits of non-viral vectors,
delivery is the major obstacle to efficient therapies utilizing non-viral carriers
to date. In the realm of non-viral nanocarriers, many different approaches
have been made, reaching from biodegradable polymers, such as
dendrimers [27], polylactic acid (PLA) [28], polyethyleneimine (PEI) [29, 30],
or chitosan (CS) [31], to liposomes [32], gold nanoparticles [33],
mesoporous silica nanoparticles [34], lipid nanoparticles [35] or carbon
nanotubes [36, 37].

Vectors of some kind are indispensable for suitable and safe techniques to
deliver genetic material into target cells, which are termed transfection, that
enable protection against degradation by nucleases in bodily fluids,
internalization of nucleic acids into the target cells, and release of the
genetic material to its intended site inside the cell [38, 39]. Besides
nucleases that degrade NAs, the obstacle of internalization is based on the
big size and the negative charge of NAs and therefore their ineffective
interacting with the also negatively charged cell membrane [39]. The
difficulty in cargo release lies in the fact that nanoparticles have to be
balanced between extracellular stability and the intracellular ability to

release their cargo [40].

Synthetic, cationic polymer-based nanocarriers with (i.e. lipopolyplexes) or
without (i.e. polyplexes) lipidic structures are one member of the group of
non-viral vectors [41]. Due to their cationic structure, cationic lipids,
polymers, and peptides can condense negatively charged NAs into self-
assembling (Lipo-) polyplexes as well as, forming a cationic complex can
interact with negatively charged cell membranes [42]. Upon interaction with
the negatively charged cytoplasmic membranes, cellular internalization
occurs in non-specific adsorptive endocytosis, most likely due to binding to
ubiquitously expressed heparan sulfate proteoglycans (HSPGs) and thus
triggers linker protein-mediated actin binding which leads to the particle
being pulled into the cell [43], or in case of ligand-modified polyplexes,
through receptor-mediated endocytosis [44, 45]. Overcoming this first

intracellular barrier polyplexes, as well as lipoplexes, are entrapped in
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endosomes whose task is, among others, to degrade absorbed material in
the late endosomes and lysosomes by hydrolases and a low pH of < 6 [46].
In avoiding lysosomal degradation and for the purpose of translation or in
the case of pDNA transcription, NAs have to get into the cytosol or nucleus,
respectively. However, mechanisms of endosomal escape of polyplexes,
more precisely, the interaction of polyplexes with the endosomal membrane
are not yet fully understood [47, 48]. In contrast, it is proposed that
lipoplexes, with the help of their cationic lipids, are able to destabilize
endosomal membranes by inducing nonbilayer lipid structures [49], by
formation of small holes in the lipid bilayers [50] or by initiating flip-flop of
anionic lipids in the endosome, normally located on the cytoplasmic face of
the membrane, leading to charge-neutralized ion pairs with the cationic
lipids of the lipoplex which then releases the DNA from the complex and
enables the DNA to enter the cytoplasm [51]. But compared to the efficient
systems of viruses for endosomal release, in many cases the lack of efficient
endosomal escape is still the main reason for unsatisfactory efficiency of
gene delivery by polyplexes and lipopolyplexes [52]. Actually, Gilleron et al.
revealed that only 1-2 % of, in this case, SIRNA would be released from
endosomes after LNP uptake by endocytosis [53]. Therefore, different
pathways of enhancing endosomal escape were investigated, of which
several mimic those of viruses, such as cell-penetrating peptides (CPPs) or
polyplex-coupled fusogenic proteins that, upon acidification in endosomes,
penetrate endosomal membranes which finally lead to a membrane fusion
and cargo release into the cytoplasm [54, 55]. Others hypothesize, although
it is highly debated, that the so-called proton sponge effect which is the
ability of polycations, such as polyamines, to buffer the lysosomes low pH,
would protect the genetic material from nuclease degradation and
additionally, due to osmotic swelling of the lysosomes, as is also postulated
for lysosomotropic agents [56], would lead to its rupture and thus providing
an endosomal escape mechanism for the polyplexes [57, 58]. However,
later studies revealed that transfected cells did not show ruptured
endosomes nor release of intact lipoplexes or polyplexes into the cytosol,
but rather a discharge of NAs and carrier from the endosomes, indicating
the formation of (a) pore(s) within the endosomal membrane [59].



