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Introduction

1. Introduction

This chapter provides a brief introduction into the research field of molecular therapeutics and

associated delivery strategies. It is not considered to be a complete review of the whole scientific area.

1.1 Gene Expression Regulation

Gregor Mendel described the concept of genes as inheritable units causing disappearance
and reappearance of a specific phenotype over several generations. The fact that the
genotype results in a specific phenotype under specific conditions leads to the conclusion
of specific mechanisms that regulate expression of different genes. The regulation of gene
expression is according to necessity concerning endogenous conditions and
environmental factors.> The International Human Genome Sequencing Consortium
underlined the complexity of the human genome and its conversion into proteome. The
majority of DNA in the human genome belongs to non-coding DNA which is transcribed
into non-coding RNAs - including transfer (tRNA), ribosomal (rRNA), small nuclear RNAs
(snRNA), and other regulatory factors.2 Beside non-coding DNA, 30 000 to 40 000 protein-
coding genes are present in the human genome, which consist of short exons and long
introns. The gene expression pathway is influenced at many different levels. In addition to
several genomic factors, such as genome architecture, histone modifications, DNA
methylation, and chromosome topology®, various post-transcriptional modifications take
place to obtain a higher eukaryotic proteome diversity. Especially, RNA processing is one

important process which extends the number of protein variants.”
1.1.1 Pre-mRNA Processing

Starting with genomic DNA as blueprint for every protein that is expressed in an
eukaryotic organism, the information is transcribed into RNA taking the journey to be
translated into a protein.8 The transcription of DNA information into precursor messenger
RNA (pre-mRNA) is regulated by transcription factors cis-elements, promotor, enhancer,
and silencer sequences and performed by RNA-Polymerase II. Simultaneous to pre-mRNA
generation, it undergoes three main processing steps resulting in mature messenger RNA

(mature mRNA).°
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First, 5’ end capping with methylated guanosine (m’G) occurs (Figure 1a). Via enzymatic
catalysis through a triphosphatase, a guanyl transferase, and a methyl transferase as
capping complex, addition of m’G to the 5’ triphosphate terminus (pppN) of pre-mRNA
occurs resulting in a 7-methylguanosine-triphosphate (m’GpppN).10 The addition of m’G
protects the 5’ end of RNA from degradation by exonucleases, facilitate the transport into

the cytosol, and supports mRNA interaction with ribosomes during translation.? 11,12

5’ end capping is followed by pre-mRNA splicing (Figure 1b), which plays a crucial role in
diversification of the eukaryotic proteome. The observation of the polycistronic character
of bacterial genes in 1977 led to further investigations of eukaryotic genes, which
appeared to be a mosaic sequence consisting of exons divided by introns, which have to

be removed precisely.” 13 Generally, mature mRNA consists of joined exons only.

The final step and therefore termination of RNA processing is the endonucleolytic
cleavage 10-30 nucleotides downstream of a specific signal sequence. The cleavage is
followed by polyadenylation of the 3’ end of the RNA by polyadenylate polymerase which
consumes ATP (Figure 1c).11 The poly(A) tail at the 3’ end enhances stability of the mRNA
and plays an essential role in translational efficiency, and defines the half-life of mature

mRNA.14

a) 5' end capping b) Splicing c) 3' end polyadenylation
Polymerase Il

Genomic DNA

DITIROVON

Generated RNA —_

Capping |: ‘ S
I
complex 3 Y Spliceosome Polyadenylate
R a / b polymerase
m’G m'G
AAAAAA R
\ PolyA tail

/
m’'G
Figure 1 Schematic illustration of pre-mRNA processing. a) Pre-mRNA is generated by polymerase II.
The capping complex forms a 7-methylguanosine (m’G) at the 5’ end of the RNA. b) During elongation, the
spliceosome excises introns and ligates exons in the splicing process. ¢) As soon as polymerase Il ends
transcription of the gene, the RNA is cleaved, and a polyA-tail is added by the polyadenylate polymerase
which terminates transcription. Figure was created using Biorender.com.
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5’ end capping and 3’ end polyadenylation are conserved processes, whereas the process
of splicing is a highly variable and complex regulated process in which regulating elements
define the exon composition of mature mRNA.1> The catalysis and recognition of these
elements is done by the spliceosome. Spliceosomes are large ribonucleoprotein (RNP)
complexes consisting of the uracil-rich small nuclear RNPs (snRNP) U1, U2, U4, U5 and U6
in association with at least 300 associated proteins. The different snRNPs recognize and
bind specific sequences of introns.16 17 The essential binding sites are the conserved
intronic cis-elements: 5’ splice site, located at the 5’ end of each intron, the 3’ splice site
located at the 3’ end of each intron, and the branching point located 18-40 nucleotides
upstream of the 3’ splice site.16. 18 The ends of introns have conserved motifs. At the 5’
splice site (donor splice site) containing a nearly invariant dinucleotide GU indicating the
transition from exon to intron, and the 3’ splice site (acceptor splice site) containing a
nearly invariant dinucleotide AG indicating the transition from intron to exon.? 19 The
mechanism relies on two subsequent transesterifications ligating exons and eliminating
the intron (Figure 2). Through binding of U1 to the donor splice site and binding of U2 to
the branching point the A complex is generated. The tri-snRNP U4/U6-U5 joins the A
complex and therefore forms the B complex. Cleavage of U1 and U4 leads to activation of
the spliceosome, which enables lariat intermediate formation. The nucleolytic attack of
the 2’0OH-group of the branching point on the nucleotide of the 5’ splice site results in a
phosphodiester bond and therefore the lariat intermediate. After completion of the first
nucleolytic attack, the C complex is formed and catalyzes the second nucleolytic attack.
Here, the free 3° OH group of the released 5’ exon attacks the G nucleotide of the 3’ splice
site. The second transesterification releases the post-splicing complex in form of the lariat

structure including U2, U5, U6, and ligated exons.16
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Figure 2 Schematic illustration of the progressive splicing mechanism. The recognition by spliceosome
subunits is enabled by conserved sequences: donor splice site (5’ splice site, GU), acceptor splice site (3’
splice site, AG), and an adenine nucleotide (branch point, A). Binding of U1 to the donor splice site (5’ splice
site) and U2 to the branch point results in A complex. Association of tri-snRNP U4/U6-U5 to the A complex
forms B complex. Cleavage of U1 and U4 activates the spliceosome which leads to the first transesterification
and lariat intermediate formation resulting in the C complex. The second transesterification assembles exon
sequences, and mature mRNA product and intron lariat are released.
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1.1.2 Alternative Splicing

Constitutive splicing generally yields single transcripts from the pre-mRNA. The
competition of at least two weak 5’ or 3’ splice sites mediated by additional splicing

regulatory elements (SREs) results in alternative splicing.20

Consequently, a single primary transcript can lead to different mature mRNA sequences.
The variability is caused by combinatorial effect of several different splice sites resulting
in multiple protein isoforms (Figure 3) depending on cellular developmental stages and

cell type.21-24

pre-mRNA 5’

Constitutive splicing ‘/

Exon 1 Exon 2 Exon 3 Exon 4 Exon 1 Exon 3 Exon 4

mRNA B

Protein
Protein A

Figure 3 Schematic illustration of alternative splicing. Alternative splicing leads to diversification of the
proteome due to various protein isoforms being expressed from one single pre-mRNA. After pre-mRNA
formation, splicing occurs as one step of RNA processing. The constitutive way (left) shows the protein
product after alignment of all pre-mRNA exons excluding all introns. Alternative splicing (right) commonly
leads to exon skipping resulting in different isoforms. Figure was created using Biorender.com.

Trans-acting proteins and their cis-acting binding sites on the primary transcript regulate
alternative splicing in an activating and inhibiting manner. Trans-acting proteins include
activators and repressors, and cis-acting binding sites include silencers and enhancers.2>
These structures distinguish between pseudo and target exons and modulate the
alternative splicing pattern. Exon skipping is a splicing variation which frequently occurs

in humans in which one or more exons are completely spliced out resulting in a shorter
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mature mRNA. Additional alternative splice modes are exon inclusion, alternative 3’ splice
sites, alternative 5’ splice site, mutually exclusion exons, and intron retention (Figure 4).15
In general alternative splicing leads to different protein isoforms. Since the recognition of
cis-acting binding sites is highly important and sensitive, genomic mutations can make a
significant effect disrupting canonical consensus sequences and defining exon-intron
boundaries. Splice mutations can alter the mature mRNA sequence and lead to numerous

human diseases.

Pre-mRNA mRNA isoform

a) Constitutive 1) WM My N,

Cassette exon | 4 (/1
(exon skipping) -

Alternative
5¢ splice site

<)

) Alternative i i
3‘ splice site g )

Al |

e) Intron retention )i My ) \

Figure 4 Classical forms of alternative splicing. The main alternative splicing patterns are divided into
five common types: a) constitutive splicing where only introns are excluded; b) cassette exon where exons
are included or skipped in order to generate different protein isoforms.26 c) alternative 5’ splice sites where
the position of the 3’ end of the exon shifts due to the change of the 5’ splice site; d) alternative 3’ splice sites
where the position of the 5’ end of the exon shifts due to the change of the 3’ splice site; e) intron retention
where introns are retained.

1.1.3 Aberrant Splicing

As explained above, splicing is a highly regulated and complex process with preserved
sequence motifs. Small alterations of these regulation and recognition sites can modulate
the splicing pattern significantly and lead to mutations in proteins and therefore loss of
function. Genomic mutations affecting the splice pattern can either be frameshift,
missense or non-sense mutations, which can lead to defective recognition of splice sites
and therefore having an impact on the gene expression.?” Mistakenly or partially present
exons can be included or intron retention caused by activating cryptic splice sites can
occur.’> Cryptic splice sites can be activated after disruption of an original splice site or a

de novo splice site can be created.?8 These defective mechanisms generate aberrant

6
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mRNAs that encode for defective or incomplete protein isoforms or have a deficiency in
stability. In addition to missense and silent mutations, coding single-nucleotide
polymorphisms (cSNPs) are prone to affect pre-mRNA splicing.2? Altering the reading
frame or the composition of mature mRNA can be caused by complete or partial exclusion
of necessary exons or complete or partial inclusion of redundant introns.2? Mutations
influencing mRNA splicing can induce several and severe diseases. The ratio of point
mutations that are associated with human genetic disease causing RNA splicing

alterations is striking and numbers 15%.2°

1.1.4 Splice Mutations Originated Diseases

The high variability of genetic mutations leads to diversity of different diseases with

varying severity.

B-Thalassemia is an autosomal recessive hematologic disease in which different
mutations in the [3-globin gene result in alteration of splicing.3?® Well known splicing
mutations are located in exon 1, intron 1 and intron 2 of the 3-globin gene.31-33 A well-
known point-mutation in intron 2 at position 705, called IVS2-705, activates aberrant

splice sites and therefore leads to retention of intron parts in the 3-globin mRNA.30.33

Cystic fibrosis is a recessive severe pulmonary and pancreatic disease caused by
mutations in the cystic fibrosis transmembrane conductance regulator (CFTR) gene. The
CFTR is important for functionality of the cAMP-dependent transmembrane chloride
channel that is expressed in secretory epithelium.3* Approximately 12% of all reported
CFTR mutations can be categorized as splicing mutations affecting cis-elements. More

than 200 CFTR splice variants could be identified.3>

Hutchinson-Gilford progeria syndrome (HGPS) is a rare genetic disease leading to
noticeable accelerated ageing, postnatal growth retardation, atherosclerosis, and bone
dysplasia.3® 37 The mutated gene is LMNA, which serves as the blueprint for two distinct
protein isoforms: prelamin A and lamin C. A point mutation (C=>T) in exon 11 enhances
recognition of a suboptimal donor splice site leading to a partial exon exclusion. This
deletion creates a cryptic splice site that leads to expression of mutated prelamin A, called

progerin. Progerin can not be processed and converted into mature lamin A due to the
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absence of the proteolytic cleavage site.3® This results in anchoring of progerin to the

nuclear membrane which results in weakening cell growth.34 39-41

Tautopathies, including Morbus Alzheimer, Parkinsonism, and frontotemporal dementia,
are progressive neurodegenerative diseases caused by an abnormal ratio of microtubule
associated protein tau (MAPT or tau) isoforms.*2 During brain maturation, six different
tau isoforms are generated. Especially, mutations in exon 10 of the MAPT gene alter the
relative ratio of isoform 3R and 4R with three or four tandem repeats of the microtubule-
binding domain, respectively. This imbalance indirectly alters the hydrophilicity and
unfolded structure of tau, leading to the misfolding and aggregation of tau polymers,

which then form intracellular filaments.43 44

Abnormalities in splicing have been shown to influence uncontrolled cell proliferation, cell
migration which promote cancer development. In addition, the development of cancer is
facilitated by resulting methylation changes and resistance to apoptosis, and
chemotherapeutics. In this context, mutations effecting splice sites or spliceosomes
contribute to tumorgenesis by inducing production of splice isoforms that enhance cancer

progression.4>-49

Beside these diseases, aberrant splicing can play a major role in pathogenesis of Duchenne
muscular dystrophy (DMD)50-55, retinitis pigmentosas®, autism spectrum disorder>7-60,
amyotrophic later sclerosis (ALS)®l, schizophrenia®2-¢4, and congenital myasthenic
syndrome®5.34.41,66 [t is also related to infection, inflammation, and immune and metabolic

disorders.64 67,68

As the mentioned exemplary diseases show: mutations affecting splicing processes can
cause severe disorders. These disorders can be tackled at their source by targeting mRNA

and influencing splicing.

1.2 Molecular Therapeutics - Tackle Diseases at its Source

In order to address a specific disease at its roots, knowledge of origin and mechanism of
each disease, as well as genomic irregularities and resulting aberrations in gene
expression must be acquired. The identification and biochemical characterization of the

genome and genes began with the Human Genome Project, which provided the required
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information.2 62 The knowledge about aberrant mechanisms of genetic diseases enabled
development of biomedical research and led to molecular therapeutics. These molecular
therapeutics offer the possibility of not only causal but also preventive treatment at the
genomic level of severe and life-threatening diseases. Not only endogenous genetic defects

but also viral infections and cancer could be medical indications.”%-77

Before treating diseases at its roots, the classic way of treatment was modulation at the
end of defective signaling pathways. Enzyme inhibition, metabolite supplementation, and
interference in signal pathways were at common use. Another treatment approach was
substitution of defective genes or introduction of new gene templates in plasmid (pDNA)
and messenger RNA (mRNA) delivered by viral vectors.”? An alternative way of therapy is
to target the blueprint of all downstream activities by diverse modulations at the stage of
mRNA biosynthesis and subsequent step of translation. RNA interference, single-stranded
antisense-oligodeoxynucleotides (ODNs), genome editing via e.g. RNA-guided
CRISPR/Cas9 system, and alternative splicing are ways to reach the target effect.’%. 78 The
potential of molecular therapeutics can be also seen in increasing number of clinical trials
of these approaches and approved products on the market.”2 79-92 To translate potential
therapeutics to clinical settings, important considerations must be taken into account. The
product must exhibit sufficient stability, high transfection efficiency and good
biocompatibility. In clinical gene therapy trials, predominantly viral vectors can be
found.”? The minority is carried out with non-viral formulations with a more simple and
straight-forward system by using naked and chemically modified nucleic acids.82 84 90,93,
94 In addition to unsophisticated formulations, more complex carriers are used like lipid
nanoparticles (LNPs) which showed their benefits especially as mRNA vaccine during the
SARS-CoV-2 pandemic.”> Moreover, LNPs encapsulating small-interfering RNAs reached
the marked®3 and Cas9 mRNA LNPs could be used successfully in a clinical trial to achieve
genetic correction in vivo in patients by CRISPR/Cas9/sgRNA%. Furthermore, the
progress in this field is evident with the recent approval of Casgevy by the end of 2023.
Casgevy is a genome-edited cellular therapy which was developed to treat sickle-cell
disease and [3-thalassemia. The therapy consists in transplanting hematopoietic stem cells

which previously were edited by CRISPR/Cas9.97. 98
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Additional, the group of antisense oligonucleotides (ASOs) can be used to specifically
target splicing mechanism in mRNA processing. By using ASO, the splicing pattern is
modified and consequently expression of a functional gene is restored. Since several
acquired and inherited diseases are caused by genomic mutations leading to splicing
aberrations, the approach of splicing modulation is a promising way to treat these kind of

diseases.?9-101
Antisense oligonucleotides as therapeutics

With the first reference of antisense oligonucleotides (ASOs) in 1978102, the promising
journey of an efficient tool for gene expression regulation started. The size of therapeutic
ASOs is 15 - 30 nucleotides, which bind to complementary mRNA sequences. For the use
of ASOs as a therapeutic tool, a more detailed understanding of their molecular

mechanisms and the establishment of sufficient and safe delivery systems are required.

The focus of this chapter is on a specific group of ASOs that modulate pre-mRNA splicing
termed splice switching oligonucleotides (SSOs). SSOs induce specific exclusion or
inclusion of one or more exons.37.103,104 [f 3 carrier system is to be used to deliver SSOs,
three main obstacles must be overcome: First, the intracellularly delivered amount of SSOs
must be sufficient to induce a splice-switching effect. Secondly, a favorable
pharmacokinetic profile has to be provided, featuring high stability of the carrier system
and a low toxicity profile. And third, high specificity of the delivery has to be guaranteed

to reduce off-target effects.?3 105

SSOs are artificial redesigns of natural nucleic acids that bind to pre-mRNA
complementarily, generating a steric block that masks recognition sites for splicing
factors. The altered recognition leads to alternative splicing patterns meaning inactivation
or reactivation of splice sites.101 Since SSOs are synthetic molecules, chemical
modifications can be integrated during synthesis. These modifications can improve
resistance against RNase H and general enzymatic degradation, therefore increases serum
stability.106. 107 To enable transfer to in vivo applications, an improved affinity of SSOs to
pre-mRNA and a low immunogenicity have to be ensured.#? In order to meet the
requirements, chemical modifications of I) the phosphate backbone and II) carbohydrates

can be implemented.

