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Introduction

1 Introduction

Chapter 1.1, 1.2, 1.3, 1.4 (partly) have been adapted from:

Kat harina M¢l |l er, -bAsedMNano-OWwalggicadsri Delivery BIndl Clinical
Appl i cat i o rOncologicdlsnNewW @dangeting and Delivery Approaches, Alonso,
M. J.; Garcia-Fuentes, M., Eds. Controlled Release Society and Springer 2014, 245-268.

1.1 RNA interference (RNAI)

Sequence-specific, post-transcriptional gene silencing in animals (miRNA) and plants
(siRNA) proceeds in significantly different fashion. In animals, endogenous miRNAs
regulate gene expression during embryonic development and cellular differentiation.
mMiRNA genes derive from independent transcription units or from introns of protein-
coding genes [1]. They are mainly clustered in the human genome and miRNAs within a
cluster are often related to each other [2]. mIRNA genes are transcribed by RNA
polymerase Il (Pol 1) into long primary transcripts (pri-miRNAS) in the nucleus [3] (Figure
1A). Here, they are processed firstly by a RNase-llI-type endonuclease termed Drosha,
along with the double-stranded (ds) RNA-binding protein of DiGeorge syndrome critical
region gene 8 (DGCRS8) into so called miRNA precursor (pre-miRNA), a ~70 nucleotide
(nt) stem-loop structure [4]. Afterwards pre-miRNA is transported into the cytoplasm by
exportin 5, a dsRNA-binding protein. Once in the cytoplasm, pre-miRNA is recognized by
another RNase lll, called Dicer. Dicer and its ds-RNA-binding protein partners, HIV-1
TAR RNA-binding protein (TRBP) and protein activator of protein kinase PKR (PACT),
process pre-miRNA into ~22 nt mature miRNA [5]. This RNA duplex possessing a
5’ phosphate and ~2 nt 3 overhang, which is characteristic of a RNAase Il product [6], is
then loaded into the RNA-induced silencing complex (RISC). RISC contains one member
of the Argonaute protein family (Ago 1 to Ago 4). Only one of the Argonaute proteins
(Ago2) provides the RISC with endonuclease activity under special conditions (see
below). The so called antisense or guide strand of miRNA which enters the RISC is the
one whose 5°end is less firmly paired [7]. If the guide strand shows imperfect sequence
homology, the passenger strand is unwinded and discarded by a bypass mechanism that
necessitates helicase activity. If the guide strand has perfect sequence complementary
to its passenger strand and Ago2 is part of the RISC, the passenger strand is cleaved.

The extent of sequence complementary also influences the further procedure of RISC. In
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the rare case of perfect or near perfect Watson-Crick base pairing between the miRNA
and the 3 untranslated region (3'UTR) of its target mMRNA, this leads to direct sequence
specific cleavage of the mRNA, comparable to the siRNA pathway (Figure 1B). However,
the more common mechanism of miRNA induced gene silencing occurs with miRNA
binding with imperfect base pairing. The first 2-7 or 2-8 nucleotides from the 5"end of the
miRNA, the seed sequence, must have perfect complementarity. Mismatches at the
3’end of the miRNA are tolerated. In this case miRNA induces mRNA degradation and
therefore translational repression [5]. Because of their gene silencing capability without
perfect match, one miRNA can regulate up to hundreds of different mRNAs [1]. In 2005
Lim et al. already observed this effect using microarray analysis [8]. Moreover, Dicer can
process pre-miRNA into miRNAs altering their length in 1-2 nt. This length difference
influences the miRNA seed sequences as well as guide strand loading into the RISC,
thus increasing the target mMRNAs for a single miRNA [9]. In contrast, different miRNAs
can silence a common single mRNA [10]. Therefore, reestablishment or overexpression
of a single miRNA or silencing of miRNAs using antagomirs in cancer could lead to off-
target effects that must be considered carefully.