Introduction 5

In our previous studies, sequence-defined oligoaminoamide (OAA)
peptides, consisting of cationizable polymer backbone structures, such as
succinoyl tetraethylene pentamine (Stp) or succinoyl pentaethylene
hexamine (Sph), and various coupled natural and artificial amino acids to
form carriers with different topologies, were used (Figure 1) [60, 61].
Through “chemical evolution” strategies, our working group led by Prof. Dr.
Ernst Wagner (Chair of Pharmaceutical Biotechnology; LMU, Munich) has
generated libraries of these OAAs of over 1800 sequence-defined carriers,
complemented with different ligands for targeting, shielding, or uptake

enhancement, leading to cargo-optimized non-viral vectors [62-67].

Fmoc-Stp(Bocs)-OH (Stp),
Boc Boc o o
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Figure 1: Protected artificial amino acid Fmoc-Stp(Boc3)-OH and
sequential assembly into Stp-based oligo(ethanamino)amide (OAA)
sequences with different structural topologies. Stp, succinoyl tetraethylene
pentamine; C, cysteine; K, lysine; A, alanine; FA, fatty acid. Reproduced
from Freitag & Wagner (Advanced Drug Delivery Reviews) with permission

of the authors [62].
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1.2. Cargos

Not only new delivery systems are discovered continuously, but also new
cargos that can be utilized as therapeutic agents. In the early days of gene
transfer, mostly DNA viruses, such as adenovirus, adenovirus-associated
virus, and herpes simplex virus with their respective form of genetic

material, were used in gene therapy trials [68-71].

1.2.1. Plasmid DNA (pDNA)

With the upcoming field of non-viral vectors, Felgner et al. introduced a lipid-
based transfection technique for plasmid DNA (pDNA) called lipofection
[72]. Also, direct injection of pDNA into the target location was postulated
as a viable option for in vivo transfection, circumventing immunogenicity of
viral vectors; however, owing to the technique, transfection was mainly

measurable near the injection site [73, 74].

Plasmids are small, mostly ring-shaped DNA molecules in bacteria which
are located extrachromosomal and can be replicated independently from
the chromosomal DNA. It consists of (i) a multicloning site, where the gene
of interest can be inserted, (ii) a polyadenylation site, which regulates gene
transcription, (iii) an antibiotic resistance site for positive selection in the
production, (iv) a promotor sequence and (v) an origin of replication site [75].
Benefits of pDNA are the ease of modification and production of
recombinant pDNA, its ability to express a variety of different gene products,
and its good stability, which is manifested in a shelf life of several months
[76].

On the other hand, since it is DNA, it must be transported into the nucleus
for transcription before translation into proteins can occur. Hence, pDNA
transfection is usually ineffective for non-dividing cells [77]. Additionally,
Zhao et al. could show that pDNA can provoke acute inflammatory
responses, which is mainly, but not only, due to Toll-like receptor 9 (TLR9)
recognizing CpG motifs in the pDNA sequence [78]. Furthermore, pDNA
can be inserted into the host genome leading to insertional mutagenesis,
which can alter gene transcription, regulation or coding sequence,

potentially causing cancer when tumor suppressor genes are inactivated or,
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respectively, oncogenes are activated [79].

1.2.2. Messenger RNA (mMRNA)

Mature eukaryotic mRNA is built up of a Cap structure, the 5’ untranslated
region (5’UTR), the open reading frame (ORF) or coding sequence, the
J'UTR, and a long sequence of adenine nucleotides termed poly(A) tail [80].
Messenger RNA is a single-stranded RNA molecule that is transcribed from
nuclear DNA, transported to ribosomes in the cytoplasm, and subsequently
translated into proteins. Therefore, in contrast to pDNA, mRNA only needs
to be delivered into the cytoplasm, which eliminates the intracellular barrier
of the nucleus that pDNA has to overcome additionally.

Yet, as MRNA gets degraded after translation and because it is not inserted
into the host genome, MRNA therapeutics achieve only transient
therapeutic effects, i.e., protein expression. Although Malone et al. reported
successful cationic liposome-mediated MRNA transfection into murine cells
in 1989 [81], and mMRNA vaccinations against infectious diseases and
cancer were discussed [82-84], mRNA went quiet again due to mRNA being
considered too unstable. Problems of early chemically synthesized or in
vitro transcribed (IVT) mRNA were immunogenicity due to activation of, e.g.,
human TLR3, TLR8, murine TLR7 or double-stranded RNA (dsRNA)-
activated protein kinase (PKR) [85-88], and the before mentioned
instability, i.e., susceptibility to degradation by ubiquitous nucleases [89].
This immunogenicity may be beneficial when utilized in vaccination but is
contraindicated for repeated application in RNA-mediated protein

replacement therapy [80, 90, 91].