10
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1) Alteration of phosphate backbone

The linker structure connecting nucleosides provides possibilities for modifications. The
first reported improvement of SSOs was the transition from phosphodiester to the more
stable phosphorothioate (PS) element. Another group of linker modified ASOs are
phosphorodiamidate morpholino oligomers (PMOs) where bases are bound to
morpholine rings. The modified morpholine containing nucleosides are linked through
uncharged phosphorodiamidate groups. With these modifications, PMOs already showed
promising efficacies in treatments of genetic diseases.8>-92 106,108 With their uncharged
backbone and substituted carbohydrate, PMOs not only combine carbohydrate and
backbone modification but also meet the requirements of resistance to enzymatic
degradation, sequence specificity, lack of off-target effects and immunogenicity which are
crucial for therapeutic antisense splice switching activity.106. 108,109 A critical hindrance of
PMOs in therapeutic applications is one of their key benefits. The uncharged character of
the PMO backbone limits delivery system approaches based on electrostatic interactions
resulting in still insufficient intracellular PMO amounts in vivo. Additionally, PMOs exhibit
minimal interactions with plasma proteins and therefore are rapidly excreted via the

kidneys.?3
1) Modifications of the carbohydrate

Several derivatives were developed showing a high stability and affinity to the target pre-
mRNA. In particular, the 2’-hydrogen of ribose is a common position for modification with
various residues: 2’-O-methyl (OMe) and 2’-methoxyethyl (MOE) or 2’-O-aminopropyl
(AP), and 2’-fluoro (F) were used to generate general nuclease resistance and higher
binding affinities to pre-mRNA.110-112 These SSOs have the potential to be used in therapy
against Alzheimer’s diseasell3, spinal muscular atrophy (SMA)114, Duchenne muscular
dystrophy (DMD)!15 116, Huntington disease!l?, hypercholesterolemiall8, and various
types of cancer#® 119, Another possibility for modifying the carbohydrate element is to
work with locked nucleic acid (LNA) oligomers, where the 1’ oxygen is linked to the 4’
carbon of ribose via a methylene bridge. This bridge locks the carbohydrate to 3’-
endoconformation, thereby reducing the conformational flexibility of the ribose. The

rigidity of LNAs increases binding affinity, as reflected by an increasing melting

11
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temperature of approximately 5 °C per base. and additionally provides nuclease

resistance.120

Beside that, peptide bonds can be used for the linkage of the nucleosides and substitute

carbohydrates resulting in peptide nucleic acids (PNAs) with a polyamide backbone.121,122

Different types of modification can be seen in Figure 5.

0—=P—0 0—P—S N—£=0 H
3 H;C :
RNA PS PMO PNA
$ 5 $ 3
0 Base (0] Base (0] Base (o] Base
C‘)\O_ Cl) O_CHS ? 0-\/\0/ ? F_
O0—P—0 0O—P—S O—P—S 0—P—S
: 3 3
LNA PS 2°'0Me PS 2'MOE PS 2°F

Figure 5 Schematic structures of different oligonucleotide analogues. RNA: Ribonucleic acid; PS:
Phosphorothioate RNA; PMO: Phosphorodiamidate morpholino oligomer; PNA: Peptide nucleic acid, LNA:
Locked-nucleic acid, PS 2'OMe: Phosphorothioate, 2‘-O-methyl; PS 2'MOE: Phosphorothioate 2‘-
methoxyethyl; PS 2’F: Phosphorothioate 2'-fluoro. Grey: backbone alteration; green: carbohydrate
modification.

Among others, two examples of SSOs approved by the FDA used for therapeutic

treatments are nusinersen and eteplirsen.84 87,114,123

Nusinersen (Spinraza™, lonis Pharmaceuticals) is a PS 2’MOE (phosphorothioate with a
methoxyethyl modification at the 2’ position of the carbohydrate) used in order to treat
the autosomal recessive disease spinal muscular atrophy (SMA). SMA is caused by
mutations in the survival motor neuro 1 (SMN1) gene.124-127 This mutation leads to loss of
function of SMN1 protein resulting in degradation of motor neurons, denervation, and
muscle atrophy.124. 125,127, Beside SMN1, the nearly identical SMN2 gene is present in the
genome. SMN1 and SMNZ differ only in one single nucleotide, resulting in exon 7 exclusion

in SMN2, leading to rapid degradation of the nonfunctional SMN2 RNA transcript.

12
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Nusinersen targets the intronic splicing silencer N1 of SMN2, causing inclusion of exon 7

and resulting in functional SMN protein expression.84 114,128

Eteplirsen (Exondys 51™, Sarepta Therapeutics Inc.) is a therapeutic PMO against the
severe x-linked recessive neuromuscular disorder Duchenne muscular dystrophy (DMD).
DMD is caused by various mutations in the dystrophin (DMD) gene. DMD physiologically
serves as membrane associated protein linking extracellular matrix with cytoskeletal
actin and therefore stabilizes the muscle during muscle contractions. It is known that
various mutations in the DMD gene either introduce stop codons or disrupt the reading
frame. The mutation hotspot of the DMD gene reaches from exon 2-22 and 45 to 55.55 129
One frequently mutated exon is exon 51, leading to the inclusion of defective exon in
approximately 13% of DMD patients. The frequency of defective exon 51 makes exon 51 a
convenient target. Eteplirsen specifically targets a binding site near the junction between
exon 51 and intron 51, causing exon 51 skipping and leading to restoration of the reading

frame.130 The resulting dystrophin-like protein is shorter, but still functional.84 87,123,128,

131,132

Another example for the potential of therapeutic ASOs is the development of milasen.133
Milasen is a phosphorothioate oligomer with a 2’MOE modifications developed within one
year for the 6-year-old patient Mila suffering from neuronal ceroid lipofuscinosis 7
(CLN7).CLN7 is a form of the rare and fatal neurodegenerative Batten’s disease caused by
a novel mutation.133-135 Within only one year, the specific mutation in Mila’s genome and
the splice defect could be identified, the ASO sequence could be generated and validated,
a toxicological study in rats, and the first application could be conducted. Even though the
treatment with Milasen stabilized her condition, the disease was too far progressed by the
time Mila was treated. Mila passed away in February 2021. However, Mila’s personalized
treatment showed the potential of further development in personalized medicine.13¢
Among others, the customizable sequence of ASOs made it possible to design a highly

adjusted ASO required for this “N-of-1” study.133 137,138

Additional ASO therapeutic on the market can be seen in the following table.
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Table 1 Overview of approved antisense oligonucleotide-based therapeutics

Name, year of approval

Structural motifs

Medical indication

Vitravene®
(fomivirsen)!39-142, 1998

Not longer on the market43

21-mer ASO,
PS DNA

CMV retinitis

Kynamro®

(mipomersen)144-146, 2013

20-mer gapmer ASO,
PS, 2’-0-MOE/2’-H

homozygous familial
hypercholesterolemia

Exondys 51®

30-mer SSO,

Duchenne muscular

PMO. solici dificati dystrophy (DMD)

. 87,109, 131 , splicing modification

(eteplirsen) ,2016 (exon skipping) skipping of exon 51
25-mer SSO, Duchenne muscular

Vyondys 53® MO solict dificat dystrophy (DMD)

. 94,100 , splicing modification

(golodirsen) ,2019 (exon skipping) skipping of exon 53

18-mer SSO,

Spinraza®

(nusinersen)147.148, 2016

PS, 2’-0-MOE, splicing modification

(exon inclusion)

spinal muscular atrophy

Tegsedi®

(inotersen)149.150, 2018

20-mer gapmer ASO,
PS, 2°0-MOE/2’-H

polyneuropathy of
hereditary transthyretin-
mediated amyloidosis
(hATTR)

Waylivra®

(volanesorsen)!51, 2019

20-mer gapmer ASO,
PS, 2’-0-MOE/2’-H

familial chylomicronemia
syndrome

Viltepso®

(viltolarsen)152, 2020

21-mer SSO,

PMO, splicing modification
(exon skipping)

Duchenne muscular
dystrophy (DMD)

skipping of exon 53

Amondys45®

(casimersen)153, 2021

22-mer SSO,

PMO, splicing modification
(exon skipping)

Duchenne muscular
dystrophy (DMD)

skipping of exon 45

1.3 Nucleic Acid Therapeutics and their Delivery

For efficient therapies using molecular therapeutics, intracellular delivery of sufficient

amounts of therapeutic is necessary. The cellular uptake and intracellular fate, including

endosomal escape, of unmodified macromolecules are determined by their limited

biological stability, large size, and, in some cases, negative charge.’? Irrespective of

theoretical efficacy of the potential molecular therapeutics, the bottleneck for translation
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into clinics and their therapeutic efficacy lies in the efficiency of their delivery. Hence,
development of an efficient delivery system is important for molecular therapeutics in
order to stabilize and protect the cargo and enable delivery to the target site. During
development of carrier systems, considerations have to be taken into account regarding
specific cargo properties, typical properties of the target tissue, intracellular target site

and molecule, as well as the biochemical target mechanism.154 155

Nucleic acid carriers can be roughly divided into viral and non-viral vectors. In 1972, the
first viral vector expressing a foreign gene was generated.156 157 Since then, various
viruses were adapted to serve as vectors. However, viral vectors have limitations such as
a low capacity, challenges in large-scale virus production, potential immune response, and
the risk of insertional mutagenesis.158 Synthetic non-viral vectors are more flexible
regarding their properties which can be adjusted and optimized considering cargo
properties, toxicity, and immunogenicity.15° These highly flexible synthetic systems are
prone to be more promising regarding molecular therapeutic delivery, particularly for

ASOs and SS0Os.160

After application, therapeutic formulations have to face various obstacles, such as rapid
clearance after systemic administration, enzymatic degradation and immune response in
biological fluids, target cell penetration, and intracellular release including delivery to the
intracellular target.161 To address these hindrances, high flexibility of the artificial carrier
synthesis is advantageous. Beside chemical modification of the nucleic acid itself,
conjugation to carrier molecules®? or supramolecular assembly into nanoparticles
improve the stability and pharmacokinetic profile of the therapeutic formulation. The
multidimensional nature of the delivery process can be divided into cellular uptake, and
intracellular delivery and distribution. Each passage requires its own formulation
demands, making it important to develop biodynamic flexibility in the carrier systems.
Requirements for cellular uptake can differ in size, polydispersity, shape, surface charge,
and surface hydrophobicity and hydrophilicity. These characteristics have an influence on
interactions with serum proteins, impacting particle stability and identity due to
emerging protein corona.163.164 The interaction with cell membranes is another important

interaction of nanoparticles since majority of cellular uptake happens via endocytosis.
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Carrier and cargo properties, as well as target cell type, influence the type of active

endocytotic uptake mechanisms that take place.165 166

Nonspecific interaction of positively charged delivery system with negatively charged cell
surfaces leads, on one hand, to enhanced cellular uptake. On the other hand, increased
surface tension of cell membranes caused by positively charged delivery systems and the
resulting pore formation lead to higher cytotoxicity.167-169 Hydrophobicity and interfacial
forces between carrier systems and cell membranes enhance lipid membrane
interactions.170.171 The requirements for the intracellular environment differ from cellular
uptake since the cargo has to be released from the carrier system and continues its way to
its intracellular destination. Entering the cell, encapsulated cargo usually is entrapped in
vesicles or endosomes.172 During several maturation steps, early endosomes get acidified
and lysosomal enzymes are recruited which form a degrading environment. The escape
from the endolysosomal compartment is a crucial step toward reaching the intracellular
target site and is achieved via membrane disturbance.173 One mechanism hypothesized to
accomplish disintegration of the endosomal membrane is the so-called proton sponge
effect of the endosomes using protonatable positively charged carriers, as first described
by Jean-Paul Behr.174 175 The mechanism of the proton sponge effect was previously
described as follows. Entrapped carrier formulations feature a specific buffering capacity
through protonation of amino groups integrated into the carrier, leading to proton
accumulation, followed by chloride influx into the endosomal lumen. Due to internal salt
excess, the endosomes start to swell under osmotic pressure leading to membrane

rupture.174

With proceeding investigation of the proton sponge effect and endosomal escape, another
mechanism has come into focus, which is considered to be more likely to be involved in
the endosomal escape by positively charged carrier systems. During maturation of
endosomes, protonatable carrier systems get progressively protonated, leading to
interactions with endosomal membranes that further lead to hydrophilic pore formation.

These interactions are prone to destabilize lipid bilayers.176-179

After delivery of the carrier system into the cytoplasm, the intracellular transfer to the site

of action continues with release of the cargo from the delivery system. Requirements for
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extra- and intracellular delivery differ from each other regarding particle stability which
means the design of carrier systems must be a compromise of stable extracellular
assembly and intracellular disassembly. This balance of design ensures specific cargo
release at the target intracellular region. In order to advance delivery to a specific target
site, targeting approaches can be carried out by tagging the carrier system with specific

localization tags like nuclear localization signal (NLS) peptides.180

As requirements for delivery of macromolecules are manifold, and carrier designs have to
be flexible and adjustable, several approaches were investigated in the past in order to
enhance intracellular delivery of macromolecules. Conjugations, complexations and
inclusions with and in cationic polymers,162 181-184 npeptides,185 186 proteins,187 lipids,188
189 liposomes,190-192 [[NPs193-197 and membrane translocating peptides!?8 were studied.
With increasing knowledge about the relationship between physicochemical properties
and biological behavior, it is possible to achieve new and improved designs of carriers, in

order to increase activity and decrease toxicity of the carrier systems.

Non-Viral Delivery Systems for Uncharged Nucleic Acids

Even though highly promising nucleic acid therapeutics indicate potential in antisense
therapy within various clinical trials199 200, achieving sufficient amounts of ASO at the
intracellular target site and ensure safe delivery strategies are the current bottlenecks.
Especially, uncharged SSOs, such as PNAs and PMOs, with their beneficial properties,
indicate high potential as antisense therapeutics that can be administered systemically
without any modifications, conjugations, or formulations.2%1 However, delivery of
unformulated SSOs in sufficient amounts to the intracellular target site is insufficient since
free SSOs are rapidly excreted after systemic administration and poorly taken up into
cells.202 203 Promising efficacies of uncharged SSOs are limited by their delivery showing
the importance of development of suitable carrier systems. A key requirement for the
carrier system used for delivery of SSOs is an improvement in tissue-specific delivery,
increased potency in lower doses and a reduction of off-target effects and toxicity. In
contrast to natural or other negatively charged nucleic acids, uncharged nucleic acids can
not be complexed by positively charged carrier systems. In order to formulate ASOs

independent from ionic charges, strategies with covalent modifications, such as
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conjugation to targeting ligands or carrier systems, and nanoparticle-based approaches,
meaning incorporation into drug delivery systems were developed. So far, different
strategies for delivery improvement based on cell penetrating peptides (CPPs) have been
established.204-208 Additionally, guanidine dendrimers20°, cationic backbones?19, and

lipidic modifications?11 have been used to enhance delivery efficiency.

The focus of this work was on the highly promising PMOs which already showed
encouraging in vivo transfection efficiencies with several delivery approaches. Especially,
the strategy of covalently conjugated CPPs to PMOs showed striking results in pre-clinical
DMD and SMA mouse models.186.212-214 The mechanism of delivery via CPPs is a subject of
controversial discussion. Initially, the assumption of direct translocation across cell
membranes was made, but also it was stated that the positively charged CPPs interact with
the negatively charged cell surface, which leads to the initiation of endocytic pathwaysZ215-
222 Even though PMO-CPP conjugates yielded remarkable results in vivo, CPPs show fast
enzymatic degradation in biological fluids, insufficient endosomal escape, endosomal

entrapment, and high toxicity.

Since investigation of disease origins continues and gained knowledge about the
pathophysiological mechanism improves, several potential target sites for SSOs were
identified.101. 103, 223 Combination of pathogenetic knowledge and insights regarding
delivery system designs would lead the structural group of SSOs a big step forward toward

being established SSO-based therapeutics.

1.4 Sequence-Defined Oligo(ethylenamino) Amide Xenopeptides

Sequence-defined oligomers bearing an oligo(ethylenamino) amide backbone
demonstrated potential in delivery of various therapeutic cargos, such as nucleic acids162
183,224-228 proteins82 189, and drugs22? 230, The artificial xenopeptides (XPs) are composed
of a collection of building blocks with different characteristics. Natural a-amino acids,
artificial oligoamino acids, and hydrophobic fatty acids are present in XPs in different
combinations. The group of XPs can be divided into 2-arm?31, 3-arm?24, 4-arm?32 233, comb
architecture?34, T-shaped162 183,224 hased on their different topologies. Using the synthesis
method of combinatorial solid-phase peptide synthesis makes it possible to generate

peptides with defined sequences.?35 The combinatorial synthesis technique enables
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customized optimization to meet requirements of each cargo and the delivery target
tissue and site (Figure 6). Oligomers consist of several different components with
different properties to fine-tune the total oligomer characteristics. Protonatable building
blocks, such as the artificial oligoamino acid succinyl-tetraethylenpentamine (Stp),
contain several protonatable amines, which are partially protonated at physiological pH.
The positively charged oligoamino acid enables complexation of negatively charged
cargos such as nucleic acids which leads to nanoparticle formation. The favorable buffer
capacity of Stp facilitates endosomal escape through ionization to overcome endosomal
entrapment.181 236 Additional to artificial amino acids, natural amino acids are used to
include more features. Terminal cysteines improve stability of the nanoparticles through
crosslinking disulfide bonds.23¢ Histidine improves the required endosomal buffering
capacity to enable endosomal escape.23’7 Another stabilizing effect can be included by
introducing tyrosine tripeptide motifs that increase cargo incorporation and complex
stabilization via m-stacking effect.238 An additional important component is the fatty acid
domain which not only stabilizes the delivery system via hydrophobic interactions, but
also promotes lytic membrane interactions, which can lead to enhanced intracellular
delivery.239 An alternative approach to fine-tune the delivery system’s bioactivity is
modification of the hydrocarbon moieties or use of ionizable lipo amino fatty acids

(LAFs).162, 184,240

The topology which was used in this study was the T-shape, consisting of a backbone
composed of natural, and artificial amino acids, and fatty acid domains at a branching
point. The established topology of T-shapes could already successfully enable delivery of

different therapeutic molecules.162, 171,229,238, 241, 242
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Systemic application of nucleic acid containing nanoparticles
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Figure 6 Extracellular and intracellular delivery barriers. After systemic application of nanoparticulate
SSO formulations several different barriers have to be faced. Nonspecific biodistribution, fast excretion,
clearance through immune cells, and enzymatic degradation are only a few of extracellular barriers. After
reaching the cell, several cellular and intracellular barriers have to be managed. The first hurdle is the
cellular uptake which is followed by endosomal escape to avoid degradation of the SSO cargo. Another
critical requirement is the release of cargo from the formulation and reaching the target site in the nucleus.
Figure was created using Biorender.com.
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1.5 Aim of the Thesis

Therapy with artificial antisense oligonucleotides, focusing especially on splice switching
oligonucleotides (SSOs), is a growing field with broad range of potential indications.
Nonetheless, delivery of sufficient intracellular drug amounts is still limited. Due to the
sequence specificity of SSOs, pre-evaluation in vitro requires a suitable test system to find
a preselection for in vivo trials. Additionally, traditional in vitro reporter systems for PMOs

rely on PMO sequences that can not be directly transferred into healthy in vivo systems.

