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Meinen Eltern




The most exciting phrase to hear in science,
the one that heralds new discoveries, is not
'Eureka!’ (I found it!) but That's funny ...".

Isaac Asimov
(1920 - 1992)
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Chapter 1: Introduction

1 Introduction

1.1 Nucleic acid-based therapy

Nucleic acid-based therapy holds tremendous promigke treatment of many genetic and
acquired diseases by delivering therapeutic nu@eids into patients. In general it exhibits
the possibility to compensate a genetic defectoomdirectly mediate a therapeutic effect
(*gain of function”) or to silence target genes,igthare either pathogenic or essential for cell
viability (“loss of function”).

Meanwhile more than 1500 clinical trials on nuclaad-based therapeutics have been or still
are conducted. The indications cover as diverddsfias inherent genetic diseases (e.g. cystic
fibrosis, severe combined immunodeficiency (SCIB) acquired diseases (e.g. infectious
diseases, neuropathological diseases). Neverthedessr therapy is the main focus (> 60%)
(). Therapeutic effects in cancer treatment are aichieved by knocking out genes that
facilitate tumor growth, or by introducing therapieugenes that — when expressed —
antagonize tumor growth or cause apoptosis in twals @, 3).

Standard gene therapy is based on the integrafi@emes into the target cells genome to
correct or mediate the expression of certain pnsteNew approaches mainly utilize small
interfering RNA (siRNA), which can be used to pastiscriptionally silence protein
expression by specific degradation of messenger RMRNA) (4). The mechanism of sSiRNA
mediated gene silencing is adopted from the nayumdcurring phenomenon of RNA
interference. This is based on double stranded RI&RNA) molecules which are proposed
to function as a mechanism for regulation of gexgression on the posttranscriptional level.
While delivery of dsSRNA to mammalian cells provolasinterferon response and apoptosis,
small synthetic dsRNA, so called siRNA does notkevsuch effects but is equally effective
(5). Within the cytosol siRNA is cleaved into singitrands and the antisense strand is
incorporated into the RNA induced silencing comp(BXSC). If the nucleotide sequence of
the antisense strand resembles a sequence withimRNA of a target gene, this mRNA is
cleaved in the middle by RISC. Cleavage of the mRbl#ds to reduction of translation and
therefore silencing of the targeted ge@e(Figure 1).

This technology became increasingly important mdy én research due to the possibility to
create specific knock-down systems for basic rebeand determination of new therapeutic
targets, but also due to its impact as a new tleeitagtool in nucleic acid-based therapy.
Consequently in 2006 Andrew Fire and Craig Mellonvibe Nobel Prize for their work on
RNA interference in Caenorhabditis elegans which published in the year 1998) (
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Figure 1: Processing of dsRNA to effective siRNA.
(A) In the cytosol dsRNA is incorporated into RISC.
(B) The dsRNA is spliced into single strands.
(C) The sense strand is degraded.
(D) The antisense strand remains incorporated in RISC.
(E) Complementary mRNA sequences are bound by thesasgsstrand.
(F) This guides RISC to splice the target mMRNA. Theesponding protein is silenced.

Despite these promising data nucleic acid-basedplyestill holds a lot of challenges. Nucleic
acids naturally are highly hydrophilic and therefamannot permeate lipid cell membranes.
Additionally they are subject to fast degradatignnioicleases mainly in the blood streadn (
11). Only for a few applications, like intramusculajection, electroporation or hydrodynamic
injection, naked pDNA led to effective gene tracsifin (12-15), naked siRNA based therapy
was successfully shown in the treatment of agde®@lmacula degeneration in micks) and
has already been applied in humans in clinicallstria7). But for the broad range of

indications nucleic acids have to be transportdtie¢o target tissues.

1.2 Delivery of nucleic acids

Generally, nucleic acid delivery systems can b&dw into two main categories: viral vectors
and synthetic transfer systems. Viral vectors anetrmommonly used in clinical trials due to
their high transfection abilitylf. Nevertheless their performance is hampered kicity,

potential of insertional mutagenesis, immunogewniditw transgene loading size, high costs

and low adaptability of desigri§, 19). These problems can be overcome by the develdpmen
2
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of synthetic gene delivery systems. Such deliveystesns are designed to provoke less
immunogenicity, to offer a higher loading capaciégd to be easily and rather cheaply
synthesized. Additionally they implicate the adway# to be easily adaptable to specific needs.
On the other hand the major drawback of synthatitars is their limited efficacy compared
to viral vectors after in vivo application. Amondbe synthetic nucleic acid delivery systems
the most distinguished subgroups are liposomal ditations and cationic polymerg(Q, 21).
Liposomal formulations are based on cationic lipighich are amphiphilic molecules. This
structure leads in agueous solutions after condiensaf the positively charged head-group
with the negatively charged nucleic acids to spombas assembles into nanospheric
lipoplexes thereby protecting the nucleic acidsnfrdegradation22). Like cationic lipids,
cationic polymers show as well high potential to@d®nse nucleic acids. In the line of cationic
polymers polyethylenimine (PEI) has an outstangingition due to its superior transfection
efficacy 3-25). Nevertheless its toxicity, which is caused by positive surface charge, the
non-degradability of the polymer and a variety aflesired, unspecific interactions with the
biological environment has to be consider@d, 7). Accordingly in the field of cationic
polymers as nucleic acid delivery systems the mefailenge is to decrease toxicity and
simultaneously hold or even increase transfectificeey compared to the gold standard PEI.
Peracute toxicityin vivo is mainly caused by the surface charge of thepbekes leading
already in the blood stream either to aggregatiith erythrocytes causing embolism or to
uptake by macrophages and therefore rapid rem@8aPk8-30). Toxicity and rapid clearance
can be diminished by shielding of the polyplexeg. avith polyethylenglycol (PEG), or
reduction of their surface charggl{33). Acute toxicity is also due to accumulation oéth
polymers in reticular organs such as lung or lisecause of their non-degradabili4). This
problem can be overcome by using biodegradablenmaiy, which ideally exhibit high
stability in the extracellular surrounding wheredter delivering their payload they degrade to
non-toxic metabolites in the intracellular enviraemh 35, 36).

To enhance the transfection efficacy at least tvattld necks have to be taken into
consideration. These are specific uptake of thgptekes by the targeted cells and endosomal
release. To allow for specific cellular uptake,yptexes have on the one hand to be stable in
the blood streanf{, 38), on the other hand targeting ligands are neenledltance the uptake
by specific tissues30). Ligands are as diverse as antibodié,(peptides 41), transferrin
(42), sugars43), mannuronic acid4d), folate @5) and growth factors such as EG®); For
effective endosomal release disruption of the emwmie$ membrane is necessary. Some
polycations (e.g. PEI) naturally possess considerdiuffering properties below the
physiological pH, leading to the so called “protsmonge effect” 47). Briefly explained
buffering of the protons by PEI leads to endosoat@iumulation of hydrated chloride ions,

which subsequently results in osmotic effects legdio swelling and disruption of the

3
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endosome4B). As another possibility to mediate endosomal gsdthe polymer is conjugated
to endosomolytic peptides. Those peptides are reitiumpted from naturally occurring
sequences (e.g. peptides derived from virusé8) 50), from the bee venombl, 52) or
artificially synthesized (e.g. GALABR).

local application

of polyplexes interaction with

targetcellmembrane;
internalisation

6E
(B) cellmembrane
systemic application /

of polyplexes @
-

(A) I polyplex

distribution
in blood

stream

endosom

with targeting . . lysososm
andshielding | = ‘“sseese®
moieties - - — — —
IRlsc complex £ /disruption of
leaky tumor with SIRNA endosomal membrane;
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| Incorporation of sSiRNA

I inRISC complex and
further processing |
(see: Figure 1) 7
N

N e
\\/

Figure 2: Optimized delivery of nucleic acids fromapplication to action side.

(A) After systemic application polyplexes are distrduitby the bloodstream. Leaky
tumor vasculature favours extravasation into exlfatar environment. Shielding and
diminished surface charge hinder undesired interacith blood components or
aggregation.

(B) By local application polyplexes directly reach theracellular environment.

(C) Polyplexes bind to the cells. Targeting ligands imeda selective uptake by target
cells.

(D) Polyplexes cause disruption of the endosomal memebrsiRNA cargo is released
into the cytosol.

(E) siRNA is further processed by RISC (see: Figure 1)

The following sections will focus on synthetic verst used in the present work. For more
details on recent developments in the design ofeimiacid delivery systems see Schaffart
al. (54) and Meyeet al. (55).

1.2.1 OEI-HD1

The polymer is synthesized using oligoethylenimi@®®0 Da (OEl) and 1, 6-

hexanedioldiacrylate (HD) as a linker, resultingairbiodegradable polymer with branched
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structure §6). To enhance the specific uptake by tumor celts @movide shielding, OEI-HD1
was further modified adding Transferrin (Tf) asamgeting and shielding ligand (Tf-OEl-
HD1). It was shown that a mixture of OEI-HD1 withi-QEI-HD1 (w/w: 90/10) is able to
promote a specific silencing of the targeted gen&umor cellsin vitro andin vivo without
unspecific toxicity 7). This formulation is subsequently referred toQEBI-HD1/Tf-OEI-
HD1 (90/10).

1.2.2 DbPEI Succ 10
bPEI Succ 10 is synthesized by succinylation of Xfi%he amines of branched PEI 25 kDa

(bPEI). This modification decreases the positivargh of the polymer resulting in high
transfection efficacy for sSiRNA and less toxicity inurine neuroblastoma cells (Neuro Ba)

vitro compared to PERR).

1.2.3 Tf-PLL-DMMAN-Mel-ss-siRNA

Tf-PLL-DMMAN-Mel is an analog of the poly-L-lysinéPLL) conjugate described in Meyer
et al. (58) containing Transferrin (Tf) and melittin peptiddel) acylated with 2,3-
dimethylmaleic anhydride (DMMAnN). The modificatiowith Tf mediates an effective
shielding and a receptor targeting function, ane thelittin peptide masked by DMMan
provides pH-sensitive endosomolytic properties. r&odllular stability is generated by
covalent attachment of the siRNA. Therefore thisjegate exhibits high biocompatibility and

transfection efficacyn vitro.

1.2.4 PLL50-PEG-DMMAN-Mel / PLL185-PEG-DMMAN-Mel

PLL50-PEG-DMMAN-Mel and PLL85-PEG-DMMAN-Mel were sthetized as PLL-PEG-
DMMAnN-Mel (58), but PLL molecules with a defined chain lengti.l(F50 and PLL 185)

were used. The numbers (50 and 185) thereby refdsetnumber of lysines in the PLL chain.
Thereby the polydispersity of the polymers is disted and the biocompatibility is

enhanced.

1.3 Assessment of nucleic acid transfer systems

Modification of nucleic acid transfer systems inder to decrease toxicity and increase
efficacy requires an appropriate assessment obqeaice. First tests include evaluation of
toxicity and efficacyin vitro. As a next step toxicity, distribution and effigaaf nucleic acid
transfer systems are assesBetivo. In vivo applicable methods bear much more challenges
asin vitro methods.They should allow for consecutive measurementsedsas fast and easy
analysis, be highly sensitive and specific, faaiét statistically significant results and not at

least be compatible with animal welfare. Taken toge literally noin vivo method so far
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fulfils all these demands. The following chapteosus onin vivo/ex vivo methods with a

special emphasis on methods for efficacy testing.

1.3.1 Toxicity

Preclinical toxicity testing of potential drug cadakes for application in clinical trials is
excessive. It includes observation of acute andrgbrtoxicity as well as reproductive and
teratogenic toxicity §9). Nevertheless first toxicity tests mainly conceate on peracute and
acute adverse reactions. In case of polycatior@oster systems those are predominantly
caused by interference of the polyplexes with bloothponents, liver or lung tissu26( 28-

30, 34). To predict the interaction of polyplexes wittodtl componentsx vivo erythrocyte
leakage assays and blood aggregation assays doenpeat 36, 58). Affection of liver and
lung tissue can be visualized by histopathologthefrespective organs. Light microscopic as
well as fluorescence microscopic pictures can depathological changes such as adverse
metabolism, apoptosis or necross,(57). Measurement of the blood levels of certain liver
enzymes such as aspartate aminotransferase (ASIGQT) and alanine aminotransferase
(ALT or SGPT) illustrate toxic damage to liver cel7). Additionally in small rodents
decreased body weight as a consequence of inappeiena fast and easy remarkable

parameter.

1.3.2 Distribution

Assessment of drug distribution patterns is anrgsdestep to forecast possible side as well as
desired effects. It is mainly performed by tagding drug with a reporter molecule, which can
be easily detected. Well established methods asedban fluorescent dyes or quantum dots
(Fluorescence Imaging) or radioisotopes (Positranisgion Tomography (PET), Single
Photon Emission Computed Tomography (SPEC®)) 61). Additionally determination of
drug levels in body fluids (e.g. blood, serum, arifaeces) is facilitated. Nevertheless drug
distribution must not be confused with drug efficaéven accumulation of the drug in certain
tissues does not necessarily implicate efficacyhefdrug at this specific side. For example
polycations as nucleic acid transfer vector systemestypically distributed over the blood
stream throughout the whole body when administentihvenously. Often their side of
accumulation differs substantially from the sideaofion depending on the targeting, thereby

making it necessary to equally prove efficacy ab agedistribution 84, 62).

1.3.3 Efficacy

In case of nucleic acid delivery the provoked dffémat has to be proven is for DNA the
expression of a gene resulting in the translatibthe encoded protein, and for siRNA the

specific silencing of a gene by interaction witk torresponding mRNA resulting in a stop of
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protein translation. Therefore efficacy in deliveyinucleic acids can for DNA as well as
siRNA be shown on the protein as well as on thdeiuacid level.

One of the most sensitive techniques for nucleid detection and quantification currently
available is Real Time Quantitative Polymerase EHg¢action (tQPCR)68). Messenger
RNA is reverse transcribed to cDNA. The specificpéification of cDNA by thermostable
DNA polymerase is assessed by fluorescence measntemver the exponential phase of the
PCR. The fluorescence signal is generated by uimgescent dyes that intercalate with
double-stranded DNA or sequence specific DNA oligdeotide probes that fluorescence
when being cleaved due to the nuclease activityDdfA polymerase. Therefore the
fluorescence signal is proportional to the incneggmount of DNA copies. Values of target
MRNA are normalized to mRNA values of a housekedpat is unaffected by the therapy.

In the present study, beside Luciferase, Ran wed as target gene. It served as a positive
control, because it was already used successfulbur lab as a target for siRNA mediated
silencingin vivo (57). Ran protein was recently identified from an RN#dsed screen as
possible target in cancer therapy, as its knockdaitin SIRNA leads to apoptosig4). It is a
small GTPase and has been implicated in a largebeurf nuclear processes including
regulation of nuclear transport and formation arghnisation of the microtubule netwois(
66).

Despite of being a very valuable tool for efficaegting the above mentioned method bears
the disadvantage of relying on single point evadumastex vivo. This implicates that drug
kinetics within the same animal cannot be displayEkis consequently leads to higher
numbers of animals per experiment, which is prohlicdue to ethical as well as commercial
reasons and moreover does not result in the sameé dé confidence. Within vivo imaging
methods these disadvantages can be egalised.Theersegeral methods available at the
moment that meet the demands discussed abovexdonpde computer tomography (CT),
magnetic resonance imaging (MRI), positron emisdiemography (PET), single photon
emission tomography (SPECT) and fluorescence dsasddioluminescence imaging7( 68).

CT imaging relies on the different absorption ofa&s by various tissues, thereby allowing
for high anatomical resolution imaging (but withHatevely low soft tissue contrast) of small
animals 69, 70). MRI is based on nuclear magnetic resonance. itggpauclear spins, which
are usually hydrogen atoms, align themselves wiared in a magnetic field. They thereby
form a net effect called magnetic dipole. The disotan be disturbed by using a radio-
frequency pulse. When the system thereafter reldaek to its equilibrium state, the
relaxation time corresponds to the physicochemeralironment. Due to the differences in
magnetic susceptibility of certain tissues MR inmgédth high spatial resolution, versatile
contrasts and clear tissue delineation can be radstaiHowever a drawback lies within the

long acquisition and processing time and the lomtrast (CT) or sensitivity (MRI),

7
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respectively. In nuclear acid-based therapy CT MRl can be used to measure therapeutic
effects, e.g. the volume of a treated tumih) ( Further effort has been made to improve the
contrast 72) and the sensitivity78-79). PET relies on isotopes emitting positrons (€0,
3N, MC, ®F). The positrons undergo annihilation with neaefisctrons, thereby resulting in
two gamma-rays. Those gamma-rays are subsequestdgtdd, converted into visible light
and displayed as a PET image. In contrast, isotémeSPECT imaging (e.g?®3, *°™c)
directly emit gamma-rays. This technique makegssIsensitive and specific as PET but on
the other hand bears the advantage of a longetiteatif the isotopes accompanied by lower
costs. For PET as well as SPECT the imperativeppbyaradiation to the animal is a major
drawback and has to be taken into consideratiorrkdlagenes that have been used with
PET/SPECT imaging in nucleic acid-based therapjude the thymidine kinase transgene
from HSV (HSV-tk) and its mutant version HSV-sr3980-83), which trap their radiolabeled
substrates in the cells by phosphorylation. Aldeenenzyme-based reporter systeBi 85)
and extracellular receptors for transport of reabeled molecules into the cell have been
facilitated 86). Another widely used marker gene is the humariusedodine symporter
(human NIS) 87, 88), which allows for PET as well as SPECT imagingnsdiating cellular
uptake of'?-iodine or®*™c respectively.

Despite the numerous successful experiments that baen performed with the imaging
methods described abqui@ vivo optical imaging is more convenient, because tighly
sensitive, relatively cheap, does not rely on itimliaand allows for rapid analysis due to its
fast acquisition and processing time. Addition#fig use of the same marker gémgitro and

in vivo is possible, which is beneficial. Taken togethetiaah imaging fulfils nearly all
demands for a suitable vivo screening system. Still it has to be mentioned akso optical
imaging methods have their challenge which maiidg in attenuation of the signal with
increasing signal depth. Optical imaging can bddei into two categories, fluorescence
imaging and bioluminescence imaging, and in gerergdloys the detection of light emission
by a charge-coupled device (CCD) camera.

In fluorescence imaging light is emitted by a flocirome after excitation by an external light
source of a different wavelength. For this purpthee are several fluorochromes available.
The most prominent are green fluorescent protelfP()Gvith an emission wavelength of 509
nm and its variants, e.g. eGFP, which has a loagession wavelength and is brighter than
the wildtyp @89, 90); red fluorescent protein (RFP) (emission wavellen§74 nm) and its
variants offer greater stability and longer emissi@velengthq1, 92).

Within nucleic acid-based therapy direct expressibthese reporter genes in target tissue or
fusion of the reporter to a therapeutic gene assipte opening the way for a broad spectrum
of experimental desigh®©3-95). Nevertheless there are restrictions to fluoneseeémaging

which originate from a high signal-to-noise ratisedo tissue autofluorescence and absorption

8
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by hemoglobin. To overcome this problem fluorochesnemitting light of a wavelength
longer than 600 nm should be usé&®)( hence tissue penetration can be maximised and
autofluorescence diminishe®7( 98). In this context the use of quantum dots (QD)chhi
fluorescence brightly up to the near infrared (N#Rectrum is beneficiaB). But then the
toxicity of QD is discussed diversel$QQ).

In contrast to fluorescence imaging, biolumineseentaging creates virtually no background
light noise as light output is restricted to th@mssion sites of the luciferase enzymes. These
enzymes can catalyze the emission of photons. Amasijallenge is given by the fact that this
enzymatic reaction is depending on the availiabiit the substrate and in certain cases also
on the presence of other co-factors and/or oxyyenertheless bioluminescence imaging has
evolved into the most employed technique for deiacof effective nucleic acid transfer,

including the transfer of SIRNA.

1.4 In vivo bioluminescence imaging for siRNA efficacy studies

As mentioned above successful siRNA delivery imbivsubjects will consequently lead to the
knockdown of the targeted protein. Protein depfetioan be assessed directly by
bioluminescence imaging, if the luciferase enzynselfi or a protein that influences the
expression of luciferase (e.g. by promoting traipsion of luciferase gene) is targeted, or
indirectly, if the sSiRNA mediates death of lucifeeaexpressing cells.