However, Karikd et al. revealed an inverse correlation of the RNA’s
immunogenicity to the extent of their nucleoside modification, assuming that
this is due to the mammalians immune system having evolved to recognize
bacterial RNA which is less modified [92]. Besides the modification of RNA
nucleosides, also unmodified sequence-engineered mMRNA was reported to
be a non-immunogenic alternative, actually achieving enhanced protein
expression compared to nucleoside modified mRNA [91]. Furthermore,
stability, along with translational efficiency, could be increased by
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introducing 5’-cap analogs, which improved stability against degradation
[93-95].

To date, in clinical and pre-clinical trials, mRNA vaccines have
demonstrated good tolerability and the capability to induce an immune
response against RSV [96], rabies [97], prostate cancer [98], and non-small
cell lung cancer [99], amongst others. Warren et al. discovered another
application of mRNA: reprogramming multiple human call types into RNA-
induced pluripotent stem cells (RIPSCs) and also, as an example for tissue-
engineering, directing the differentiation of RIPSCs into terminally

differentiated myogenic cells [100].

A great breakthrough in mRNA therapeutics was achieved when end of
2020 and beginning of 2021, two mRNA-based vaccines against SARS-
CoV-2, utilizing lipid nanoparticles (LNPs), obtained their conditional

marketing authorization [101].

1.2.3. Protein

Proteins are the most versatile macromolecule in our bodies, being catalysts
or receptors and channels in membranes, comprising intracellular and
extracellular scaffolding support, and transport molecules within a cell or
from one organ to another [102]. Therefore, proteins not properly working,
due to incorrect translation or posttranslational modifications or proteins
getting damaged or over- or underexpressed, often lead to diseases [103-
105]. Since 1982, when the FDA approved the first recombinant protein,
namely Humulin (Insulin) [106], a large number of therapeutic peptides and
proteins complemented the list of approved drugs [107, 108].

However, facing the same obstacles in intracellular delivery as NAs do,
these peptides and proteins could only interact with cells by extracellular
receptors. Although many recombinant proteins, such as monoclonal
antibodies or recombinant growth factors, have extracellular receptors,
intracellular delivery would enable proteins to aim at intracellular molecular
targets [109].

As pDNA and mRNA delivery is applied to correct or replace proteins in
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target cells, another approach is to directly deliver proteins into the cells to
bypass the translation and, if necessary, transcription processes. Besides
the benefit of faster kinetics due to circumvention of transcription and
translation, a direct delivery could avoid the uncontrollable timespan and
level of protein expression and thus, provide more controllability to the
therapy [110]. What makes protein delivery so difficult is their large size,
surface charge distribution, and their complex tertiary and quaternary
structure, making them labile, and prone to denaturation, degradation, and
aggregation, hence creating the intricate task of developing suitable carriers
that address all of the above challenges [110].

1.2.4. Other cargos

All of the above cargos serve mainly the purpose of replacing missing or
defective proteins by direct replacement or introduction of protein
expressing genes. In a wide filed of diseases, such as cancers, other
genetic disorders, and viral infections, expression of genes can, however,
be the disease-causing mechanism. Thus, silencing these genes would
causally treat those diseases [111]. This approach is realized by an
enzyme-mediated process called RNA interference (RNAI), a naturally
occurring process found in most eukaryotes, which utilizes the endogenous
RNA-induced silencing complex (RISC) to specifically target and cleave
MRNA before translation, and thus, protects the cells from viruses and
transposable elements [112, 113]. Thereby, for therapeutic purposes,
endogenous microRNA (miRNA), synthetic short interfering RNA (SiRNA),
or antisense oligonucleotides (ASOs) are employed [114]. The mechanism
is based on the activation of dicer RNase Ill upon recognition of endogenous
(pre-microRNAS) or exogenous (e.g., virus infection) double-stranded RNA
(dsRNA). Dicer enzymatically cuts dsRNA into 22-nucleotide pieces, which
are loaded into RISC, and subsequently cleaves mRNA complementary to
the dsRNA'’s guide strand [111]. Evidence of the great potential of exploiting
RNAI is the approval of 4 siRNA-based drugs by the FDA, with more in
clinical trials to date [115].
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1.3. Targeting
As shortly mentioned above, one method to enhance the efficiency of

vectors is to utilize different ways of targeting.