The first aim of the thesis was the development and establishment of a new positive-read
out system which can be used for splice switching oligomers (SSOs). The design of the
system is based on PMO(Ex23) which induces DMD exon 23 skipping in wild-type or mdx
mice. For this purpose, the mCherry-DMDEx23 reporter gene had to be designed and
integrated stably into the genome of cells resulting in mCherry-DMDEx23 expressing cells
which could be cultivated in cell culture. Molecular biological investigations of the stable
HeLa mCherry-DMDEx23 had to be conducted in order to confirm that the mechanism of
action is based on exon skipping. In addition, sequence specificity of the reporter had to
be examined by using PMO(Ex23) and a PMO negative control. The establishment of a
functional HeLa mCherry-DMDEx23 platform aimed at the generation of a screening
platform enabling an in vitro-in vivo workflow which facilitates evaluation of PMO(Ex23)

carriers without change of PMO sequences.

The second aim was identification of potent carriers for PMO delivery based on

amphiphilic, ionizable XPs in vitro with subsequent confirmation in vivo.
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2. Materials and Methods

This chapter has been adapted from:

Lessl AL, P6hmerer ], Lin Y, Wilk U, Hohn M, Horterer E, Wagner E, Lachelt U. mCherry on

Top: A Positive Read-Out Cellular Platform for Screening DMD Exon Skipping

Xenopeptide-PMO Conjugates. Bioconjugate Chemistry 2023 Nov 22.

DOI: 10.1021/acs.bioconjchem.3c00408

2.1 Materials

2.1.1 Solvents and Reagents

The following table summarizes the used solvents and reagents and the source of supply

including their unique CAS number. For all experiments solvents and reagents were used

in high quality.

Table 2 Chemicals and solvents in alphabetical order

Solvents and reagents CAS number Supplier
1-Hydroxybenzotriazole (HOBt) 123333-53-9 Sigma-Aldrich, Munich, Germany
2-Chlorotritylchloride resin 934816-82-7 Iris Biotech, Marktredwitz, Germany
Acetonitrile (ACN) 75-05-8 VWR Int., Darmstadt, Germany
Agar 9002-18-0 Th.Geyer, Renningen, Germany
Agarose 9012-36-6 Sigma-Aldrich, Munich, Germany
Ampicilin 69-53-4 Sigma-Aldrich, Munich, Germany
Bacto™ Tryptone - Th.Geyer, Renningen, Germany
Cell culture lysis buffer - Promega, Mannheim, Germany
Collagen A 9007-34-5 Biochrom, Germany
DAPI’(4',6-Diamidino-2-phenylindol) 28718-90-3 Sigma-Aldrich, Munich, Germany
DBCO-NHS ester (Dibenzocyclooctyne-N- - Sigma-Aldrich, Munich, Germany
hydroxysuccinimidyl ester)

Dichloromethane 75-09-2 Bernd Kraft, Duisburg, Germany
Dimethyl sulfoxide (water free) 67-68-5 Sigma-Aldrich, Munich, Germany
Di-tert-butyl dicarbonate 24424-99-5 Sigma-Aldrich, Munich, Germany
D-luciferin sodium 103404-75-7 Promega, Mannheim, Germany
EDTA disodium salt dihydrate 6381-92-6 Sigma-Aldrich, Munich, Germany
Ethanol absolute 64-17-5 VWR Int., Darmstadt, Germany

Fetal bovine serum

Sigma-Aldrich, Munich, Germany
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Fmoc-L-Gly-OH 29022-11-5 Iris Biotech, Marktredwitz, Germany
Fmoc-L-Lys(Dde)-OH 150629-67-7 Iris Biotech, Marktredwitz, Germany
Fmoc-L-Lys(Fmoc)-OH 78081-87-5 Iris Biotech, Marktredwitz, Germany
Fmoc-L-Lys(N3)-OH 159610-89-6 Iris Biotech, Marktredwitz, Germany
Fmoc-L-Tyrosin(But) 71989-38-3 Iris Biotech, Marktredwitz, Germany

Fmoc-Stp(Boc3)-0OH building block?235

1268832-60-5

In-house synthesis

Gelred®

Sigma-Aldrich, Munich, Germany

HEPES 7365-45-9 Biomol, Hamburg, Germany
HBTU (Hexafluorophosphate) 94790-37-1 Multisyntech, Witten, Germany
Hydrazine monohydrate 7803-57-8 Sigma-Aldrich, Munich, Germany
Hydrochloric acid solution (1 M) (1 M HCI) 7647-01-0 Bernd Kraft, Duisburg, Germany
Isopropanol 67-63-0 Merck, Darmstadt, Germany
Linolenic acid (LenA) 463-40-1 Sigma-Aldrich, Munich, Germany
Lipofectamine™ 3000 - ThermoFisher Scientific, Schwerte,
Germany
Methanol 67-56-1 Iris Biotech, Marktredwitz, Germany
Methyl tert-butyl ether (MTBE) 1634-04-4 Brenntag GmbH, Essen, Germany
Millipore water - In-house purification
N,N-Diisopropylethylamine (DIPEA) 7087-68-5 Iris Biotech, Marktredwitz, Germany
N,N-Dimethylformamide (DMF) 68-12-2 Iris Biotech, Marktredwitz, Germany
N-hexane 110-54-3 Griissing GmbH, Filsum, Germany
Ninhydrin 485-47-2 Sigma-Aldrich, Munich, Germany
N-Methyl-2-pyrrolidone (NMP) 872-50-4 Iris Biotech, Marktredwitz, Germany
n-octanol 111-87-5 Sigma-Aldrich, Munich, Germany
Nuclease-free water - Sigma-Aldrich, Munich, Germany
Paraformaldehyde (PFA) 50-00-0 Sigma-Aldrich, Munich, Germany
Penicillin/Streptomycin - Life Technologies, Carlsbad, USA
peqGold 1KB DNA ladder - VWR Int., Darmstadt, Germany
Phenol 108-95-2 Sigma-Aldrich, Munich, Germany
Piperidine 110-89-4 Iris Biotech, Marktredwitz, Germany
Potassium cyanide (KCN) 151-50-8 Sigma-Aldrich, Munich, Germany
Pybop® (Benzotriazol-1-yl-oxy 128625-52-5 Multisyntech, Witten, Germany
tripyrrolidinophosphonium
hexafluorophosphate)
Rhodamine phalloidin 219920-04-4 Life Technologies, Carlsbad, USA
Sephadex® G-10 9050-68-4 GE Healthcare, Freiburg, Germany
Sodium Acetate S-5889 Sigma-Aldrich, Munich, Germany
Sodium chloride 7647-14-5 Sigma-Aldrich, Munich, Germany
Trifluoro acetic acid (TFA) 76-05-1 Iris Biotech, Marktredwitz, Germany
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Triisopropylsilane (TIS) 6485-79-6

Sigma-Aldrich, Munich, Germany

Trypsin/EDTA -

PAN Biotech GmbH, Aidenbach,
Germany

Yeast Extract -

PanReac AppliChem, Darmstadt

Germany,
2.1.2 Buffers
Table 3 Buffers used for experimental procedures
Buffer Composition
Agarose electrophoresis loading buffer 3 mL glycerine, 1.2 mL 0.5 M EDTA solution (pH 8.0), 2.8 mL H20,
10 mg bromophenol blue
HBG 20 mM HEPES, 5% glucose, pH 7.4
LAR buffer 20 mM glycylglycine; 1 mM MgCl2; 0.1 mM EDTA; 3.3 mM DTT;
0.55 mM ATP; 0.27mM coenzyme A, pH 8-8.5
LB liquid media 1% bacto-trypton, 0.5% yeast extract, 0.5% sodium chloride
LB solid media 1% bacto-trypton, 0.5% yeast extract, 0.5% sodium chloride, 1.5%
agar
PBS buffer 136.9 M NaCl, 2.68 M KCl, 8.1 M NazHPO4, 1.47 M KH2PO4
10X TBE buffer 89 mM Trizma® base, 89 mM boric acid, 2 mM EDTA-Na2
10X NET gelatine 25g gelatina alba 1000 mL 10% NET (1.5 M NacCl, 0.05% EDTA (pH

8.0), 0.5 M Tris (pH 7.5), 0.5% Triton-X-100)

2.1.3 Kits

Table 4 Commercial kits used for experimental procedures

Kit Catalog number Supplier

qScript cDNA Synthesis Kit 95047 Quantabio, Beverly. Massachusetts, USA
QIAprep Spin Miniprep Kit 27106 Qiagen, Hilden, Germany

Qiagen Plasmid Maxi Prep 12163 Qiagen, Hilden, Germany

QIAquick PCR Purification Kit 28104 Qiagen, Hilden, Germany

QIAquick Gel Extraction Kit 28704 Qiagen, Hilden, Germany
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2.1.3 Equipment for Solid-Phase Peptide Synthesis (SPPS)

Automated synthesis of the XP backbones was performed using a Biotage Syro Wave
(Biotage AB, Uppsala, Sweden) peptide synthesizer. Disposable polypropylene (PP)
syringe microreactors with the size of 10 mL purchased from Multisyntech (Witten,
Germany) were used. Manual solid-phase synthesis was carried out using microreactors
with polyethylene filters. The automated synthesis with the Biotage Syro Wave
synthesizer was conducted with polytetrafluoroethylene (PTFE) filters. The size of the
reactors was chosen according to resin amount. Manual reactions were carried out under

steady shaking using an overhead shaker.

2.1.4 Proteins

Table 5 Proteins used for experimental procedures

Protein Catalog number Supplier

Xmal R0180S New England Biolabs, Ipswich, USA
NotI-HF R3189S New England Biolabs, Ipswich, USA
Ndel RO111S New England Biolabs, Ipswich, USA
Taq DNA polymerase MO0273X New England Biolabs, Ipswich, USA
T4 DNA ligase M0202S New England Biolabs, Ipswich, USA
Anti-mCherry rabbit ~ #26765-1-AP proteintech, Manchester, UK

polyclonal antibody

IRDye 680RD Goat 926-68071 Li-Cor, Lincoln, USA
anti-rabbit

2.1.5 Nucleic Acids

2.1.5.1 PMOs

Table 6 Phosphorodiamidate morpholine oligomers used for experimental procedures

PMO Target PMO Sequence Modifications

- Functionalization of 3’-end
G point mutation at with DBCO

position 705 in intron 2 of

PMO(705) CCTCTTACCTCAGTTACAATTTATA

the human B-globin gene - Functionalization of 3’-end
(IVS2-705) with DBCO and 5’-end with
AF647
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Donor splice site of DMD

PMO(Ex23) intro 23

- Functionalization of 3’ -end
with DBCO

GGCCAAACCTCGGCTTACCTGAAAT

PMOs were purchased from Gene Tools, LLC (Philomath, USA) and contained a 3’-primary

amine (PMO-NH2) for DBCO functionalization.

2.1.5.2 Plasmid DNA (pDNA)

Table 7 pDNA used for experimental procedures

Name

Encoding

Supplier

pEGFP-N1/mCherry-DMDEx23

mCherry-DMDEx23 and eGFP

BioCat GmbH, Heidelberg, Germany

PB-CAG-GFPd2 pDNA243

GFPd2

AddGene #115665

Super piggyBac Transposase
expression vector

PiggyBac Transposase

SBI, USA

PB-CAG-mCherry-DMDEx23-eGFP

mCherry-DMDEx23 and eGFP

In-house generation

2.1.5.3 PCR Primers

Primers were provided by Eurofins (Ebersberg, Germany).

Table 8 Primer sequences used for experimental procedures

Primer name

Sequence

mCherry-DMDEx23-eGFP_fwd

5’-ATCCCGGGGACTCAGATCTCGAGGCCACCAT’-3'

mCherry-DMDEx23-eGFP_rev

5’-TCGCGGCCGCTTTACTTGTACAGCT’-3'

mCherry-DMDEx23_SpliSwi_fwd

5’-GGAGGATAACATGGCCATC'-3'

mCherry-DMDEx23_SpliSwi_rev

5’-GTCCTTCAGCTTCAGCCTC’-3'

mCherry-DMDEx23_SpliSwi_nested_fwd

5’-GGAGTTCATGCGCTTCAAG’-3'

mCherry-DMDEx23_SpliSwi_nested_rev

5’-GCCGTCCTCGAAGTTCATC’-3'

DMD_Ex20-26 fwd

5’-CAGAATTCTGCCAATTGCTGA’-3" 244

DMD_Ex20-26 rev

5’-TCACCAACTAAAAGTCTGCATT’-3" 245

DMD_Ex20-24 fwd

5’-CCCAGTCTACCACCCTATCAGAG’-3' 244

DMD_Ex20-24 rev

5’-CAGCCATCCATTTCTGTAAG’-3' 246

2.1.6 Cell Culture

Table 9 Reagents for cell culture

Material

Supplier

Dulbecco’s Modified Eagle’s Medium (DMEM)

Life Technologies, Carlsbad, USA
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Fetal bovine serum (FBS) Life Technologies, Carlsbad, USA

Penicillin/Streptomycin Life Technologies, Carlsbad, USA

Trypsin/EDTA PANBiotech, Aidenbach, Germany
2.2 Methods

2.2.1 Solid-Phase Peptide Synthesis

Table 10 Summary of synthesized XP sequences

Xenopeptide ID ]cgl?::'{:;zfistic Fatty acid Sequence (N->C)

1195 Stp2 LenA K(N3)-Y3-Stp2-K[K(OleA)2]-Stpz-Ys

1391 Stp OleA K(N3)-Y3-Stp-K(K(OleA)z)-Stp-Y3

1392 Stp LinA K(N3)-Y3-Stp-K(K(LinA)2)-Stp-Y3

1393 Stp LenA K(N3)-Y3-Stp-K(K(LenA)2)-Stp-Y3

1395 H-Stp-H OleA K(N3)-Y3-H-Stp-H-K(K(OleA)z)-H-Stp-H-Y3
1396 H-Stp-H LinA K(N3)-Y3-H-Stp-H-K(K(LinA)2)-H-Stp-H-Y3
1397 H-Stp-H LenA K(N3)-Y3-H-Stp-H-K(K(LenA)2)-H-Stp-H-Y3

The syntheses of XPs #1391, #1392, #1393, #1396, and #1397 were performed by Dr. Yi Lin

(Pharmaceutical Biotechnology, LMU Miinchen).

The azide-containing XPs used for conjugation and formulation of PMOs were synthesized
and characterized as described previously.162 183 Table 10 provides an overview over the
individual sequences, internal ID numbers and further descriptions. Sequence-defined
lipo-oligoaminoamide XP were synthesized by standard Fmoc solid-phase peptide
synthesis.

Schematic illustration of the manual SPPS algorithm is shown in Figure 7. A 2-chlorotrityl
chloride resin was used, which was preloaded with the first amino acid Tyr(tBu)-OH. The
artificial Fmoc- and Boc-protected amino acid Fmoc-Stp(Boc)3-OH was synthesized as
previously reported [1, 5]. The sequences of the a-peptide backbones, excluding the N-
terminal K(N3) and side-chain lipid modification, were synthesized from C-terminus to N-
terminus using a SyroWave synthesizer (Biotage, Uppsala, Sweden). Every coupling step
was carried out twice with 4 eq. Fmoc-amino acid, 4 eq. HOBt, 4 eq. HBTU, and 8 eq. DIPEA
in NMP/DMF (5 mL/g resin) for 12 min at 50 °C. Fmoc deprotection was carried out by 4

27



Materials and Methods

times incubation with 20% piperidine in DMF (7 mL/g resin) for 10 min. After each
coupling and deprotection step, the resin was washed 5 times with DMF (10 mL/g resin)
for 1 minute each. By including Fmoc-L-Lys(Dde)-OH in the backbone, an asymmetric

branching point was introduced.

The N-terminal Fmoc-L-Lys(N3)-OH coupling as well side-chain modifications of K(Dde)
were performed manually as follows. Manual couplings were conducted at RT with 4 eq.
Fmoc-protected amino acid, 4 eq. HOBt, 4 eq. PyBOP, and 8 eq. DIPEA in DCM/DMF
(50/50) (10 mL/g resin) for 90 min using syringe microreactors and an overhead shaker
followed by washing the resin three times with DMF and three times with DCM (10 mL/g
resin each). The Fmoc protecting group was removed by incubating the resin with 20%
piperidine in DMF (10 mL/g resin) four times for ten min. After the coupling and
deprotection steps, a Kaiser test [2] was performed to confirm the accomplishment of the
previous step. The N-terminus was protected with a Boc group by using 10 eq. Boc
anhydride and 10 eq. DIPEA in DCM/DMF (10 mL/g resin). To enable chain elongation at
the e-amine of the Dde-protected lysine, the resin was incubated with 2% hydrazine
hydroxide (v/v) in DMF (10 mL/g resin) for three times. The first and third incubation
was performed for 5 min, the second incubation step took 7 min. The resin was washed
for 10 times with DMF (10 mL/g resin), five times with 10% DIPEA (V/V) in DMF and five
times with DCM. Fmoc-Lys(Fmoc)-OH was coupled and deprotected manually as
described above. The final coupling step was performed by incubating the resin with 8 eq.
of the desired fatty acid, 8 eq. HOBt, 8 eq. PyBOP, and 16 eq. DIPEA in DCM/DMF (50/50)
(10 mL/g resin) for 90 min. After drying of the resin, the peptides were cleaved by using
a cocktail consisting of trifluoroacetic acid (TFA)/triisopropylsilane (TIS)/H20
(95/2.5/2.5v/v/v) (10 mL/gresin). The cleavage cocktail was cooled to 4 °C to avoid TFA-
adduct formation,[6] added to the resin and incubated at RT for 20 min. Afterwards, the
cleavage solution was transferred rapidly into 40 mL of precooled methyl-tert-butylether
(MTBE)/n-hexane (50/50 v/v). The mixture was centrifuged, the supernatant was
discarded and precipitated peptide dried. Purification of the peptide was conducted by
size exclusion chromatography using an Akta purifier system (GE Healthcare Bio-Sciences
AB, Sweden) equipped with a P-900 solvent pump module, a UV-900 spectrophotometric

detector, a pH/C-900 conductivity module, a Frac-950 automated fractionator, a Sephadex
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G-10 column and 10 mM HCl in ACN (70/30 v/v) as solvent. Product fractions were

combined and lyophilized to obtain the final product.

positive
L] I
@ Preswelling J|@ Coupling (@ Wash @ Kaiser test
Repetition of
coupling process
if necessary
© Cleavage |« ® Kaiser Test |« @ Wash - ®Deprotection
I 1
negative

Figure 7 Schematic illustration the solid-phase synthesis algorithm during manual oligomer
synthesis. 1) 2-Chlorotrityl chloride resin was swollen in DMF for 20 min. 2) The building block was solved
in DCM, DIPEA was added. PyBOP and HOBt were solved together in DMF and added to the resin. The resin
was incubated for 90 min. 3) The resin was washed three times with DMF; and three times with DCM. 4)
One droplet of each aqueous 20 pM KCN in pyridine, ninhydrin in ethanol (5% w/v) and phenol in ethanol
(80%, w/v) were added to a small amount of the resin. The resin was incubated for 5 min at 99 °C. (positive
(blue): free amines, negative (colorless): protected amines). 5) Deprotection conditions were set depending
on the protecting group. 6) The whole resin was incubated for 90 min with TFA/TIS/H20 (95/2.5/2.5
v/v/v). The cleaved product was precipitated in 30 mL of cooled mixture of MTBE /n-hexane (50/50 v/v).