Heidel et al. showed reduction of tumor growth by targetingonibcleotide reductase M2
subunit in transgenic neuroblastoma xenografts WitRNA (101). In order to test the
functionality of this siRNAin vivo, a cotransfection was performed by high pressiter¢in
coinjection of pDNA encoding for a fusion proteifrilbonucleotide reductase M2 subunit and
luciferase together with the siRNA. This injectidechnique leads by pressure induced
reversion of the blood flow within the liver to hig efficient delivery of nucleic acids to the
hepatocytes. Bioluminescence imaging thereaftezaked the silencing of the fusion protein.
Pre-treatment of luciferase transgenic neuroblastoells with this siRNA before injection
into the mice mediated a reduction in tumor growtlgh pressue tail vein coinjection was as
well used to compare the efficacy of sSIRNA and sAR(M02). Coinjection of pDNA and
siRNA was also conducted in a mouse skin model.eidesiRNA targeted a mRNA
bicistronically fused to luciferase mMRNAQ3). Although a significant sSiRNA mediated effect
could be visualized by bioluminescence imagingnjeation of pPDNA encoding for the target
gene together with the siRNA does not represetingstof gene therapy in human beings.
Therefore the animal models and test procedures t@mbe further adapted to more closely
mirror therapeutic situations.

Bisanz et al. developed a metastatic prostate xenograft mousdelrend showed growth

retardation of luciferase expressing bone metastéiseintratumoral injection of siRNA
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targeting alpha-v integrin104). By establishing a subcutaneous luciferase teamisg
neuroblastoma model in A/J mice, Bartlettal. for the first time proved successful siRNA
delivery to tumor tissue by directly targeting fiecase 62, 105). This working group also
identified parameters within treatment that infloerthe outcome of siRNA delivery studies
(106). Thereby it was shown that there are multipleapaaters to be considered to obtain
optimized results, such as dosage regimen of siRbf, doubling time and half-life of the
target protein. Beside these treatment deriveaifathere are even more aspects to taken into
account that originate from bioluminescence imagiitgelf. As mentioned above
bioluminescence imaging relies on the quantificatdd photons. These photons are emitted
due to an enzymatic reaction which depends not omlgmount, character and activity of the
enzyme, but also on the abundance of substratgeoxgnd energy. Additionally the detection
of emitted photons can be hampered by tissue spegienuation due to absorption and
scattering of light by haemoglobin or melanit®7). The intensity of photons in the visible
spectrum, such as that produced by luciferasesitemeuated approximately 10-fold per cm of
tissue.

Coming along with the importance of luciferasesragorter enzymes there are several
different luciferases available. The most commamded luciferase is derived froRhotinus
pyralis (firefly luciferase). It oxidizes its substrataciferin, to oxyluciferin thereby producing
light with a broad emission spectrum and a peapptoximately 560 nnmlQ8). This reaction
depends on energy (ATP) and oxygen. Click beetbemrand click beetle red luciferases,
which were isolated fromPyrophorus plagiophtalamus and subsequently optimised for
different wavelengths (544 and 611 nm, respectivbly on the same enzymatic reaction
(109). At 37 ° C, and taking attenuation into accodight emission from click beetle and
firefly luciferases is comparable.

Luciferases fromRenilla reniformis and Gaussia princes react with a different substrate,
coelenterazine, thereby producing light with anssmoin peak at approximately 480 nbi@
113). Albeit being oxygen dependent, this reactionndependend of ATP. The utility of
renilla and gaussia luciferases farvivo imaging is hampered by their short wavelength and
higher background signals caused by auto-oxidatfaroelenterazine. On the other hand their
independency of energy as well as the fact, thasgja luciferase is secreted, makes them
interesting tools for imaging studies. Thereforeently efforts are undergone to create renilla
and gaussia luciferases with longer wavelength3)( In addition to the enzymes, lux operons
from bacteria, such aBhotorhabdus luminescence, emit blue light without the need for an
exogenous substrate. This effect has been used doitan bacterial infections by
bioluminescence imaging. However there has beeuffioent research to determine if

transfer of this operon to mammalian cells woulgbssible.
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Alongside with optimization of the wavelength thésehigh effort put into alteration of the
enzymes stability. Firefly luciferase has a hdd-bf approximately 3 — 4 hours, which should
not limit the quantitative bioluminescence detemion when performed as daily
measurements. Nevertheless, destabilization m@ifs PEST or tetra-ubiquitin) are used to
shorten the half-life of luciferaseli4, 115). Another approach is the identification of
luciferase mutants with improved pH, thermal, angfoteolysis resistanc&i6-118).

Beside the luciferase enzyme itself, biodistribatend pharmacology of the substrates are
critical parameters and have to be standardized riproducible quantification of
bioluminescence.

In case of luciferin typically 150 mg/kg body weiglare applied systemically by
intraperitoneal injection. It has been reported ths concentration does not always lead to a
maximal bioluminescence signal. Higher luciferimcentrations as well as local application
increased the signal output dramatically with deleerce on anatomic localization of the
reporter {19). This is further supported by the finding, tHat-labeled luciferin is not
distributed equally throughout the animal body witver amounts in tissues such as bone,
heart, skeletal muscle or brait?0). This result might however partly rely on thedalself.
Coelenterazine typically is injected directly irttwe circulation, either through tail vein or
intracardiac injection. This route of application more cumbersome and additionally the
substrate distribution is hampered by active trarisput of the tissuel@l, 122). In addition

to the above mentioned auto-oxidation these arersedrawbacks for this substrate and
consecutively for renilla and gaussia luciferase.

Another parameter that strongly influences the mnessents is the Kkinetic of
bioluminescence. While renilla and gaussia lucterproduce flash kinetics with a peak 1 — 2
minutes after injection1l0), kinetic is prolonged for firefly and click beetluciferase with
peaks after approximately 10 — 20 minutes. Theeefopdels that are based on renilla or
gaussia luciferase are more likely to be affectgdvdriations in timing between substrate
injection and image acquisition. But even measurgsaising firefly and click beetle
luciferase depend on exact time management.

Independently of the utilized luciferase further difications are possible to adapt
bioluminescence imaging to special needs. An ofterformed option is the control of
luciferase expression by a physiological cellulathgray. An example that was as well

facilitated in the present work is the hypoxia iodhle factor (HIF) pathway.

1.4.1 Integration of luciferase into the HIF-pathway

The transcription complex hypoxia inducible fact@ilF) plays a central role in the
maintenance of the oxygen {homeostasis, which is essential for cell surv{taB). HIF is

tightly regulated in an ©£dependent manner by hydroxylation of one of tliedtHIF subunits
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(HIF1, HIF2, and HIF3) 124, 125). In well oxygenated cells (hormoxia), the hydriatipn of
two proline residues by the HIF-prolyl hydroxylaggsolyl hydroxylase domains (PHDs))
allows the specific recognition and polyubiquitioat by the von Hippel-Lindau protein
(pVHL) E3-ligase complex, leading to proteasomalrddation {26). Moreover, the
hydroxylation of an asparagine residue by the faictioibiting HIF (FIH) prevents binding of
the coactivator p300/CBP and hence blocks HIF trdptional activity (27). In contrast,
restricted O2 availability by preventing HIF hydpetion results in HIF stabilization and
activation of the HIF transcriptional complex. Lik#éH, the PHDs belong to the super family
of iron- and 2-oxoglutarate-dependent dioxygenasdsch, by using @ as a cosubstrate,
provide the molecular basis for their-8ensing function128). In mammalian cells, three
PHD isoforms have been identified (PHD1, PHD2, &tdD3) and have been shown to
hydroxylate HIF1 {29). It was reported that PHD2 has a dominant rafejtas the rate-

limiting enzyme that sets the low steady-statellet/&élIF1 in normoxia {30, 131) .

Normoxia

w ubiquitin
0, proteasomal
/ complex
HO HO HO v N @
6—’ A — — —> "l—
HFL (A) | © (B) ©) (D)
alpha 'T_L < prolyl
+0, HO  hydroxylase
+Fe? 7 (PHD) cytoplasm

nucleus

Figure 3: HIF pathway under normoxic or hypoxic corditions.
(A) — (D) Normoxic conditions. (E) — (F) Hypoxic editions.
(A) Proline residues of HIF1 alpha subunit are hydrated by PHD enzymes in an
oxygen and iron dependent reaction.
(B) Hydroxylated HIF1 alpha is recognized by VHL
(C) and subsequently polyubiquitinated.
(D) Ubiquitination leads to degradation of HIF1 alpblaumnit.
(E) HIF1 alpha subunit translocates into the nucleus.
(F) HIF1 alpha and HIF 1 beta form a dimer, which at¢ transcription of HIF
dependent genes such as erythropoietin (EPO), haisendothelial growth factor
(VEGF), inducible nitric oxide synthase (iNOS) actate dehydrogenase (LDH).
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Luciferase can be set under the control of the pHiway by different approaches. Gillespie
et al. for example used tumor cells expressing luciferasder the control of a modified
thymidine kinase promoter. Therefore it was coesity expressed in a hypoxia- and HIF-1—
dependent mannet32). By targeting HIF1 with sSiRNA mediated treatmémy were able to
show a substantially decrease of luciferase byubiglescence imaging in a tumor mouse
model.

Another approach is the employment of a fusion ginotof HIF and luciferase183).
Applicability of this construct for hypoxia detemti and tests of small molecule PHD
inhibitors was showim vitro as well asn vivo.

Taken together these data implicate that with Ipih@scence imaging highly sensitive
images of siRNA mediated protein knockdown canliitaioed. But for every single purpose a
highly specific animal model and measurement patd@as to be tailored, which exactly

meets the needs.

1.5 Aim of this thesis

The imperative to specifically tailor a mouse modiel successful evaluation of siRNA
delivery was pointed out above. Accordingly, thenadf this thesis is the generation,
characterization and utilization of a mouse modelirf vivo evaluation of siRNA delivery by
synthetic vectors to tumor tissue. As biolumineseemmaging is the most advantageaos
vivo imaging method it was therefore chosen for theegrmental design. Beside the
traditional method that relies on a reduction @floininescent signal as the readout (reducible,
negative readout system) the development of a metlhat shows an induction of
bioluminescent signal in case of successful siRNg#ivdry (inducible, positive readout
system) was aimed.

The negative readout transgenic tumor cell cloneewestablished based on some subtypes of
firefly luciferase that differed in expression ins#y and protein half-life (Luc, Luc+, Luc2).
Such transgenes are designed to lead to increasprgssion intensities. In order to decrease
the enzyme half-life, Luc2 was equipped with twagmelation sequences (CL1-PEST}4).

The positive readout transgenic tumor cell clorest upon a fusion construct of one of the
oxygen depending domains (ODD) of HIFlalpha aneflfirluciferase (ODD Luc). Thereby
luciferase expression is directly controlled by € pathway {33).

As tumor cell line the murine neuroblastoma cekINeuro 2a was chosen. Neuro 2a cells are
known to overexpress the Tf-receptor, which alldersproper cell targeting by Tf-containing
siRNA particles, and to reliably form well vascutad subcutaneous tumors in A/J as well as
SCID mice, which is beneficial for systemic delivef35, 57, 135). Additionally good
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correlation betweein vitro andin vivo tests was anticipated because these cells havelbs
been used fain vitro experiments.

The newly derived transgenic cell clones were attarezedin vitro andin vivo by evaluation

of bioluminescent signal and growth kinetics. Adiailly the tumor mouse models had to be
specifically optimized according to the demandsiBINA delivery studies. This was done by
ruling out the influence of certain parameters be bioluminescent readout. The best
performing tumor mouse models were selected fahéurimplementation in siRNA delivery
studies. In addition to the ODD luciferase transggomor mouse model transgenic mice
expressing ODD luciferase in all tissues werezgdifor SIRNA treatment. SIRNA treatments

were performedn vitro as well asn vivo.
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2 Material and Methods

2.1 Materials

Materials were purchased/prepared as stated below.

2.1.1 Bacterial culture

LB-plates - Bacto-Trypton (AppliChem, Darmstadt, Germany): 109
- Yeast Extract (AppliChem, Darmstadt, Germany): 5g
- NaCl (Merck, Darmstadt, Germany): 59
- Agar (AppliChem, Darmstadt, Germany): 15 g

- ad 1 liter with aqua bidest

LB-medium - Bacto-Trypton (AppliChem, Darmstadt, Germany): 10g
- Yeast Extract (AppliChem, Darmstadt, Germany): 5g
- NaCl (Merck Darmstadt, Germany): 5g

- ad 1 liter with aqua bidest

Ampicillin SIGMA-Aldrich (Steinheim, Germany)

Tfbl 30 mM KAc (Merck, Darmstadt, Germany): 0.29 g

- 50 mM MnCI2 (Merck, Darmstadt, Germany): 0.99 g

100 mM KCI (Merck, Darmstadt, Germany): 0.75 g
- 10 mM CacCl2 (Merck, Darmstadt, Germany)): 0.11 g

- 15% Glycine (Merck, Darmstadt, Germany): 15 mL

ad 100 mL with aqua bidest

adjust on pH 5,8 with acetic acid

Tbll

10 mM Na MOPS (Fluka, Steinheim, Germany): 0.21 g
- 75 mM CacCl2 (Merck, Darmstadt, Germany): 0.83 g

10 mM KCI (Merck, Darmstadt, Germany)): 0.075 g

- 15% Glycine (Merck, Darmstadt, Germany): 15 mL

ad 100 mL with aqua bidest

Comp. E. coli (Dh5 alpha) -incubate 50 pL DH5alphain 1 mL LB medium without

antibiotics overnight

cultivate 1 mL of overnight culture in 200 mL meughu
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until OD550 reaches 0.5
- centrifuge with 3500 rpm at 4 °C for 5 minutes
- resuspend pellet in 40 mL icecooled Tfbl buffer
- incubate on ice for 20 minutes
- centrifuge with 2500 rpm at 4 °C for 5 minutes

- resuspend pellet in 4 mL Tfbll

2.1.2 Molecular biology

2.1.2.1 Vector cloning and amplification

T4 DNA ligase Promega (Mannheim, Germany)
T4 DNA ligation buffer Promega (Mannheim, Germany)
Restriction buffers New England BioLabs (IpswichSWA.) / Promega

(Mannheim, Germany)

BSE New England BioLabs (Ipswich, U.S.A.) / Promega

(Mannheim, Germany)

EndoFree plasmid kits Quiagen (Hilden, Germany)

(Mini/Maxi/Mega/Giga)

10x TBE elektrophorese - Tris base (SIGMA-Aldrich, Steinheim, Germany): 18
buffer - Boric acid (Merck, Darmstadt, Germany): 55g

- ad 700 mL with aqua bidest
- 0.5 M EDTA (SIGMA-Aldrich, Steinheim, Germany)): 40

mL

- adjust with NaOH (VWR International, Darmstadt,
Germany) on pH 8

- ad 1 liter with aqua bidest

Agarose Invitrogen (Karlsruhe, Germany)
Ethidiumbromide SIGMA-Aldrich (Steinheim, Germany)
DNA-marker Peglab Biotechnologie (Erlangen, Germany
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2.1.2.1.1 Restriction enzymes

Apa Ll BioLabs (Ipswich, U.S.A))

Nhe | BioLabs (Ipswich, U.S.A.)/Promega (Mannhe{dermany)
Hind 11l BioLabs (Ipswich, U.S.A.)/Promega (MannireiGermany)
Avr I BioLabs (Ipswich, U.S.A))

Sal | BioLabs (Ipswich, U.S.A.)

Bal Il Promega (Mannheim, Germany)

2.1.2.2 Western blot

Blotting membrane (PVDF)  Macherey-Nagel (Duren,rGsmny)

BSA Invitrogen (Karlsruhe, Germany)

Pierce protein detection kit Thermo Scientific (BoGermany)

1.5M Tris pH 8.8 - Tris base (SIGMA-Aldrich (Steinheim, Germany))
- add 70 mL Aqua bidest
- correcton pH 8.8

- ad 100 mL with aqua bidest

Acrylbis (30%) Bio-Rad (Minchen, Germany)

SDS (10%) - SDS (Roth, Karlsruhe, Germany)): 10g

- ad 100 mL with aqua bidest

TEMED Promega (Mannheim, Germany)

APS (10%) - Ammoniumpersulfat (SIGMA-Aldrich, Germany): 1 g

- ad 100 mL with aqua bidest

Precision plus protein dual Bio-Rad (Munchen, Germany)

color standards

Methanol ACROS (Geel, Belgium)

Transferbuffer - 25 mM Tris base (Fluka , Steinheim, Germany): 303
- 192 mM Glycine (Merck, Darmstadt, Germany): 14.4 g
- solve in 400 mL aqua bidest

- add 100 mL Methanol (ACROS, Geel, Belgium)

10 x TBS buffer - Tris base (Fluka, Steinheim, Germany): 24.2 g
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- NaCl (VWR International, Darmstadt, Germany): 80 g
- solve in 800 mL aqua bidest

- corrcect pH with HCI (SIGMA-Aldrich, Steinheim,
Germany) on pH 7.6

- ad 1 liter with aqua bidest

Blocking buffer - 10 x TBS Buffer: 15 mL
- milk powder: 7.5 g
- aqua bidest: 135 mL
- Tween-20 (SIGMA-Aldrich, Steinheim, Germany): 150 p

Washing buffer - 10 x TBS Buffer: 100 mL
- aqua bidest: 900 mL

- Tween-20 (SIGMA-Aldrich, Steinheim, Germany): 1mL

ECL spray Upstate Cell Signaling Solutions (Bileri U.S.A.)

2.1.2.2.1 Antibodies

antiVHL antibody Cell Signaling (Frankfurt a.M., (eany)

anti alpha tubulin antibody SIGMA-Aldrich (Steinhgi Germany)

2nd antibodies Vector Laboratories (Burlingame,.A.