Targeting of nanocarriers comprises all methods that pursue the aim to
enhance specific affinity toward target cells, or more broadly, toward a
pathological site [116]. This aspect not only has the advantage of higher
transfection efficiency, but also minimizes off-target effects, and reduces
overall therapeutic doses and, therefore, dose-dependent toxicities [116,
117]. Targeting methods include passive targeting, such as the enhanced
permeation and retention (EPR) effect, which is based on the accumulation
of all sorts of macromolecules into tumor tissue due to irregularly shaped,
dilated, leaky or defective neovasculature and poor lymphatic drainage
[118], and active targeting. Active targeting, on the other hand, utilizes
surface-bound moieties, such as antibodies, aptamers, peptides, small
molecules, or carbohydrates that specifically interact with receptors on the
cells at the target site [117, 119].

Another strategy addresses the activation of transcription rather than aiming
at specific cells, the so-called transcriptional targeting. It exploits the fact
that gene expression is regulated by promoters/enhancers in a cell-type-
specific manner and, thus, utilizing certain promoters, a cell-specific

expression of the protein of interest is feasible [120].

1.4. Shielding

A second strategy for efficiency enhancement, termed shielding, aims at
protecting systemically administered nanocarriers from plasma protein
binding, fast immune clearance, toxicity, or immune recognition to prevent
immunogenicity and to enable nanocarriers to reach their target site before
clearance by phagocytic cells takes place. Therefore, to meet these
requirements, the best shielding agents are often molecules that are
normally found in the circulation, such as endogenous carbohydrates,
membrane-like lipids, or proteins and polypeptides [121]. Yet, one of the
most widely used shielding agents for in vivo application is the synthetic
polymer polyethylene glycol (PEG) which, in addition to the before
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mentioned, has been shown to prevent self-aggregation, erythrocyte
aggregation, and induced a prolonged circulation time, and a higher stability
[122-124].

2. Aims of this thesis

This thesis aimed at evaluating novel synthetic carriers and their ability to
deliver pDNA, mRNA, and Cas9 RNPs in vitro and especially in vivo in a

mouse model.

2.1. Transcriptional targeting of pDNA to dendritic cells in vivo

Immunotherapy, a big field of therapies based on (re-)activating a patient’s
immune system against a disease, can be realized passively by antibodies
or actively by activating various immune cells, as e.g. in vaccines [125].
However, in order to achieve long lasting therapeutic effects, an active
immunotherapy is necessary. Dendritic cells (DCs), which are antigen
presenting cells (APCs), have the unique ability to activate naive T cells,
and are therefore highly interesting targets in immunotherapy [126]. To
effectively reach DCs, different methods of targeting can be utilized to
enhance transfection efficiency, reduce therapeutic doses, and minimize

toxicities and off-target effects [116, 117].

In this thesis, the feasibility of transcriptional targeting DCs was evaluated.
Firstly, it was to assess which of the established carriers, succPEI and LPEI,
was most suitable to deliver pDNA in vivo, and in what organs, and to what

extent therein, luciferase was expressed.

In a following experiment, the aim was to appraise in what cell types the
newly developed Fascin promoter facilitated luciferase expression and thus,
assess if targeting DCs was actually achievable.

2.2. Novel dynamic lipopolyplexes containing lipo amino fatty
acids (LAF) for potent mRNA delivery in vivo
Many efforts have been made to optimize non-viral vectors to combat poor

transfection efficiency, mainly resulting from insufficient endosomal escape
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after endocytosis. To further refine synthetic carriers, unbiased and willful
combinatorial chemistry, which we refer to as ‘chemical evolution’, was
applied to generate libraries of non-viral vectors that were safe and adapted
to their respective cargo [46]. One part of this chemical evolution was to
couple different ligands, such as, lipidic residues, carbohydrates,
membrane destabilizing or shielding agents to the cationizable polymers to
overcome extra- and intracellular barriers that delivery systems face in

highly complex organisms.

A new promising strategy was discovered, due to our group’s development
of a new lipidic domain, termed lipo amino fatty acid, an artificial amino acid
coupled to two fatty chains, creating an amphiphilic structure with a
protonable tertiary amine. Thus, coupling LAFs to existing OAAs, pH-
sensitive carriers were synthesized that would be protonated in the acidic
environment of endosomes, resulting in endosomal escape by destabilizing

the endosomal membrane.

Therefore, the first step was to evaluate the transfection efficiencies of the
newly synthesized carriers in vitro, followed by further selection by repeating
the transfection experiments after the incubation of the carriers in fetal
bovine serum (FBS) to mimic conditions after systemic application.

A subsequent experiment’s aim was to assess the biodistribution and also
the transfection efficiency of the nanocarriers in the different organs in a

tumor mouse model, using a luciferase mMRNA as cargo.