2.2.2 PMO Functionalization
2.2.2.1 Synthesis of PMO-DBCO

1 pmol of 3’ primary amine modified PMO (Gene Tools, USA) was dissolved in 300 pL
water-free DMSO. 2.5 mg of DBCO-NHS ester (Sigma-Aldrich, Munich, Germany) was
dissolved in 100 pL water-free DMSO and 0.3 pL DIPEA was added. The solutions were

combined and incubated overnight at RT under shaking at 300 rpm.

The DBCO functionalized PMO was purified by size exclusion chromatography (SEC) using
the Akta purifier system (GE Healthcare Bio-Sciences AB, Uppsala, Sweden) comprising a
P-900 solvent pump module, a UV-900 spectrophotometric detector, a pH/C-900
conductivity module, a Frac-950 automated fractionator, and a Sephadex G-10 column.
The solvent composition was 30% ACN in Millipore water. The pooled product containing

fractions were lyophilized, dissolved in water and analyzed by MALDI-MS.

To determine the concentration of dissolved PMO-DBCO, a 1:1000 dilution of the PMO-
DBCO solution in 0.1 M HCI was prepared and the UV absorbance at 265 nm using UV /Vis
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spectrophotometry was measured. The concentration was determined using following

formula.

dilution factor - absorbance p

cluM|] =
[uM] extinction coef fincient

Extinction coefficients of each PMO sequence can be found in Table 11.

Table 11 Extinction coefficient of used PMO sequences.

Extinction

PMO PMO Sequence

coefficient [M-lcm] q
PMO(705) 259160 CCTCTTACCTCAGTTACAATTTATA
PMO(Ex23) 259210 GGCCAAACCTCGGCTTACCTGAAAT

2.2.2.2 PMO-Xenopeptide Conjugation

For the conjugation of PMO-DBCO and XP at a molar ratio of 1:3 PMO to XP, a dilution of
PMO-DBCO (PMO(Ex23)-DBCO: stock solution in 20% acetonitrile ACN) in water;
PMO(705)-DBCO in water; ~1000 uM) with the concentration of 100 uM and a dilution
of the XP (stock solution of XP as HCI salt in water 1 mg/mL) with the concentration of
300 uM in water were prepared. Equal volumes of the solutions were combined and
incubated overnight at room temperature (RT) with shaking at 300 rpm. The conjugate
formulation solution was freeze-dried and reconstituted with the required volume of HBG
to obtain the desired concentration. For fluorescently labeled PMO-XP conjugate
formulations, 5% of PMO(Ex23)-DBCO was replaced by Alexa Fluor 647 (AF647) labeled
PMO(705)-DBCO162,

2.2.3 MALDI Mass Spectroscopy

MALDI mass spectroscopy was performed by Melina Grau and Tobias Burghardt

(Pharmaceutical Biotechnology, LMU Miinchen).

As characterization method, the MALDI-ToF system was used. An approximately 1 mg/mL
solution of each oligomer in Millipore water was prepared. 1.0 pL of a 10 mg/mL sDHB
matrix solution (2,5-dihydroxybenzoic acid and 2-hydroxy-5-methoxybenzoic acid) in
acetonitrile/water (3:7) with 0.1% (v/v) TFA, was spotted on a MTP AnchorChip (Bruker

Daltonics, Bremen, Germany). 1.0 pL of the sample solution was added on the crystallized
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matrix spot. Each mass spectrum was recorded using an Autoflex II mass spectrometer

(Bruker Daltonik GmbH, Bremen, Germany).

2.2.4 Transmission Electron Microscopy (TEM)

TEM was performed by Susanne Kempter (Physics, soft condensed matter group, LMU

Miinchen).

PMO-XP conjugate formulations were prepared in HEPES similar to as described in 2.2.2.2
PMO-Xenopeptide Conjugation. Samples contained either PMO(Ex23)-DBCO alone or
PMO(Ex23)-XP conjugate formulations at a molar ratio of 1:3 PMO to XP. Carbon coated
copper grids (Ted Pella, Inc. USA, 300 mesh, 3.0 mm O. D.) were hydrophilized with a
plasma cleaner under argon atmosphere (420 V, 1 min). The grids were placed with the
activated face down on top of 10 pL sample droplets for 20 s. Afterwards, the sample was
removed with a filter paper and stained using a two-step process: first, the grid was
washed with 5 pL staining solution (1.0% uranyl formate in water), which was removed
immediately. Second, 5 pL of the same solution was left on the grid for 5 s. Afterwards, it
was removed with a filter paper and grids were allowed to dry for 20 min. Grids were
stored at room temperature. The samples were measured on a JEOL JEM-1100 electron
microscope using 80 kV acceleration voltage. The surface diameter of PMO-XP conjugate
nanomicelles were determined by measuring the diameter of the nanomicelles using the
image] software (#1195 containing formulations: n = 13; #1395 containing formulations:

n=9).
2.2.5 LogD7.4 Determination of PMO-Xenopeptide Conjugate Formulations

In order to determine the hydrophobicity of the PMO(Ex23)-XP conjugate formulations at
a molar ratio of 1:3 PMO to XP, an octanol-water partition coefficient at pH 7.4 (logD7.4)
was determined as previously reported with adaptions. 183.247 10 uL of a 50 uM PMO-XP
conjugate formulation containing 5% AF647-PMO(705)-DBCO and 95% PMO(Ex23)-
DBCO was diluted with 90 pL of HBG buffer in a 1.5 mL reaction tube. 100 uL of n-octanol
was added. After vortexing, the tube was shaken at 1400 rpm for 24 h. Afterwards, the
tube was centrifuged and stored for 1 h at 4 °C. 70 pL of each phase was transferred into

a 96-well plate and fluorescence was measured using Tecan Reader. AF647-labeled PMO
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was excited at 640 nm and emission detected at 670 nm. Each solution was blanked with
the used solvent. The distribution was calculated as log(Foctanol/Fwater) using the

fluorescence intensities of each phase aliquot.

2.2.6 Cell Culture

HeLa cells are immortalized cells derived from cervical cancer cells.248 HeLa wt, HeLa
pLuc/705 and HeLa mCherry-DMDEx23 cells were cultured in DMEM low glucose (Sigma-
Aldrich, St. Louis, USA) supplemented with 10% fetal bovine serum (FBS; Life
Technologies, Carlsbad, USA), and 1% penicillin/streptomycin (P/S) (Life Technologies,
Carlsbad, USA) at 37 °Cand 5% CO2 in a humidified atmosphere. The medium was changed

every two days and cells were passaged at a confluency of approximately 80%.

HeLa pLuc/705 cells express luciferase gene containing the intron 2 of a human 3-globin
with a IVS2-705 mutation. HeLa mCherry-DMDEx23 cells contain the new mCherry-
DMDEXx23 gene, which was designed in this work, with the mdx exon 23 including the

nonsense point mutation.

2.2.7 Design of mCherry-Reporter for DMD Exon 23 Skipping

The mCherry sequence was split into two parts: 5’-mCherry and 3’-mCherry. The two
regions were separated by the murine exon 23 sequence, containing the nonsense
mutation of the mdx mouse model, flanked by intronic sequences of 154 bp at each side.
The sequence of the reporter construct is provided in Figure 38. The construct was
synthesized and cloned into a pEGFP-N1 vector by BioCat (Heidelberg, Germany). The
pEGFP-N1/mCherry-DMDEx23 plasmid was used for initial transient reporter expression
experiments. Additionally, the gene construct was subcloned into a modified PiggyBac
plasmid (PB-CAG-GFPd2 was a gift from Jordan Green; Addgene plasmid #115665;
http://n2t.net/addgene:115665; RRID:Addgene_115665)%43, which was wused for

generation of HeLa cells with stable reporter expression.

2.2.8 Flow Cytometry

Flow cytometry was used for the determination of mCherry expression as well as the cellular
uptake of fluorescently labeled PMO formulations in HeLa mCherry-DMDEx23 cells. After

individual treatments, cells were trypsinized and resuspended in 100 pL of FACS buffer,
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consisting of 10% FBS in PBS supplemented with DAPI (1 pg/mL) to discriminate viable and
dead cells. All samples were analyzed by flow cytometry using a CytoFLEX S flow cytometer
(Beckman Coulter, Carlsbad, USA) equipped with a well-plate autosampler. DAPI was excited
at 405 nm, and emission was detected at 450 nm. In splice switching experiments, mCherry
was excited at 561 nm and, emission was detected at 610 nm. In the case of uptake
experiments, AF647-labeled PMO was excited at 640 nm, and emission was detected at 670
nm. Only isolated and viable cells were evaluated. Flow cytometry data was analyzed using
FlowJo X 10.0.7r2 flow cytometric analysis software by Flow]Jo, LLC (Ashland, USA). All

experiments were performed in triplicate.

2.2.9 In Vitro Treatment of Transient HeLa mCherry-DMDEXx23 Cells

Hela wt cells were seeded into a 96-well plate 24 h prior to transfection at a density of
5,000 cells per well. 200 ng pEGFP-N1/mCherry-DMDEx23 plasmid was transfected into
each well using Lipofectamine 3000 (Thermo Fisher Scientific, Waltham, USA) according
to the manufacturer’s protocol. 24 h after the plasmid DNA transfection, cells were treated
with the specified PMO conjugate formulations. The medium of the cells was replaced by
90 uL of fresh medium, and 10 pL of the PMO conjugate formulations was added. After 24
h of incubation, the medium was removed, each well was washed with 100 pL of PBS and
the cells were analyzed by flow cytometry using a CytoFLEX S flow cytometer (Beckman
Coulter, Carlsbad, USA) as described above.

2.2.10 Generation of PB-CAG-mCherry-DMDEx23-eGFP Plasmid

For the generation of stable mCherry-DMDEx23 reporter cells, the reporter gene
construct was subcloned from pEGFP-N1/mCherry-DMDEx23 obtained from BioCat
GmbH (Heidelberg, Germany) into a PiggyBac plasmid. PB-CAG-GFPd2 was a gift from
Jordan Green (AddGene plasmid #115665; http://n2t.net/addgene:115665;
RRID:Addgene_115665). First, the GFPd2 gene was cleaved out of PB-CAG-GFPd2 using
the restriction enzymes Xmal (New England Biolabs, Ipswich, USA) and Notl (New
England Biolabs, Ipswich, USA) in sequence. Intermediate and final purification was
performed by gel electrophoresis (1% agarose; 100 V; 3 h) followed by gel extraction. The
mCherry-DMDEx23-eGFP insert was generated by PCR amplification from pEGFP-
N1/mCherry-DMDEx23 using Taq DNA polymerase (NEB) and PCR primers which include
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Notl and Xmal restriction sites at the 5’ ends. The primers mCherry-DMDex23-eGFP_fwd
(5’-ATCCCGGGGACTCAGATCTCGAGGCCACCATG-3"), mCherry-DMDex23-eGFP_rev (5’-
TCGCGGCCGCTTTACTTGTACAGCTC-3") and following PCR conditions were used: initial
denaturation (94 °C, 30 sec), 30 cycles (94 °C, 30 sec / 60 °C, 1 min / 68 °C, 1 min), final
extension (68 °C, 5 min). The mCherry-DMDEx23-eGFP PCR product was purified by
electrophoresis on a 1% agarose gel. Sticky ends were generated by digestion of the PCR
amplicon with Xmal and Notl. Intermediate and final purification was performed by gel
electrophoresis (1% agarose; 100 V; 3 h) followed by gel extraction. The obtained
mCherry-DMDEx23-eGFP insert (~1291 bp) was integrated into the PB-CAG vector (5592
bp) by using standard cloning techniques. DH5alpha cells were transformed with the
ligation reaction mixture and PB-CAG-mCherry-DMDEx23-eGFP plasmid was isolated

using Qiagen Plasmid Maxi kit.

The plasmids pEGFP-N1/mCherry-DMDEx23 (#211367) and PB-mCherry-DMDEx23-
eGFP (#211366) are deposited at Addgene.

2.2.11 Generation of Stable HeLa mCherry-DMDEx23 Cells

Hela wt cells were seeded in a 48-well plate at a density of 12,500 cells/well 24 h before
transfection. The next day, 500 ng of Super piggyBac Transposase expression vector (SBI,
CA, USA) and 200 ng of PB-CAG-mCherry-DMDEx23-eGFP plasmid were cotransfected
using Lipofectamine 3000 (ThermoFisher Scientific, USA) according to the manufacturer’s
protocol. 48 h after pDNA treatment, the transfection mixture containing medium in each
well was replaced by fresh medium. 3, 17, and 22 days after treatment, the cells were
evaluated by flow cytometry as described above. The fluorescence of cells was determined
by excitation of DAPI at 405 nm, detection of emission at 450 nm, excitation of eGFP at
488 nm and detection of emission at 530 nm. Only isolated and viable cells were evaluated.
Flow cytometry data was analyzed using Flow]o X 10.0.7r2 flow cytometric analysis
software by Flow]Jo, LLC (Becton, Dickinson and Company, USA). After expansion, cells
were sorted to isolate viable and eGFP expressing cell populations using a BD
FACSAriaFusion. The cell sorting was performed at the Core Facility Flow Cytometry of the
Biomedical Center, LMU Munich by Dr. Lisa Richter (Biomedical Center Munich, Core Facility

Flow Cytometry, LMU Miinchen). Flow cytometry data was analyzed using Flow]o (Tree
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Star Inc.). Single cell clones were generated from the sorted polyclonal population of HeLa
mCherry-DMDEx23 cells using limiting dilution method in 96-well plates. A suitable
monoclonal HeLa mCherry-DMDEx23 cell line was selected by determining eGFP and

mCherry expression after PMO(Ex23) treatments.

In order to confirm the presence of mCherry-DMDEx23 in the genomic DNA, genomic DNA
was isolated from 1 Mio. HeLa mCherry-DMDEx23 cells using the QIAamp® DNA Mini kit
according to manufacturer’s protocol. The DNA concentration was evaluated and 300 ng
of the genomic DNA was used to perform a PCR to amplify the mCherry-DMDEx23 gene
using Taq polymerase (New England Biolabs, Ipswich, Massachusetts, USA), mCherry-
DMDEx23-eGFP_fwd primer (5-ATCCCGGGGACTCAGATCTCGAGGCCACCATG-3’), and
mCherry-DMDEx23-eGFP_rev (5’-TCGCGGCCGCTTTACTTGTACAGCTC-3’) primer.
Following PCR conditions were used: initial denaturation (94 °C, 30 sec), 30 cycles (94 °C,

30 sec/60 °C, 1 min/68 °C, 1 min), and final extension (68 °C, 5 min).

The PCR product was analyzed on a 1% agarose gel in TBE buffer and visualized using

GelRed® (Biotium, Hayward, CA, USA). Electrophoresis was run for 1.5 h at 100 V.

The target band (~2042 bp) indicating the whole mCherry-DMDEx23-eGFP gene was cut
out and the DNA was isolated using QIAquick® Gel Extraction Kit (Qiagen, Hilden,
Germany). The purified DNA fragment at concentrations of 10 ng/pL was sequenced by
Eurofins GATC Biotech (Konstanz, Germany) with mCherry-DMDEx23-eGFP_fwd primer
(5’-ATCCCGGGGACTCAGATCTCGAGGCCACCATG-3’), and mCherry-DMDEx23-eGFP_rev
(5’-TCGCGGCCGCTTTACTTGTACAGCTC-3") primer.

2.2.12 Luciferase Activity Assay

24 h prior to transfection, 96-well plates (Corning ® Costar, Sigma-Aldrich, Germany)
were coated with collagen and HeLa pLuc/705 cells were seeded at a density of 5,000
cells/well. 50 uM PMO-XP formulation was prepared as explained above. Prior to
transfection, the medium in the 96-well plates was replaced by 90 uL of fresh medium,
and 10 pL of the PMO(705)-XP formulation was added into each well. Cells were
incubated at 37 °C and 5% CO:z in a humidified atmosphere for 24 h. After incubation, the

medium was removed and 100 pL of 0.5x cell lysis buffer (25 mM Tris, pH 7.8; 2 mM EDTA;
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1 mM DTT; 10% glycerol, 1% Triton X-100) was added to each well to lyse the cells. The
well plates were incubated for 30 min at RT. After the incubation, the 96-well plates were
stored at -80 °C. The luminescence measurements were performed by using a Centro LB
960 plate reader luminometer from Berthold Technologies (Bad Wildbad, Germany). 500
uL of a 10 mM luciferin solution was diluted with 9.5 mL LAR buffer (20 mM glycylglycine;
1 mM MgCl2; 0.1 mM EDTA; 3.3 mM DTT; 0.55 mM adenosine 5'-triphosphate; 0.27 mM
coenzyme A, pH 8-8.5). 35 pL of each cell lysate was transferred to a luminometer
microplate and 100 pL of luciferin-LAR buffer was added to each well before the
measurement. With a delay of 2 seconds, the relative light units were measured for 10 sec.
To relate the luminescence of the treated cells to the background of untreated cells, the
mean value of each group was divided by the mean of the HBG treated negative control

cells and a ‘fold increase’ value was calculated for each group.