2.1.2.3 PCR
Sequences in 5 — 3’ direction are stated follayiine purchasing company.

oligo-dT-primers MWG Biotech (Eberberg, Germany)

DNA extraction kit Promega (Mannheim, Germany)

(Wizard Promega)

PCR buffer Promega (Mannheim, Germany)
Q-solution Promega (Mannheim, Germany)
MgCI2 Promega (Mannheim, Germany)
d'NTPs Promega (Mannheim, Germany)

High pure RNA tissue kit Roche Diagnostics (Mannhgisermany)

Primers (Luciferase) Roche Diagnostics (Mannheiern@any)

18



Chapter 2: Material and Methods

L:-TGAGTACTTCGAAATGTCCGTTC

R:GTATTCAGCCCATATCGTTTCAT

Primers (Ran) Roche Diagnostics (Mannheim, Germany)
L:ACCCGCTCGTCTTCCATAC

R:ATAATGGCACACTGGGCTTG

Lysis buffer Roche Diagnostics (Mannheim, Germany)

Transcriptor high fidelity Roche Diagnostics (Mannheim, Germany)
cDNA synthesis kit

Random hexamer primers Roche Diagnostics (Mannhaammany)

Universal probe library Roche Diagnostics (Mannheim, Germany)
hydrolysis probe #2/#29

Mouse GADP gene assay Roche Diagnostics (Manni@ammany)

Mouse BACT gene assay Roche Diagnostics (Mannh@emmany)

2.1.3 Cell culture

Murine neuroblastoma NeuroLGC Standards (ATCC CCI-131)

2a cells
Neuro 2a eGFP Luc cells Neuro 2a cells stably esging a fusion protein of eGFP and
Photinus pyralis luciferase were constructed inlabiby
Jaroslav Pelisek.
DMEM 1 g glucose - DMEM, 4.5 g Glucose/L, with L-Glutamin, without
NaHCO3 (Biochrom, Berlin, Germany): 10.15 g
- NaHCGQ; p.A:3.7¢g
- ad 1 liter with aqua bidest
OptiMEM Invitrogen (Karlsruhe, Germany)
Penicillin-Streptomycin Biochrom (Berlin, Germany)
FBS Invitrogen (Karlsruhe, Germany)
L-alanyl-L-glutamine Biochrom (Berlin, Germany)
G418 Invitrogen (Karlsruhe, Germany)
Puromycin SIGMA-Aldrich (Steinheim, Germany)
Hygromycin SIGMA-Aldrich (Steinheim, Germany)
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Cell culture plates TPP (Trasadingen, Switzerland)

Cell culture flasks TPP (Trasadingen, Switzerland)

TE Biochrom (Berlin, Germany)

PBS - Phosphat buffered saline (Biochrom, Berlin, Germany
9.55¢g

- ad 1 liter with aqua bidest

Clon ring SIGMA-AIldrich (Steinheim, Germany)
Rich cream SIGMA-Aldrich (Steinheim, Germany)
Amphotericin B SIGMA-Aldrich (Steinheim, Germany)

2.1.4 Invitrof/in vivo transfection experiments

HBS - Hepes (Biomol, Hamburg, Germany): 2.38 g
- ad 300 mL with aqua bidest

- adjust with NaOH (VWR International, Darmstadt,
Germany) on pH 7.1

- NaCl (VWR International, Darmstadt, Germany): 4.883

- check pH, ad 500 mL with aqua bidest

HBG - Hepes (Biomol, Hamburg, Germany): 2.38 g
- ad 300 mL with aqua bidest

- correct with NaOH (VWR International, Darmstadt,

Germany) on pH 7.1

- Glucose-Monohydrat (Merck, Darmstadt, Germany):
275¢g

- check pH, ad 500 mL with aqua bidest

HBS 0,5 HBS/HBG: 1/1

Recombinant luciferase Promega (Mannheim, Germany)

Luciferase cell culture lysis Promega (Mannheim, Germany)

reagent
Luciferin Promega (Mannheim, Germany)
LAR - 1 M Glycylglycin (Merck, Darmstadt, Germany): 2 mL

- 100 mM MgCI (Carl Roth, Karlsruhe, Germany): 1mL
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- 500 mM EDTA (SIGMA-Aldrich, Steinheim, Germany):
20pL

- DTT (SIGMA-Aldrich, Steinheim, Germany): 50.8 mg

- ATP (Roche, Mannheim, Germany): 27.8 mg

- Coenzym A (SIGMA-Aldrich, Steinheim, Germany):
0.5mL

- ad 100 mL with aqua bidest

- adjust with NaOH (VWR International, Darmstadt,
Germany) on pH 8 — 8.5

Deferoxamine SIGMA-Aldrich (Steinheim, Germany)
Isoflurane ® cp Pharma (Burgdorf, Germany)
Bepanthene® Roche (Grenzach-Whylen, Germany)
Ketavet® 100 mg/mL Pfizer, Pharmacia GmbH (KarlgsuBermany)
Rompun® 2% Bayer Vital GmbH (Leverkusen, Germany)
Syringes Heiland (Hamburg, Germany)

Needles Heiland (Hamburg, Germany)

Isotonic sodiumchloride B Braun Melsungen AG (Melsungen, Germany)
solution

2.1.4.1 Synthetic siRNA vectors

Linear PEI 22 kDa PEI (22 kDa) was synthesizeddigicatalysed deprotection
of poly(2-ethyl-2-oxazoline) (50 kDa, Aldrich) imalogous
form as described in Brissa@ttal. (136) and is also available

from Polyplus Transfections (Strasbourg, France).

OEI-HD 1 OEI-HD 1 was synthesized by crosslinkirig o
oligoethylenimines 800 (OEI) with 1,6-hexanediotdidate
(HD) as described in Kloeckneral. (56).

bPEI Succ 10 PEI Succ 10 was synthesized by suatioy of LPEI as
described in Zintchenket al. (33).

Lipofectamine Invitrogen (Karlsruhe, Germany)

Tf-PLL- DMMAN- Mel / PLL- DMMan-Mel was synthesizebly modification of PLL
according to Meyeet al. (58).
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PLL50-PEG-DMMAN-Mel / Tf was integrated (Tf-PLLDMMAN-Mel) or PLL of a dekd
PLL185-PEG-DMMAN-Mel chain Iength (PLLSO, PLL185) were used (PLLSO-PEG-

2.1.4.2 siRNA

Sequences of the sense strand in 5 — 3’ direction stated following the purchasing

DMMAnN-Mel, PLL185-PEG-DMMAN-Mel).

company.

Control #3 Eurofins MWG Operon (Ebersberg, Germany)
AUGUAUUGGCCUGUAUUAGUUdTAT

Luc Eurofins MWG Operon (Ebersberg, Germany)
CUUACGCUGAGUACUUCGAdTdT

VHL #50 Ambion (Darmstadt, Germany)
#50: GGACUUCUGGUUAACCAAAITIT

PHD2 Eurofins MWG Operon (Ebersberg, Germany)

2.1.4.3 Plasmids

GAACUCAAGCCCAAUUCAG dTdT

pCMV Luc Plasmid Factory (Bielefeld, Germany).
The plasmid design is described in Plahkl. (137).
pCl The plasmid was kindly provided by the workgmgup of R.

Haase, LMU Munich, Miinchen, Germany).

PCDNA3 ODD Luc/

Both plasmids were kindly provided by the workingup of

PCDNA3 Luc W. G. Kaelin, Harvard Medical School, Boston, U.S.A
The plasmid designs are described in Sadtah (133).

pGL3 contr. Promega (Mannheim, Germany)

pGL4.16 Promega (Mannheim, Germany)

2.1.4.4 Laboratory animals

AlJOlaHsd (A/J)

Harlan-Winkelmann (Borchen, Germany

NMRI-nu (nu/nu)

Janvier (Le Genest-St-Isle, France)
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FVB.129S6-Gt(ROSA)26Sor CharlesRiver Laboratories (JacksonLab) (Kissleggn@ny)
<t mice (FVB ODD Luc)

FVB N/J (FVB) CharlesRiver Laboratories (JacksonlL@bsslegg, Germany)

2.1.5 Instruments

Luminometer Lumat LB Berchtold (Tuttlingen, Germany)
9507

Luminometer Centro LB 960 Berchtold (Tuttlingen,r@any)

Tecan SpectraFlour Plus Tecan (Crailsheim, Germany)

IVIS Lumina Caliper Life Science (Russelsheim, Gany)
Shaver Philishave C486 Philips (Hamburg, Germany)

Caliper Digi-Met Peisser (Gammertingen, Germany)

PX2 Thermal Cycler Thermo electron corporation (8@ahe, Germany)
Light Cycler 480 Roche Diagnostics (Mannheim, Germany)

2.1.6 Software

MikroWin 2000 Berchtold (Tuttlingen, Germany)

ImageJ National Institute of Health (Bethesda, AN.5

Graph Pad Prism 4 software ~ Graph Pad Software &go, U.S.A.)

Living Image 3.0 Caliper Life Science (Russelshegarmany)

ProbeFinder 2.44 software Roche Diagnostics (Manmh@ermany)

2.2 Amplification of plasmids

All plasmids used were amplified in heat shock sfarmed E.coli. Competent E. coli were
defrosted on ice before plasmid DNA was added. ddfegr the bacterial solution was kept on
ice for 30 minutes, put into a 42° C water bath36rseconds and stored again on ice for 2
minutes. After heat shock transformation overnigtibnies were grown using LB plates with
ampicillin as selection pressure. Positive coloniesre further amplified by overnight

culturing in LB medium and plasmid DNA was purifiading the EndoFree Plasmid Kits.
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2.3 Cloning of the SV40 promoter into the pGL4.16 plasnd

The SV40 promoter was excised from the pGL3 corgtasmid using Hind Il and Nhe | as

restriction enzymes and ligated into the pGL4.1&plid, which had been cut with the same
enzymes, using T4 DNA ligase in an overnight reecti(Restriction digest and ligation

according to manufacturers protocols.) Thereafterrtew vector was transferred into E.coli,
propagated and the plasmid was isolated. Bactetlahes expressing the desired
pGL4.16SV40 plasmid were identified by restricttigest of purified plasmid DNA with Avr

Il as restriction enzyme. (Restriction digest wasrf@rmed according to manufacturers
protocol.) Correctly ligated constructs are cutceyiwhereas empty pGL4.16 plasmid is cut
only once. Positive colonies were further amplifeadl pGL4.16SV40 plasmid was harvested
(see: 2.2). The functionality of this newly genethplasmid was proven by transfection of

Neuro 2a cells (see: 2.6.2).

2.4 Western blot

Proteins were extracted from wildtype Neuro 2ascai described in 2.6.3. 50 g protein per
lane was separated by SDS-PAGE unéducing conditions. Proteins were then transferred
on a PVDF membrane and blocked with 5 % fat-freék powder for one hour at room
temperature. Immunostaining was performed usinghgmy murine VHL antibody diluted
1:1000 in blocking buffer over night at 4°C accoglito manufacturers protocol and
peroxidase labelled anti-rabbit-lgG diluted 1:2000 blocking buffer as the secondary
antibody for two hours. VHL protein wassualized using ECL western blotting detection
spray. In addition, to allow for normalization ofropein expression, detection of the
housekeeping protein alpha-tubulin was performedguprimary murine antibody for one
hour following incubation with anti-mouse HRP-sedary antibody for another hour. For
quantification, VHL protein expression of each sempas normalized for the expression of

the housekeeping protein alpha-tubulin by quarifin using ImageJ.

2.5 RtQPCR

In order to prepare the tumor tissue samples @P@R analysis, the samples were frozen in
liquid nitrogen and crushed using a mortar. Twenty of the crushed tissues were incubated
for 10 min with 400uL lysis buffer. RNA was isolated using the High @lRNA Tissue Kit
according to the manufacturers protocol. RNA cofregion was determined by absorbance at
260 nm. Two hundred ng of total RNA was used agptata for cDNA synthesis using the
Transcriptor High Fidelity cDNA Synthesis Kit acdarg to manufacturer’s protocol. For the
reverse transcriptase reaction Random Hexamer Rrimere used. For polymerase chain
reaction 5uL of cDNA dilution 1:5 in aqua bidest was used &@R was performed with
primers for luciferase or Ran together with UniakiBrobeLibrary hydrolysis probe # 29 (for
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Luc) or # 2 (for Ran) respectively. Primers andbg®were designed using the ProbeFinder
2.44 software. Furthermore, glyceraldehyde-3-phatplkehydrogenase (GAPDH) and beta-
Actin (BACT) were used as internal standard. Dudbar Multiplex real-time analysis was
performed on the Light Cycler 480, data were aagliusing the advanced relative
quantification method. PCR was performed at 95°€C @ minutes denaturation prior to
amplification by 45 cycles with 10 seconds (sed@%@atC, 30 sec at 60 °C, 1 sec at 72°C and a

final cooling step of 30 sec at 40°C.
2.6 Cell culture

2.6.1 Maintenance of cultured cells

All cultured cells were grown at 37 °C in 5% ¢hRumidified atmosphere. Wildtype murine
neuroblastoma Neuro 2a cells and primary ODD Lbwofilasts (preparation: see: 2.6.5) were
cultured in DMEM (1 g/L glucose) supplemented witld% FCS and 1% Penicillin-
Streptomycin. Transgenic murine neuroblastoma N@areells were cultured in DMEM (1
g/L glucose) supplemented with 10% FCS, 1% Peme8treptomycin and selection
antibiotic (Neuro 2a eGFP Luc, Neuro 2a Luc, NeReolLuc+, Neuro 2a ODD Luc: G418
(2,25 mg/mL medium); Neuro 2a Luc2: Hygromycirb(ing/mL medium)).

2.6.2 Luciferase reporter gene assay

For the evaluation of expression efficacy of th#edent luciferase encoding plasmids the
luciferase activity was measured in 96-well platéh pCMV Luc as a reference. 24 h prior
to transfection Neuro 2a cells were seeded at aityenf 1x10 cells in 200uL medium per
well. At the time point of transfection cells reacha confluency of 60% to 80%.
Transfections were performed by using polyplexelsRE| and 200 ng plasmid DNA at a w/w
ratio of 0.8/1 in HBS 0.5. Medium was exchangedirada90 uL fresh medium, 1QuL of
polyplex solutions were added directly to the celfsl after 4 h medium was exchanged
against 100uL fresh one. After 24 hours, cells were washed owith PBS and were
subsequently lysed with 50L of 1:5 diluted cell culture lysis reagent per lalciferase
activity was determined from 20. samples of the lysates using the luciferase asgstgm at

the luminometer. Two nanograms of recombinant éwee correspond to yht units.

2.6.3 VHL protein expression in Neuro 2a

For the evaluation of the expression of VHL, wijotyNeuro 2a cells were grown in cell
culture flasks up to 70% confluence, cells werehedsonce with ice cooled PBS and were
subsequently lysed with 200 pL of 1:5 diluted amllture lysis reagent containing protease
inhibitor cocktail. Thereafter a Western Blot wasfprmed (see: 2.4). Protein extracted from

murine liver tissue served as a positive control.
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2.6.4 Creation of transgenic luciferase expressing Neurda cell clones

To create monoclonal transgenic cell clones exmgsdifferent types of photinus pyralis
luciferase, wildtype Neuro 2a cells were seede@biwell plates at a density of 1xX1€ells in
200 pL medium.

At the time point of the first transfection cellsached a confluency of 10%.

24 and 72 h after seeding cells were transfecteay W?EI| polyplexes (w/w ratio of 0.8/1 in
HBS 0.5). 200 ng plasmid DNA per well were used.dMen was exchanged against @0
fresh medium, 1QuL of polyplex solutions were added directly to tbells and after 4 h
medium was exchanged against 1Q0fresh one. 24 h after the second transfectioaectien
antibiotic was added to the medium (concentratioindicated in 2.6.1). After 3 days under
selection pressure wells were washed carefully WeRS to remove dead cells and
supplemented with selection antibiotic containingdmm. Wells were allowed to reach 70%
confluency before splitting of each well into tweelg. One well was checked for gene
expression (see: 2.6.2), the other one remainbddasup.

The backups of those wells tested positive forféwmase expression were maintained further
and finally all wells containing cells transgengs the same type of luciferase were pooled to
get one polyclonal cell line.

This cell line was subsequently splitted to a veEw density (approximately 5 cells/mL
medium) in 96-well-plates in order to generate svebntaining only a single cell to derive a
cell clone from. Those cell clones were maintainedthe wells until they reached a
confluency of 70 %, thereafter transferred to celture flasks for further maintenance and
finally seeded in 96-well-plates at a density ofl@xcells and after 24 h checked for

expression efficacy (see: 2.6.2).

2.6.5 Preparation of primary ODD Luc expressing fibroblags

A newborn heterozygous FVB ODD Luc donor mouse sagificed under sterile conditions
by cervical dislocation. Small pieces of the earewsliced, subsequently washed in 70%
ethanol for several times and finally put in a aaliture dish containing DMEM (1 g/L
glucose) supplemented with 10% FCS, 2% Peniciltrefomycin and Amphotericin B (0.25
png/mL).Fibroblasts were grown at 37 °C in 5% @@midified atmosphere until the separated
from the ear tissue. During the first splitting é¢msue was removed carefully. Thereafter

primary fibroblasts were maintained as describeal énl.

2.6.6 Luciferase gene silencing

To check on the functionality of the newly createzhsgenic cell clones cells were seeded in
96-well plates using 1xf@ells per well 24 h prior to siRNA delivery. Atetime point of
treatment cells reached a confluency of 60% to 8B#&typlexes containing 0.25 or 0.5 pg

SsiRNA per well and the indicated amount of polymespectively were prepared in 20 mL
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HBG per well and after a complexion time of 30 mi@wiadded to cells in 8§ medium.
Lipoplexes containing 0.25 or 0.5 pg siRNA per walhd the indicated amount of
Lipofectamine were prepared in 20 mL OptiMEM perliywafter a complexion time of 30
minutes added to cells in $Q serum free medium, and after 4 hours medium wakanged
against 200 ul fresh serum containing medium. 242oh after treatment medium was
removed and cells were lysed in gD cell lysis reagent in order to measure the luade

activity as described in 2.6.2.

2.7 Animal experiments

Animal experiments were performed according to glimgs of the German law of protection
of animal life and were approved by the local aniewperiments ethical committee. Mice
were kept under specific pathogen free conditionsalated ventilated cages with 5 animals
per cage. Cages were equipped with wood shavitey,lid wooden rodent tunnel, cellulose
bedding and a mouse house. Autoclaved standardibgeehow and water were provided
libitum. A 12 h day/night cycle, 21° celsius room temp@tand 60% humidity were kept.
Mice were allowed to adapt to the housing cond#ifor at least one week before experiments

were started.

2.7.1 Characterization of subcutaneous tumor mouse models

A/J mice, female, 6 — 10 weeks old were used (0 per group).

Tumor cells were grown in cell culture as describbdve, despite being kept in antibiotic free
medium for one week prior to injection. To harvdst cells they were trypsinated, washed
several times with PBS and diluted in ice cooledRB a concentration of 1@ells per 150
puL. One day prior to tumor cell injection the irjea side was shaved using a Philishave
C486 shaver. One hundred and fifty uL of the aedlpgnsion were injected subcutaneously at
one or both flanks of the mice. Tumor size was mess every second day by caliper and
determined as a*b*c (a = length, b = width, ¢ =gh¢). Bioluminescence signal was measured
every second day by a CCD camera (IVIS Lumina).eMiere anaesthetized by inhalation of
isoflurane in oxygen (2.5% (v/v)) at a flow of feli/min. Thereafter 100 pL luciferin solution
(c = 60 mg/mL) were injected intraperitoneally alldwed to distribute for 10 minutes prior
to bioluminescence measurement. Results were dedluasing the Living Image 3.0

software.
2.7.2 siRNA delivery experiments

2.7.2.1 Polyplex mediated siRNA delivery

For these experiments A/J mice, female, 6 — 8 weeksvere used. Subcutaneous Neuro 2a

Luc, Neuro 2a Luc+, Neuro 2a Luc2, Neuro 2a eGFP &and Neuro 2a ODD Luc tumors
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respectively (at one or at both flanks) were seteszribed in 2.7.1. Two days prior and up to
2 — 4 days after siRNA treatment tumor size antubitnescence signal were measured every
day as described in 2.7.1. When tumors reacheda ofi about 100 — 200 ninsiRNA
treatment was performed by intravenous or intrataiiojection of polyplexes. For rtQPCR
readout tumors were explanted 1 — 4 days aftetrdament and rtQPCR was performed as
described in 2.5.

For each experiment mice were separated into teaps (n = 5/7 per group): (i) animals
treated with target (siLuc or siRAN) siRNA, (ii) iamals treated with unspecific scrambled
(siContr#3) siRNA and (iii) non-treated animals.

Tf-PLL-DMMAN-Mel-ss-siRNA was applied in an amouabrresponding to 0.625 or 1.250
mg/kg body weight sSiRNA in 12,5 mL/kg body weigirsle HBG.
OEI-HD/Tf-PEG-OEI/siRNA polyplexes were formed &et OEI-HD/siRNA w/w ratio of
0.5/1 containing 10 % targeting Tf conjugate, anerevapplied at concentrations of 200
png/mL siRNA, 90 pg/mL OEI-HD and 10 pg/mL OEI coggued to Tf-PEG in sterile HBG.
The blended carrier in this case contained 43 pdfanisferrin, i.e. 29 % transferrin by weight
of total polymer.

bPEI Succ 10/siRNA polyplexes were formed at th&lb®ucc 10/siRNA wiw ratio of 2/1,
and were applied at concentrations of 200 pg/miNgiRind 400 pg/mL bPEI Succ 10 in
sterile HBG.

PEI (22 kDa)/siRNA polyplexes were formed at thé 2 kDa)/siRNA w/w ratio of 1/1, and
were applied at concentrations of 200 ug/mL siRNW 200 pg/mL PEI (22 kDa) in sterile
HBG.

In case of OEI-HD/Tf-PEG-OEI, bPEI Succ 10 and ER kDa) polyplexes 2.5 mg/kg body
weight siRNA were applied intravenously via thd tain. Applications were repeated three
times, every 24 hours.