2.3. Delivery of Cas9 RNPs for dual immune checkpoint disruption

in colon cancer by a folate receptor targeted synthetic carrier

To deliver Cas9 RNPs efficiently into the tumor, a suitable nanocarrier had
to be developed. For that purpose, a derivative of 1105, a structure
previously identified as a potent structure for delivery of Cas9 RNPs, was
post functionalized with PEGa2s-shielding and folate receptor a- (FR )
targeting, which is a receptor highly expressed on CT26 tumors, and

subsequently, its biodistribution was evaluated.

Since often inhibitory immune checkpoints are severely overexpressed in
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several types of cancers, the host’s immune system is not able to respond
accordingly, as immune responses are strongly inhibited by the PD-L1/PD-
1 and PVR/TIGIT pathways, among others. In contrast to treatment with
transiently working immune checkpoint inhibiting antibodies, CRISPR/Cas
systems could enable permanent genome editing. The aim of this thesis
was to “reactivate” the immune system to fight CT26 tumors by a dual
immune checkpoint disruption of PD-L1 and PVR with the help of
CRISPR/Cas9 RNPs.

Consecutively, after proof of concept in vitro, it was to evaluate if immune
checkpoint disruption was also seen in vivo upon intratumoral administration
in CT26 tumor-bearing mice and if post functionalizing had benefits in
knockout (KO) efficiency.

Lastly, the aim was to appraise the effect of repeated injection of sgPD-L1-
and sgPVR-containing RNPs on tumor growth and the experimental

animals’ survival time in vivo.
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1. MICE, MATERIALS AND METHODS

1. Mice

1.1. Mouse strains

1.1.1. BALB/c mice

Female BALB/cJRj mice were purchased from Janvier Labs (Le Genest-St-
Isle, France). It is one of the most widely used inbred albino mouse strains
known for its calm and easy to handle characteristics. BALB/c were used as
a syngeneic CT26 tumor model. As the mice have an intact innate and
adaptive immune system, SOPF animals of this strain are also used as

sentinel animals in our lab for the mandatory health monitoring.

1.1.2. A/J mice

Female A/JOlaHsd mice were obtained from Envigo RMS GmbH
(Dusseldorf, Germany). A/J mice, an albino inbred strain, are widely used
to model cancer, cardiovascular research, and developmental biology. A/J
mice tend to be very docile and easy to work with [127]. We used the mice
as a syngeneic N2a tumor model.

1.2. Housing conditions

The mice were purchased at 5-8 weeks of age and were given an
acclimatization time of at least seven days prior to experimentation. The
animals were housed in isolated ventilated cages (IVC type Il long,
Tecniplast, Hohenpeil3enberg, Germany) under specific pathogen-free
conditions. They were kept in an air-conditioned room with a 12 h day/night
interval, the light intensity not exceeding 200 Lux. The room temperature
and air humidity were maintained at 24-26 °C, respectively 40-60 %, and
documented daily. The cages were equipped with enrichment in form of a

plastic house, a wooden tunnel, paper towels, and additionally dust-free
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bedding (ABEDD Vertriebs GmbH, Vienna, Austria). On demand, or at least
once a week, the cages, likewise water and feed, were exchanged. Feed
was acquired from Ssniff Spezialdiaten (Soest, Germany), together with
water offered ad libitum. Every component coming into contact with the
mice, for instance, housing material, feed, and water were sterilized by an
autoclave beforehand. Animal welfare was controlled and documented daily
following 811 of the German Animal Welfare Act [128].

1.3. Health monitoring

Two SOPF BALB/c mice were kept in the same conditions as the
experimental animals, in an isolated ventilated cage and getting used feed
and bedding material from all other cages at the time of the weekly
exchanges. Quarterly, 2 sentinel animals were sent in for health analysis to
an external laboratory (mfd Diagnostics GmbH, Wendelsheim, Germany)
according to FELASA guidelines. In all listed experiments no findings were

made.
2. Materials
2.1. Cell culture
Material Source
CT26 WT cells (murine American Type Culture Collection (ATCC,;
colon carcinoma cells) Manassas, VA USA)
CT26 KO cells (murine Pharmaceutical Biotechnology, Ludwig

colon carcinoma cells, with | Maximilian University (Munich, Germany)
PD-L1 knockout)

Neuro-2a (N2a) cells American Type Culture Collection (ATCC,;
(murine neuroblastoma Manassas, VA USA)
cells)

antibiotics Sigma Aldrich (Taufkirchen, Germany)
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FBS (Fetal bovine serum) Sigma Aldrich (Taufkirchen, Germany)