The siRNA mechanism is also based on endogenous doublei stranded RNAs, which
often derive from mRNAs, transposons, viruses or heterochromatic DNA [11]. These
RNAs are processed by Dicer (Figure 1B) but, in contrast to miRNA, request a perfect
match with the target mMRNA along about 20 nucleotides and therefore, at least in theory,
each siRNA has only one specific mMRNA target. SIRNA triggered gene silencing mainly
serves as an innate immune defense protecting nematodes, insects and plants against
invasive nucleic acids from pathogens [12]. The siRNA guide strand always has to have
perfect complementary to its target mMRNA and therefore leads to mMRNA cleavage. The
guide strand interacts with the catalytic, RNase H-like PIWI domain of Ago2 at the 5’end
and with a PIWI-Argonaute-Zwille (PAZ) domain at the 3’end [3]. The targeting mRNA is
cleaved between bases 10 and 11 relative to the 5'end of the siRNA guide strand [5]. In
contrast to miRNA, targeted cleavage sites can be both translated and untranslated

regions of the target mRNA.
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Figure 1. Mechanism of RNAi in mammalian cells. A) miRNA pathway. Endogenous miRNA genes are
transcribed by RNA polymerase Il into primary miRNA (pri-miRNA). The endonuclease Drosha and ds-RNA
binding protein DGCR8 then process pri-miRNA into precursor miRNA (pre-miRNA), which is exported into
cytoplasm by Exportin 5. In the cytoplasm pre-miRNA is cut by the RNAse lll, Dicer, together with TRBP (HIV-1
TAR RNA-binding protein) and PACT (protein activator of protein kinase PKR) into a dsRNA consisting of ~22 nt
and a 5’phosphate and ~2 nt 3’overhang. The miRNA guide strand is then loaded into the RISC (RNA-induced
silencing complex) - Argonaute (Ago 1 or Ago 2) complex and recognizes its targeting mRNA. In mammalian
cells, the guide strand has imperfect complementarity to the target mRNA, which leads to translational repression
and therefore less protein. B) siRNA pathway. Analogous to pre-miRNA exogenous dsRNA is processed in the
cytoplasm by Dicer, TRBP and PACT into siRNA. Alternatively exogenous siRNA can be directly delivered.
siRNA/Ago2 RISCs require perfect complementary for target mMRNA cleavage. Adapted from [13].

Mammalian cells do not express siRNAs or miRNAs with perfect match to mRNA targets.
However, artificially delivered or transfected, perfectly matched exogenous dsRNA can

be processed in the cytoplasm similar to pre-miRNA by Dicer into siRNA of 21-25
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nucleotides in length [14]. The siRNA duplex is then incorporated into the RISC and the
passenger strand is cleaved and expelled. Sequence i specific gene silencing by such
artificial RISCs is found. Short siRNAs can directly intervene with the RNAI pathway
without need for cleavage by Dicer, when introduced into the cytoplasm. Therefore
synthetic 21 bp siRNA are widely used for research and therapeutic applications of RNAI
[12, 15-17]. The gene knockdown caused by a siRNA is often temporary. Edinger et al.
found a maximum downregulation at mRNA level after 24 h and at protein level after 48 h
in in vitro studies [18]. In other studies a silencing of 3-4 weeks in nondividing liver cells
was observed in vivo indicating that the transient gene knockdown is due to dilution
effects of siRNA concentration in the cytosol through cell division [19]. Zimmermann et
al. observed silencing of apolipoprotein B for 11 days, when they applied a liposomal
siRNA formulation systemically into cynomolgus monkeys [20]. Considering these
different findings, the dose regime for RNAI based nanodrugs should be calculated

carefully, when transferred to clinical application [19].

1.2 Nucleic acid therapy

Several human clinical trials using RNAI or related RNA-modulating nano-oncological
drugs for cancer therapy are currently carried out. Major investments in the development
of these therapeutics have been made in the last years with the prospect of commercial
drugs in the next 5-10 years [21, 22].

1.2.1 siRNA therapeutics

Davis and colleagues firstly reported systemic siRNA delivery in humans for cancer
treatment via targeted nanoparticles. Their formulation consisted of a cyclodextrin-
containing polymer, adamantane conjugated to polyethylene glycol (PEG) for steric
stabilization, adamantane-PEG (AD-PEG) with the targeting ligand transferrin binding to
transferrin receptors, which are frequently upregulated in cancer cells, and siRNA
targeting the M2 subunit of ribonucleotide reductase (RRM2), a crucial factor of tumor
malignancy. These nanoparticles, named CALAA-01, were systemically administered to
patients with solid cancers. The phase | study implied a phase la open-labelled, multi-
center, dose escalation study (3-30 mg m™@) and a phase Ib extension study (18-27 mg
m?) of patients suffering from solid tumors. Biopsies from tumor tissues were analyzed

and a reduction of mMRNA and protein levels of RRM2 was observed. The RNAI was
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confirmed by 5°-RNA-ligand-mediated RACE PCR technique detecting a RRM2 mRNA

fragment in tumor tissue of the patient receiving the highest dose [23-25].