PLL50-PEG-DMMAN-Mel was formed at the PLL50-PEG-DM-Mel/siRNA w/w ratio of
1/1 and was applied at concentrations of 100 pg&RNA and 100 pg/mL PLL50-PEG-
DMMAnN-Mel in sterile HBG. PLL185-PEG-DMMAnN-Mel watrmed at the PLL185-PEG-
DMMAnN-Mel/siRNA w/w ratio of 0.5/1 and was applieat concentrations of 200 pg/mL
SiRNA and 100 pg/mL PLL185-PEG-DMMAN-Mel in steritBG.

2.7.2.2 Hydrodynamic siRNA delivery

SiRNA delivery to liver tissue was performed in FVBODD Luc mice
(heterozygous/homozygous), female and male, 10 weldks old, by high pressure tail vein
injection (hydrodynamic delivery).

Mice were separated into two groups: (i) animadated with target (SiPHD2) siRNA (n = 4),

(i) animals treated with scrambled (siContr.#3RNMA (n = 2). Mice were placed into a
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restraining device and anesthetized by inhalatibisaflurane in oxygen (2.5% (v/v)) at a

flow of 1 liter/min. Intravenous injections wererf@med by injecting a siRNA solution (12.5

g /mL in isotonic sodiumchloride solution) in almme corresponding to 12 % of the total

body weight within approx. 5 seconds (this corresisoto 2.4 mL in case of 20 g body

weight) using a 30 gauge needle (0.3 x 12 mm). ¥sdaior and up to 4 days after

hydrodynamic delivery the bioluminescence signathef liver was measured as described in
2.7.1.

2.7.3 Implantation of tumor fragments

As donor as well as recipient animals A/J mice,dEm6 — 8 weeks old were used. In donor
mice Neuro 2a Luc+ tumors were set as describetl4rl. When tumors reached a size of
approximately 400 mfdonor animals were sacrificed, tumors were exptirkept in 37 ° C
PBS and sliced into 8 mhpieces. Recipient animals (n = 5) were shaveddayeprior to
implantation. At the day of implantation recipianice were anaesthetized by intraperitoneal
injection of 50 ul of a solution containing 38,5:28,5 Ketavet (c = 100 mg / ml): Rompun
(2%): isotonic sodium chloride solution. When mieached anesthesia stage Il a dermal
incision of 0,5 cm was set at one flank, and a tupiece was implanted. The incision was
closed using Epiglue. Bioluminescence measuremvegrts performed every day for the first 9

days and additionally on day 13 and 16 as desciib2d’.1.

2.7.4 Transgenic cell injection into wildtype tumor tissie

A/J mice, female, 6 — 8 weeks old were used (n.=N&uro 2a wildtype tumors were set as
described in 2.7.1. When tumors reached a sizefoaimately 400 mrf) Neuro 2a Luc+
cells were prepared as described in 2.7.1, disddlvé®BS at a concentration of 1X1tells
per 50 puL and injected into the wildtype tumorsr Fgection mice were anaesthetized with
isoflurane, which was administered by inhalationisafflurane in oxygen (2.5% (v/v)) at a
flow of 1 liter/min. Bioluminescence measuremeneravperformed every day for 4 days as
described in 2.7.1.

2.7.5 Luciferin kinetic studies

A/J mice, female, 6 — 8 weeks old were used. N@arbuc+ tumors were set as described in
2.7.1.

When tumors reached as size of approximately 1200-mni, bioluminescence imaging was
started and performed every day for 5 days. Miceeveeparated into two groups (n = 5 per
group): (i) animals injected intraperitoneally withciferin solution, (i) animals treated
intravenously with luciferin solution. Animals ofoth groups received 100 pL luciferin
solution (c = 60 mg/mL). Before luciferin injectianice were anaesthetized with isoflurane,

which was administered by inhalation of isofluraneoxygen (2.5% (v/v)) at a flow of 1
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liter/min. Directly after luciferin application aequence bioluminescence measurement was

performed for 30 minutes (intravenously appliedugioand 60 minutes (intraperitoneally
applied group).
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3 Results

3.1 Generation of different monoclonal Luc transgenic Nuro 2a

cells

3.1.1 Cloning of plasmid GL4.16SV40

The first aim of the present work was the consipacbf transgenic Neuro 2a cells stably
expressing firefly luciferases that differ in exgg®n intensity and half-life of the enzyme and
are supposed to serve as a negative readout systesiRNA delivery. Additionally a

luciferase based system should be created, thatsssignal induction as positive readout for

siRNA treatment.

HindIll — 6206 — AAGCT_T
Nhel — 5282 — G'CTAG_C

pGL4.16-SVv40

6206 bp

Figure 4: Structure of the newly synthesised pGL48SV40.

Luc, Luc+ and Luc2 were selected as transgenea foggative readout system as they have
been designed to show increasing expression itiesisTo address the aim of decreasing the
enzyme half-life Luc2 was equipped with two degtama sequences (CL1-PEST). As
transgene for a positive readout bioluminescentesysa fusion of a HIFlalpha fragment
(ODD) and Luc+ was chosen (ODD Luc). CMV and SV40npoter were used, respectively.
pC1 (encoding for Luc under CMV promoter), pCDNAGcL(encoding for Luc+ under CMV
promoter) and pCDNA3 ODD Luc (encoding for ODD Luader CMV promoter) were
obtained as stated in 2.1.4.3. To obtain a suitptdsmid encoding for the CL1-PEST
modified Luc2, the SV40 promoter sequence was egdigom pGL3 control and ligated into
pGL4.16 (Figure 4).
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3.1.2 Evaluation of expression intensities of luciferasencoding plasmids

The expression intensities of the different plasriltht were chosen for generation of stably
transgenic Neuro 2a clones were evaluated by #ansiransfections prior to stable
transfection.

As a transfer vector PEI (22 kDa) was used at @iffe N/P ratios (molar ratio of nitrogen in
PEI to phosphate in the nucleic acid). As a pasitientrol pCMV Luc (encoding for firefly
luciferase under CMV promoter) was used. Resulteevevaluated by using the luciferase

reporter gene assay (Figure 5).

1.0x108+
= pC1 Luc (Luc)
S g 10x107 =31 pCDNA3 Luc (Luc+)
@ T 10x10°4 E=1pGL4.165V40 (Luc2)
S =3 pCDNA30DDLuc (ODD Luc)
S S 1.0x10°1
o 1 . pCMV Luc
i

S 1.0x10%
) -
= 3
5 1.0x10

1.0x10?

Figure 5: Expression intensities of luciferase ending plasmids on Neuro 2a cells.

PEI (22 kDa) was complexed with the luciferase ey plasmids in the indicated N/P

ratios. 200 ng pDNA per well were used. Black bslvew pCMV Luc as a positive control.

Measurements were performed with n = 8, mean vdhoes three independend experiments
and standard deviations are shown.

As expected, Luc+ exhibited no difference in expi@s intensity compared to the positive
control, which was reported to hold high valug37j. Luc, which has not been optimized for
high expression intensity, Luc2, which is desigrtedhave a faster kinetic due to its
degradation domains, and ODD Luc, which is perm#yedegraded under normoxic
conditions, showed highly significant (p < 0.00Ine@wvay-ANOVA) diminished expression
intensities in comparison to Luc+. Interestingly @Duc exhibited significantly (p < 0.001)

higher expression activity than Luc and Luc2.

3.1.3 Expression intensities of stably luciferase expreisg Neuro 2a cell clones

Stable transfections with the plasmids were peréminby using synthetic vectors. After
transfection cells were cultured under selectioespure and finally monocloned. The
expression intensity of the untreated cell clones wetermined by luciferase reporter gene

assay (Table 1 -3).
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Luc

Clone number

RLU / 10.000 cells

#1

46.756

#2

28.617

Table 1: Luciferase expression intensity of Neuro&@Luc cell clones.

The clone that was used for further experimentsghlighted in grey. It is thereafter named

Neuro 2a Luc.

Luc+

Clone number

RLU / 10.000 cells

#1 62.228
#2 510.535
#3 758.370

Table 2: Luciferase expression intensity of Neuro&Luc+ cell clones.

The clone that was used for further experimentsghlighted in grey. It is thereafter named

Neuro 2a Luc+.

Luc2
Clone number RLU / 10.000 cells
#1 82.104
#2 54.542
#3 85.794
#4 53.281
#5 64.191
#6 84.466

Table 3: Luciferase expression intensity of Neuro&Luc? cell clones.

The clone that was used for further experimentsghlighted in grey. It is thereafter named

Neuro 2a Luc2
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To prove the correct connection of luciferase esgign to the HIF pathway in ODD Luc cell
clones, the expression intensity of untreated eedls compared to the expression intensity of
cells treated with 100 mM deferoxamine for 24 hagonisr to lysis (Table 4). Deferoxamine
treatment leads to an intracellular iron depletiwhjch subsequently inhibits the activity of
the PHD enzymes and thereby causes an inhibitiéfilFolegradation.

For further experiments the cell clone with the éstvluciferase activity was selected. Those
clones should be more sensitive to sSiRNA treatndemst to lower luciferase mRNA levels. In
case of the ODD Luc transgene only one clone ctiyreorresponded to the inhibition of HIF
degradation by higher expression intensity of ODI2 land was therefore selected for further

experiments.

ODD Luc
Clone number RLU / 10.000 cells
100 mM
untreated ,
deferoxamine
#1 5.733 5.092
#2 10.498 30.510

Table 4: Luciferase expression intensity of Neuro& ODD Luc cell clones before and
after induction by deferoxamine.

The clone that was used for further experimentsghlighted in grey. It is thereafter named
Neuro 2a ODD Luc.

3.2 Characterization and optimisation of subcutaneousumor mouse

models

3.2.1 Characterization of the different Luc transgenic cédl clones

To prove the ability of the selected cell clonesticcessfully establish subcutaneous tumors
in mice, 1 x 18tumor cells were injected subcutaneously into thekf of A/J mice (n = 10).
As a positive control Neuro 2a stably expressingleGuc (Neuro 2a eGFP Luc) were used.
A subcutaneous tumor mouse model with this celhelon A/J mice had already been
established in our lab (data not shown).

Tumor size was determined by caliper measuremant$,luciferase expression intensity by
bioluminescence imaging every 2 to 3 days (Figuen@ 7). Additionally the correlation of

bioluminescence intensity to tumor size was cated Figure 8).
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Independently of the transgene tumors became delabaround day 7 and measurable at
around day 9 after inoculation. Thereafter theywsdw an exponential increase of the tumor
volume until the experiment had to be terminategl uthe tumor sizes.

In case of expression intensity Neuro 2a Luc, Land Luc2 closely resembled the results of
the eGFP Luc transgenic cell clone. No significdifierences in expression intensity were

detected. Bioluminescent signal was distinguishasleearly as day 1 after inoculation and
increased exponentially until the experiment wamirated. The ODD Luc transgenic cell

clone showed a significantly diminished expresdemel, which remained more or less stable
over the time of the experiment. The last measarenmevealed a slight decrease of
expression.

For Neuro 2a eGFPLuc and Neuro 2a Luc a direcetaion between bioluminescence signal
and tumor volume was observed. For Neuro 2a Luat+Neuro 2a Luc2 the ratio between

bioluminescence signal and tumor size decreaseu flay 9 to day 11 and thereafter

remained stable. In case of Neuro 2a ODD Luc the cd bioluminescence signal and tumor

volume constantly decreased over the time of tipeexent.

For clarity reason the means of the bioluminescgghals are given without standard

deviations.

Despite the reliable exponential growth of the tmoinescence signals as indicated by the

mean values, there were prominent standard dengaffeigure 9).

3.0x10°%+
—— | UC
. -8 Luc+
o™
= 9 0X10% =t | UC2
E - eGFP Luc
g ODD Luc
S  1.0x10%-
E X
>
|_
O L} L}
0 5 20
time (d)

Figure 6: Tumor size development of the different Lic transgenic cell clones.

Neuro 2a Luc, Luc+, Luc2 and ODD Luc respectivelgravexamined. As a positive control
Neuro 2a eGFP Luc was used. 1 Xti@nor cells were injected subcutaneously into thekf

of A/J mice (n = 10). The tumor size was determireaery 2 to 3 days by caliper
measurement and calculated as a*b*c (Ilength*heigialth). Results are presented as means
without standard deviation.
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1.0x10101 S —=Luc
=
g 1.0x10%q W~ eGFP Luc
‘®» 1.0x10°74 ODD Luc
g 1.0x1096+
Q 1.0x10%-
E 1.0x10°4=
3 1.0x1003 r r r )

0 5 10 15 20
time (d)

Figure 7: Expression intensity of the different Luctransgenic cell clones.

Neuro 2a Luc, Luc+, Luc2 and ODD Luc respectivelgravexamined. As a positive control
Neuro 2a eGFP Luc was used. 1 Xti@nor cells were injected subcutaneously into thekf
of A/J mice (n = 10). Expression intensity was deieed every 2 to 3 days by
bioluminescence imaging.

Results are presented as means without standaiatiday
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Figure 8: Correlation of bioluminescence signhal totumor size of the different Luc
transgenic cell clones.

Neuro 2a Luc, Luc+, Luc2 and ODD Luc respectivelgrevexamined. As a positive control
Neuro 2a eGFP Luc was used. 1 Xtilnor cells were injected subcutaneously into thekf

of A/J mice (n = 10). The correlation was calcuiatas bioluminescence signal
(photons/second)/tumor volume (MmResults are presented as means without standard
deviation.
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Figure 9: Standard deviations of bioluminescence gials of the different Luc transgenic
cell clones.

Data are presented for Neuro 2a Luc (a), Neuro &a+L(b), Neuro 2a Luc2 (c), Neuro 2a
ODD Luc (d) and Neuro 2a eGFP Luc (e). Resultpassented as box plots. The boxes show
the range of 50% of the values above and beneatm#an. The mark in the box indicates the
overall mean. The highest and lowest biolumineseegnals are given by standard deviation
signs.

Standard deviations were especially high for tHeatenes bearing luciferases with reduced
stability, such as Neuro 2a ODD Luc and Neuro 2a2LiBut even Neuro 2a Luc revealed
significant standard deviations. Neuro 2a eGFP &nd Neuro 2a Luc+ gave more or less
robust results with a slight increase in case afrN@a Luc+ after 11 days.

As a robust basic signal has to be one of the nsaimes due to its impact on significance

calculations, Neuro 2a Luc+ was chosen for furtdmimization.

3.2.2 Influence of luciferin distribution on the biolumin escence signal

Most in vivo bioluminescent measurements are carried out l@Qitesnafter intraperitoneal
injection of 150 mg/kg body weight luciferili9). It was already demonstrated, that this
amount of luciferin does not distribute equally asdnot able to saturate the enzymatic

luciferase reaction in every location of the orgami To exclude possible artifacts, all
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bioluminescence measurements of the present thesidone with 300 mg/kg body weight
luciferin according to the findings of Hildebrandt al. (138). In one publication local
application was described as more useful thangatitoneal injection320). No consent was
found concerning the most appropriate time pointnudasurement after application of
luciferin. The exact measurement protocol is disedsas being dependent on the transgenic
tissue.

Therefore it was necessary to check the lucifefimetic after intraperitoneal as well as
intravenous injection in the subcutaneous Neurbwa mouse model. Intratumoral injection
was not suitable in this case due to its patholdgimpact on the tumor tissue. In this
experiment also the impact of tumor vascularisatstéitus on the luciferin uptake was
determined. For this purpose mice bearing two temuegre used. Those mice were injected
either intraperitoneally or intravenously with lierin (n = 5). Directly thereafter sequence
bioluminescence measurements were performed faniB0tes in case of the intravenously
injected group and for 60 minutes for the intrajoexeally injected group.

Times after injection when maximal bioluminescesigmals occurred are given in Figure 10.

Maximal bioluminescence signals for each tumoretésted mice are presented in Figure 11.

(a) (b)

day 5 + day 5 +
day 4 4 day 4 4
day 3 1 day 3 4
day 2 + day 2 +
day 1 4 day 1 4

| 1 1 | 1 1

o o o o o o o o

(=) o o o o o

o o o o o o

- N ™ - N o™

time after injection time after injection
(mm:ss) (mm:ss)

Figure 10: Time point of the maximal bioluminescene signal after intraperitoneal or
intravenous injection of luciferin.

A/J mice bearing macroscopically visible (~ 100 hieuro 2a Luc+ tumors were injected
with 300 mg/kg body weight luciferin either intragieneally (a) or intravenously (b). Directly
after injection sequence bioluminescence measurtsmeere performed in order to determine
the time point of the maximal bioluminescent sigffidde measurement was performed over 5
consecutive days. The results are given as bos.pltie boxes cover the range of 50% of the
values above and beneath the mean. The mark ibbdkendicates the overall mean. The
highest and lowest bioluminescence signals arendiyestandard deviation signs.
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Figure 11: Maximal bioluminescence signals of botltumors of selected mice after
intraperitoneal or intravenous injection of luciferin.

A/J mice bearing macroscopically visible (~ 100 hieuro 2a Luc+ tumors were injected
with 300 mg/kg body weight luciferin either intragieneally (a) or intravenously (b). Directly
after injection sequence bioluminescence measurtsmeere performed in order to determine
differences in bioluminescence curves betweenuh®ts within one animal. Measurements
were performed over 5 consecutive days.

The results are given as means of both tumor biolesecence signals. Independent
bioluminescence signals are given by the standavtion.

Interestingly the time-to-peak was almost identifoal both groups (intravenous group: 13.4
minutes; intraperitoneal group: 13.3 minutes), that average delay between the time points
when the first and thereafter the second tumorhezhenaximal levels was much smaller for
the intraperitoneal group (< 0.3 minutes) thantl@rintravenous group (4.2 minutes).
Additionally the variance between maximal biolunsoence signals which existed between
the tumors within the same animal remained relbtigeable for the intraperitoneal group but

differed remarkably for the intravenous group.

3.2.3 Influence of animal positioning on the bioluminesaece signal

As bioluminescent light is attenuated by traver$dissue (07), slight differences in the
positioning of the mouse might have an influenceh@nbioluminescence signal.

To evaluate this possibility nu/nu mice (n=3) begritwo Neuro 2a Luc+ tumors were
positioned in the IVIS Lumina as shown in Figui dnd subsequently the bioluminescent
signal of both tumors was detected.

The study showed slight changes of signal for st in which the tumor was not directly

placed under the camera.
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Figure 12: Influence of the positioning on the bialminescence signal.

Nu/Nu mice bearing two Neuro 2a Luc+ tumors (~ 168were placed in different positions
during bioluminescence measurement. (A) Biolumiease signals of one selected animal in
accordance to its position. (B) Animals positiomayi as an overlay of bioluminescent image
and photograph.

3.2.4 Influence of transgenic cell number on the biolumiescence signal

As revealed above in case of the Neuro 2a Luc+ imdode standard deviation of
bioluminescence signals increased during the timerse of the study whereas a good
correlation between bioluminescence and tumor d&eloped. This highlights the impact of
tumor volume divergence. From this point of viewatment during the first week after
inoculation would be preferable, but at that poihtime tumors are less than 3 mm in size and
do not have a functional vascularisatidg), which hampers the accessibility of tumor tissue
for systemically injected polyplexes. For this pmse tumor fragments were implanted to
allow for better homogeneity of both, bioluminesoersignal and tumor size, within the
groups. A small (~ 2 mm) Neuro 2a Luc+ tumor fragingerived from a donor mouse was
implanted. The development of the bioluminesceigeass was observed until termination of
the experiment (Figure 13). Additionally tumor vimie of macroscopically visible tumors was

determined by caliper measurements.
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Figure 13: Inoculation of Neuro 2a Luc+ tumor fragnments in A/J mice.

A/J mice (n = 5) received ~ 2 mm sized Neuro 2atuenor fragments, which were derived
from a donor mouse. Bioluminescence measurementg \werformed one hour after
inoculation, everyday over the first week and théier every two to four days until

termination of the experiment.

Bioluminescence signals were detectable as earbnashour after inoculation and increased
over time. They showed a low variance over thet fikgek, when tumors were not

macroscopically detectable. Thereafter varianceeamed.
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Figure 14: Injection of Neuro 2a Luc+ cells into Naro 2a wildtype tumors.