HEPES Biomol GmbH (Hamburg, Germany)

DMEM Sigma Aldrich (Taufkirchen, Germany)

2.2. Buffers and chemicals

PBS 136.89 mm sodium chloride, 2.68 mm potassium chloride,
8.10 mm sodium phosphate dibasic heptahydrate, 1.47
mm potassium dihydrogen phosphate, pH 7.4

HBG 20 mm HEPES, 5 % glucose

LAR buffer 20 mm glycylglycine; 1 mm MgCI2; 0.1 mm ethylene-
diaminetetraacetic acid; 3.3 mm dithiothreitol; 0.55 mm
adenosine 5'-triphosphate; 0.27 mm coenzyme A, pH 8-
8.5

Cell culture 5x lysis buffer Promega (Mannheim, Germany)

D-luciferin Promega (Mannheim, Germany)

Protease and Phosphatase | Sigma Aldrich (Taufkirchen, Germany)
Inhibitor Cocktail

2.3. Polyplexes
The oligomer 1445 (illustrated in Figure 11) was synthesized by Yi Lin

(former PhD student at Pharmaceutical Biotechnology, LMU, Munich).

The oligomers 1611, 1760, 1719, 1752 were synthesized by Melina Grau
(PhD student at Pharmaceutical Biotechnology, LMU, Munich).

The oligomer 1621 was synthesized by Lun Peng (former PhD student at
Pharmaceutical Biotechnology, LMU, Munich) and Melina Grau (PhD
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student at Pharmaceutical Biotechnology, LMU, Munich).

ID Topology | Sequence Stp/LAF
ratio
1621 | Bundle 2 K[K(80c)2]2-Stp 1:4
1752 |Bundle 2 | K[K(12Bu)2]2-Stp 1:4
1611 | U-shape 1 | K(120c)-Stp-K(120c) 1:2
1719 | U-shape 1 | [K(120c)]2-Stp2-[K(120c¢)]2 2:4
1760 | U-shape 1 | [K(12He)]2-Stp2-[K(12He)]2 2:4

|

Figure 2: Characteristics of LAF-oligomers. a) Scheme of a Bundle 2

structure. b) Scheme of a U-shape 1 structure. (K= lysine, Stp= succinoyl
tetraethylene pentamine, LAF= lipo amino fatty acid, 80c= LAF based on 8-
aminooctanoic acid and two octyl chains, 12Bu= LAF based on 4-
aminobutanoic acid and two dodecyl chains, 12He= LAF based on 6-
aminohexanoic acid and two dodecyl chains). Figures 2 a and b provided
by Melina Grau (PhD student at Pharmaceutical Biotechnology, LMU,
Munich)

2.4. Nucleic acids

sgRNAs were chemically modified (2 O-methyl modification on the first 3
and last 3 RNA bases) and purchased from Integrated DNA Technologies
(Coralville, IA USA).
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sgCitrl

MG*MG*mG*rUrArArCrCrGrurGrCrGrGrurCrGrUrArCrGruU
rUrUrUrArGrArGrCrUrArGrArArArUrArGrCrArArGrurUrArA
rArArUrArArGrGrCrUrArGrurCrCrGrUrUrArUrCrArArCruru
rGrArArArArArGrurGrGrCrArCrCrGrArGrurCrGrGrurGrC

mU*muU*mu*ru

sgPD-L1

MG*MA*MC*rUrUrGrUrArCrGrurGrGrUrGrGrArGrUrArGru
rUrUrUrArGrArGrCrUrArGrArArArUrArGrCrArArGrUrUrArA
rArArUrArArGrGrCrUrArGrurCrCrGrUrUrArUrCrArArCruruU
rGrArArArArArGrurGrGrCrArCrCrGrArGrurCrGrGrurGrC

mU*mU*mu*ru

sgPVR

MG*MC*mU*rUrCrUrArArurCrUrCrCrArCrCrGrUrArGrGrUr
UrUrUrArGrArGrCrUrArGrArArArUrArGrCrArArGruUrUrArAr
ArArUrArArGrGrCrUrArGrurCrCrGrUrUrArUrCrArArCrUrUr
GrArArArArArGrurGrGrCrArCrCrGrArGrurCrGrGrurGrCm
U*mU*mu*ry