Atu027 is a lipid-based siRNA nanoparticle approach which has recently been tested in a
phase | clinical trial. Atu027 contains siRNA targeting protein kinase N3 (PKN3). PKN3
mediates malignant cell growth [26]. Atu027 has been shown to silence PKN3 when it
was systemically delivered in mice, rats and nonhuman primates without stimulation of
the innate immune system. In pancreatic and prostate cancer mouse models Atu027
decreased tumor growth and lymph node metastasis formation [27]. In a phase | clinical
trial 34 patients suffering from advanced solid tumors were treated with Atu027. Atu027
was well tolerated, 41 % of patients showed disease stabilization and some patients
showed reduction of metastases demonstrating the potential of this siRNA delivery
system [28]. Furthermore, Atu027 was examined in combination with gemcitabine in a
phase Ib/lla study to examine safety, pharmacokinetics and efficacy in advanced
pancreatic carcinoma. The combinatorial treatment was safe and well tolerated and

tendency towards twice-weekly dosing regimen could be observed [29].

ALN-VSP consists of a lipid nanoparticle with two siRNAs, one targeting vascular
endothelial growth factor A (VEGF), the other one targeting kinesin spindle protein
(KSP). RNAI specific effectiveness of ALN-VSP as well as antitumor activity has been
proven in preclinical animal studies. In a phase | dose- escalation study 41 patients with
advanced tumors and hepatic and extrahepatic metastases were intravenously treated
with ALN-VSP with doses of 0.01-1.5 mg/kg every two weeks. ALN-VSP was generally
well tolerated and occurring adverse events were comparable to other targeted
chemotherapies. Furthermore, both siRNAs and cleavage products of VEGF mRNA
could be detected in hepatic and extrahepatic tumor biopsies indicating that the
antitumoral effects of ALN-VSP underlie an RNAiI mechanism. Fifty percent of patients
treated with doses greater than 0.7 mg/kg achieved stable disease including one patient
with endometrial cancer and multiple liver metastases, who attained a major response

meaning disappearance of all target and non-target lesions [25, 30].

1.2.2 miRNA replacement therapy

MRX34 was developed to deliver miR-34 mimic, a synthetic double stranded miRNA of
20-25 nucleotides, which was the first microRNA assessed in a clinical phase | study.

MRX34 is a delivery system based on a mixture of different lipids. miR-34 is frequently
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downregulated in many human cancer types leading to metastasis, anti-apoptosis,
chemoresistance and tumor proliferation [31]. Anti-tumor activity of miR-34 has been
shown in non-small cell lung cancer in mice. miR-34 was systemically delivered using a
neutral lipid emulsion, which led to a decrease of proliferation markers, increased
apoptosis of tumors and therefore to reduced tumor burden [32]. The efficiency of
MRX34 has been proven in preclinical studies. In a survival study MRX34 was
intravenously delivered in mice with hepatocellular carcinoma. All treated animals stayed
alive and appeared healthy in comparison to control groups. In a phase | trial MRX34 has
shown partial responses in patients with renal cell carcinoma, acral melanoma and
hepatocellular carcinoma. Furthermore, MRX34 revealed a manageable safety profile
and led to long-term stable disease in some patients [33, 34]. Currently, participants are
recruited for an open-label, multicenter, dose-escalation phase | study to examine safety,
pharmacokinetics and pharmacodynamics of MRX34 in patients with primary liver
cancer, advanced or metastatic cancer (see www.clinicaltrials.gov for details,
ClinicalTrials.gov Identifier: NCT01829971).