A/J mice (n = 5) bearing ~ 200 mnsized Neuro 2a wildtype tumors were injected
intratumorally with 1 x 1®Neuro 2a Luc+. Bioluminescence measurements perfermed
one hour after injection and thereafter everydail tearmination of the experiment.
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In a second approach luciferase transgenic cellse wigjected into already existing
subcutaneous wildtype tumors. A/J mice (n = 5) ingaNeuro 2a wildtype tumors (~ 200
mm®) were intratumorally injected with 1 x 40Neuro 2a Luc+ cells. Thereby a
macroscopically visible tumor was created, whichtamed a defined amount (1 x°L®f
luciferase expressing cells. The development obtbkiminescent signals was observed until
termination of the experiment. (Figure 14)

Bioluminescence signals were detectable as earlynashour after injection and increased
over time. Already directly after injection a caheiable variance between the animals could
be detected.

3.3 Utilization of mouse models for detection of effecte siRNA
delivery

Two strategies were pursued to prove successfiNAiBelivery byin vivo bioluminescence
imaging. The first one is direct targeting of lecdise mMRNA, which subsequently leads to a
reduction of bioluminescence signal (negative refidoThe second one is targeting the
MRNA of a protein repressing luciferase activitjhieh thereafter results in an increase of
bioluminescence signal (positive readout).

Neuro 2a Luc+ was selected as negative readowmysteuro 2a ODD Luc was evaluated as
positive readout system. Additionally a transgemiguse strain, expressing ODD Luc in all
tissues, was tested. Prior to sSiRNA delivery staidievivo siRNA transfer was evaluated

vitro.

3.3.1 Utilization of the negative readout system (Neuro&Luc+)

Different synthetic vector systems were evaluatedhie A/J Neuro 2a Luc+ tumor mouse
model regarding their siRNA delivery capacity. GHid1 / Tf-OEI-HD1 (90 / 10) had already
been proven successful in previous studies fonaihg of an endogeneous gerid)( the
other delivery systems were highly promising regagdheirin vitro reporter gene silencing

capacity.

3.3.1.1 Tf-PLL-DMMAnN-Mel-ss-siRNA

Tf-PLL-DMMAN-Mel is an analog of the poly-L-lysinéPLL) conjugate described in Meyer
et al. (58) containing Tf and Mel acylated with DMMAnN. The dification with Tf mediates
an effective shielding and a receptor targeting:fiom, and the melittin peptide masked by
DMMan provides pH-sensitive endosomolytic propettiExtracellular stability is generated
by covalent attachment of the siRNA. Therefore tiigjugate exhibits high biocompatibility
and transfection efficaay vitro (Figure 15). Due to low polymer yields, siRNA delry was

not repeated on Neuro 2a Luatvitro but data of siRNA delivery on Neuro 2a eGFP Luc

42



Chapter 3: Results

cells are shown. These data were generated byti@ahriBohmen and will be part of his PhD

thesis.
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Figure 15: In vitro siRNA reporter gene silencing of Tf- PLL-DMMAnN-Mel-ss-siRNA on
Neuro 2a eGFP Luc.

Five thousand cells per well were treated withititicated amounts of target siRNA (siLuc)
covalently attached to the polymer. Forty-eight fsoafter transfection cell lysis was
performed. Gene silencing was evaluated usingutiéetase reporter gene assay and toxicity
using the MTT assay. The results are normalizéddwalues of untreated cells (100%).

Depending on the amount of siRNA an increasing ntepg@ene silencing effect up to > 90%
can be observed. In contrast, the cytotoxic effectains relatively stable at around 20%.

To evaluate the siRNA gene silencing capabilityT6PLL-DMMAN-Mel-ss-siRNA in vivo,
AlJ mice bearing Neuro 2a Luc+ tumors of approxehal50 mniin size were used (n = 5).
The bioluminescent signals were evaluated on twisecutive days prior to siRNA injection.
Thereafter mice received a single intravenousrireat with 0.625 mg/kg body weight or 1.25
mg/kg body weight target (siLuc) or scrambled (si€ol) siRNA covalently attached to the
polymer. The effects of this treatment on the bithescent signals of the tumors were
measured by daily bioluminescence imaging on d&sdnd 4 after treatment (Figure 16). For
clarity reasons means are given without standaxiatiens. Those are presented for each
group in Figure 17.

Due to practical reasons according to the polymgrthesis treatment with siLuc and

siControl were performed in independent experiments
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Figure 16: In vivo siRNA reporter gene silencing of Tf-PLL-DMMAnN-Mel-ss-siRNA on
Neuro 2a Luc+ in A/J mice.

A/J mice bearing ~ 150 mitNeuro 2a Luc+ tumors were measured over two days b
bioluminescence imaging. Thereafter treatment wafopned by intravenous injection of
0.625 or 1.25 mg/kg body weight target siRNA (siLur scrambled siRNA (siControl)
respectively (n = 5), and the effects on biolumoees signals were evaluated for the next two
or four days, respectively, by daily biolumineseemmnaging. Treatments with target SiRNA
and scrambled siRNA were performed in independgper®ments. The day of injection is
marked with an arrow.
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Figure 17: Standard deviations of then vivo siRNA reporter gene silencing of Tf-PLL-
DMMAnN-Mel-ss-siRNA on Neuro 2a Luc+ in A/J mice.

The data are presented for siLuc treatment witR®Dmg/kg body weight (a) or 1.25 mg/kg
body weight (b) and for siControl treatment witZb pg/kg body weight (c) or 1.25 mg/kg
body weight (d). Results are presented as box.pldis boxes cover the range of 50% of the
values above and beneath the mean. The mark ibbdkendicates the overall mean. The
highest and lowest bioluminescent signals are gbyestandard deviation signs.
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In all groups a decrease of the bioluminescentasigne day after treatment was detected.
This decrease was not statistically significantdifidnally, up from the day after treatment
the formation of non-bioluminescent areas withie ttumors could be observed, which
remained over the time of the study. These obsenatvere made in all groups. An example

is shown in Figure 18.
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Figure 18: Formation of non-bioluminescent areas wvthin a Neuro 2a Luc+ tumor after
treatment with Tf-PLL-DMMAnN-Mel-ss-siRNA.

Bioluminescence images obtained of a tumor treatikd 1.25 mg siLuc/kg body weight.
Pictures are given as overlays of the bioluminetssignal over a photograph.

3.3.1.2 OEI-HD1/Tf-OEI-HD1 (90/10)

In order to compare the newly derived biolumineseemaging method with a carrier system
already successfully used in the Neuro 2a tumorsmauodel, gene silencing experiments
were performed on Neuro 2a Luc+ caltsvitro andin vivo using OEI-HD1/Tf-OEI-HD1
(90/10) (Figures 19 and 20).

The polymer is synthesized using OEI 800 Da (OH)l &D as a linker, resulting in a
biodegradable polymer with branched struct&®).(

To enhance the specific uptake by tumor cells awdige shielding, OEI-HD1 was further
modified adding Tf as a targeting and shieldingid (Tf-OEI-HD1). It was shown that a
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mixture of OEI-HD1 with Tf-OEI-HD1 (w/w: 90/10) iable to promote a specific silencing of
the targeted gene in tumor ceillevitro andin vivo in the absence of unspecific or toxic side
effects 67). This formulation is subsequently referred toCGEEI-HD1/Tf-OEI-HD1 (90/10).
Efficacy of the treatment was shown by tumor grovetardation and tumor cell necrosis, by
rtPCR and on the other hand by western blots of trget gene in comparison to a
housekeeping gene.

Forin vitro experiments Neuro 2a Luc+ cells were treated with different w/w ratios. The
lower ratio represents the polyplexes thereaftedus thein vivo experiment exhibiting low

toxicity, the higher ratio gives an optimal effectitro.

= w/w: 0,5/1 siControl

I w/w: 0,5/1 siLuc
150+ wiw: 2/1 siControl
B w/w: 2/1 siluc

100+

luciferase activity
(% of control)
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Figure 19: In vitro reporter gene silencing of OEI-HD1/Tf-OEI-HD1 (9040) on Neuro 2a
Luc+.

Ten thousand cells were treated with polyplexestainmg target (siLuc) or scrambled
(siControl) siRNA of the indicated w/w ratios. 2448 hours after transfection cell lysis was
performed. The gene silencing was evaluated ugiegluciferase reporter gene assay. The
measurements were performed with n = 8, mean valuggee independent experiments and
standard deviations normalized to untreated céD¥d) are shown.

While the lower w/w ratio proved ineffective afte4 as well as 48 hours, the higher w/w ratio
mediated a reporter gene silencing effect of > @fér 24 as well as 48 hours. However, a
rather high reporter gene silencing in the mochkt&é group of 35% after 24 hours and 63%
after 48 hours was observed indicating an unspedffect caused by toxicity of the
polyplexes.

To evaluate the siRNA gene silencing capabilityQ&l-HD1/Tf-OEI-HD1 (90/10)in vivo,
A/J mice bearing Neuro 2a Luc+ tumors of approxatyal50 mniin size were used (n = 7).
The bioluminescent signals were evaluated on tws@cutive days prior to siRNA injection.
Thereafter mice received three consecutive intrangntreatments every 24 hours with
polyplexes containing 2.5 mg/kg body weight tar@#tuc) or scrambled (siControl) siRNA

(Ww/w:0.5/1). One group remained untreated. The ceffeof this treatment on the
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bioluminescent signals of the tumors were meashbyethily bioluminescence imaging on day
1, 2 and 3 after treatment (Figure 20). For claritgsons means are given without standard
deviations. Those are presented for each groupguaré- 21. Bioluminescent signals which
had been normalized to the pre-treatment biolunsergssignal are presented in the appendix
(7.2).

In contrast to siRNA delivery by bPEI Succ 10, whibad been tested in parallel, no
significant knockdown could be detected after siRN&livery by OEI-HD1/Tf-OEI-HD1
(90/10) (One-way-ANOVA).
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Figure 20: In vivo siRNA reporter gene silencing of OEI-HD1/Tf-OEI-HD1 (90/10) on
Neuro 2a Luc+ in A/J mice.

A/J mice bearing ~ 150 mimNeuro 2a Luc+ tumors were measured over two days b
bioluminescence imaging. The results of these tveasurements are presented as mean on
day 1. Thereafter the treatment was performed lgethintravenous injections at three
consecutive days of 2.5 mg target siRNA (siLuc3aambled siRNA (siControl) respectively
(n =7) (w/w: 0.5/1) One group remained untrealdte effects on the bioluminescent signals
were evaluated for the next three days by dailjubimescence imaging. Days of injection
are marked with arrows.
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Figure 21: Standard deviations of thein vivo SiRNA reporter gene silencing of OEI-
HD1/Tf-OEI-HD1 (90/10) on Neuro 2a Luc+ in A/J mice

Data are presented for siLuc treatment (a), foosit@l treatment (b) or for an untreated
group (c). Results are presented as box plotsbbikes cover the range of 50% of the values
above and beneath the mean. The mark in the baated the overall mean. The highest and
lowest bioluminescent signals are given by standaxdiation signs.

3.3.1.3 bPEI Succ 10

Due to its outstanding performanisevitro (33), bPEI Succ 10 was considered a potentially
active polymer forin vivo siRNA gene silencing and therefore tested in parabd OEI-
HD1/Tf-OEI-HD1 (90/10)in vitro as well asn vivo (Figure 22 and Figure 23).

It is synthesized by succinylation of 10% of theirsas of bPEI, which decreases the positive
charge of the polymer resulting in high transfectédficacy and less toxicity.

Forin vitro experiments Neuro 2a Luc+ cells were treated with different w/w ratios. The
lower ratio represents the polyplexes thereaftedus thein vivo experiment exhibiting low
toxicity, the higher ratio gives an optimal effectitro.

In contrast to the lower w/w ratio, which was nomit but less effective (~20% gene
silencing) after 24 as well as 48 hours, the higiver ratio showed a specific siLuc mediated
reporter gene silencing of ~80 % after 24 hours eweh > 90% after 48 hours. It did not
reveal any unspecific reporter gene silencing withie mock treated group after 24 hours and

only a slight decrease after 48 hours (15%).
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Figure 22: I n vitro reporter gene silencing of bPEI Succ 10 on Neur@aZ uc+.

Ten thousand cells were treated with polyplexesnéat of polymer and target (siLuc) or
scrambled (siControl) siRNA in the indicated w/wtisa. Twentyfour or 48 hours after
transfection cell lysis was performed. The genensihg was evaluated using the Luciferase
Reporter Gene Assay. The measurements were pedonitle n = 8, mean values of three
independent experiments and standard deviationsialized to untreated cell (100%) are
shown.

To evaluate the siRNA gene silencing capabilitypBEIl Succ 10n vivo, A/J mice bearing
Neuro 2a Luc+ tumors of approximately 150 in size were used (n = 7). The
bioluminescent signals were evaluated on two carisec days prior to SiRNA injection.
Thereafter mice received three consecutive intraugntreatments every 24 hours with
polyplexes containing 2.5 mg/kg body weight tar@g@tuc) or scrambled (siControl) siRNA
(w/w: 2/1). One group remained untreated. The &ffetthis treatment on the bioluminescent
signals of the tumors were measured by daily biglestence imaging on day 1, 2 and 3 after
treatment (Figure 23). For clarity reasons the meae given without standard deviations.
Those are presented for each group in Figure 2dluBinescent signals which had been
normalized to the pre-treatment bioluminescentaligne presented in the appendix (7.1).
Despite the visible decrease in bioluminescentadigri the siLuc treated group and the
unaffected increase in signal of the mock treatedluntreated group, the results could not be
proven statistically significant on the basis o tlotal flux data (One-way-ANOVA).
However after normalization of the values to thee-peatment bioluminescent signal
(Appendix, 7.1), the siLuc treated group differegngicantly from the mock treated and
untreated group at day three and day four (p <,@0k-way-ANOVA). Two days after the
last treatment the bioluminescence signal of thacstreated group slowly started to increase

again.
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Figure 23: In vivo siRNA reporter gene silencing of bPEI Succ 10 onéliro 2a Luc+ in

A/J mice.

A/J mice bearing ~ 150 mitNeuro 2a Luc+ tumors were measured over two days b
bioluminescence imaging. The results of these tveasurements are presented as mean on
day 1. Thereafter the treatment was performed lbgethintravenous injections at three
consecutive days of 2.5 mg target siRNA (siLuc3aambled siRNA (siControl) respectively
(n = 7) (w/w: 2/1). One group remained untreatdae €ffects on the bioluminescent signals
were evaluated for the next three days by dailjubinescence imaging. Days of injection
are marked with arrows.
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Figure 24: Standard deviations of than vivo sSiRNA reporter gene silencing of bPEI Succ
10 on Neuro 2a Luc+ in A/J mice.

The data are presented for siLuc treatment (a)sifoontrol treatment (b) or for an untreated
group (c). Results are presented as box plotsbbkes cover the range of 50% of the values
above and beneath the mean. The mark in the bacated the overall mean. The highest and
lowest bioluminescence signals are given by stahdaviation signs.
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To confirm these results the experiment was repealéhis time bPEI Succ 10 was used in
parallel to PEI (22 kDa). In order to allow for tkellection of tumor samples for rtQPCR
measurements, 14 animals were treated per gromenSmimals were euthanized 24 hours
after the last treatment and tumors were collect&&ven animals remained for
bioluminescence imaging, which was performed dajiyto three days after the last treatment
(Figure 25). For clarity reasons the means arengivigthout standard deviations. Those are
presented for each group in Figure 26. Bioluminessegnals which had been normalized to
the pre-treatment bioluminescent signal are presentthe appendix (7.1).

RtQPCR measurement was performed by Alexanderpphilihe data will be part of his PhD
thesis. The amount of Luc+ mRNA was calculated nmopprtion to the mRNA of a
housekeeping gene (GAPDH) (Figure 27).

In contrast to the firstn vivo experiment, in the second study no significaneeffof the
treatment by bPEI Succ 10/siRNA polyplexes couldibtected. RtQPCR revealed relatively
stable Luc+ mRNA levels for the untreated groupe Thatio between Luc+ mRNA and
GAPDH mRNA constantly (despite one exeption) ranigeoh 0.5 to 1. However, in the target
as well as the mock treated groups the variancedaet the Luc+ mRNA levels was very
high. The ratio of Luc+ mRNA to GAPDH mRNA varieai 0.1 to 27. No differences could

be observed between the target and mock treateggro
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Figure 25: In vivo siRNA reporter gene silencing of bPEI Succ 10 onéliro 2a Luc+ in

A/J mice.

A/J mice bearing ~ 150 mitNeuro 2a Luc+ tumors were measured over two days b
bioluminescence imaging. The results of these tveasurements are presented as mean on
day 1. Thereafter the treatment was performed lbgethintravenous injections at three
consecutive days of 2.5 mg target siRNA (siLuc3aambled siRNA (siControl) respectively
(n = 14) (w/w: 2/1). One group remained untreafBlde bioluminescent measurement was
performed daily up to 24 hours after the last tremit. Thereafter seven animals were
euthanized and seven animals remained for biolusnare imaging up to three days after the
last treatment.
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Figure 26: Standard deviations of than vivo SiRNA reporter gene silencing of bPEI Succ
10 on Neuro 2a Luc+ in A/J mice.

The data are presented for siLuc treatment (a)sifoontrol treatment (b) or for an untreated
group (c). The results are presented as box pldis.boxes cover the range of 50% of the
values above and beneath the mean. The mark ibbdkendicates the overall mean. The
highest and lowest bioluminescence signals arendiyestandard deviation signs.
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Figure 27: Relative mRNA levels of Luc+ after treament with bPEI Succ 10 / siRNA
polyplexesin vivo.

A/J mice bearing ~ 150 mimNeuro 2a Luc+ tumors were treated by three intraue
injections at three consecutive days of 2.5 mgetagiRNA (siLuc) or scrambled siRNA
(siControl) respectively (n = 14) (w/w: 2/1). Onegp remained untreated. 24 hours after the
last injection mice (n = 7) were euthanized andttimor tissue was collected. After reverse
transcription cDNA numbers were evaluated by rtQPTIRe values of the Luct mRNA are
given in proportion to the values of a housekeegiege (GAPDH) for every animal of each

group.
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3.3.1.4 PEI (22 kDa)

Linear PEI (22 kDa) was tested in parallel to bBEtc 10, but no samples were collected for
rtQPCR. PEIl is widely used as a DNA transfer vedige to its high transfection efficacy. In
contrast, the siRNA delivery capacity strongly degieeon the experimental design. However,
its performance is hampered by a high toxicity. refae it was also used as a control for
unspecific side effects.

Forin vitro experiments Neuro 2a Luc+ cells were treated with different w/w ratios. The
higher ratio represents the polyplexes thereaftefitated in thén vivo experiment, the lower
ratio shows the best performing polyplexesitro. Both ratios contained either target (siLuc)

or scrambled (siControl) siRNA.

= w/w: 0,8/1 siControl
I /w:. 0,8/1 siLuc
w/w: 1/1 siControl
B w/w: 1/1 siLuc

24 h 48 h
after treatment

150+

1004

a1
o
1

luciferase activity
(% of control)

Figure 28:1n vitro reporter gene silencing of PEI (22kDa) on Neuro 2huc+.

Ten thousand cells were treated with polyplexesnéat of polymer and target (siLuc) or
scrambled (siControl) siRNA in the indicated w/wtiga. 24 or 48 hours after transfection cell
lysis was performed. The gene silencing was evatlatsing the luciferase reporter gene
assay. The measurements were performed with n me@n values of three independent
experiments and standard deviations normalizeatieated cell (100%) are shown.
Twentyfour hours after treatment both w/w ratiosndestrated no unspecific effect in the
mock treated groups but reasonable reporter gdeecsig capacity of 80% in the siLuc
treated groups. In contrast, 48 hours after treatrttee unspecific effect in the mock treated
groups simultaneously reached 50% while the speeffect within in the siLuc treated
groups was > 90%.