MRNA

CleanCap® FLuc mRNA (5moU) Trilink Biotechnologies (San Diego,

CA USA)

pDNA
pCMVLuc Plasmid Factory GmbH (Bielefeld,
Germany)
pFscnLuc Plasmid Factory GmbH (Bielefeld,

Germany)
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2.5. In vivo experiments

Isoflurane CP®

CP-Pharma (Burgdorf, Germany)

Bepanthen® Bayer Vital GmbH (Leverkusen,
Germany)

Syringes B. Braun (Melsungen, Germany)

cannulas Henke-Sass, Wolf GmbH

(Tuttlingen, Germany); BD
Diagnostics (Heidelberg,

Germany)

EDTA blood sample tube

KABE Labortechnik GmbH
(NUmbrecht-Eisenroth, Germany)

Cell strainer pluriSelect Life Science UG
(haftungsb.) & Co.KG (Leipzig,
Germany)
2.6. Instruments
Instrument Source
Caliper DIGI-Met Preisser (Gammertingen,
Germany)

IVIS Lumina

Caliper Life Science (Russelsheim,

Germany)

Cordless animal shaver GT 420
ISIS

Aesculap Suhl GmbH (Suhl,

Germany)

Centro LB 960 plate reader

Luminometer

Berthold Technologies GmbH &
Co. KG (Bad Wildbad, Germany)

Centrifuge 5415 D

Eppendorf SE (Hamburg,

Germany)
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Homogenizer FastPrep-24™ | MP Biomedicals Germany GmbH
Classic (Eschwege, Germany)
2.7. Software
Software Provider
Graph Pad Prism 9 software Graph Pad Software (San Diego,
CA USA)
Living Image 3.2 Caliper Life Science (Russelsheim,
Germany)
3. Methods
3.1 Cell culture

The murine neuroblastoma cell line Neuro2a (N2a) was cultured in DMEM-
low glucose (1 g L glucose) supplemented with 10 % (v/v) FBS, 4 mm
stable glutamine, 100 U mL™ of penicillin, and 100 pg mL™* of streptomycin.

The murine colon carcinoma cell line CT26 was cultured in DMEM
supplemented with 10 % (v/v) FBS, 100 U mL™* of penicillin, and 100 pg mL"

L of streptomycin.

Before inoculation into mice, cells were passaged in antibiotic free medium.

3.2. In vivo experiments

For tumor experiments, cells were suspended in 150 pL PBS and
subsequently injected subcutaneously into the left flank of the mice using a
25G cannula. Tumor cell injection was performed under isoflurane

inhalation anesthesia (3 mL isoflurane / 100 mL air for induction and 2,5 mL
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isoflurane / 100 mL air for maintenance with an oxygen rate of flow of 2,5
L/min). The tumor size was measured by caliper, and the volume was
calculated with the well-established formula [V= (W? x L)/2] [129].
Intratumoral injections were performed under a short isoflurane inhalation

anesthesia with a maximum volume of 50 pL using a 30G cannula.

Intravenous injections were performed into the lateral tail vein by fixing the
mice in a restrainer and injecting a maximum volume of 200 pL. For easier
injection the tail vein can be hold in lukewarm water (max. 45 °C) for 10-20

sec. to achieve vasodilation.

All experimental animals were weighed and checked daily for their well-
being. Mice were euthanized when termination criteria occurred, such as a
tumor size =212 mm in diameter or severely affected well-being (e.qg.,
continuous weight loss, pain symptoms, apathy or automutilation) by

cervical dislocation.

All animal experiments were approved by the district government of Upper
Bavaria (file number. ROB-55.2-2532.Vet 02-19-19, ROB-55.2-
2532.Vet_02-19-20) and were consistent with the guidelines of the German
Animal Welfare Act [128].
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3.2.1. Transcriptional targeting of pDNA to dendritic cells in vivo

3.2.1.1. Biodistribution of pCMVLuc pDNA and pFscnLuc pDNA
expression with succPEI and LPEI
Six-week-old BALB/c mice were randomly split into four groups (n=5) and
intravenously injected with 200 pL of two different carriers, namely LPEI
(N/P=9) and succPEI (w/w=1.5), with 60 pg pCMVLuc pDNA or pFscnLuc
PDNA, respectively. Twenty-four hours p.i. the animals were euthanized,
and the organs lungs, liver, and spleen, were dissected, washed in PBS,
and subsequently frozen overnight at -80 °C. The next day, tissue samples
of 100-500 mg were homogenized by a FastPrep-24™ instrument in 500 pL
of cell culture lysis buffer 1x, supplemented with 1 % (v/v) protease and
phosphatase inhibitor cocktail, followed by freezing overnight to ensure a
complete lysis of cells. In a next step, the samples were thawed and

centrifuged for 10 min at maximum speed (~13,000 rpm) and 4 °C.