1.3 siRNA and miRNA design

There are several barriers that restrict the direct use of miRNA or siRNA for therapeutic
application. First of all, naked RNA is rapidly cleaved by ribonucleases (RNAses), which
are commonly occurring in a wide variety of organisms. RNAse interacts with the RNA
backbone catalyzing its hydrolysis [35]. Therefore, the poor RNAse resistance limits the
application of non-modified RNA in vitro and in vivo. Moreover, synthetic miRNAs or
siRNAs are eliminated from the blood-stream by excretion in urine or bile. Due to their
small size RNA molecules are able to pass the capillaries of the kidney glomerulus easily
[36]. The biological half-life of sSIRNA has been reported to be 2-6 minutes, whereas
chemically stabilized siRNA circulated for 30-50 minutes [37].

Another limiting factor concerning direct use of siRNA and miRNA is toxicity. Naked
dsRNAs are able to cause off-target effects (OTEs). For example, one siRNA can
regulate numerous unintended transcripts. This emerges when siRNA acts in a miRNA-
related manner with partial sequence complementary. It has been reported, that many
off-targets silenced by siRNA showed 3"UTR perfect complementary to the seed region
of the siRNA, but not throughout the entire guide strand [38, 39].

In addition, siRNA can induce an innate immune response. This immunogenicity is

divided into two groups: activation of toll-like receptors (TLR) or non-TLR-mediated
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immune response [40] and derives from the stimulation of pattern recognition receptors
(PRRs). PRRs recognize invariant molecular structures of pathogens [36, 41]. Relating to
SiRNA, two classes of PPRs are affected: TLRs and cytoplasmic receptors. TLR3, TLR7
and TLR8 recognize synthetic sSiRNA [42]. TLR3 located in endosomes and cell surfaces
is only activated by dsRNA, which is typically for viruses [43]. After SiIRNA detection
TLR3 activates interferon-o (| NF2) a n-ti2 (IL-12)} @awsing ank-angiogenic
effects [40]. TLR7 and TLRS8 are stimulated by either single-stranded RNA (ssRNA) or
RNA duplexes. They are expressed in endosomes and lysosomes and in the
endoplasmic reticulum of plasmacytoid dendritic cells, B cells and myeloid cells [36].
TLR7 and TLR8 cause nucl ear tlightochaneoharedr ofon o f
activated B cells (NF-HIB) and downstream acldi ¢aNFOh ahd
inflammatory cytokines [40, 44]. siRNAs can also provoke a non-TLR-mediated immune
response by activating cytoplasmic receptors. dsRNA-binding protein kinase leads to
inhibition of protein translation and interferon response after recognizing siRNA. In
addition, retinoic acid-inducible gene 1, another cytoplasmic PRR, causes interferon
response and upregulation of other inflammatory mediators [36]. Chemical modification
and variations in siRNA design reduce the risk of OTEs and immune responses [42]. In
correlation to siRNA, the risk of miRNAs causing toxicity is likely to be lower since
physiologic gene expression networks have managed to adapt to regulatory effects of
endogenous miRNAs [45]. Nevertheless, side effects of miRNA-based therapies have to
be examined before usage in clinical application. Chemical changes in the backbone of
siRNA and miRNA were introduced to improve stability and reduce immunogenicity of
these molecules. A common strategy comprises the modification of the ribose 2"-OH
group of siRNA (Figure 2), which is involved in the hydrolysis mechanism of many serum
RNAses. The substitution of this functional group with 2°-O-methyl (2°OMe), 2"-deoxy
(2’H), 2'-fluoro (2'F) or 2"-methoxyethyl (2°-MOE) ribonucleotides (Figure 2A) have
proven to increase RNAse resistance without losing the ability to enter the RISC and to
interact with Ago2 [46-48]. Furthermore, 2"-OMe uridine or guanosine modifications have
been shown to prevent stimulation of the innate immune system by avoiding activation of
TLRs [49]. Other established procedures are the incorporation of phosphorothioate
backbone linkages at the 3"-end of the siRNA strand to improve the stability against
endonucleases or the replacement of a nonbridging phosphodiester oxygen by an
isoelectronic borane (BH3-) moiety to increase activity and RNAse resistance (Figure 2B)
[50]. Locked nucleic acid (LNA) (Figure 2C) includes a methylene bridge linking the 2’-
oxygen to the 4 -carbon of the ribose ring. This modification ensures that the ribose ring

is locked in the 3"-endo conformation and therefore increases nuclease resistance to
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RNA oligonucleotides. Moreover, LNAs are processed by the siRNA machinery, because
they maintain an A-form helix geometry typical for RNA-RNA duplexes, in a normal way
and reduce unintended OTEs [51]. LNAs are widely used as antagomirs because of their
thermodynamic stability and therefore efficient binding to miRNA seeds. Antagomirs are
single-stranded oligonucleotides with perfect complementary to a miRNA. If hybridized
with its corresponding miRNA, target mRNA recognition and therefore gene regulation is
hampered [52].