To evaluate the siRNA gene silencing capabilityP&fl (22 kDa)in vivo, A/J mice bearing
Neuro 2a Luc+ tumors of approximately 150 tnin size were used (n = 7). The
bioluminescent signals were evaluated on two carisec days prior to SiRNA injection.
Thereafter mice received three consecutive intrangntreatments every 24 hours with
polyplexes containing 2.5 mg/kg body weight tar@g@tuc) or scrambled (siControl) siRNA

(w/w: 1/1). One group remained untreated. The &ffetthis treatment on the bioluminescent
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signals of the tumors was measured by daily biah@sience imaging on day 1, 2 and 3 after
treatment (Figure 29). For clarity reasons the meae given without standard deviations.
Those are presented for each group in Figure 38.bldluminescent signals which had been
normalized to the pre-treatment bioluminescentagare presented in the appendix (7.1.4).
No significant effect of the treatment by PEI (Z2a)/siRNA polyplexes could be detectied

Vivo.
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Figure 29: In vivo siRNA reporter gene silencing of PEI (22 kDa) on 8luro 2a Luc+ in

A/J mice.

A/J mice bearing ~ 150 mitNeuro 2a Luc+ tumors were measured over two days b
bioluminescence imaging. The results of these tveasurements are presented as mean on
day 1. Thereafter the treatment was performed lbgethintravenous injections at three
consecutive days of 2.5 mg target siRNA (siLuc3aambled siRNA (siControl) respectively
(n =7) (w/w: 1/1). One group remained untreatdae €ffects on the bioluminescent signals
were evaluated for the next three days by dailjubinescence imaging. Days of injection
are marked with arrows.
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Figure 30: Standard deviations of thein vivo siRNA reporter gene silencing of PEI (22
kDa) on Neuro 2a Luc+ in A/J mice.

The data are presented for siLuc treatment (a)sifoontrol treatment (b) or for an untreated
group (c). The results are presented as box pldis.boxes cover the range of 50% of the
values above and beneath the mean. The mark ibbdkendicates the overall mean. The
highest and lowest bioluminescence signals arendiyestandard deviation signs.

3.3.1.5 PLL50- PEG-DMMAN-Mel / PLL185- PEG-DMMAN-Mel

Within thein vivo results obtained so far, it appeared difficulsbmw a significant luciferase
knockdown. For this purpose intratumoral injectivas carried out in animals bearing two
tumors in the back, with one tumor serving as mdercontrol to correct for variations in
bioluminescence due to substrate distribution @hdraeffects. In addition to bioluminescence
imaging rtQPCR measurements were carried out. Apositive control for rtQPCR
measurements siRan was used in parallel to siLan Rad already been proven to be
targetablein vivo in an A/J Neuro 2a wildtype mode$7). In addition, the bioluminescence
kinetic was measured to exactly determine the molescent signal maximum.
As polymers for intratumoral application of SiRNA.IBB0-PEG-DMMAnN-Mel or PLL185-
PEG-DMMAN-Mel were chosen. Tf-PLL-DMMAN-Mel exhil@tl high efficacy in siRNA
delivery together with good biocompatibility vitro. Nevertheless the performanipevivo
remained unclear as already mentioned above. PRh8MPLL185 are commercially available
PLL analogons. Modification with PLL50 or PLL185high are PLL molecules of a defined
chain length, instead of PLL helps to better defime polymers. Thereby the biocompatibility
is enhanced. siRNA delivery was not repeated omrd@a Luc+n vitro but data of siRNA
delivery on Neuro 2a eGFP Luc cells are shown. @hdsta were generated by Christian
Dohmen and will be part of his PhD thesis. Sevewal ratios were tested. The lower ratio
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shown in Figure 31 represents the polyplexes tlterefacilitated in than vivo experiment,
the higher ratio shows the best performing polygéir vitro. Both ratios contained either
target (siLuc) or scrambled (siControl) siRNA (FiguB1).

(b)

=
a
o

=
o
(=}

a
o

luciferase activity
(% of control)
luciferase expression
(% of control)

o

48 h after treatment 48 h after treatment

= w/w: 0.5/1 siControl
I \/w: 0.5/1 siLuc
w/w: 1/1 siControl
B w/w; 1/1 siluc

= w/w: 1/1 siControl
I w/w: 1/1 siLuc
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Figure 31: In vitro reporter gene silencing of PLL50-PEG-DMMAN-Mel and PLL185-
PEG-DMMAnN-Mel on Neuro 2a eGFPLuc.

Five thousand cells were treated with polyplexeséal of polymer (PLL50-PEG-DMMAnN-
Mel (a), PLL185-PEG-DMMAN-Mel (b)) and target (situor scrambled (siControl) siRNA

in the indicated w/w ratios. 48 hours after tran8@ cell lysis was performed. The gene
silencing was evaluated using the Luciferase Repd@ene Assay. Results are presented as
means and standard deviation and are normalizée:tealues of untreated cells (100%).

While no unspecific knockdown in the mock treatedup was detectable, treatment with the
indicated w/w ratios complexed with target siRNAuked in a knockdown of 70 to 90 %.

To evaluate the siRNA reporter gene silencing ciipalof PLL50-PEG-DMMAN-Mel and
PLL185-PEG-DMMAN-Melin vivo A/J mice bearing two Neuro 2a Luc+ tumors of abun
150 mnt were used (n = 5). The bioluminescent signals \eeeduated over two consecutive
days. Thereafter mice received three intravenaagrrents at three consecutive days. In every
mouse one tumor was treated by intratumoral ingectif target siRNA (siLuc), the other one
by intratumoral injection of scrambled siRNA (si@ath). PLL50-PEG-DMMAN-Mel
polyplexes contained 1.25 mg siRNA/kg body weightai w/w ratio of 1/1. PLL185-PEG-
DMMAnN-Mel polyplexes contained 2.5 mg siRNA/kg bodeight in a w/w ratio of 0.5/1.
One group remained untreated. The effects of thatment on the bioluminescent signals of
the tumors were followed up to one day after tist teeatment by bioluminescence imaging
(Figure 32). For clarity reasons the means arengwihout standard deviations. Those are
presented for each group in Figure 33. At the dathe last bioluminescence measurement
tumors were explanted for further evaluation of mRMvels by rtQPCR. (Figure 34)
RtQPCR measurement was performed by Alexanderpphilihe data will be part of his PhD
thesis.
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The treatment of the Ran targeted groups was peefr analogously, but without
bioluminescent imaging.

No statistically significant knockdown was detectad bioluminescent imaging (One-way-
ANOVA). The mRNA measurement showed an unspedaificdase of the normalized mRNA
levels of Luc as well as Ran of the treated groupmpared to the untreated group.
Nevertheless the induction as well as the standewdhtion were remarkably higher in case of
the Luc readout. In case of Ran readout mRNA lewvedse more stable, but also no
knockdown was observed. These results were indepemd the housekeeping gene used for

normalization.
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Figure 32: In vivo siRNA reporter gene silencing of PLL50-PEG-DMMAN-Mel and
PLL185-PEG-DMMAN-Mel on Neuro 2a Luc+ in A/J mice normalized to mock
treatment.

A/J mice bearing two ~150 minNeuro 2a Luc+ tumors were measured over two dgys b
bioluminescence imaging. The results of these tveasurements are presented as mean on
day 1. The data is presented as target treatedid)situmor normalized to mock treated
(siControl) tumor bioluminescent signals. The ezt was performed by three intratumoral
injections at three consecutive days. PLL50-PEG-DMMMel polyplexes contained 1.25 mg
siRNA/kg body weight in a w/w ratio of 1/1. PLL1#E=G-DMMAN-Mel polyplexes
contained 2.5 mg siRNA/kg body weight in a w/w @atif 0.5/1. The control treatment was
carried out within the same animal. The effectdhanbioluminescent signals were evaluated
up to one day after the last treatment by dailyuoninescence imaging. Days of injection are
marked with arrows.
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Figure 33: Standard deviations of thein vivo SiRNA reporter gene silencing of PLL50-
PEG-DMMAN-Mel and PLL185-PEG-DMMAN-Mel on Neuro 2a Luc+ in A/J mice.

The data are presented for siLuc treatment (a)f@emsiControl treatment (b). The results are
presented as box plots. The boxes cover the rang@%6 of the values above and beneath the
mean. The mark in the box indicates the overall mme@he highest and lowest
bioluminescence signals are given by standard tleriaigns.
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Figure 34: Relative mRNA levels of Luc+ and Ran a#éir treatment with PLL50-PEG-
DMMAnN-Mel and PLL185-PEG-DMMAN-Mel/siRNA polyplexes in vivo.

A/J mice bearing two ~ 150 ninlNeuro 2a Luc+ tumors were treated by three intnanal
injections at three consecutive days. siLuc andsiere used as target siRNAs, siControl as
scrambled siRNA for mock treatment. PLL50-PEG-DMMKe| polyplexes contained 1.25
mg siRNA/kg body weight in a w/w ratio of 1/1. PL&3-PEG-DMMAnN-Mel polyplexes
contained 2.5 mg siRNA/kg body weight in a w/waatf 0.5/1. Control treatment was carried
out within the same animal. One group remainedeatdd. 24 hours after the last injection
mice were euthanized and the tumor tissue wasatetle After reverse transcription cDNA
numbers were evaluated by rtQPCR. Results arengesséor the PLL50-PEG-DMMAN-Mel
group (a + b) and for thePLL185-PEG-DMMAN-Mel gpo(c + d), normalized to GAPDH (a
+ ¢) and beta-Actin (b + d) as housekeeping gemhs. values are given as means with
standard deviation.
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3.3.2 Utilization of the positive readout system (Neuro @ ODD Luc)

Two different approaches based on ODD Luc as repgene were followed. The first one
was the implementation of Neuro 2a ODD Luc cells@scutaneous tumors in A/J mice. The
second one was an ODD Luc transgenic mouse sixphegsing the transgene in every tissue.
The overall purpose of this concept was to end ith two systems allowing to evaluate
efficacy of siRNA delivery into the targeted tiss(@DD Luc tumors), but also in non-
targeted tissues, such as liver or lung (ODD Langgenic mouse strain).

To gain an induction of the bioluminescent sigha tegradation cascade of HIF1 alpha had
to be disrupted by siRNA mediated gene silencingo Pproteins hold key positions within
this degradation cascade and therefore were patetatigets. The first one is prolyl-
hydroxylase two (PHDZ2). Despite being part of amyeme family, PHD 2 has the highest
work load. PHD2 and its family members mediate higdroxylation of HIF1 alpha in an
oxygen and iron depending reaction, thereby irdiiad the degradation cascade.

The second one is the von-hippel-lindau-factor (YHAs an essential part of the E3 ubiquitin
ligase it is involved in the ubiquitination and dadation of HIF1 alpha.

In order to test the response of the ODD Luc tranggsystems on these siRNA targets, bPEI
Succ 10 and lipofectamine were used as deliveriesys As already pointed out in 3.3.1.3,
bPEI Succ 10 has an outstanding position due tohidg$ gene silencing capacity in
combination with high biocompatibility. Lipofectang had been proven to work sufficiently

for siRNA delivery on fibroblastm vitro (data not shown).

3.3.2.1 A/J Neuro 2a ODD Luc tumor mouse model
The response of Neuro 2a ODD Luc cells on siRNA iated targeting of PHD2 and VHL

was initially testedn vitro. (Figure 35) Beside the two target siRNAs, siLuweas used as a
positive control in order to check for correct siRMelivery. SiControl was facilitated as a
negative control. Additionally one group was trelandth deferoxamine. Deferoxamine causes
iron depletion, prevents the hydroxylation of Hi&pha by the prolyl-hydroxylase family and
thereby interrupts the HIF1 alpha degradation aesca

The data sets obtained after 24, 48 and 72 howesled similar results. SIRNA targeting
Luc+ caused reporter gene silencing thereby indigahat the siRNA delivery by bPEI Succ
10 was functional. All other siRNA treatments irdilg the scrambled siControl resulted in
an unspecific induction of reporter gene signatdntrast treatment with deferoxamine turned
out to be toxic on Neuro 2a ODD Luc cells and tfeeedid not show the estimated induction
in reporter gene signal. In general standard dewistwere exceptionally high.

After these results vitro noin vivo study was performed with Neuro 2a ODD Luc cells.
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Figure 35: In vitro accumulation of ODD Luc fusion protein by sSiRNA meliated
inhibition of HIF1 alpha degradation cascade on Ner 2a ODD Luc.

Ten thousand cells were treated with polyplexesnéat of bPElI Succ 10 and indicated
SsiRNAs. Zero point five pg siRNA/well was used irwéw ratio of 4/1. Deferoxamine was
used as a positive control for the system functipnarwentyfour, 48 and 72 hours after
transfection cell lysis was performed. The genensing was evaluated using the luciferase
reporter gene assay. The measurements were pedfomitie n = 8, mean values of three
independent experiments and standard deviationsialized to untreated cell (100%) are

shown.

3.3.2.2 ODD Luc transgenic mouse strain

First the response of the system on targeting ob®ldr VHL was evaluated. Therefore
fibroblasts were isolated from a heterozygous ODUx ltransgenic mouse (Figure 36).
Treatment was performed as described for Neuro Quc cells with the exception that
lipofectamine was used instead of bPEI Succ 10aume lipofectamine had shown higher
efficacy in case of siRNA delivery to fibroblastiata not shown).

The data sets obtained after 24, 48 and 72 howealed similar results. Treatment with
deferoxamine revealed a significant (p < 0.001,-@ag-ANOVA) elevated luciferase signal.
SiPHD2 treatment as well resulted in an inducedadigwhich became significant after 48
hours, whereas siVHL and siControl treatment shom@dffects. In contrast siLuc+ treatment
mediated a significant reduction in reporter signal

In order to test if these results were as wellgdpciblein vivo, siPHD2 was administered to
the liver tissue of ODD Luc transgenic mice by hmkssure tail vein injection (Figures 37).
This method is approved for delivery of naked siRtdAepatocytesl@9, 140). As a negative
control siControl was injected. The basic biolunsitence signal of each transgenic animal

was detected before and after siRNA treatmentvatraktime points.
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Figure 36: In vitro accumulation of ODD Luc fusion protein by siRNA meliated
inhibition of HIF1 alpha degradation cascade on pninary ODDLuc +/- fibroblasts.

Five thousand cells were treated with polyplexesném of lipofectamine and indicated
siRNAs. Zero point five pg siRNA/well was used ma/w ratio of 4/1. Twentyfour, 48 and
72 hours after transfection cell lysis was perfainiehe gene silencing was evaluated using
the luciferase reporter gene assay. The measurenven¢ performed with n = 8, mean values
of three independent experiments and standard ttsanormalized to untreated cell (100%)
are shown.
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Figure 37: In vivo accumulation of ODD Luc fusion protein by siPHD2 nediated
inhibition of the HIF1 alpha degradation cascade ifODD Luc transgenic mice.

Basic bioluminescent liver signal of ODD Luc traesi mice was determined over some
days. The results of these measurements are pedsamitmean on day 1.Thereafter the mice
received 2.5 mL ringer-lactat-solution containintper 2.5 pg siPHD2/mL (n = 5) or 2.5 pug
siControl (n = 2). The effects of the treatment tbe liver bioluminescent signals were
measured daily up to three days after siRNA injgctiThe values are given as means without
standard deviation. The day of injection is markétth an arrow.

61



Chapter 3: Results

No significant difference could be detected betwientarget and mock treated group. Both
groups reacted with an induction of bioluminescgighal at 24 hours after injection. At 48

hours induction of the bioluminescent signal wasremore pronounced in the target treated
group whereas the signal in the mock treated gtmagh already decreased. 72 hours after

injection the bioluminescent signal of the targeated group had as well decreased, but did
not reach basic level.
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4 Discussion

4.1 Generation of different monoclonal Luc transgenic Muro 2a cell
lines

For the development of efficient synthetic vectgstems for siRNA delivery a screening
system is needed to test the efficacy of siRNAveyi to target cellgn vivo. For this purpose
in vivo bioluminescence imaging appeared to be the mastné@lgeous methodl, 67, 141)
and was therefore chosen for the experimental deBigside the traditional negative readout
method the development of a positive readout metvaxsiaimed.

Firefly luciferase is known as the most useful eneyforin vivo bioluminescence imaging
studies due to the emitted red shifted wavelengthzyme stability and substrate
pharmacology. Nevertheless, different subformsirefly luciferase vary in terms of activity
and other parametersl4@). Therefore in the present work subtypes of firdficiferase
differing in expression intensity and protein sk&pi namely Luc, Luc+ and Luc2, were
evaluated 134).

As positive readout bioluminescent system a fusmmstruct of one of the oxygen depending
domains (ODD) of HIFlalpha and firefly luciferase¥D Luc) was utilized.

Suitable plasmids were cloned in order to stakdpgfect tumor cells. The newly derived Luc
encoding plasmids were initially tested for lucifee expression intensity after transient
transfection with PEI (22 kDA) on Neuro 2a cells éxpected Luc+ exhibited no difference
in enzyme activity compared to the positive contwihich was previously reported to give
high activity levels 137). Luc, which has not been optimized for high egpien intensity,
Luc2, which is designed to have a faster kinetie tiuits degradation domains, and ODD Luc,
which is permanently degraded under normoxic caht showed highly significant (p <
0.001, One-way-ANOVA) diminished enzyme activitiascomparison to Luc+. Interestingly
ODD Luc exhibited significantly (p < 0.001, One-wANOVA) higher enzyme activity than
Luc and Luc2. This high expression level of the ODOr fusion protein 24 hours after
transfection with PEI (22 kDa) is most likely cadgsy the PEI treatment itself. PEI binds
unspecifically to negatively charged proteins, ¢éfogrhampering their functiori43). In case

of the ODD Luc fusion protein potential interactiohPEI with one of the essential proteins
for the degradation cascade of HIF could resulinraccumulation and high activity level of
ODD Luc fusion protein. Additionally PEI mediatearscription of immunological response
genes and genes of many other cellular processgels,as oxidative stress responses by the
redox-system144). Interference with the redox system is known &wehan impact on the
activation of the HIF pathwayl45, 146). This hypothesis is further supported by the, fiet

stably transfected Neuro 2a ODD Luc cells showesicbiaioluminescent signals when being
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measured several weeks after transfection, but unements shortly after the transfection
revealed that they are unspecifically induciblethoy treatment with transfection vectors. This
indicates that the event of transfection causesstand interacts with physiological cellular
pathways in a way that activates the HIF pathwalthareby induces ODD Luc levels.

As tumor cell line for generation of transgenicrde the murine neuroblastoma cell line
Neuro 2a was chosen. Neuro 2a cells are knowneoegpress the Tf-receptor, which allows
for proper targeting, and to reliably lead to wedlscularized subcutaneous tumors in A/J as
well as SCID mice, which is beneficial for systendelivery 67, 135). Additionally good
correlation betweem vitro andin vivo tests was anticipated because these cells hawelbs
been used fom vitro experiments. The mean bioluminescent signals afedliclones of each
transgenic cell line again revealed the expectéi@rdnces in signal intensity with Luc+
showing the highest intensity, followed by the éastegraded Luc2 and the less efficient Luc.
As discussed above, several weeks after the termieNeuro 2a ODD Luc cells had
recovered to physiological conditions and therefsteowed the anticipated low basic
luciferase signal intensity. One of the Neuro 2abDDDuc clones correctly responded to
deferoxamine mediated inactivation of the prolyllopdlases by an induction of the
bioluminescent signal.

In general there was a rather high variance irubitescent signal and, in case of ODD Luc,
in respond to the deferoxamine treatment betweertéli clones of each transgenic cell line.
This variance can be explained by the random iategr of one or multiple copies of
linearized DNA into the cells genome during thengfaction process. The number of copies
as well as the integration side has an impact erexipression level as well as the functionality
of the transgenelf#7-149). These effects become more distinct in monoclahah in
polyclonal cell lines and raise the possibility delect the cell clone which fits best in the

experimental protocol.

4.2 Characterization and optimization of subcutaneousiumor mouse
models

Subsequently the newly derived transgenic cell etonvere characterizeth vivo by
evaluating the growth and the bioluminescent sigmarder to assess variances compared to
the wildtype cells that might have come along dytihe selection process of the transgenic
clones.

Additionally, the selected tumor mouse model hallapecifically adapted according to the
demands of siRNA delivery studies. Therefore thilu@mce of certain protocol parameters on
the positive readout of the measurement methodchvasked and optimized.