Luciferase activity in 25 pL of cell lysate was measured for 10 secs by a
Centro LB 960 plate reader luminometer after the addition of 100 uL LAR
buffer supplemented with 5 % (v/v) of a mixture of 10 mm luciferin and 29
mm glycylglycine. Transfection efficiency was calculated for the tissue

sample and presented as relative light units (RLU) per g of organ.

3.2.1.2. Comparison of pCMVLuc pDNA and pFscnLuc pDNA
expression on a cellular level

Six-week-old BALB/c mice were randomly split into three groups (n=5) and
intravenously injected with 200 pL of succPEI (w/w=1.5) containing 60 ug
pCMVLuc pDNA or pFscnLuc pDNA. Group 3 served as an untreated
negative control. Twenty-four hours p.i. the animals were euthanized, and
the organs lungs, liver, spleen, and inguinal lymph nodes were dissected,
put in ice-cold PBS, and sent to Dr. Matthias Bros and his team at the work
group led by Prof. Stefan Grabbe (Johannes Gutenberg University; Mainz,
Germany), where single cell suspensions of the respective organs were
stained immunohistochemically for antigens CD11c (dendritic cells), MAC
(macrophages), F480 (Kupffer cells), and luciferase.
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3.2.2.  Novel dynamic lipopolyplexes containing lipo amino fatty

acids (LAF) for potent mRNA delivery in vivo

3.2.2.1. Biodistribution of luciferase expression by LAF carriers

6-week-old A/J mice were inoculated subcutaneously with 1 x 108 N2a cells
into their left flanks. When tumors reached a size of 250-500 mm?3, mice
were divided into groups of n=5 and treated with a single intravenous
injection of 150 pul of different LAF carriers encapsulating either 1, 3, or 10
ug of luciferase mMRNA. Animals were euthanized 24 hours, respectively six
hours p.i., and the organs: brain, heart, lungs, liver, spleen, kidneys, and the
tumor were dissected, washed in PBS, and frozen at -80 °C. The next day,
the tissue samples were homogenized in 500 pL cell culture lysis buffer 1x
and subsequently again frozen overnight. Afterward, luciferase activity was

measured, as described in 3.2.1.1..

3.2.2.2. Evaluation of clinical blood parameters

Tumor-free nine-week-old A/J mice were divided randomly into groups of
n=4 and subsequently injected intravenously with 150 pL of either 1611 (3
ug luciferase mRNA), 1752 (1 pg luciferase mRNA), or HBG (n=2).
Untreated animals, as well as the HBG group served as reference. Six hours
p.i. animals were euthanized and subsequently blood was collected into
EDTA-coated tubes. Blood was centrifuged (Eppendorf Centrifuge 5415 D)
at 3000 rpm for seven min to obtain plasma, which was consecutively
analyzed in the Clinic of Small Animal Medicine (Faculty of Veterinary
Medicine, LMU Munich) for liver parameters (i.e., alanine aminotransferase,
aspartate aminotransferase) and renal parameters (i.e., creatinine, blood

urea nitrogen).
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3.2.3. Delivery of Cas9 RNPs for dual immune checkpoint disruption

in colon cancer by a folate receptor targeted synthetic carrier

3.2.3.1. Pre-experiment: i.v. biodistribution of 1445 structures

Four animals, inoculated with the CT26 WT cell line, were intravenously
injected with 150 uL of either “naked” Cas9 RNP, 1445 + Cas9 RNP, PEG2s-
1445 + Cas9 RNP or FolA-PEG24-1445 + Cas9 RNP. All injections
contained 125 pg ATTO740-labeled Cas9 + 25 pg sgRNA. Using an IVIS
Lumina device, mice were imaged at different time points (0 min, 15 min, 30
min, 1 h, 2 h, 4 h, 24 h) after an intraperitoneal injection of luciferin (100

mg/kg solved in 150 pL PBS) under isoflurane inhalation anesthesia.

3.2.3.2. Molecular confirmation of gene knockout in vivo

Six-week-old female BALB/c mice were inoculated subcutaneously with 5 x
10° CT26 WT cells into their left flanks, and the injection sites got marked.
Three days p.i. the mice were randomly divided into five groups (n=6) and
got subcutaneously injected a volume of 50 uL of either 1445, FolA-1445,
or FOIA-PEG24-1445 Cas9 RNPs + sgRNA (12,5