2.2.13 mCherry Expression Determined by Flow Cytometry

Stable HeLa mCherry-DMDEx23 cells were seeded into 96-well plates (Corninge Costar,
Sigma-Aldrich, Munich, Germany) 24 h prior to treatments at a density of 5,000 cells/well.
The medium in each well was replaced by 90 pL of fresh medium, 10 pL of the PMO-XP
conjugate formulation was added into each well and the cells were exposed to the formulation
for the specified incubation times at 37 °C and 5% CO2 in a humidified atmosphere. For
short-term incubations, the medium containing the PMO-XP conjugate formulation was
replaced by fresh medium after the desired incubation time, and incubation was continued
for a total time of 24 h. After the required total incubation time, the medium was removed,
each well was washed with 100 pL of PBS, and cells were analyzed by flow cytometry using a

CytoFLEX S flow cytometer (Beckman Coulter, Carlsbad, USA) as described above.

2.2.14 Cellular Uptake Determined by Flow Cytometry

Stable HeLa mCherry-DMDEx23 cells were seeded into 96-well plates (Corninge Costar,
Sigma-Aldrich, Munich, Germany) 24 h prior to treatments at a density of 5,000 cells/well.
The medium in each well was replaced by 90 pL of fresh medium, 10 pL of the PMO-XP
conjugate formulation containing 5% AF647-labeled PMO was added into each well and the
cells were incubated for 0.5 or 24 h, respectively. After the specified time, the medium was

removed, each well was washed with 100 pL of PBS, and the cells were analyzed by flow
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cytometry using a CytoFLEX S flow cytometer (Beckman Coulter, Carlsbad, USA) as described

above.

2.2.15 Metabolic Activity Assay (MTT assay)

Cell viability was determined indirectly via the quantification of cellular metabolic activity
with MTT assays. HeLa mCherry-DMDEx23 cells were seeded in 96-well plates at a density of
5,000 cells/well. 24 h after seeding, the medium was replaced by 90 pL of fresh medium and
10 pL of the PMO-XP conjugate formulation at the desired concentration was added to each
well. After incubation for 24 h, 10 pL of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium
bromide (MTT, 5 mg/mL) was added to each well. After 2 h of incubation, the medium was
removed, and the 96-well plates were stored at —-80 °C overnight. 100 puL of DMSO was added
per well to dissolve the purple formazan product. The 96-well plates were incubated for 30
min at 37 °C with constant shaking. The absorbance at A = 590 nm of each well was measured
with background correction at A = 630 nm by using a microplate reader (Tecan Spark 10M,
Tecan, Nanikon, Switzerland). The relative cell viability (%) was calculated by normalizing the

values to control wells treated with HBG, according to the following equation:

R A(test)
cell viability [%] = A(control) 100 %

A difference of absorbance at A = 590 nm and background correction at A = 630 nm

2.2.16 Confocal Laser Scanning Microscopy (CLSM)

All CLSM experiments were performed by Miriam Hohn (Pharmaceutical Biotechnology, LMU

Miinchen).

2.2.16.1 mCherry Expression Imaged by CLSM

15,000 HeLa mCherry-DMDEx23 cells/well were seeded in 8 well-Ibidi p-slides (Ibidi,
Planegg/Martinsried, Germany) in a total volume of 300 pL medium per well. The next day,
medium was replaced by 270 pL of fresh medium. PMO-XP conjugate formulations in HBG
were prepared at 25 pM as explained above and 30 pL was added to each well. 24 h after the
treatment, the wells were washed three times with 300 pL of prewarmed PBS and cells were
fixed with 4% paraformaldehyde in PBS for 40 min at RT. The wells were washed again three
times with PBS. The cell nuclei were stained with DAPI (2 pg/mL) for 20 min under light

protection at RT. The wells were washed once with PBS and 300 pL of fresh PBS was added. A
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Leica-TCS-SP8 confocal laser scanning microscope (CLSM) equipped with an HC PL APO 63 x
1.4 objective (Wetzlar, Germany) was used to record the images. DAPI emission was recorded
at460 nm and mCherry emission was recorded at 610 nm. All images were processed by using

the LAS X software from Leica.

2.2.16.2 Uptake of PMO-XP Conjugate Formulations Imaged by CLSM

15,000 HeLa mCherry-DMDEx23 cells/well were seeded in 8 well-lbidi p-slides (Ibidi,
Planegg/Martinsried, Germany) in a total volume of 300 pL medium per well. Cells were
incubated at 37 °C and 5% COz for 24 h before treatment with PMO-XP conjugate formulations
containing 5% AF647-labeled PMO. The next day, the medium was replaced by 270 pL of fresh
medium and 30 pL of a 25 pM PMO-XP conjugate formulation solution in HBG was added per
well. 0.5 or 4 h after the treatment, the wells were washed thrice with 300 pL of prewarmed
PBS and cells were fixed with 4% paraformaldehyde in PBS for 40 min at RT. The wells were
washed again three times with PBS. F-actin was stained with rhodamine-phalloidin (1 pg/mL)
overnight at 4 °C. Cell nuclei were stained with DAPI (2 pg/mL) for 20 min under light
protection at RT. The wells were washed once with PBS and 300 pL of fresh PBS was added. A
Leica-TCS-SP8 confocal laser scanning microscope (CLSM) equipped with an HC PL APO 63x
1.4 objective (Wetzlar, Germany) was used to record the images. DAPI emission was recorded
at 460 nm, rhodamine at 580 nm and AF647 at 665 nm. All images were processed by using

the LAS X software from Leica.

2.2.17 Western Blot

150,000 HeLa mCherry-DMDEx23 cells/well were seeded into a 6-well plate 24 h prior to
PMO treatments. PMO formulations containing PMO(Ex23)-DBCO or PMO(705)-DBCO at a
concentration of 25 puM were prepared with XP #1195 as described above. Prior to the
treatment, the medium was replaced by 900 pL of fresh medium and 100 pL of PMO
formulations was added into the wells. After an incubation time of 24 h, cells were washed
with PBS and lysed using 100 pL of 0.5x cell culture lysis buffer (Promega, Mannheim,
Germany) supplemented with EDTA-free Protease Inhibitor Cocktail (Roche, Basel,
Switzerland) per well. The cell lysates were stored at -80 °C for 18 h. After centrifugation for
10 min at 4 °C and 17,000g, 40 uL of a 1:4 dilution of each supernatant was added to the SDS
sample buffer containing 3-mercaptoethanol and incubated for 5 min at 95 °C and 2 min on

ice. SDS-PAGE was performed using a 3.5% stacking and a 10% separating SDS-gel. The
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proteins were transferred to a poly (vinylidene difluoride) (PVDF) blotting membrane. The
membrane was incubated in 1x NET-gelatin (8.33 g of gelatinaalbain 1 L of 1x NET containing
0.15 M NacCl, 0.005 M EDTA, and 0.05 M Tris, 0.05% Triton-X-100) for 2 h at room temperature
and immunolabeled with a primary anti-mCherry antibody (anti-mCherry Rabbit polyclonal
antibody, #26765-1-AP, proteintech, Manchester, UK) diluted 1:1,000 in 1x NET-gelatin
overnight at 4 °C. The membrane was washed four times with 1x NET-gelatin and incubated
with the secondary antibody (IRDye 680RD Goat anti-rabbit, Li-Cor, Lincoln, USA) diluted
1:10,000 in 1x NET-gelatin for 1 h at RT followed by four times washing with 1x NET gelatin.
Membranes were imaged using an Odyssey Fa imaging system (Li-Cor, Lincoln, USA) and

analyzed and quantified by Image Studio Software (Li-Cor, Lincoln, USA).

2.2.18 Bafilomycin A1 (BafA1) Assay

5,000 HeLa mCherry-DMDEx23 cells/well were seeded in 96-well plates one day prior to
treatments. Two hours before PMO treatment, the medium in the wells was replaced by either
fresh medium or medium supplemented with bafilomycin A1 (BafA1, Sigma-Aldrich, Munich,
Germany) to obtain a final concentration of 200 nM BafA1 after PMO formulation addition.
After two hours of preincubation with BafA1, the PMO formulations at concentrations 6.25,
3.125, and 1.5625 pM were added as explained above. Cells were incubated for 30 min and 4
h respectively and the medium was replaced by 100 pL of fresh medium. The cells were
incubated for further 23.5 or 20 h, respectively, before determination of mCherry expression

by flow cytometry as described above. Treatments were performed in triplicate.

2.2.19 RT-PCR of Reporter Exon SKkipping In Vitro

Total RNA was isolated from PMO-treated and untreated HeLa mCherry-DMDEx23 cells using
RNASolv (VWR International, Darmstadt, Germany) according to the manufacturer’s protocol.
400 ng of RNA was used to generate cDNA using the qScript cDNA synthesis kit (Quantabio,
Beverly, USA) according to the manufacturer’s protocol. The region of interest was amplified
by PCR with 150 ng of the cDNA, Taq polymerase (New England Biolabs, Ipswich, USA), the
primers mCherry-DMDex23_SpliSwi_fwd (5’-GGAGGATAACATGGCCATCA-3"), mCherry-
DMDex23_SpliSwi_rev (5’-GTCCTTCAGCTTCAGCCTCT-3"), and the following PCR conditions:
initial denaturation (94 °C, 30 sec), 30 cycles (94 °C, 30 sec/60 °C, 1 min/68 °C, 1 min), and

final extension (68 °C, 5 min).
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After amplification, the PCR product was purified using a PCR purification kit (Qiagen, Hilden,
Germany) according to the manufacturer’s protocol. 1 pg of the purified PCR amplicon was
digested overnight with 2 units of Nde I (New England Biolabs, Ipswich, USA). To ensure
detachment of the restriction enzyme, SDS was added to a concentration of 0.2% and was
incubated for 10 min at 65 °C. The digested DNA was purified using the PCR purification kit
(Qiagen, Hilden, Germany). Second PCR was conducted with 100 ng of the purified DNA as
template, the primers mCherry-DMDex23_SpliSwi_nested_fwd (5-
GGAGTTCATGCGCTTCAAGG-3"), and mCherry-DMDex23_SpliSwi_nested_rev (5'-
GCCGTCCTCGAAGTTCATCA-3"), and the following PCR conditions: initial denaturation (94 °C,
30 sec), 30 cycles (94 °C, 30 sec/55 °C, 1 min/68 °C, 1 min), final extension (68 °C, 5 min).

The PCR product was analyzed on a 1% agarose gel in 1x TBE buffer containing GelRed®
(Biotium, Hayward, USA). Electrophoresis was conducted for 1.5 h at 100 V and analyzed with
Dark Hood DH-40 (biostep, Burkhardtsdorf, Germany) and the biostep argusX1 software. The
band with the expected size of the DNA sequence with skipped DMD exon 23 (~280 bp) was
cut out, and the DNA was isolated using a QIAquick® Gel Extraction Kit (Qiagen, Hilden,
Germany). The purified DNA fragment was sequenced (Sanger) by Eurofins GATC Biotech
(Konstanz, Germany) with the sequencing primers mCherry-DMDex23_SpliSwi_nested_fwd
(5’-GGAGTTCATGCGCTTCAAGG-3") and  mCherry-DMDex23_SpliSwi_nested_rev  (5’-
GCCGTCCTCGAAGTTCATCA-3").

2.2.20 Splicing Modulation In Vivo

Animal experiments were performed by veterinarians Jana Péhmerer and Dr. Ulrich Wilk

(Pharmaceutical Biotechnology, LMU Miinchen).

All animals were handled in accordance with the guidelines of the German Animal Welfare
Act and were approved by the animal experiments ethical committee of the “Regierung

von Oberbayern”, District Government of Upper Bavaria, Germany.

6-week-old female BALB/c mice (BALB/cByJRj, Janvier, Le Genest-Saint-Isle, France) were
housed in isolated ventilated cages under pathogen-free condition with a 12 h light/dark
interval. The mice were acclimated for seven days prior to treatments. Water and food
were provided ad libitum. For splice switching in the physiological DMD gene, PMO

formulations were prepared 48 h before intravenous injection as described above. The
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freeze-dried PMO formulations were reconstituted with HBG to obtain a concentration of
375 pg PMO per 150 pL. The mice were randomly divided into three groups (n = 6 for
PMO(Ex23)-1395, and n = 5 for free 3’ primary amine modified PMO(Ex23) and
PMO(705)-1395). 150 pL of PMO solution was injected intravenously into a lateral tail
vein. 48 h after injection, the mice were euthanized and the brain, spleen, quadriceps
femoris muscle, kidneys, liver, lung, and heart were harvested. For stabilization of the
mRNA, the organs were incubated in RNAlater solution (Thermo Fisher Scientific,
Waltham, USA) overnight at 4 °C and afterward stored at -20 °C. Each organ was manually
homogenized using a mortar and pestle, and liquid nitrogen. The mRNA was isolated using
the peqGOLD Total RNA Kit (VWR International, Darmstadt, Germany). 400 ng of the RNA
was used to generate cDNA using the qScript cDNA synthesis kit (Quanta Biosciences,
Gaithersburg, USA). To amplify the region of interest, 300 ng of the cDNA was used to
perform a PCR with Taq polymerase (New England Biolabs, Ipswich, USA), the primers
DMD_Ex20-26 fwd (5’- CAGAATTCTGCCAATTGCTGAG -3")>4, and DMD_Ex20-26 rev (5’-
TCACCAACTAAAAGTCTGCATTG -3’)24° and the following conditions: initial denaturation
(94 °C, 30 sec), 30 cycles (94 °C, 30 sec/55 °C, 1 min/68 °C, 1 min), and final extension (68
°C, 5 min).

The PCR products were purified using the PCR purification kit (Qiagen, Hilden, Germany).
100 ng of the purified PCR product was used to perform a second PCR with the primers
DMD_Ex20-24 fwd (5’- CCCAGTCTACCACCCTATCAGAGC -3’)°%, and DMD_Ex20-24 rev (5’-
CAGCCATCCATTTCTGTAAGG -3’)>¢ and the following conditions: initial denaturation (94
°C, 30 sec), 30 cycles (94 °C, 30 sec/57 °C, 1 min/68 °C, 1 min), and final extension (68 °C,

5 min).

The final PCR products were analyzed by agarose gel electrophoresis (2% agarose gel; 100
V; 2 h). Individual band intensities were quantified and put into relation to the band of

full-length DMD-Ex20-24 with a size of 633 bp by using Image] software.

To confirm the determined exon 23 skipping in PMO(Ex23)-1395 treated mice, the bands
of the lung of animal C1 were purified by gel extraction using a QIAquick® Gel Extraction

Kit (Qiagen, Hilden, Germany). The purified sequences were sequenced (Sanger) by
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Eurofins GATC Biotech (Konstanz, Germany) with the primers DMD-Ex20-24 fwd and
DMD-Ex20-24 rev at a concentration of 10 ng/pL.

2.2.21 Statistical Analysis

Unless otherwise stated, results are presented as arithmetic mean # standard deviation
(SD) and the number of replicates. The statistical significance of experiments was
estimated using the two-tailed student’s t-test. Significance levels are indicated with

asterisks. **** p < 0.0001, ** p <0.001, ** p < 0.01, *p < 0.05, and ns p > 0.05.
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3. Results and Discussion

This chapter has been adapted from:

Lessl AL, P6hmerer ], Lin Y, Wilk U, Hohn M, Horterer E, Wagner E, Lachelt U. mCherry on
Top: A Positive Read-Out Cellular Platform for Screening DMD Exon Skipping
Xenopeptide-PMO Conjugates. Bioconjugate Chemistry 2023 Nov 22.

DOI: 10.1021/acs.bioconjchem.3c00408

3.1. Analysis of the Synthesized Xenopeptides

MALDI-MS analysis of resynthesized XPs #1195 and #1395, confirmed successful
synthesis. Only one mass peak with low difference to calculated molecular weight of the
products was detected in each case. PMO-derivatives and conjugates were analyzed by
MALDI-MS and one peak each could be observed corresponding to the calculated

molecular weight.

3.2 PMO Delivery System using Click Chemistry

PMOs are artificial nucleic acid analogues with uncharged character which on the one
hand improves their tolerability and half-life due to resistance against enzymatic
degradation. On the other hand, the uncharged character dismisses the possibility of
complexation with charged transfection agents. Kuhn et al. developed covalent PMO
conjugation using lipid-modified XPs for enhanced PMO delivery.162 To covalently bind
PMOs to XPs, click reaction23 in form of strain-promoted azide-alkyne cycloaddition
(SPAAC)251 was used (Figure 8a). For this purpose, 3’ primary amine modified PMOs were
previously functionalized with dibenzocyclooctyne-NHS ester (DBCO-NHS). As
consequence, PMOs contain a functional group for further conjugation with azido-lysine

containing XPs (Figure 8b).

In a previous work, it could be shown, that an excess of XPs in the formulation (molar ratio
of 1:3 PMO/XP) strongly enhances transfection efficiency due to self-assembly into
nanomicelles (Figure 8c).162 The amphiphilic character of XPs which are conjugated to

PMOs lead to the observed self-assembly in aqueous environment.
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Figure 8 Illustration of functionalization and conjugation of PMO-DBCO and azide-containing
xenopeptide (XP). a) Illustration of strain-promoted azide-alkyne cycloaddition (SPAAC) between PMO-
DBCO and azide-XP. b) Functionalization of 3’ primary amine of PMO with DBCO-NHS ester resulting in
PMO-DBCO. c¢) Conjugation of PMO-DBCO and azide-containing XP (#1195) followed by nanomicelle
formation in aqueous environment.