Tumor growth was found to be unhampered by thesgame. As previously reported for

subcutaneous wildtype Neuro 2a tumors in A/J m%e %7), subcutaneous transgenic Neuro
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2a clones became palpable around 7 days afterlatmuand thereafter showed exponential
increase of tumor volume until the terminationtod experiment.

Luciferase expression levels developed similariyNeuro 2a Luc, Luc+, Luc2 and eGFP Luc
with Luc showing slightly lower expression level$iese results were anticipated as selection
of the clones with the lowest transgene expresalogadyin vitro led to similar luciferase
expression levels of all clones independently efttansgene.

As it has also been previously reported by Dicksaoa. (150), bioluminescent signals were
distinguishable as early as day 1 after inoculadiod increased exponentially according to the
tumor growth until the experiment was terminated.

In contrast to the negative readout systems, tlséiy® readout system Neuro 2a ODD Luc
revealed the desired and previousiyitro assessed low basic luciferase expression level as
well in vivo, which remained stable over the time of the expent. Due to the enhanced
number of tumor cells and additionally due to therfation of hypoxic zones within the tumor
we expected an exponential and hypoxia inducecase of expression level over the time.
On the other hand there have been several reporswer bioluminescent signals in larger
tumors that could be caused by poor penetratigub$trate into the tumor tissue, attenuation
of the signal within the tumor or alteration of ttransgenic statusl$1-153). This effect
apparently has a higher impact on the already lasicbsignal of Neuro 2a ODD Luc than on
very high bioluminescent signals such as the siggpbiNeuro 2a Luc+ or Neuro 2a eGFP Luc.
However, the high variance of the data obtainedh®yNeuro 2a ODD Luc mouse model
required additionaln vitro experiments before utilization of this mouse mofiel tests of
siRNA delivery (discussed in 4.3).

In general standard deviations were significant eskcially high for the cell clones bearing
luciferases with reduced stability, such as Newa®®D Luc and Neuro 2a Luc2. This is not
surprising given the fact that in these cases plygical pathways are involved in the
degradation process of luciferase. Those are litcelye influenced interindividually over time
thereby causing the assessed deviations. But eeemoN2a Luc revealed notable standard
deviations presumably due to the non optimizedsgaption pattern of this transgene, which
causes an overall lower luciferase activit®4). Slight changes become more distinct in case
of low than in case of abundant luciferase actiiguro 2a eGFP Luc and Neuro 2a Luc+
gave the most robust results. As a stable basiakig a crucial factor fom vivo delivery
studies further effort was done to optimize the fde2a Luc+ tumor mouse model regarding
the standard deviation.

One critical point of bioluminescent imaging thatdiversely discussed is the application
procedure of the luciferin substrate, including amto time point and application sit&5().
Typically, an amount of 150 mg/kg body weight lecifi is injected intraperitoneally 10

minutes prior to bioluminescent imaging. Pasb@l. have already shown that this procedure
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is not sufficient to evoke maximized bioluminescsighals depending on the transgenic tissue
(119). They were able to prove that either a higher amhof substrate or local application
into the transgenic tissue dramatically increaseduiminescent signal compared to the
standard procedure. Therefore 300 mg/kg body weligtiferin was used in the present
studies according to the findings of Hildebraetial. (138). Kayeartset al. examined the
effect of intravenous compared to intraperitonadissrate injection161). They showed a
shorter time-to-peak, a lower variance and a higmaximum bioluminescent level for
intravenous injection offering a better reprodudipiand sensitivity compared to the standard
procedure. These results are further supported/agget al. (154). Nevertheless no consent
has been found so far regarding the best time pdinteasurement after injectioh5{, 155).

In the present study we used A/J mice bearing twmcstaneous Neuro 2a Luc+ tumors.
Time-to-peak was almost identical after intraperal and intraveneous application of
substratebut the interindividual variation of time-to-peakthe tumors was far lower for the
intraperitoneally injected group than for the intaously injected group. Additionally the
variance between intraindividual peak signals reeairelatively stable for the intraperitoneal
group but differed remarkably for the intravenousugp.

Taken together these data indicate that in cassubtutaneous Neuro 2a tumors on the
animals flank the substrate, which is a small mdkscreaches the tumor size over the blood
stream and equallger diffusionem. Both distribution patterns appear to be equalst fand
sufficient to provide the luciferase enzyme witte theeded amount of substrate. Similar
results were observed by Parebal., in luciferin distribution studies19). The higher
intraindividual delay and variance between the tiamio the intravenously treated group
reveals a lower reproducibility compared to thedperitoneal treated group, which stands in
contrast to the findings presented by Kayaetrt. (151). A possible explanation lies within
the exclusively vascular distribution of luciferfter intravenous injection. In this case time-
to-peak depends to a higher extent onto the vassatimn level of the transgenic tumor tissue
than in the case of distributiquer diffusonem. Tumor blood vessel density as well as their
dilatation status will consecutively have a highdtuence on the time-to-peak and the peak
level and cause higher variance between indivitiuabrs.

Another parameter that can influence the outcoméioiuminescent measurements is the
position of the transgenic tissue and camera th e#er. In concordance with the accepted
assumption it could be shown in the present woak stight changes in the position can alter
the outcome of the measurement.

A major challenge for bioluminescent imaging ohggenic tumor tissue is the fact that tumor
growth develops differently in each individual, whi over time causes increasing
interindividual variances. Therefore it is gengraltcommended to use tumors as small as

possible. On the other hand successful systemiAifReatment relies on accessibility via the

66



Chapter 4: Discussion

tumor vascularisation, which is dependent on timeotusize. This conflict is solved by some
working groups by calculation of a correction fagttD5s).
In the present study a tumor mouse model with la@rindividual variance in transgenic cell
number in combination with well vascularisation wasmed at. Therefore different
modifications of the tumor mouse model were testiedad been shown in the literature that
cells being injected into tumor tissue remain ined functional 156, 157). To standardize
all animals on a certain number of transgenic caflistherefore performed injection of a
defined amount of transgenic cells into wildtypeune2a tumors. This did not lead to less
variance in bioluminescent signals. As the variamoeurred already at the first measurement
and persisted even over the exponential growthecof\the transgenic cells in the wildtype
tissue, this effect is most likely caused by vacemin the wildtype tumors regarding for
example vascularisation, tissue density or necrostich would give rise to different
implantation, growth and bioluminescence of thedtgd transgenic tumor cells.
Another effort was made to standardize the tumo and hence the bioluminescence signal
by insertion of small tumor fragments. By this nueththe variance in bioluminescent signal
could be significantly decreased. On the other héntas to be taken into account that
insertion of tumor fragments is more elaborate thgaction of transgenic tumor cells -
especially for larger groups of animals — and thos suitable for a screening protocol.
Therefore the standard method was used for furttx@eriments. But the newly assessed
method remains as a good option to standardizeimort size and bioluminescent signal if
needed.
A final aspect that has to be consideredirinvivo bioluminescent measurements is the
anaesthesia stage. Anaesthesia in imaging stuslie®os$tly done by isoflurane inhalation,
which comes along with distribution of isofluran@dughout the whole body, diminished
oxygen levels and lower body temperatures. Thosenmeters have been shown to influence
the distribution of marker molecule$58). A standardised method of animal preparation and
imaging was applied to limit the effects from thésetors. (as described in 2.7.2.1)
In conclusion, in the present work it has been shitvat in case of the A/J Neuro 2a Luc+
subcutaneous tumor mouse model the optimized wgiiatocol includes
= intraperitoneal injection of 300 mg/kg body weigntiferin
= time-to-measurement of 13.30 minutes or preferabbpuence measurements from 10 to
15 minutes
= carefully positioning of the transgenic tumor tissn relation to the camera
= standardised anaesthesia methods
Additionally insertion of transgenic tumor fragmerdame out to be a time consuming but

highly reliable protocol to prepare tumor bearinigarfor bioluminescent imaging studies.
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4.3 Utilization of mouse models for detection of effecte SIRNA
delivery

There are only a few reports on successful siRNAvely to tumor tissue by systemic
injection so far. (see 1.4) This is not exceptiotaen into consideration the obstacle of
siRNA delivery itself combined with the complexicibf successful prooin vivo. Hence,
beside the development of effective synthetic wesystems, major effort is made establishing
an appropriate screening method. In the presedy $he Neuro 2a Luc+ subcutaneous tumor
mouse model was evaluated as a very promising mfudefurther implementation for
detection of effective siRNA delivery as a negatieadout system, as good vascularisation
and overexpression of the Tf-receptor makes Newarccéls well targetable by systemic
siRNA delivery and Luc+ provides a stable enzyntevig.

Additionally the Neuro 2a ODD Luc subcutaneous tumouse model was evaluated for the

same purpose as a potential positive readout system

4.3.1 Utilization of the negative readout system (Luc+)

Reduction of bioluminescent signal in transgeniadutissue by direct targeting of luciferase
usingin vivo bioluminescent imaging as the readout techniquesbafar successfully been
proven only by Bartletét al. (105, 106) However, the main focus of this working grougslie
on the development of calculation factors to cdlyepredict the influence of certain
parameters such as cell doubling rate or applicgtiamtocol on the mediated knockdown
effect. Therefore they predominantly show a cotimtaof the predicted outcome with the
data of single individuals, which are often coreectby calculation factorsHowever,
significance tests are needed to assess the @dtehtiew siRNA delivery vectors to induce a
specific protein knockdown in the target tissue.the present siRNA knockdown studies
presumable specific as well as unspecific effeétshe treatments on the bioluminescent
readout could be shown. Treatment with Tf- PLL-DMNAMel-ss-siRNA showed a clearly
unspecific knockdown of the bioluminescent sigiztharacteristic non-bioluminescent areas
were detectable after treatment with this vectonglexed with targeting as well as scrambled
siRNA that persisted until the termination of thedy. This effect might be evoked either by
blockage of blood vessels resulting in a depletainoxygen and luciferin within the
vascularized tumor area or by local toxic effecfstlee polyplexes leading to necrosis.
However, this phenomenon was not analyzed anydudhb the aim of this study was mainly
the implementation of the mouse model and not predantly the evaluation of the siRNA
delivery systems. Significance could be proven fbe specific knockdown of the
bioluminescent signal following the treatment WithEI Succ 10 delivering siLuc. However,
these results could not be confirmed when repediiegxperiment, neither by bioluminescent
imaging nor by rtQPCR.
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Treatment with OEI-HD1/Tf-OEI-HD1 (90/10) and PEX2(kDa) did not reveal any visible
knockdown effects, nor did PLL50-PEG-DMMAnN-Mel ot [PL85-PEG-DMMAN-Mel.

This data highlights that verifying significanceoise of the most important aspects and on the
other hand one of the biggest hurdles.

In significance testing a high confidence alwaypet®ls on the signal-to-noise ratio and on
the number of individuals tested. The signal-tosaoiatio thereby stands for the treatment
mediated effect in comparison to the inherent digadation of the readoufl§9).

In order to enhance the confidence either the bigraoise ratio has to be improved or the
number of animals treated per group has to be ase As increasing the animal numbers
cannot be an infinite option due to many — mostdrtamtly ethical — reasons optimizing the
efficacy of the siRNA transfer vectors and elimingtthe random effects on the readout

parameter (variance of the readout parameter)dias the major goal.

4.3.1.1 Impact of the transfer vector

Tf-PLL-DMMAN-Mel-ss-siRNA came out of the physicommical andn vitro tests as a very
promising candidate fan vivo testing. Physicochemical ama vitro data of the very similar
PEG-PLL-DMMAN-Mel-ss-siRNA have recently been pshid by our working groub8).
Nevertheless, the already published polymer stibvwed remarkable toxicityin vivo
disqualifying it for furtherin vivo tests. Modification of the polymer with transferras
targeting ligand and shielding moiety greatly erdeghbiocompatibility without hampering its
performance in physicochemical as welliasitro tests. Hence there should be no reason for
inefficacy in siRNA deliveryin vivo. Nevertheless efficaay vivo has not been proven using
another method yet.

OEI-HD1/Tf-OEI-HD1 (90/10) was previously showngmmote a specific knockdown of the
target MRNA (Ran) in tumor celis vitro andin vivo without unspecific toxicity §7). In vivo
knockdown was therein confirmed by the therapeatfect (tumor growth reduction and
induction of apoptosis due to Ran knockdown), an ghotein level by Western Blot and on
the mRNA level by rtPCR. These findings could netconfirmed in the present work.

Slight changes within the studies protocol coulgiehan impact on the results. Tieteal.
carried out three siRNA applications every 72 hpstarting with wildtype Neuro 2a tumors
approximately 3 mm in size. In the present studgeahsiRNA applications every 24 hours
were performed, and the Neuro 2a Luc+ tumors wemoximately 7 mm in size. While
Tietze et al. targeted an endogeneous gene, a transgene \gasethin the present work.
Another aspect, that has to be taken into condiderds the tolerated w/w ratim vivo. This
ratio comes out to be nearly non effectimevitro, despite the siRNA is fully complexed by
the polymer. It has been shown in our working groegently, that free polymer is essential

for sufficient endosomal escape of the polyplexad aonsequently for siRNA delivery.
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(Alexander Philipp; data not published) It coulddygued that there is less free polymeimin
vivo tests and therefore polyplexes got stuck withie ¢imdosoms. On the other hand free
polymer and polyplexes in the blood stream do maiessarily end up in the same ceB4)(
Given the fact that the same ratio has already peaven successfiih vivo, this parameter
seems to be negligible.

bPEI Succ 10 showed an outstanding performaircevitro regarding efficacy and
biocompatibility 33). The two independent but equally perforniesdivo experiments showed
differing results. In the first series a signifitamd specific knockdown effect was detectable,
whereas in the second experiment no specific krmghdvas observed.

The reason might be that this polymer does noudelany targeting moiety. While being of
less impact regardinign vitro efficacy, targeting is known to be of extreme impoce when it
comes toin vivo performance, especially after systemic injectiachsas performed in the
present studyl@0). This and the fact of a suboptimal w/w ratio géscussed above in case of
OEI-HD1/Tf-OEI-HD1 (90/10)) might hamper the effeaty of bPEI Succ 10n vivo when
compared ton vitro data resulting in a very low effect near the digdedimit.

For the second experiments rtQPCR data supportrébelts that were obtained by the
bioluminescent study, for the first experiments amifnately no rtQPCR readout was
performed.

PEI (22 kDa) exhibits rather high unspecific toxaffects in proportion to the specific
knockdownin vitro. Its effectivity for siRNA delivery has recently éxe investigatedn vitro

as well asn vivo (38, 161, 162). Nevertheless its performance might be hampdrechuse it
does not have a targeting moiety and additionaibks to the reticuloendothelial organs such
as lung and liver.

PLL50-PEG-DMMAN-Mel and PLL185-PEG-DMMAnN-Mel are me similar to PLL-PEG-
DMMAnN-Mel, but are - due to the exchange of undefirPLL to PLL with a certain chain
length (PLL50, PLL185) - better defined and hengpp®sed to be better biocompatible. As
intratumoral injection in a mouse model bearing Me&uro 2a Luc+ tumors was planned and
the polyplexes were not assumed to end up in atioun, modification of these polymers with
a targeting ligand as well as conjugation of tHeN# to the polymer were skipped. But it
could be proven by Meyett al. (58) that intratumoral injection of PLL- PEG-DMMAnN-Mel
ss-siRNA in Neuro 2a tumors due to the distingudsti@scularization consecutively leads to
systemic distribution. Hence PLL50-PEG-DMMAN-Mel darPLL185-PEG-DMMAN-Mel
could as well have been distributed throughout libdy. On the one hand they could —
without a targeting moiety - not specifically attato the tumor tissue on the other hand these
polyplexes might be subject to fast dissociationtie blood stream. Therefore without
targeting and conjugated siRNA payload, no speeiffects can be presumed after entrance

into the circulation. Additionally both tumors withone mouse had been treated, the first one
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with target siRNA, the second one with scramble’N#. Given the event of systemic
distribution of target as well as scrambled polypke the effects could possibly have been
neutralized.

Beside the individual aspects, that have to beidered, in general the higher dilution of the
polyplexes within the bloodstream compared to iheason in the cell culture medium can
have an impact on the performance. In principheyitro data andn vivo data are hardly
comparable. Therefore an evaluatadivo screening method would be needed to precisely

assess the performance of the newly developed tomase models.

4.3.1.2 Impact of the measurement method

As described above inherent signal variations ef thadout parameter can influence the
reliability of the resulting data. The A/J Neuro Rac+ tumor mouse model reveals such
inherent variances in the bioluminescent readoutised for example by intrinsic
inhomogenities in the group due to tumor size @cuéarisation level or by minor changes
within the measurement protocol. Despite the effbet was made in order to precisely
optimize and thereafter perform the measuremenbpobas discussed in 4.2, variances could
not be diminished in the utilization studies.

They seemed to be randomly affected by mock asasethrgeted treatments. This assumption
was further supported by the rtQPCR data, whiclealad an unspecific effect — both
inductive and reductive — on the Luc+ mRNA levefteratreatment with bPEl Succ 10,
whereas the mRNA levels of untreated animals wiatdes After treatment with PLL50-PEG-
DMMAN-Mel and PLL185-PEG-DMMAN-Mel Luc+ mMRNA levelswere induced
unspecifically in comparison to the untreated grolipis effect was detectable to a far less
extent for the Ran mRNA levels. This differencenwssn unspecific effects on the expression
of a transgene or of an endogeneous gene coulkpteEreed as follows.

Transfection efficacy with synthetic vectors isatelely low when compared to the viral
transfection and stably integration of the transgencurs only in rare cases. Even stably
transgenic cells very likely loose their transgahenot constantly kept under selection
pressure. While this is not a major conciritro maintenance of selection pressure is not
easily possiblén vivo. Therefore there is a reasonable chance that ebthe tumor cells will
loose their transgene during the phase of the exp@ growth of the tumor. Depending on
the number of cells and the time-point of this eyéimose “wildtype” cells will distort the
readout. A mixed tissue of “wildtype” and transgetiimor cells could explain the higher
variance of luciferase to housekeeper ratio in @nspn to Ran to housekeeper ratio in
rtQPCR. However, the unspecific perturbation of B@uminescent signals as well as the

Luc+ mRNA levels after any treatment is not expddile by a mixed culture.
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A reason for this could be the influence of thenpoter. In Neuro 2a Luc+ the transgene is
controlled by the CMV promoter. This promoter islum to be highly susceptible to silencing
in vivo (163-165). The enhancement of CMV promoter activity wasvaimdao be - amongst
others - mediated by MB (166-168). NF«B is connected to the immune system and known
to be activated by certain growth factors, cytokirfior example TNF alpha, IL-1beta) and
antigens, such as double-stranded RNIB9{171) By those stimuli a strong activation or even
reactivation of the CMV promoter after silencingnediated by intervention of NB (172).
Consequently every treatment that is able to indbeeimmune system might induce NB~
and therefore activate or reactivate the CMV pranot

Given the fact that the luciferase transgene itsalfses antibody formation, which means
immune stimulation, the CMV promoter is subjectctinstant inactivation, reactivation and
hyperactivation. Taken the several other trangonpfactors into account that are involved in
mediation of the promoter activity such as CREB/ANF-1 (173), AP-1 (167), SP 1 174)
and MDBP (75, 176) the influence of the polyplex treatment on thas@&scription factors
cannot be predicted. Therefore every transgeneesgjn which is driven by the CMV
promoter will be subject to unpredictable changesvo, especially after interference with the
immune system or cellular signalling pathways, éxample by polyplex treatment. This
consequently disqualifies CMV promoter driven lecifse as a tool for proof of successful
SiRNA delivery.

Summarizing the implementation studies of the riegateadout tumor mouse model, it
became apparent that it was mostly not possiblsignificantly prove the efficacy of the
tested synthetic siRNA delivery vectors. Significamsults could either be obtained by
optimization of the transfer vectors performancépreradication of the random variance of
the models basic signal.

As the performance of the transfer vectors natuialhot predictable and even lower efficacy
should be detected, suppression of the basic sigmance had to be aimed at.

This goal cannot be reached using the A/J Neurbu2a model, because the CMV promoter
is influenced by a variety of physiological pathwagnd drives luciferase expression in a
random pattern.