A) 2’-modifications B) PS, BP
1,
(0]
° base H N ’f
PN
o 7 X
4
X= OCH,, H, F, OC,H,OCH, Y= S, BHy
C) LNA D) Iytic INF7-siRNA
Y,
3 5" 5 3
S
s”"NINF7

Figure 2. Chemical modifications of RNA. A) Stabilizing 2"-OH modifications. 2"OMe: X = OCHgs; 2"deoxy: X
= H; 2fluoro: X = F; 2’'methoxyethyl (2"-MOE): X = OCH;H,OCH3; B) Stabilizing backbone modifications.
phosphorothioate linkage (PS): Y = S-; boranophosphate (BP): Y = BHs- C) Locked nucleic acid (LNA);
methylene bridge between 2"-oxygen and 4'-carbon of the ribose ring D) endosomolytic INF7-siRNA; the pH-
triggered fusogenic peptide INF7 (sequence: GLFE AIEG FIEN GWEG MIDG WYGC) is covalently linked to the
5-end of the siRNA sense strand. Adapted from [13].

Strategies to increase the delivery of RNA molecules comprise their conjugation to small
molecules or peptides. A prominent example is the attachment of lipophilic moieties to
siRNA. Cholesterol was linked to the 3"-end of the siRNA sense strand resulting in
silencing of its target apolipoprotein B (apoB) in vitro and in vivo in liver and jejunum [37].

This is accomplished by interactions of siRNA with lipoproteins in the circulation and

8
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uptake into cells by low-density-lipoprotein-receptor (LDL-receptor). Long-chain fatty
acids and bile acids conjugated to apoB-siRNA also mediate silencing of apoB in mice
and hamsters [53]. Furthermore, improved delivery due to cholesterol conjugation has
been reported for antisense oligonucleotides [54]. Kritzfeldt et al. successfully silenced
miR-122, frequently expressed in hepatocytes, by treating mice with a chemically
modified cholesterol antagomir. In liver, levels of miR-122 and 3-hydroxy-3-
methylglutaryl-CoA-reductase (Hmgcr), a miR-122 target, were decreased after tail-vain
injection of miR-122 antagomir. Furthermore, due to the fact that Hmgcr is involved in
endogenous cholesterol biosynthesis, cholesterol levels in plasma were significantly
reduced [55]. To improve the endosomal escape Dohmen et al. conjugated INF7 [56], an
acidic peptide analogue of the amino terminus of the influenza virus hemagglutinin HA2
subunit, to the 5"-end of the siRNA sense strand (Figure 2D). This INF7-siRNA showed
pH-dependent lytic activity and therefore an increased gene silencing efficiency when

delivered with sequence defined oligomers in vitro [57].

1.4 RNA delivery via sequence defined oligomers

Naked siRNA or miRNA in the circulation have to find their site of action, such as a
specific tissue or cancer cells. Since these molecules do not possess any targeting
domain and because of their polyanionic nature do not passively enter cells across cell
membranes, they have to be delivered by conjugation or formulations with targeting
ligands and shielding domains [58]. Mammalian cells are surrounded by the complex
extracellular matrix (ECM), a dense mesh of fibrous proteins and glycosaminoglycans,
which has to be overcome by the RNA molecules, as well [59]. After SIRNA and miRNA
entered their target cell via endocytosis, they must escape from endosomes, avoiding
entrapment and degradation in lysosomes [60]. These extracellular and intracellular
barriers have to be addressed during the development of potent delivery systems [61,
62]. Using classical polymers it is impossible to incorporate various functional domains in
precise manner. As a solution, sequence defined oligomers have been designed, which
combine multifunctionality with chemical precision. These potent nucleic acid delivery
vehicles are obtained via solid phase-supported synthesis (SPS). This method has been
adapted by Hartmann et al. for the synthesis of defined polyamides starting from a fixed
resin and alternate assembly of diacids and diamines [63]. Schaffert et al. extended the
strategy to the synthesis of larger cationic oligomers using Fmoc-protected artificial