3.3 Design of new Reporter Gene mCherry-DMDex23

During development of nanotherapeutics, translation from in vitro to in vivo stages is
generally challenging. For PMO conjugate formulations, this gap can be particularly
critical, since different PMO sequences used in different screening models can exhibit very
different properties. For this reason, in this work a workflow has been designed, which
enables in vitro and in vivo screenings of PMO conjugate formulations without change of
sequence (Figure 9). The basis for the screening platform is the PMO(Ex23) sequence,
which mediates skipping of DMD exon 23 and is frequently used in the well-established
mdx mouse model of DMD. The particular PMO has the advantage, that it can not only be

used in transgenic mdx mice but does also induce exon skipping in healthy mice. For the
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initial in vitro assessment, an in vitro reporter system was designed, which enables

convenient screening of PMO conjugate formulations.
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Figure 9 Schematic overview of the formulation generation in vitro and in vivo evaluation. 1)
Generation of PMO-conjugate formulations using PMO(Ex23)-DBCO and azide-containing XPs via strain-
promoted azide-alkyne cycloaddition (click conjugation). 2) In vitro screening of PMO conjugate
formulations and identification of most potent candidates. 3) Evaluation of most potent PMO conjugate
formulation in vivo using same PMO sequence and formulation composition. Figure was created using
Biorender.com.

An intron-exon-intron sequence was implemented as the design of a fluorescent protein
reporter in order to generate a positive read-out system activatable via exon skipping
(Figure 10a). Based on the DMD mdx mouse model, the dystrophin exon 23 containing a
nonsense mutation at nucleotides 28-30 was inserted as an interrupting exon into the
mCherry gene between nucleotides 105 and 106. The exon was flanked by two artificial
intronic sequences containing splice sites. The donor and acceptor splice sites contained
conserved splice sequences which are required for functional splicing (Figure 10b).2° The
5’ splice sites between the 5’ mCherry I and intron [, and mdx DMDEx23 and intron II are
presented by the conserved sequence motif CAG | CTAAG. The 3’ splice sites between
intron I and mdx DMDEx23, and intron I and 3’ mCherry Il are presented by the conserved

sequence motif TCTACAG | G. The 5’ splice site (donor splice site) of the intron
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downstream of mdx exon 23 was based on the physiological donor splice site sequence of
DMD intron 23, which enables utilization of the same PMO(Ex23) sequence in the in vitro
reporter system and in vivo experiments. Transcription and splicing of the mCherry-
DMDEXx23 construct results in mRNA with the nonsense mutation of mdx exon 23 and no
functional mCherry product after translation. Skipping of mdx exon 23 via a specific SSO
such as PMO(Ex23) induces exon 23 skipping and by this restores the correct reading

frame and induces the functional mCherry expression (Figure 10c).

PMO(Ex23) binding site
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Y ox DMDEx23 ntron Il
\, / \\
B8 cranc B8 crarcc
5¢ splice site \ 5¢ splice site \
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3¢ splice site 3¢ splice site
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Figure 10 Design of new mCherry-DMDEx23 reporter. a) mCherry-DMDEx23 structure with splice site
sequences. b) Required conserved sequences of 5’ splice site and 3’ splice site. ¢) Structure of mCherry-
DMDEx23 construct and its mechanism in presence or absence of PMO(Ex23).

PMO(Ex23) forms a steric block at the donor splice site (5’ splice site) connecting exon 23

and intron 23. Following description refer to Figure 11.
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Figure 11 Schematic illustration of theoretical progressive splicing mechanism in presence of PMO.
Recognition by spliceosome subunits is enabled by conserved sequences: the donor splice site (5’ splice site,
GU), acceptor splice site (3’ splice site, AG), and an adenine nucleotide (branch point, A). Binding of U1 to
the donor splice site (5’ splice site) downstream of exon 1 and U2 to the branch point upstream of exon 3
resulting in A complex. Due to masking of donor splice site of exon 2 by PMO, exon 2 is not considered an
exon. Association of tri-snRNP U4/U6-U5 to the A complex forming B complex. Cleavage of Ul and U4
activates the spliceosome which leads to the first transesterification and lariat intermediate formation
resulting in the C complex. The second transesterification assembles the exon sequences and the mature
mRNA product and intron lariat including exon 2 are released.
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Due to blockage and therefore failed recognition of the donor splice site by the subunits
of the spliceosome, the first transesterification takes place between exon 1 and exon 3
skipping exon 2. As a result, subsequently cleaved lariat structure includes exon 2 and the

final splicing product is shorter consisting of ligated exon 1 and exon 3.

3.4 Transient Expression using pEGFP-N1/mCherry-DMDEx23

The mCherry-DMDEx23 reporter gene was designed to evaluate transfection efficiency of
sequence specific PMO conjugate formulations inducing exon skipping in the physiological
DMD gene in vivo. For establishment of the reporter system, functionality and suitability
of the reporter gene for detecting DMD exon 23 skipping were first validated in HeLa cells
transiently transfected with the pEGFP-N1/mCherry-DMDEx23 plasmid (plasmid map
shown in Figure 36). Successful pDNA delivery led to eGFP expression. After pEGFP-
N1/mCherry-DMDEx23 treatment, the cells were treated with PMO using two different
PMO sequences to show sequence specificity of the reporter. PMO(Ex23) was used to
induce DMD exon 23 skipping, leading to functional mCherry expression. PMO(705)
served as “negative control” since the sequence is not complementary to the target site.
The ratio of eGFP and mCherry expressing cells was evaluated using flow cytometry

(Figure 12).
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Figure 12 eGFP and mCherry expression of HeLa wt cells after transient transfection with pEGFP-
N1/mCherry-DMDEx23 transfection and treatment with PM0-1195 conjugate formulations. 200 ng
pEGFP-N1/mCherry-DMDEx23 per well were transfected with Lipofectamine 3000. PMO(705)-DBCO and
PMO(Ex23)-DBCO were formulated with XP #1195 at a molar ratio of 1:3 (PMO:XP) and used at a
concentration of 2.5 pM.
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Cells treated with pDNA and PMO conjugate formulations, regardless of the PMO
sequence, showed a higher ratio of eGFP expressing cells, compared to the cells which
were treated with pDNA only. The increase of eGFP expression can be explained by the
construction of the pDNA and the position of eGFP and mCherry-DMDExZ23 in the mCherry-
DMDEx23-eGFP gene. The eGFP gene sequence is located downstream of mCherry-
DMDEx23 with no separate promoter of mCherry-DMDExZ23. Stop codon read-through and
noncanonical translation initiation could lead to a promotor independent eGFP
expression. Noncanonical pathways can be induced and enhanced by cellular stress 252,253
which could be caused by transfection agents. Another explanation is the additional Kozak
consensus sequence and start codon between mCherry and eGFP. This phenomenon is
described for fusion genes cloned into pEGFP-N1 vector. 254 Additionally, the usage of two
subsequent transfections with different transfection agents could influence the eGFP
expression. The addition of formulations containing #1195 could also improve endosomal

escape of pDNA which remained in endosomes.

Direct comparison between the two PMO variants confirmed sequence-specific response
of the reporter system: treatment with PMO(Ex23)-1195 1:3 conjugate formulation led to
20% mCherry positive cells within the eGFP positive cell population, whereas treatment

with PMO(705)-1195 1:3 did not induce mCherry expression.

In summary, a PMO sequence specific effect could be observed in HeLa cells transiently
expressing mCherry-DMDEx23-eGFP leading to the assumption of functionality of the
reporter gene. As a result, mCherry-DMDEx23-eGFP was used in order to establish a new

stable reporter system based on the PMO(Ex23) sequence.

For the generation of a stable HeLa mCherry-DMDEx23 reporter cell line, mCherry-
DMDEx23 was integrated into a PiggyBac vector plasmid. Genomic integration was
conducted by using the PiggyBac system and PB-mCherry-DMDEx23 pDNA delivery using
Lipofectamine 3000.
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3.5 Generation and Establishment of New Reporter Cell Line HeLa mCherry-

DMDEXx23

For evaluation of new carrier systems, a reporter system is required which reliably
expresses an appropriate reporter which retains expression over several cell cycles. Since
transient mCherry-DMDEx23-eGFP expressing HeLa cells showed PMO(Ex23) dependent
mCherry expression, integration of mCherry-DMDEx23-eGFP into the genome of HeLa wt

cells was the aim.

In order to do so, cells had to be treated simultaneously with the PiggyBac (PB) vector
plasmid encoding the target mCherry-DMDEx23 gene and additionally a PB-vector

plasmid encoding the required transposase protein.

PiggyBac is a class Il transposon (DNA-transposon) which is a mobile genetic element
which can be transferred with the transposase protein via a “cut-and-paste” mechanism.
Transposase induces single-strand breaks at the 3’ends of transposons resulting in a
cascade of bond formations leading to ligation of transposons with the genomic DNA and

therefore integration into the genome.255-258

3.5.1 Generation of PB Plasmid Containing mCherry-DMDEx23
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Figure 13 Schematic illustration of PB-mCherry-DMDEx23-eGFP generation.
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The first step of the cell line generation was integration of the mCherry-DMDex23 into the
PB vector plasmid (Figure 13) via molecular cloning. For this purpose, mCherry-
DMDEx23-eGFP was PCR amplified using pEGFP-N1/mCherry-DMDEx23 as template in
order to include suitable terminal restriction sites via PCR primer design. A restriction site
for Xma I was introduced at the 5’ cloning site. A restriction site for Not [ was introduced
at the 3’ cloning site. The mCherry-DMDEx23-eGFP PCR product served as insert which
had to be integrated into the PB vector. The PB-CAG-GFPd2 plasmid served as template PB
vector plasmid of which GFPd2 was cleaved to obtain the PB vector backbone. The
mCherry-DMDEx23-eGFP insert and the PB vector backbone were ligated and amplified
in DH6a E.coli. The plasmid map of the resulting PB-mCherry-DMDEx23-eGFP shown in
Figure 37.

3.5.2 Generation of Stably Expressing HeLa mCherry-DMDEx23 Cells

HeLa wt cells were co-treated with 500 ng PB-mCherry-DMDEx23-eGFP vector plasmid
and 200 ng of the Super PiggyBac Transposase expression vector (SBI, CA, USA) using
Lipofectamine 3000 as transfection agent. The designed PB-mCherry-DMDEx23-eGFP
contained the sequence of eGFP to serve as transfection control of the pDNA to facilitate
evaluation. Three, 17, and 22 days after treatment, cells were evaluated using flow

cytometry to determine the expression of eGFP (Figure 14).

3 days after treatment 17 days after treatment 22 days after treatment

B
1
FSC-A::FSC-A

FSC-A: FSC-A
FSC-A::FSC-A

10 10 o 10 10
FL1-A:: GFP-A FL1-A :: GFP-A FL1-A : GFP-A

Figure 14 eGFP expression of HeLa cells treated with PiggyBac system. eGFP expression 3 days, 17
days, and 22 days after treatment with PB-CAG-mCherry-DMDEx23-eGFP and Super PiggyBac Transposase
expression vector using Lipofectamine 3000. Grey: HBG treated HeLa wt cells; black: PB treated HeLa cells.

Three days after treatment, around 6.1% of the cells expressed eGFP which can also be
caused by remaining plasmid in the cells. The decreasing eGFP signal over time was
caused by elimination of the plasmid from the cells with remaining signal caused by stable

integration of the reporter gene. In order to ensure complete plasmid removal and eGFP
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expression caused by stably integrated reporter gene only, cells were cultivated for several
more days. 22 days after treatment, the ratio of eGFP expressing cells decreased to
approximately 3% which most likely are originated from stable integration of the whole
mCherry-DMDEx23-eGFP into the genome. The cell population was expanded in order to
sort eGFP positive cells indicating genomic presence of the whole reporter gene mCherry-

DMDEXx23-eGFP using fluorescence-activated cell sorting (FACS).

Figure 15 shows the gating strategy of the sorting process of eGFP positive HeLa-
mCherry-DMDex23-eGFP mixed population in bulk. HeLa wt served as negative control
sample to distinguish eGFP positive and negative cells in the treated cell sample. After
gating the main population, single cell population and living cells, a total ratio of
approximately 4.3% eGFP positive cells could be collected (“mixed population”)

numbering 10,832 cells.
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Figure 15 Gating strategy to sort eGFP positive cells. HeLa wt cells and HelLa cells treated with Super
PiggyBac Transposase expression vector and PB-CAG-mCherry-DMDEx23-eGFP were sorted via
fluorescence-activated cell sorting (FACS) 22 days after treatment. Sorting was performed by Dr. Lisa
Richter (Biomedical Center Munich, Core Facility Flow Cytometry, LMU Miinchen).

The sorted mixed population was expanded, and monoclonal populations were generated
by using limiting dilution method in 96-well plates. Only cell populations proposedly
originating from one cell were taken into account. In total 20 monoclonal cell populations
were obtained. In order to narrow down the test group, each clone was evaluated by the
median fluorescence intensity (MFI, Figure 16a) and distributional width of the

population regarding the eGFP signal (Figure 16b).
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Figure 16 Monoclonal populations of sorted HeLa mCherry-DMDEx23 cells. a) Median fluorescence
intensity (MFI) of eGFP of each monoclonal population. b) Forward scatter - eGFP dot plot of each
monoclonal population.
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The highest median fluorescence intensity of eGFP could be obtained in clone 16 but the
distribution of the population was broad which excludes clone 16 for further testings.
Additional high median fluorescence intensity values could be detected in clone 4, 5, 7, 9,
10, 18, and 20. The combination of median fluorescence and a narrow population
distribution in the dot plot led to exclusion of several monoclonal populations and
reducing the set to only five populations - clone 4, clone 5, clone 7, clone 9, and clone 10.
The different eGFP MFI values and distribution can be caused by the locus of transposon
integration and copy number. 259 The piggyBac transposon is inserted randomly into a
tetranucleotide site TTAA by the transposase.2>5-258 Suboptimal insertion loci can
influence expression adversely. To ensure the usage of a cell population with a definite
mCherry-DMDEx23-eGFP integration, a high eGFP MFI value and a narrow eGFP MFI value

distribution were desirable.

For identification of a suitable monoclonal HeLa mCherry-DMDEx23 cell line, PMO(Ex23)
was used together with the previously reported XP #1195 conjugate formulation at a 1:3
ratio.162 PMO(Ex23) induces exon 23 skipping in the mCherry-DMDEx23 reporter leading

to functional mCherry expression.

The narrowed monoclonal HeLa mCherry-DMDEx23 population set consisting of clone 4,
5,7,9, and 10, were treated with PMO(Ex23)-1195 1:3 conjugate formulation at 2.5 pM
and mCherry expression was determined. Figure 17a shows the comparison of each dot
plot of PMO(Ex23) (green) and HBG (orange) treated monoclonal HeLa mCherry-
DMDEx23 population in comparison to PMO(Ex23) (blue) and HBG (red) treated HeLa wt
cells. Especially, the difference of mCherry expression of PMO(Ex23) and HBG treated
monoclonal populations was considered (Figure 17c). Diagonal shift of HeLa wt cells
treated with PMO(Ex23) conjugate formulations (Figure 17a) and slight increase of
median fluorescence intensity (MFI) of eGFP (Figure 17b) could be caused by cellular

stress resulting from conjugate formulation treatment.
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Figure 17 Identification of adequate monoclonal population. Monoclonal HeLa mCherry-DMDEx23
populations and HeLa wt cells were treated with PMO(Ex23)-1195 1:3 conjugate formulation at 2.5 pM for
24 h. eGFP and mCherry expression was evaluated using flow cytometry (FC). a) mCherry - eGFP dot plots
of each monoclonal population in comparison to HeLa wt cells. b) Median fluorescence intensity of eGFP of
each monoclonal population in comparison to HeLa wt treated with HBG and PMO(Ex23)-1195. ¢) Median
fluorescence intensity of mCherry of each monoclonal population in comparison to HeLa wt treated with
HBG and PMO(Ex23)-1195.

All monoclonal populations were treated with the same PMO(Ex23)-1195 1:3 sample but
showed different increases in mCherry median fluorescence intensities. The monoclonal
population originating from clone 9 showed highest sensitivity to PMO(Ex23) regarding
mCherry expression. A reason for this could be the location of the integrated mCherry-
DMDEXxZ23-eGFP which could be more favorable in clone 9. Another possibility of the
difference in median fluorescence intensities could be the number of copies which were
integrated into the genome. The clear difference of mCherry MFI of PMO(Ex23) conjugate
formulation and HBG treated, and the narrow distribution of the monoclonal population

originating from clone 9 showed the potential of this monoclonal cell population.
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To confirm the presence of the whole mCherry-DMDEx23-eGFP in the genome of HeLa
mCherry-DMDEx23 cells, genomic DNA was isolated, and the gene sequence was PCR
amplified. The PCR product was evaluated performing gel electrophoresis on a 1%

agarose gel (Figure 18). The PCR product could be separated into three bands derived

from amplification of the whole mCherry-DMDEx23-eGFP (~2042 bp), mCherry-DMDEx23
without eGFP (~1290 bp), and eGFP only (~720 bp).

2000 r

Whole reporter gene: ~2042 bp

H N

Reporter gene wio eGFP:  ~1290 bp

eGFP only: ~720 bp

Figure 18 Verification of mCherry-DMDEx23 presence in HeLa mCherry-DMDEx23 genome. Genomic
DNA of HeLa mCherry-DMDEx23 was isolated. mCherry-DMDEx23 was amplified using PCR and analyzed
using agarose gel electrophoresis. Due to sequence similarity, sequences of mCherry-DMDEx23-eGFP,
mCherry-DMDEx23 only, and eGFP only were obtained. Completeness of mCherry-DMDEx23-eGFP could
be confirmed by Sanger sequencing after gel extraction of the corresponding band (~2042 bp).

The 5’ and 3’ terminal sequences of mCherry and eGFP sequences show a certain similarity
which leads to additional amplification of incomplete reporter sequences. The band of the
whole mCherry-DMDEx23-eGFP was extracted from the gel and the sample was Sanger
sequenced confirming the target sequence. With this procedure, the presence of mCherry-

DMDEx23-eGFP could be confirmed in the genomic DNA of HeLa mCherry-DMDEx23.