Even if the Luciferase transgene construct providedtable signal without variance, the
evaluation of knockout after systemitvivo delivery would be difficult. Established tumor-
targeted transfection systems usually reach ordsnall fraction of the target tumog,(177).
While in case of DNA delivery studies the introdantof luciferase genes into few (e.g. 10%)
of the wildtype tumor cells would result in a vestyong luciferase signal, a similar (e.g. 10%)
reduction of luciferase in a transgenic tumor woltddly be measurable. Therefore positive
readout systems, where silencing induces (not exjuluiciferase, are required (see next

section).
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4.3.2 Utilization of the positive readout system (ODD Lu}

Induction of bioluminescent signal in transgeniméu tissue by SIRNA mediated targeting of
a repressor protein of luciferase usingivo bioluminescent imaging as the readout technique
has not been proven so far. In the present stidslifferent approaches based on ODD Luc
as reporter gene were followed. The first was thelémentation of Neuro 2a ODD Luc cells
as subcutaneous tumors in A/J mice. The secondheasvaluation of an existing ODD Luc

transgenic mouse strain expressing the transgeseiy tissue.

4.3.2.1 A/J Neuro 2a ODD Luc tumor mouse model

SiRNA delivery testsn vitro using bPEI Succ 10 as a transfer vector were aiaduo assess
the inducibility of the Neuro 2a ODD Luc cells tyetspecific knockdown of certain essential
proteins of the HIF1lalpha degradation cascade. Ténesaled an unspecific inducibility of the
system independently of the siRNA sequence. Thiscefwas covered by a pronounced
knockdown effect when the luciferase was direciigéted by siLuc+. In contrary, targeting
essential proteins of the degradation cascade cwmildnhediate a further induction compared
to the treatment with scrambled siRNA.

As discussed above treatment with PEI (22 kDa)dleshdy shown inducibility of the Neuro
2a ODD Luc system by the treatment itself. In tlmespnt study this effect was as well
observed for the treatment with bPEI Succ 10, wisgch modification of bPEI. Hence it is
very likely that the same mechanisms — namely &tésn with essential proteins, mediation
of gene transcription and activation of oxidatiteess responses — are responsible for the
unspecific signal induction.

Additionally treatment with deferoxamine shouldesssthe correct inductive response of the
ODD Luc system to interruption of the degradatiascade. Deferoxamine causes a depletion
of iron (178). Because iron is an essential cofactor of thdyjmgdroxylases, they are
inactivated, and the degradation cascade is stoppad effect could not been proven as
deferoxamine turned out to be toxic on Neuro 2a QDD cells. Leest al. as well observed
toxicity of deferoxamine on neuronal cell lines dodind it to be independent of the iron
depletion but due to the production of hydroxylicats and intracellular Ga release 179).
Taken together the unspecific inducibilityvitro and the random signal variances within the
untreated A/J Neuro 2a ODD Luc tumor mouse madefvo, this model was not used for

further implementation in siRNA delivery studies.

4.3.2.2 ODD Luc transgenic mouse strain

Primary fibroblasts derived from a heterozygous ODI2 transgenic mouse were used for
firstin vitro siRNA delivery tests.
In contrast to the Neuro 2a ODD Luc cells, in ODmMcLfibroblasts treatment with

deferoxamine was well tolerated, and the cells aedpd with a pronounced induction of
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bioluminescent signal as it had been describeddfsaBet al. (133). In accordance with the
effects observed on Neuro 2a ODD Luc, treatmerit giituc+ resulted in a clear reduction of
the bioluminescent signal, whereas scrambled siRNAlot mediate any effect.

Most importantly the ODD Luc fibroblasts could deown to be inducible by knockdown of
PHD2, but not by knockdown of VHL. Wet al. already discussed that specific silencing of
PHD?2 is sufficient for stabilizing HIF1lalpha anccieasing its transcriptional activityt31).

In the present study this could as well be prowente ODD Luc fusion protein.

In contrary it was surprising, that treatment wsiRNA targeting VHL should not interrupt
the HIF lalpha degradation cascade and causea sigaction.

It is well known, that knockout of VHL in differertell lines leads to accumulation of HIF
lalpha comparable to hypoxic conditiori8®). Meanwhile it is frequently discussed, that
VHL additionally plays its role within many physagical pathways. VHL has been
implicated in extracellular-matrix formation as Wwels in stabilisation of the cellular
microtubules 181, 182). Particularly in case of murine fibroblasts VHEepletion has been
shown to impair growth183), initialize a senescence prograriB4) and cause spindle
misorientation and chromosomal instability8%). Those results indicate that beside
accumulation of HIF lalpha versatile effects camsaliated by VHL depletion which seem
to have variable impacts on different cell linesthiNfespect to murine fibroblasts — as have
been used in the present study — VHL depletionltesslin severe intervention with cell
growth and viability. Such a condition — despitblsthal — could definitely have an impact on
expression and accumulation of the ODD Luc fusiamigin.

In summary, PHD2 came out to be a promising taiggetrther investigationn vivo.

siRNA deliveryin vivo was performed by hydrodynamic delivery of the mh&RNA into the
animals. This technique resulted in an unspedcifiuction of bioluminescent signal, as had
been observed similarly in Neuro 2a ODD Luc cells.

Hydrodynamic delivery is known to be a highly eifist method for delivery of naked siRNA
predominantely to the live89, 140, 186). On the other hand damage of liver cells has been
reported that naturally comes with the large volumjected. Increase of ALT serum levels
indicating the cellular damage became apparent Rtutes after injection and dropped
significantly 24 hours after injectiori§7-189). Coming along with this cellular damage an
immunogenic reaction occurs, which on the one hzam interfere with the cellular redox-
system and on the other hand with the CMV promotehe transgene. Intervention with the
redox-system could mediate an induction of theummhescent signal by activation of the HIF
lalpha pathway, whereas dysregulation of the CMdfmmter due to immunogenic stimuli
would lead to diverse transgene expression. A adiore of the cellular damage to the
unspecific induction of the bioluminescent signalfurther supported by the fact, that the

induction of the mock treated group lasted for 2dirs after injection, whereas the induction
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of the target treated group was even increased 48eours. This indicates that there is a
specific signal induction which is partly covergddn unspecific induction coming along with
the liver damage.

This in general proves the positive readout sydiemational. However, overall it has to be
stated, that the high sensitivity of this systemptiysiological parameters such as oxygen
saturation, immunogenic responses and cellularwsgth hampers its utility for siRNA

delivery studies.

75



Chapter 5: Summary

5 Summary

Nucleic acid-based therapy holds tremendous proimiske treatment of many genetic and
acquired diseases by delivering therapeutic nuaeids into patients. Within nucleic acid-
based therapy a tool that has newly emerged butlhesdy gained high importance is siRNA
mediated therapy.

As siRNA is subject to fast degradation in the bl@ream when being injected unprotected,
the employment of the siRNA technology for therafesettings requires the development of
effective siRNA delivery vector systems. In orderoptimize the delivery vectors amvivo
screening method for the proof of efficacy of trewly modified vector system is urgently
needed.

Bioluminescence imaging using firefly luciferaseths light emitting enzyme is considered
the most advantageous technique for this purposeentheless the measurement protocol as
well as the employment of firefly luciferase faaeany problems, especially in transgenic
tumor models. The accurate selection of the ap@tsptransgene and the careful adaptation
of the tumor mouse model to the specific demandsRINA delivery studies are crucial steps
within the developmental process towards an ap@tgin vivo screening method.

This thesis aimed at the establishment of tumor seomodels based on firefly luciferase
expressing murine neuroblastoma cells where siRiggédred silencing should either reduce
(negative readout system) or induce (positive readystem) the luciferase signal in the
tumor. For the negative readout system, fireflyiferase enzymes that differ regarding
expression intensity and half-life (Luc, Luc+, LyicRere evaluated. A fusion product of an
oxygen-sensitive HIF1 alpha fragment and fireflgiferase (ODD Luc) was tested as positive
readout system. For this purpose also an availahesgenic mouse strain (FVB ODD Luc)
was tested expressing this hypoxia-inducible fireftiferase system in every tissue.

The plasmids encoding for the appropriate transgeneer the control of the CMV or SV40
promoter were at first tested on expression intgrsid thereafter stably transfected on Neuro
2a cells. Subsequently the newly derived transgeglicclones were characterized in A/J mice
regarding tumor growth capacity and developmenthef bioluminescent signal. The A/J
Neuro 2a Luc+ subcutaneous tumor mouse model wddote out as the most reliable system
was chosen for further optimization and implemeaoiatfor siRNA delivery studies.
Additionally the A/J Neuro 2a ODD Luc subcutanedumor mouse model was utilized.
Effort was made to discover proper siRNA targetege(PHD2, VHL) for specific induction
of this system in case of successful siRNA delivery

Optimization studies revealed the importance oftandardized anaesthesia protocol and

animal positioning. For the generation of reprobleci data also the timing of the
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intraperitoneal application of the substrate withappropriate distribution time of 13 minutes
was important.

In vivo studies using the negative readout system revedled despite the optimized
measurement protocol the performance of the syssestill hampered by a high random
variance of the basic bioluminescent signal. Thisance could to a high extent be caused by
a dysregulation of the CMV promoter towards variaxperimental treatments, thereby
unspecifically modulating thie vivo transcription of the transgene.

Implementation studies using the positive readgatesn demonstrated a too high extent of
RNAi-independent, unspecific induction of the hygeresponsive Neuro 2a ODD Luc tumor
system in respond to various treatments.

For the ODD Luc transgenic mouse strain inducipiliif the system in case of siRNA
mediated knockdown of PHD2 (but not in case of Vkiockdown) could be shown on
primary ODD Luc fibroblasten vitro. In vivo this effect was partly hampered by an unspecific
induction of the bioluminescent signal. This reswthis mainly due to the rather rough
technique of hydrodynamic delivery of siRNA to theer. In summary, the positive readout
system was functional but too sensitive to distodea of physiological parameters to be

successfully employed for siRNA delivery studies.
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6 Zusammenfassung

Durch die Anwendung von nukleinsdurebasierten Thiefarmen verspricht sich die
biomedizinische Forschung gewaltige Fortschrittedee Behandlung von angeborenen sowie
erworbenen Krankheitsbildern. Die Anwendung vonNs#Rist ein in diesem Gebiet neu
entwickelter jedoch bereits sehr wichtiger Ansatz.

Da ungeschiitzt in den Blutstrom eingebrachte siRH#r schnell degradiert wird, kommt der
Entwicklung von Transfervektoren fur den Transpayh siRNA eine grof3e Bedeutung bei
der Implementierung dieser Technik flr Therapietmesau. Um die Effektivitdt der neu
entwickelten oder modifizierten Transfervektoren (nganismus testen zu kénnen, wird
dringend einen vivo Screeningmethode bendotigt.

Hinsichtlich dieses Ziels hat sich die bioluminegeeBildgebung auf Basis der Lichtemission
der Firefly Luciferase als am ehesten zielfihremdesen. Trotzallem ist selbst diese Technik
beziliglich des genauen Messprotokolls und des veeten Luciferaseenzyms
problembehaftet — insbesondere bei der Anwendurigimor-Maus-Modellen. Deshalb sind
sowohl die sorgféltige Auswahl des geeigneten Tganes als auch die exakte Anpassung des
Messprotokolls an die Anspriiche beim Nachweis viiRNA Transfer duferst wichtige
Schritte innerhalb des Entwicklungsprozesses eém@so Screeningverfahrens.

In der vorliegenden Arbeit wurde parallel die Emikiing eines Systems mit reduziertem
biolumineszenten Signal nach erfolgreichem siRNAanBfer sowie eines Systems mit
induziertem biolumineszenten Signal vorangetrieli®gide Systeme wurden in Form von
subkutanen Tumor-Maus-Modellen etabliert. Im Fa#ls dinduzierbaren Systems wurde
zusatzlich ein transgener Mausestamm getestet.

Als reduzierbares System wurden verschiedene FordeenFirefly Luciferase, die sich
hinsichtlich ihrer Expressionsaktivitat sowie deallbivertszeit unterscheiden, herangezogen.
Das induzierbare System basierte auf einem Fugiodgkt des sauerstoffabhéngigen
Fragments von HIF1 alpha mit der Firefly Luciferase

Entsprechende flr diese Transgene kodierende Rlasmirden zunéchst hinsichtlich ihrer
Expressionsaktivitat tberprift und dann stabilas ¢denom von murinen Neuroblastomzellen
integriert.

Im Folgenden wurden die neu gewonnenen transgeabkiche als subkutane Tumoren in
A/J Mausen etabliert und auf Wachstumsrate sowiéviEklung des biolumineszenten
Signals uberprift.

In diesen Versuchen stellte sich das subkutane Médiro 2a Luc+ Model als am
zuverlassigsten hinsichtlich des biolumineszentasig®ignals heraus und wurde daher fir die
weitere Optimierung sowie erste Anwendungsversudiie siRNA Transferstudien

herangezogen. Zusatzlich wurde auch die Anwendesgsdbkutanen A/J Neuro 2a ODD Luc
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Modells weiter vorangetrieben. In diesem Zusammeghaurde besonderer Augenmerk auf
die Evaluierung geeigneter Zielgene (PHD2, VHL) Zoduktion des biolumineszenten
Signals nach erfolreichem siRNA-basiertem Knockdgelegt.

In den Optimierungsstudien konnte gezeigt werdeagsdder strengen Einhaltung eines
gleichbleibenden Narkoseprotokoll sowie einheiticlagerung der Tiere eine grof3e Rolle
bei der Auswertbarkeit der Ergebnisse zukommt. ap#ritoneale Injektion eines
Uberschusses an Substrat und entsprechend langydiienszeit von 13 Minuten erwiesen
sich als wichtig fiir die Generierung maximaler Bioineszenzsignale.

Erste Anwendungsstudien mit dem reduzierbaren B8ystegten offen, das die
Aussagefahigkeit dieses Systems trotz sorgfalggrassung des Messprotokolls noch immer
durch die hohe Schwankungsbreite des Grundsignasiniachtigt wird. Da diese
Schwankungsbreite hdchstwahrscheinlich durch eiysdgulation des CMV Promotors, der
die Ablesung des Transgenes steuert, ausgelost wirceine weitere Verbesserung des
Models ausgeschlossen.

Bei den ersten Anwendungsstudien des induzierbdmatellsin vitro wurde fur die Neuro 2a
ODD Luc Zellen eine unspezifische Induzierbarkess diolumineszenten Signals durch die
Behandlung festgestellt.

Auf den primaren ODD Luc transgenen Fibroblastea,vdr fir erstein vitro Versuche aus
der transgenen Mauslinie gewonnen hatten, konme @&ignalinduktion durch siRNA-
basierten Knockdown der PHD2 (nicht aber durch dkdown von VHL) erreicht werden.
Dieser Effekt wurde jedoch bei der nachfolgenderwé&mdungin vivo zum Teil von
unspezifisch induktiven Effekten Uberlagert. Zwarwlie gewahlte Behandlungsmethode des
Einbringens von siRNA mittels Hochdruckinjektionhsénvasiv; das induzierbare System
erwies sich aber, obgleich vom Grundsatz funktipnalich insgesamt als zu anfallig
gegenlber physiologischen Verdnderungen, um al$weismethode fur siRNA Transfer

angewendet werden zu kdnnen.
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7 Appendix

7.1 Supplements
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Figure 7.1.11n vivo siRNA reporter gene silencing of OEI-HD1/Tf-OEI-HD1 (90/10) on
Neuro 2a Luc+ in A/J mice normalized to the basicalue.

AlJ mice bearing ~ 150 mimNeuro 2a Luc+ tumors were measured over two days b
bioluminescence imaging. The mean of the resultthefe two measurements was set as
100% and presented on day 1. Thereafter the treatwas performed by three intravenous
injections at three consecutive days of 2.5 mgetagiRNA (siLuc) or scrambled siRNA
(siControl) respectively (n = 7) (w/w: 0,5/1) Onegp remained untreated. The effects on the
bioluminescent signals were evaluated for the nbrte days by daily bioluminescence
imaging and normalized to the basic value befaatiment.
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Figure 7.1.21n vivo siRNA reporter gene silencing of bPEI Succ 10 ondliro 2a Luc+ in

A/J mice normalized to the basic value.

AlJ mice bearing ~ 150 mimNeuro 2a Luc+ tumors were measured over two days b
bioluminescence imaging. The mean of the resultthefe two measurements was set as
100% and presented on day 1. Thereafter the treatwes performed by three intravenous
injections at three consecutive days of 2.5 mgetagiRNA (siLuc) or scrambled siRNA
(siControl) respectively (n = 7) (w/w: 2/1). Oneogp remained untreated. The effects on the
bioluminescent signals were evaluated for the nbrte days by daily bioluminescence
imaging and normalized to the basic value befaatiment.
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Figure 7.1.31n vivo siRNA reporter gene silencing of bPEI Succ 10 ondliro 2a Luc+ in

A/J mice normalized to the basic value.

A/J mice bearing ~ 150 mitNeuro 2a Luc+ tumors were measured over two days b
bioluminescence imaging. The mean of the resultthe$e two measurements was set as
100% and presented on day 1. Thereafter the treatwas performed by three intravenous
injections at three consecutive days of 2.5 mgetasggRNA (siLuc) or scrambled siRNA
(siControl) respectively (n = 14) (w/w: 2/1). Onerogp remained untreated. The
bioluminescent measurement was performed dailyothours after the last treatment and
the signals were normalized to the basic valuerbdfeatment. Thereafter seven animals were
euthanized and seven animals remained for biolusnare imaging up to three days after the
last treatment.
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Figure 7.1.41n vivo siRNA reporter gene silencing of PEI (22 kDa) on &uro 2a Luc+ in

A/J mice normalized to the basic value.

AlJ mice bearing ~ 150 mimNeuro 2a Luc+ tumors were measured over two days b
bioluminescence imaging. The mean of the resultthefe two measurements was set as
100% and presented on day 1. Thereafter the treatwas performed by three intravenous
injections at three consecutive days of 2.5 mgetagiRNA (siLuc) or scrambled siRNA
(siControl) respectively (n = 7) (w/w: 1/1). Oneogp remained untreated. The effects on the
bioluminescent signals were evaluated for the nbrte days by daily bioluminescence
imaging and normalized to the basic value befaatiment.
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7.2 Abbreviations

ALT
AST
bPEI
BSA
CCD
cDNA
CMV
CT
DMMAnN
DNA
EGF
eGFP
EPO
FIH
GFP
GTP
HIF
HSV
INOS
LDH
Mel
min
MRI
MRNA
NIR
nu/nu
ODD
OEl
pDNA
PCR
PEG
PEI
PET
PHD
PLL
PLL50

alanine aminotransferase

aspartate aminotransferase
branched polyethylenimine

bovine serum albumine
charge-coupled device
complementary desoxyribonucleic acid
cytomegalovirus

computer tomography
2,3-dimethylmaleicanhydride
desoxyribonucleic acid

epidermal growth factor

enhanced green fluorescent protein
erythropoietin

factor inhibiting hypoxia inducible factor
green fluorescent protein
guanosine triphosphate

hypoxia inducible factor

herpes simplex virus

inducible nitric oxide synthase
lactatdehydrogenase

melittin peptide

minute

magnetic resonance imaging
messenger ribonucleic acid

near infrared

NMRI nude

oxygen depending domain
oligoethylenimine

plasmid desoxyribonucleic acid
polymerase chain reaction
polyethylenglycol

polyethylenimine

positron emission tomography
prolyl hydroxylase domains
poly-L-lysine

poly-L-lysine with 50 lysine monomer units
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PLL185
RFP
RISC
RNA
rnNQPCR
SCID
sec
siRNA
shRNA
SPECT
SPIO
SV

Tf
TNF alpha
QD
VEGF
VHL

poly-L-lysine with 185 lysine monomer units
red fluorescent protein

ribonucleic acid induced silencing complex
ribonucleic acid

real time quantitative polymerase chaictiea
severe combined immunodeficiency
second

short interfering ribonucleic acid

short hairpin ribonucleic acid

single photon emission computed tomography
super-paramagnetic iron oxide

simian virus
transferrin

tumor necrosis factor alpha

guantum dot

vascular endothelial growth factor

von Hippel-Lindau factor
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