polyamino acids [64]. With this method our group has established a library of over 1000
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oligomers with different shapes, arms, stability motifs, motifs to enhance the endosomal
escape, with or without shielding or targeting ligands [65-70]. The positively charged
oligomers are able to complex nucleic acids via electrostatic interactions forming so
called polyplexes (see chapter 1.4.1). For stable polyplex formation using different
nucleic acid cargos (such as siRNA versus pDNA), in general different polymer
requirements have been observed [71, 72]. Also with sequence-defined oligomers,
additional stabilization was required for siRNA (as opposed to pDNA) to form stable
polyplexes. Oligomers modified with two fatty acids (oleic acid or linolic acid) at central
(T-shape) or terminal (i-shape, U-shape) positions showed enhanced stability due to
hydrophobic interactions (Figure 3). In addition, terminal cysteines (two-arms, three-
arms) which are able to form disulfide bridges after siRNA complexation stabilize
polyplexes in a covalent manner. High stability is a very important feature for sufficient
polyplex application. Incorporation of tyrosine trimers increased stability in vitro, in full
serum (as evaluated by FCS) and in vivo (as evaluated by NIR fluorescence bioimaging
in mice) [73-75].

229

Figure 3. Schematic illustration of oligomers. 49 (T-shape), 278 (U-shape), 229 (i-shape), 454 (T-shape with
tyrosines), 386 (three-arm), 356 (two-arm with PEG and folate targeting). C, cysteine; K, lysine; Y3, tyrosine
trimer; Stp, succinoyl tetraethylene pentamine; FolA, folic acid; OleA, oleic acid; LinA, linolic acid. Adapted from
[13].
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Figure 4. siRNA and miRNA delivery using sequence defined oligomers. Polyplex formation through RNA
complexation via electrostatic interactions with oligomers (1). Polyplexes that are equipped with targeting ligands
(blue ellipse) bind to receptors on the target cell surface and are internalized via endocytosis (2). Polyplexes
escape the endosome via proton sponge (3) and the cargo RNA is set free in the cytosol (4) where RNAI takes

place.

1.4.1 RNA complexation

Negatively charged RNA can be complexed by positively charged oligomers via
electrostatic interactions (Figure 4 (1)) [76]. Different artificial oligoamino acids were
generated (Figure 5) based on the idea to lend an effective microdomain from the gold
standard for gene delivery polyethylenimine (PEI) [77]: the protonatable diaminoethane
motif (Figure 5, bottom left). The artificial building blocks differ in the type of acid (glutaric
acid, phthalic acid, succinic acid) and in the number of protonable amine repeats:

triethylene tetramine (tt), tetraethylene pentamine (tp), and pentaethylene hexamine (ph).
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Figure 5. Sequence-defined oligomers as RNA carriers. Artificial amino acids: glutaroyl tetraethylene
pentamine (Gtp), succinoyl tetraethylene pentamine (Stp), glutaroyl triethylene tetramine (Gtt), succinoyl
pentaethylene hexamine (Sph), and phthaloyl tetraethylene pentamine (Ptp). Endosomal protonation of the
diaminethane motif is presented in the box (bottom left). Adapted from [13].

Artificial cationic building blocks such as Gtp, Stp, Ptp, or Sph could be easily merged
with natural peptide sequences or lipidic domains, resulting in precise and pure carriers
for nucleic acid delivery. The oligoamine components are only partly cationic at
physiological pH, but sufficiently charged for binding nucleic acids via electrostatic
interactions. Upon endosomal acidification, they gain additional cationic charges required
for destabilizing lipid membranes and escape from endolysosomes to the cytoplasm [78]

(see chapter 1.4.3)

1.4.2 Targeting ligands and shielding domains

Nanoparticles <1 pum in size are uptaken by cells via unspecific endocytosis [79, 80]. In
vivo particles up to 400 nm can accumulate in solid tumors due to the enhanced
permeability and retention (EPR) effect as they often have high vascular density and
gaps in blood vessels [81, 82]. However, a more elegant way to direct particles specific
to cells is the use of targeting ligands in vitro and in vivo [61, 83] (Figure 4 (2)). Cancer
cells often overexpress receptors on their surface, which can be used for targeted
delivery [23, 84-86].

12





























































































































































































































































































































































