MFI of mCherry and eGFP of cells treated with PMO(Ex23) conjugate formulations and
Sanger sequencing confirmation of the mCherry-DMDEx23-eGFP presence in the genome
made the monoclonal HeLa mCherry-DMDEx23 cell line originating from clone 9 the
reasonable candidate as new reporter cell line. As consequence this HeLa mCherry-

DMDEx23 cells were used in all further in vitro experiments as reporter cell line.
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3.5.3 mCherry-DMDEx23 Reporter System Validation

For further understanding and validation of the mCherry-DMDEx23 reporter system, the
generated HeLa mCherry-DMDEx23 cells were treated with PMO-1195 1:3 conjugate
formulations. PMO(705) conjugate formulations served as negative control without
complementary binding site. The monoclonal reporter cell line was treated with PMO-
1195 1:3 conjugate formulations at concentrations 2.5, 1.25, and 0.625 puM for 3 h
(followed by 21 h incubation in fresh medium), 6 h (followed by 18 h incubation in fresh
medium), 24, 48, and 72 h. The relative number of mCherry expressing cells (Figure 19a)
and the median fluorescence intensities (MFI) of mCherry (Figure 19b) were determined
by using flow cytometry. Evaluation of mCherry expression showed a concentration and
time-dependent effect, where the increase of concentration and incubation time led to a
higher ratio of mCherry positive cells, when treated with PMO(Ex23) conjugate
formulation. In direct comparison, treatment with control conjugate formulation
PMO(705)-1195 1:3 did not lead to substantial mCherry expression. The slight increase
of the mCherry MFI of HeLa mCherry-DMDEx23 cells treated with negative control
PMO(705) at increasing incubation time and concentration can be caused by cellular

swelling and increasing internal complexity induced by cellular stress.260
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Figure 19 Establishment of the reporter system. a) mCherry positive HeLa mCherry-DMDEx23 cells (%)
after incubation with PMO(Ex23) of PMO(705) conjugate formulations between 3 (+21 h) and 72 h.
Extended incubation times without PMO before evaluation are indicated in brackets. b) Median mCherry
fluorescence intensity (MFI) of HeLa mCherry-DMDEx23 cells after incubation with PMO(Ex23) of
PMO(705) conjugate formulations between 3 (+21 h) and 72 h. Extended incubation times without PMO
before evaluation are indicated in brackets.
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To confirm the generation of the supposed mRNA splicing product and therefore the
mechanism of action, a specific amplification approach was chosen: RNA was isolated
from treated cells and reverse transcribed into cDNA. A nested PCR was carried out with
an Nde I restriction digestion step between the two amplifications. DMD exon 23 contains
the recognition site of Nde I, which leads to preferential amplification of DNA with skipped
exon 23. Gel electrophoresis was used to analyze DNA samples obtained from HeLa
mCherry-DMDEx23 cells treated with 2.5 pM PMO(Ex23)-1195 and PMO(705)-1195 1:3
or HBG buffer, respectively. Only in the case of PMO(Ex23)-1195 treated cells was a DNA
band with a correct size of 280 bp detected (Figure 20a) and Sanger sequencing
confirmed the correct sequence of mCherry reporter fragment after exon 23 skipping

(Figure 20b).

In order to confirm the presence of the mCherry protein after successful PMO(Ex23)
delivery, HeLa mCherry-DMDEx23 cells were treated for 24 h with PMO-DBCO conjugate
formulations at 2.5 puM containing #1195 and either PMO(Ex23)-DBCO or PMO(705)-
DBCO as control. Cellular proteins were extracted, and a Western blot was performed
using a primary rabbit anti-mCherry antibody and a secondary goat anti-rabbit antibody
(Figure 20c). Only in case of cells treated with PMO(Ex23)-1195 1:3, mCherry protein
could be detected further confirming the PMO sequence specificity and functionality of

the reporter gene mCherry-DMDEXZ23.

To verify the functionality of the mCherry protein in a functional and imaging assay, a
confocal laser scanning microscopy (CLSM) experiment was performed. HeLa mCherry-
DMDEx23 cells were treated with PM0O-1195 1:3 conjugate formulations for 24 h (Figure
20d). Only PMO(Ex23)-DBCO containing conjugate formulation could induce mCherry

expression leading to cellular fluorescence.
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Figure 20 Establishment of new reporter system. a) Detection of mdx exon 23 skipping of mCherry-
DMDEx23 mRNA by RT-PCR. Total RNA was extracted from cells 24 h after PMO(Ex23)-1195 and
PMO(705)-1195 treatment (2.5 uM PMO). A sequence surrounding mdx exon23 in mCherry-DMDEx23 was
amplified by RT-PCR. The band resulting from mdx exon 23skipping is shown (~280 bp). Std: DNA ladder;
1: PMO(Ex23)-1195; 2: PMO(705)-1195; 3: HBG. b) Exemplary Sanger sequencing results from the gel
extracted band resulting from mdx exon 23 skipping (~280 bp). c) Detection of the mCherry protein by
Western blotting. HeLa mCherry-DMDEx23 cells were treated with PMO(Ex23)-1195 and PMO(705)-1195
conjugate formulations (2.5 uM PMO) for 24 h. d) CLSM images of HeLa mCherry-DMDEx23 cells 24 h after
transfection with PM0O-1195 conjugate formulations containing PMO(Ex23)-DBCO or PMO(705)-DBCO
respectively (2.5 uM PMO). Nuclei were stained with DAPI (blue), and mCherry is shown in red. Scale bar is
50 pm. CLSM experiment was performed by Miriam Héhn (Pharmaceutical Biotechnology, LMU Munich).

3.6 Screening of New Xenopeptides for PMO Delivery

Reporter cell lines are commonly used to assess the potential delivery system of choice to
find favorable structural motifs and new best performers. To evaluate the ability of the
reporter gene mCherry-DMDEx23 to serve as adequate reporter gene and to find highly
potent carriers for PMO delivery, a small library of XPs with structural variations was
screened. Variations in 1) presence of histidine (H), and 2) type of fatty acid was taken
into account (Figure 21) which already showed efficient intracellular delivery of

Cas9/sgRNA RNPs 183,
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Fatty acid Stp H-Stp-H Stp-Stp
Oleic acid (OleA; C18:1) 1391 1395 - H H 0
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Figure 21 Series of XP analogues screened for PMO delivery. Schematic illustrations of XP architectures
classified according to the ionizable backbone into “Stp” (#1391-#1393), “H-Stp-H” (#1395-#1397) and
“Stp-Stp” (#1195). The table summarizes individual fatty acids contained. K: lysine, Y: tyrosine; H: histidine;
Stp: succinoyl tetraethylene pentamine; FA: fatty acid. Syntheses of #1391,#1392, #1393, #1396, #1397 was
performed by Dr. Yi Lin (Pharmaceutical Biotechnology, LMU Miinchen).

PMO-DBCO conjugate formulations of each oligomer were prepared in a molar ratio of 1:3
(PMO/XP). HeLa mCherry-DMDEx23 cells were used to screen the new XP library, using
PMO(Ex23)-DBCO in order to skip mdx exon 23 and induce expression of functional
mCherry. HeLa mCherry-DMDEx23 cells were treated with PMO(Ex23)-XP 1:3 conjugate
formulations from 0.078 to 5 uM for 24 h and the ratio of mCherry expressing cells was
evaluated (Figure 22a). The dose titration experiment ranging from 0.078 to 5 uM using
the Stpl-library in comparison to #1195 revealed new highly potent PMO carriers. In
direct comparison to #1195. Histidine-containing XPs generally mediated higher
transfection efficiencies even at low concentrations. Oleic acid, and linoleic acid (#1395
and #1396) were found to be favorable structural elements in the new XP architectures.
Over 90% of cells were mCherry positive after treatment with the most potent #1395 and
#1396 conjugate formulations containing 156.25 nM PMO. In all cases, the ratio of
mCherry expressing cells increased with an increasing PMO concentration. At the same
time a dose dependent cytotoxicity at higher concentration was observed (Figure 22b),
which illustrates the need for potent conjugate formulations with high activity at low

doses.
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Figure 22 Structure-activity relationship of PMO(Ex23)-XP 1:3 conjugate formulations with an
exposure time of 24 h. a) Splice switching activity in HeLa mCherry-DMDEx23 cells after 24 h treatment
with PMO(Ex23)-XP 1:3 conjugate formulations (0.078-5 puM PMO). b) Dose-dependent effects of
PMO(Ex23)-XP 1:3 conjugate formulations on metabolic acitivity of HeLa mCherry-DMDEx23 after 24 h
treatment. PMO treatments ranged from 0.078125-5 uM. Syntheses of #1391,#1392, #1393, #1396, #1397
was performed by Dr. Yi Lin (Pharmaceutical Biotechnology, LMU Miinchen).

In order to get a better assessment of the functionality of HeLa mCherry-DMDEx23 cells
as reporter cell line, the well-established HeLa pLuc/705 cell line was used to screen the
new XP library additionally. HeLa pLuc/705 cells contain luciferase which is interrupted
by the thalassemic (-globin intron IVS2-705 between nucleotide 1268 and 1269. The
thalassemic mutation in the B-globin intron generates an additional 5’ splice site and
therefore activates a cryptic 3’ splice site 126 nucleotides upstream. Consequently,
aberrant splicing occurs, the sequence of the (3-globin intron retains and translation into
functional luciferase is hindered 261. After treating HeLa pLuc/705 cells for 24 h, overall
luminescence of each well was determined after adding luciferin (Figure 23a).
PMO(705)-DBCO containing conjugate formulations were used in HeLa pLuc/705 cells in
order to mask the additional 5’ splice site leading to exon skipping and functional
luciferase expression. The same XP library was screened in comparison to #1195.
PMO(705)-XP 1:3 conjugate formulations containing #1391, #1392, #1395, and #1396
increased luciferase activity level to at least 90-fold at a concentration of 625 pM. #1395
containing PMO(705)-XP 1:3 conjugate formulations could even increase luciferase
activity to nearly 100-fold at 0.3125 uM. With increasing concentration, all conjugate
formulations showed clear decrease in luciferase activity. The negative correlation
between high PMO-XP conjugate formulations and low luciferase activity can be explained
with a metabolic activity assay (Figure 23b). All conjugate formulations led to lower

metabolic activity of the cells presumably due to higher toxicity which led to the drop of

61



3. Results and Discussion

luciferase activity levels. For the selection of potential future best performers, luciferase

activity levels as well as metabolic activity have to be considered in this reporter cell line.
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Figure 23 Structure-activity relationship of PMO(705)-XP 1:3 conjugate formulations. a) Splice
switching activity in HeLa pLuc/705 cells after 24 h treatment with PMO(705)-XP 1:3 conjugate
formulations (0.078-5 uM PMO). b) Metabolic activity of HeLa pLuc705 cells after 24 h treatment with
PMO(705)-XP 1:3 conjugate formulations (0.078-5 pM PMO). Syntheses of #1391,#1392, #1393, #1396,
#1397 was performed by Dr. Yi Lin (Pharmaceutical Biotechnology, LMU Miinchen).

These findings in HeLa mCherry-DMDEx23 are in line with results in the well-established

HeLa pLuc/705 cells which makes the new reporter system a suitable screening platform.

The best performing PMO conjugate formulations contained XP #1392, #1395, #1396 and
were additionally compared to previously established #1195 conjugate formulation in
experiments with short exposure times of 5 (Figure 24a), 15 (Figure 24b) and 30 min

(Figure 24c).
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Figure 24 Structure-activity relationship of PMO(Ex23)-XP 1:3 conjugate formulations after short
exposure times. Splice switching activity in HeLa mCherry-DMDEx23 cells after 5 min (a), 15 min (b), 30
min (c) exposure to PMO(Ex23)-XP 1:3 conjugate formulations (0.078-2.5 pM PMO) and subsequent
incubation in fresh medium for 24 h. Syntheses of #1392 and #1396 was performed by Dr. Yi Lin
(Pharmaceutical Biotechnology, LMU Miinchen).
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After the indicated exposure to PMO conjugate formulations, cells were incubated in fresh
medium until 24 h since starting the experiment. Especially, XP #1395 and #1396
conjugate formulations turned out to be very potent and resulted in >45% mCherry

positive cells even after exposure to a moderate PMO dose of 312.5 nM for 5 min only.

To assess favorable properties of PMO(Ex23)-1395 conjugate formulations in more detail,
an additional comparison with PMO(Ex23)-1195 was carried out at low PMO
concentrations between 2.4 and 312.5 nM (Figure 25). HeLa mCherry-DMDEx23 cells
were treated for 24 h. The dose-response curves clearly illustrate much higher potency of

#1395, which mediates splice switching already at PMO concentrations <5 nM.
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Figure 25 Dose titration of PMO(Ex23)-XP 1:3 conjugate formulations in nanomolar range. Dose-
titration of PMO(Ex23)-1195 and -1395 conjugate formulations (2.4-312.5 nM PMO) with exposure of
HeLa mCherry-DMDEx23 for 24 h. Percentage of mCherry expressing cells was determined 24 h after
treatment. Data are presented as mean + SD (n = 3).

To confirm the formation of PMO-XP nanomicelles with PMO(Ex23)-DBCO, transmission
electron microscopy (TEM) was used for evaluation. Unformulated PMO(Ex23)-DBCO and
conjugate formulations with already published #1195 and new #1395 was investigated at
a concentration of 12.5 pM in HEPES buffer (Figure 26a). Unformulated PMO(Ex23)-
DBCO did not self-assemble, whereas conjugate formulations with #1195 and #1395 at a
molar ratio of 1:3 (PMO:XP) formed spherical nanomicelles with diameters of

approximately 11.3 nm and approximately 14.7 nm, respectively (Figure 26b).
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Figure 26 Nanomicelle formation of PMO(Ex23) conjugate formulations. a) Transmission electron
microscopy (TEM) images of unformulated PMO(Ex23)-DBCO or conjugate formulations with #1195 and
#1395 at a molar ratio of 1:3 (PMO:XP). B) Size distribution of nanomicelles detected in TEM. (#1195
conjugate formulation : n=13; #1395 conjugate formulation: n=9). TEM was performed by Susanne Kempter
(Physics, soft condensed matter group, LMU Miinchen).

The high splice switching activity of the #1395 conjugate formulation even after short
exposure times suggests a favorable cellular uptake of the contained PMO cargo. To assess
the difference of #1195 and #1395, cellular uptake of conjugate formulations containing
5% Alexa Fluor 647 (AF647) labeled PMO into HeLa mCherry-DMDEx23 cells was
determined by flow cytometry after 0.5 and 24 h incubation time (Figure 27a,b). Both
conjugate formulations showed time- and concentration-dependent uptake
characteristics, and at both time points, direct comparison confirmed a higher extent of
PMO internalization mediated by the #1395 conjugate formulation, which correlates with
the increased splice switching activity. The observation, that effects of PMO(Ex23)
treatment on splicing modulation could already be detected at much lower concentrations
in HeLa mCherry-DMDEx23 cells, can be explained by two reasons: first, the detected
AF647 signal in the case of uptake experiments results from 5% AF647-labeled PMO in
the formulation, whereas each PMO(Ex23) molecule can be active in splice switching
experiments. Second, PMO(Ex23) causes an amplifying effect on mCherry expression,

since each molecule can modulate splicing of several mCherry-DMDEx23 pre-mRNAs and
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each mature mRNA can be translated into protein repeatedly. In contrast, the intensity of
AF647 is directly correlated with the PMO concentration. These considerations translate
into the high sensitivity of the mCherry-DMDEx23 reporter system. Additionally, confocal
laser scanning microscopy (CLSM) experiments confirmed beneficial cellular uptake of

#1395 PMO conjugate formulations (Figure 27c).
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Figure 27 Cellular uptake of PMO-XP conjugate formulations. a,b) Cellular uptake of AF647-labeled
PMO in HeLa mCherry-DMDEx23 cells 0.5 h (a) and 24 h (b) after treatment with PM0-1195 or PM0O-1395
conjugate formulations containing 5% AF647-PMO(705) and 95% PMO(Ex23). Total PMO concentrations
ranged from 2.4 nM to 1250 nM. C) CLSM images of HeLa wt cells after treatment with PMO-1195 and PMO-
1395 conjugate formulations (5% AF647-PMO(705), 95% PMO(Ex23); 2.5 uM total PMO). Nuclei were
stained with DAPI (blue), actin filaments with rhodamine phalloidin (green). AF647 fluorescence is
indicated in red. Scale bar represents 50 pm. CLSM experiment was performed by Miriam Hohn
(Pharmaceutical Biotechnology, LMU Miinchen).

After endocytotic uptake, nanoparticles are frequently entrapped in endosomes, which
hampers the reach of other intracellular compartments. The internal volume of
endosomes represents an acidic environment due to the activity of proton pumps, which
is a frequently used trigger for inducing endosomolytic or fusogenic properties of delivery
systems. To elucidate the impact of low endosomal pH on the delivery efficiency,
treatments of HeLa mCherry-DMDEx23 cells with PMO(Ex23)-1195 and PMO(Ex23)-

1395 conjugate formulations were performed in the presence and absence of bafilomycin
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A1l (BafAl). BafAl is an inhibitor of vacuolar-type H*-ATPase (V-ATPase) and reduces
endosomal acidification. Previous works could show that transfection with delivery
systems based on ionizable structural motifs can be inhibited by BafA1.164 262-266 By using
the mCherry-DMDEx23 reporter cells, the dependency of successful PMO delivery on the
endosomal pH was evaluated on a functional level. The transfection efficiencies of #1195
as well as #1395 conjugate formulations were decreased in the presence of BafAl
compared to controls without BafAl (Figure 28a). Especially, after 4 h PMO exposure
time, BafA1l had significant influence on the #1395 formulations. At the highest
concentration, #1395 containing formulations seem to overload the cells probably leading
to endocytosis independent uptake to a certain extent. Regardless of the exposure time,
BafA1l treatment seemed to decrease the MFI of mCherry expressing cells to a similar

value (Figure 28b).

In order to confirm that the reporter gene expression was not influenced by BafA1 itself
but by the PMO conjugate formulations, eGFP expression levels of each sample was
evaluated simultaneously. As shown in Figure 28c, eGFP mean fluorescence intensities of
cells did not differ in presence or absence of BafAl, whereas the ratio of mCherry
expressing cells is influenced by the PMO which is contained in the conjugate formulation,
the concentration and the presence and absence of BafAl. Especially after 4 h PMO
exposure time, BafA1l had significant influence on the #1395 conjugate formulations.
These findings lead to the conclusion that the evaluated PMO-XP conjugate formulations

depend on endosomal acidification during the intracellular delivery process.
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Figure 28 Influence of endosomal acidification on splice switching activity of PMO-XP conjugate
formulations determined by V-ATPase inhibition with bafilomycin A1 (BafA1). HeLa mCherry-
DMDEx23 were preincubated with BafA1 (200 nM) for 2 h and cells were treated with PMO(Ex23)-1195 or
-1395 formulations. Medium was replaced by fresh medium 30 min or 4h after treatment and mCherry
positive cells were quantified after a total incubation time of 24 h. Influence on mCherry expression
regarding the ratio of mCherry expressing cells (a) and median fluorescence intensity of mCherry positive
cell population (b) eGFP (c) expression. Statistical significance was estimated using the two-tailed student’s
t-test,(a) *** p < 0.0001, ** p <0.001, * p < 0.01, * p < 0.05. ns p > 0.05. Data are presented as mean * SD



3. Results and Discussion

From the different flow cytometric evaluations determining transfection efficiencies at
different exposure and incubation times and cellular uptake, it is visible that using #1395
as carrier for PMO(Ex23) had a beneficial effect on PMO delivery over #1195. Beside the
different used fatty acids, the number of protonatable amines in the backbones differs,
which leads to a change in hydrophobicity of the XPs. In order to assess hydrophobicity of
the PM0O-1195 and PMO-1395 conjugate formulations, the logD7.4 value was determined.
PMO(Ex23)-1195 and -1395 conjugate formulations containing 5% AF647-PMO(705)-
DBCO were prepared and logD74 values were determined by quantifying AF647
fluorescence of the octanol and water phase after mixing and phase separation.183 247 The
determined separation in octanol and water (Figure 29a) and the resulting logD7.4 values
(Figure 29b) indicate a higher hydrophobicity of the PMO-1395 conjugate formulation.
As well known, higher hydrophobicity has a notable effect of nanoparticle interactions
with cells and cellular uptake.267. 268 The more hydrophobic PMO(Ex23)-1395 conjugate
formulation in general improves nanomicelle-cell interaction which results in a higher and

faster cellular uptake and therefore a higher transfection efficiency.
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Figure 29 Hydrophobicity of PMO(Ex23)-XP conjugate formulations. a) Distribution of PMO(Ex23)-
XP conjugate formulations in HBG and octanol after phase separation experiment. b) Logarithmic octanol-
HBG distribution coefficient at pH7.4 (LogD7.4) resulting from phase separation experiment using XP #1195
and #1395 at a molar ratio of 1:3 (PMO : XP).
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3.7 In Vivo Evaluation

The new mCherry-DMDEx23 reporter gene was designed to enable use of the same PMO
sequence in vitro, which can also be used for DMD exon 23 skipping in vivo. The read-out
system based on several subsequent PCRs starting transforming isolated mRNA into
cDNA. Specific amplification via PCRs could finally yield DMD exon 20-24 sequence
amplicons. Unaffected splicing resulted in full exon 20-24 sequence with a size of
approximately 633 bp. Modulated splicing led to exon 23 skipping resulted in Aexon 23

sequence with a size of approximately 420 bp.

The in vitro screening identified the highest PMO delivery potency for the PM0-1395
conjugate formulation, which was therefore selected for in vivo evaluation. PMO(Ex23)-
1395 as well as PMO(705)-1395 and unformulated PMO(Ex23) were intravenously
injected into BALB/c mice (BALB/cBy]JRj, Janvier, Le Genest-Saint-Isle, France). After 48 h,
DMD exon 23 skipping in brain, spleen, kidney, liver, lung, heart, and quadriceps femoris
muscle was evaluated by RT-PCR ex vivo. Figure 30 shows the gel electrophoresis of each
organ and splicing modulation ratios shown on the right side of each data set which were
determined by evaluating intensities of each band of each sample. The ratio of full
sequence exon 20-24 including exon 23 was determined, leading to the full splice
modulation ratio. The first group of mice served as negative control and were treated with
the PMO-1395 1:3 conjugate formulation containing PMO(705)-DBCO (Figure 30a).
PMO(705)-1395 1:3 did not show splice modulation. Since PMO(705) does not bind to
the specific splice site in the DMD mRNA, no splice modulation was induced. The second
group of mice was treated with free 3’ primary amine modified PMO(Ex23) (Figure 30b).
Since the sequence of PMO(Ex23) complementary binds to the splice site of the DMD
intron 23, exon 23 skipping should be induced. Treatment with unmodified PMO(Ex23),
leads to exon 23 skipping, especially in muscles. Conjugation and formulation with XP
#1395 led to an inhomogeneous distribution of splice modulation in all organs except

from the muscle (Figure 30c).
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Figure 30 In vivo splicing modulation of DMD mRNA in BALB/c mice determined by RT-PCR. Total
RNA was extracted from homogenized organs 48 h after intravenous injection of PMO conjugate
formulations (375 pg PMO) and nested RT-PCR was conducted to amplify DMD Ex20-24. a) PMO(705)-
1395 1:3 (n=5), b) free 3’ primary amine modified PMO(Ex23) (n=5), and ¢) PMO(Ex23)-1395 1:3 (n=6).
Single organs are indicated as: “B” = brain, “S” = spleen, “M” = quadriceps femoris muscle, “K” = kidneys, “Li”
= liver, “Lu” = lung, “H” = heart. Ratios of splicing modulation were determined using Image] Software and
shown on the right side of each data set. Animal experiments were performed by veterinarians Jana
P6éhmerer and Dr. Ulrich Wilk.

Mean values of each splice modulation ratio enabled a better understanding and
comparability of the different groups (Figure 31a). While unformulated PMO(Ex23)
showed pre-dominant splice switching activity in the skeletal muscle, #1395 led to a
redistribution to different organs: with the PMO(Ex23)-1395 conjugate formulation exon
skipping in the skeletal muscle was reduced; instead activity was observed in spleen,
kidneys, liver, lung, and some splicing modulation was even observed in brain and heart.

As this experiment is based on splice switching activity, a clear biodistribution is not
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3. Results and Discussion

shown. Already published studies on biodistribution of unformulated PMOs showed less
plasma protein binding due to the uncharged PMO backbone and renal excretion.269 Slight
exon skipping activity in the kidneys after treatment with unformulated PMO(Ex23) can

therefore be explained with renal excretion.

The backbone modifications of #1395 lead to slightly increased hydrophobicity of the
conjugate formulations compared to PMO-1195 formulations which could be beneficial
for crossing the blood-brain-barrier (BBB). In this experiment, mRNA was isolated from
whole brain samples regardless of cell types. Exon skipping could take place in several
neuronal cell types as well as in cerebral endothelial cells. In order to confirm BBB
crossing, verification of splice switching activity in neurons has to be executed in the
future. The decreased splice switching activity in skeletal muscles could be caused by
entrapment of the PM0-1395 conjugate formulations in the interstitial space where exon

skipping could not be induced.

Sanger sequencing confirmed successful exon 23 skipping (gel electrophoresis: Figure
31b, 633 bp band: Figure 31c, 420 bp band: Figure 31d). However, it has to be noted that
the PMO(Ex23)-1395 group exhibited high variability and individual animals showed
high splicing modulation, in contrast to others. It is speculated, that the high standard
deviation could be caused by a suboptimal reconstitution of freeze-dried PMO conjugate
formulations at high concentrations for in vivo application. In this case, further
optimization of the conjugate formulation of concentrated in vivo samples, for instance by
using cryo- and lyoprotectants during the freeze-drying process, could address issues with

nanoformulation homogenicity in the future.
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Figure 31 In vivo mRNA splicing modulation in BALB/c mice. a) Comparison of DMD mRNA splicing
modulation in different organs of BALB/C mice determined ex vivo by RT-PCR 48 h after intravenous
injection of PMO(Ex23)-1395, PMO(705)-1395 conjugate formulations or unformulated PMO(Ex23). Total
RNA was extracted from homogenized organs and nested RT-PCR was conducted to amplify DMD Ex20-24.
(PMO(705)-1395, n=5; free PMO(Ex23)-DBCO, n=5; PMO(Ex23)-1395, n=6). All formulations contained
375 pug PMO. b) Exemplary gel electrophoresis result showing splicing modulation in the lung of animal C1
treated with PMO(Ex23)-1395. ¢, d) Sanger sequencing of gel extracted bands corresponding to approx.
633 bp (c) and 420 bp (d) fragments. Expected sequences of complete DMD Ex20-24 (~633 bp, c) and after
DMD exon 23 skipping (~420 bp, d) were found. Animal experiments were performed by veterinarians Jana
Péhmerer and Dr. Ulrich Wilk.
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4. Summary

Nucleic acid therapeutics as an innovative class of biopharmaceuticals represent a
versatile approach to address diseases at its roots. The variability of therapeutic nucleic
acid sequences and chemical structures expands the flexibility, and the range of
applications, since they are designed to target specific endogenous nucleic acid sequences
or molecular structures. Despite the theoretical potential of therapeutic nucleic acids, safe
and efficient delivery of sufficient therapeutic amount is limited due to its fast excretion
and low cellular uptake. Therefore, development of potent, multifunctional, and flexible
carrier systems is obligatory to obtain sufficient passage of several biological and
physicochemical barriers including cargo packaging, intracellular delivery, endosomal
escape, and cargo release at the target site. In order to overcome delivery hurdles of
charged and uncharged nucleic acids, proteins, and other therapeutics, sequence-defined
XPs consisting of a-amino acids, artificial amino acids, and different hydrophobic
modifications were synthesized using solid-phase peptide synthesis. For the
preinvestigation of delivery systems, specific and suitable in vitro reporter systems serve
as tools for identification of potent carriers. The resulting knowledge is adapted to in vivo
evaluation subsequently in order to determine potential therapeutic biopharmaceutical

formulations.

A potential class of biopharmaceuticals includes phosphorodiamidate morpholino
oligomers (PMOs), which are artificial and uncharged antisense oligonucleotides (ASOs).
The uncharged backbone of PMOs results in favorable stability, nuclease-resistance, and
immunogenicity and cytotoxicity profile. The ability of PMOs to modulate pre-mRNA
splicing lead to modulation of cellular processes and restoration of functional gene
expression. Due to this particular mechanism of action, specific in vitro models are
essential to evaluate transfection efficiencies through splicing modulation. Transfer from
in vitro to in vivo usually is accompanied with PMO modification, e.g., conjugation to
fluorescent dye, which changes the molecule properties. A new positive read-out system
based on mCherry and the murine mdx model to facilitate splice switching oligonucleotide
(SSOs) formulation screenings was developed. This new platform provided the possibility

to use the same PMO conjugate formulation compositions in vitro as in vivo without
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additional modifications. The mCherry-DMDEx23 reporter consist of the split mCherry
sequence which is interrupted by the mdx DMD exon 23 flanked by intronic sequences.
The reporter cell line HeLa mCherry-DMDEx23 could be generated in which successful

PMO delivery resulted in mCherry expression caused by mdx exon 23 skipping.

The application of the mCherry-DMDEx23 reporter was demonstrated by the screening of
a series of XPs for PMO delivery. Potent XP-PMO conjugate formulations could be
identified containing a more hydrophobic, ionizable backbone. Following a consequent in
vitro-in vivo workflow, the best-performing conjugate formulation PMO(Ex23)-1395,
identified in vitro, was subsequently tested in vivo. By using RT-PCR of ex vivo isolated
mRNA, skipping of DMD exon 23 was confirmed in the spleen, kidneys, liver, and lung as
well as to a minor extent in brain and heart of healthy BALB/c mice. In sum, this work
presents a convenient workflow for development of SSO formulations based on a
combination of the new DMD exon 23 skipping reporter and physiological DMD exon 23
skipping in mice. Furthermore, highly potent PMO conjugate formulations were identified,
which cause a redistribution of PMO in vivo and could enable splicing modulation in

tissues beyond skeletal muscle.

74



5. Appendix

5. Appendix

5.1 Abbreviations

Abbreviation
7mGpppN
ACN
AF647
ASO

ATP
BafAl

Boc
Boc20

bp

cAMP
cDNA
CFTR
CLSM

CPP

cSNP
DAPI
DBCO-NHS
DCM

Dde
DIPEA
DMD
DMDEx23
DMEM
DMF
DMSO
DNA
EDTA

eGFP

7- Methylguanosine-triphosphate
Acetonitrile

Alexa Fluor 647

Antisense oligonucleotide

Adenosine triphosphate

Bafilomycin A1

Tert-butoxycarbonyl protecting group
Di-tert-butyl dicarbonate

Base pairs

Cyclic adenosine monophosphate
Complementary DNA

Cystic fibrosis transmembrane conductance regulator
Confocal laser scanning microscope

Cell penetrating peptide

Coding single-nucleotide polymorphisms

4’ 6-diamidino-2-phenylindole
Dibenzocyclooctyne-N-hydroxysuccinimidyl

Dichlormethane

1-(4,4-dimethyl-2,6-dioxocyclohexylidene)ethyl protecting group

N,N-Diisopropylethylamine

Duchenne Muscular Dystrophy
Duchenne Muscular Dystrophy exon 23
Dulbecco’s Modified Eagle’s Medium
N,N-Dimethylformamide

Dimethyl sulfoxide

Deoxyribonucleic acid
Ethylenediaminetetraacetic acid

Enhanced Green fluorescent protein
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EtOH
Ex23
FACS
FBS
FC
Fmoc
fwd
GFPd2
HBG
HBTU
HCl
HEPES
HGPS
HOBt
KCN
kDa
LB
LenA
LinA
LMNA
MALDI-ToF
MAPT
MeOH
mRNA
MTBE
MTT
NHS
NMP
OleA
P/S

PAGE

Ethanol

Exon 23

Fluorescence-activated cell sorting

Fetal Bovine Serum

Flow Cytometry

Fluorenylmethoxycarbonyl protecting group

Forward

Destabilized green fluorescent protein

Hepes-buffered glucose
2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate
Hydrochloric acid solution

N-(2-hydroxethyl) piperazine-N‘-(2-ethansulfonic acid)
Hutchinson-Gilford progeria syndrome
1-Hydroxybenzotriazole

Potassium cyanide

Kilodalton

Lysogeny broth

Linolenic acid

Linoleic acid

Lamin A/C

Matrix-assisted laser desorption and ionization time-of-flight
Microtubule associated protein tau

Methanol

Messenger RNA

Methyl tert-butyl ether
3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide
N-Hydroxysuccinimide

N-Methylpyrrolidone

Oleic acid

Penicillin/streptomycin

Polyacrylamid gel electrophoresis
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PB

PBS

PCR
pDNA
PFA
PMO

PP

pppN
pre-mRNA
PTFE
PVDF
PyBOP
rev

RNA
RNP
RP-HPLC
rpm
RSDn
RSD:

RT

SD
SDS-PAGE
SEC
snRNP
SPAAC
SPPS
SRE

SSO

Stp

TE

TEM

Piggy Bac

Phosphate-buffered saline

Polymerase chain reaction

Plasmid deoxyribonucleic acid

Paraformaldehyde

Phosphorodiamidate morpholino oligomer
Polypropylene

5’ Triphosphate terminus

Precursor-mRNA

Polytetrafluoroethylene

Polyvinylidene difluoride

Benzotriazol-1-yl-oxy tripyrrolidinophosphonium hexafluorophosphate
Reverse

Ribonucleic acid

Ribonucleoprotein

Reversed phase high-performance liquid chromatography
Revolutions per minute

Relative standard deviation of negative control cells
Relative standard deviation of transfected cells

Room temperature

Standard deviation

Sodium dodecyl sulfate - polyacrylamide gel electrophoresis
Size exclusion chromatography

Small nuclear ribonucleoproteins

Strain-promoted alkyne-azide cycloaddition

Solid-phase peptide synthesis

Splicing regulatory elements

Splice switching oligonucleotide

Succinyl-tetraethylene pentamine

Trypsin/EDTA

Transmission electron microscopy
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TFA Trifluoroacetic acid
TIS Triisopropylsilane
wt Wild type

XP Xenopeptide

5.2 Analytics

5.2.1 Mass spectrometry

Calculated
mass Measured Synthesized
ID Sequence (N - C) [g/mol] mass [m/z] by
Anna-Lina
1195 K(N3)-Y3-Stp2-K(G-K(LenA)z)-Stpz-Ys 3069.9 3067.5 Lessl
1391 K(N3)-Y3-Stp-K(K(OleA)z)-Stp-Ys 2479.2 2473.7 Yi Lin
1392 K(N3)-Y3-Stp-K(K(LinA)z2)-Stp-Ys 2475.2 2471.5 Yi Lin
1393 K(N3)-Y3-Stp-K(K(LenA)2)-Stp-Ys 2471.12 2467.5 Yi Lin
Anna-Lina
1395 K(N3)-Y3-H-Stp-H-K(K(OleA)2)-H-Stp-H-Y3 3027.74 30254 Lessl
1396 K(N3)-Y3-H-Stp-H-K(K(LinA)2)-H-Stp-H-Y3 3023.71 3018.3 Yi Lin
1397 K(N3)-Y3-H-Stp-H-K(K(LenA)z2)-H-Stp-H-Y3 3019.67 3016.2 Yi Lin
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Figure 32 MALDI-ToF MS of PMO(705)-DBCO.
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Figure 33 MALDI-ToF MS of PMO(Ex23)-DBCO.
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Figure 35 MALDI-ToF MS of #1395.
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5.3 Plasmid maps and reporter gene sequence

pEGFP-N1/mCherry-DMDEx23
5970 bp

chicken B-actin promoter

PB-mCherry-DMDEx23-eGFP
7632 bp

(lac operator|

SV40 poly(A) signal

Figure 37 Plasmid map of PB-mCherry-DMDEx23-eGFP. Deposited at Addgene (#211366).
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mCherry-DMDEx 23

3

Kozak sequence

aggtaagggcqctgagcagaagggaayaagc ccgggggctctttgtag;gtcctccagtCuggactcaaacccagtagtgtctggLtccaggcacLgaccttgtatgtctcctg
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mCherry-DMDEx 23
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575
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DMDEx23 Intron IT
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920
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mCherry-DMDEx 23
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gagggacg-cctgccgctcaagtagatgt;cca:ttcgacgcgccgtggttgaaggggagg:tgccggggcatta:gtct:ctt:tggtacccgacccLccggaggaggctcgcc

3' mCherry
mCherry-DMDEx23
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mCherry-DMDEx 23
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3" mCherry
mCherry-DMDEx23

ggacgagcLgtacaagtaaggct:ca 3¢

1251
cctgctcgacatgttcattcctaggt 5'

3' mCherry
mCherry-DMDEx23

Figure 38 Sequence of the reporter gene mCherry-DMDEx23 with separate section labels and
PMO(Ex23) binding site.
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