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1 Abstract

The use of reporter systems has become a central method for research in molecular
biology. In these, a promoter that is sensitive to a biological process is coupled to an
output gene whose expression is easy to detect. Since the molecular discovery of firefly
luciferase and green fluorescent protein, luciferases as well as fluorescent proteins have
become standard equipment in reporter systems. Often, such systems are employed to
uncover the activity of signalling pathways, such as the Wnt, Hedgehog or Notch
pathway. Additionally, specific constructs can be utilized to analyse processes in vivo,
using imaging techniques.

In this work, we develop reporter constructs for visualizing the activity of the three
central developmental pathways Wnt, Hedgehog and Notch. For this, we design
fluorescent as well as luminescent reporter constructs for each pathway. The generated
single-pathway reporters are tested and compared to constructs already described in the
literature. After their successful evaluation, we develop and clone a fluorescent and a
luminescent multi-pathway reporter construct that each include reporters for all three
pathways, and rigorously investigate their performance. In another project, we employ
multimodal fluorescence and bioluminescence imaging to visualize the in vivo growth as
well as the transfection efficiency of fluorescently labelled breast cancer metastases in
the lung. Lastly, we develop and evaluate an approach to facilitate easy and reproducible
generation of polyplexes, a non-viral gene delivery vehicle, for in vitro and in vivo
purposes.

The broad spectrum of reporter systems employed allows a detailed discussion of e.g.
fluorescent proteins and luciferases as reporter genes, as well as the promotor
performance in terms of specificity and sensitivity. Also, we discuss how to improve our
reporter constructs in follow-up projects, and give an outlook on the future utilization of

such constructs for the identification and evaluation of novel therapeutic substances.



2 Zusammenfassung

Reportersysteme sind mittlerweile ein  fundamentaler Bestandteil der
molekularbiologischen Forschung. In solchen Systemen wird ein Promotor, der auf einen
biologischen Prozess reagiert, mit einem Output Gen gekoppelt, dessen Expression leicht
zu detektieren ist. Seit der Entdeckung der Firefly Luciferase und des Green Fluorescent
Protein werden fluoreszente Proteine sowie Luciferasen sehr haufig in Reportersystemen
verwendet. Oft werden solche Systeme eingesetzt, um die Aktivitat von Signalwegen zu
untersuchen. Ebenso kénnen bestimmte Konstrukte auch zur Analyse von Prozessen in
vivo mittels bildgebender Verfahren verwendet werden.

In dieser Arbeit wurden Reporterkonstrukte generiert, um die Aktivitdt der drei
entwicklungsbiologisch zentralen Signalwege Wnt, Hedgehog und Notch zu visualisieren.
Hierfir wurden fir jeden Signalweg fluoreszierende sowie Iumineszierende
Reporterkonstrukte erstellt. Die daraus entstehenden Reporter fiir einzelne Signalwege
wurden dann mit bereits in der Literatur beschriebenen Konstrukten verglichen. Nach
erfolgreicher Evaluierung wurden Multi-Signalweg-Reporter kloniert und evaluiert,
welche alle drei Signalwege auf einmal detektieren kénnen, und zwar jeweils einen aus
fluoreszierenden Proteinen und einen aus Luciferase-Reportern. In einem weiteren
Projekt wurde Fluoreszenz- und Biolumineszenzimaging eingesetzt, um das in vivo
Wachstum und die Transfektion von fluoreszenzmarkierten Brustkrebszell-Metastasen in
der Lunge zu visualisieren. Letztendlich wurde eine Methode, mit der einfach und
reproduzierbar Polyplexe fiir nicht-virale Transfektion in vitro und in vivo hergestellt
werden konnen, evaluiert.

Das breite Spektrum der gesamt verwendeten Reportersysteme erlaubt eine
detailreiche Diskussion, wie etwa einen Vergleich von fluoreszierenden Proteinen und
Luciferasen, sowie die Eignung der benutzten Promotoren in Bezug auf Spezifitdt und
Empfindlichkeit. Zuletzt wird diskutiert, wie die generierten Reporterkonstrukte in
nachfolgenden Projekten optimiert werden kénnen, und ein Ausblick auf die Nutzung
solcher Konstrukte zur Identifizierung und Evaluierung neuer therapeutischer Wirkstoffe

gegeben.



3 Introduction

3.1 Part One: Reporter systems

The observation of living systems is the driving force of biology. In molecular biology
specifically, it is hard to observe most events directly, and scientists often resort to
lysing, fixing or, more generally, sacrificing the object of study to investigate it further. A
workaround for this challenge are so-called reporter systems. In a reporter system, a
biological signal is re-routed to an output that can be more readily measured, for
example a visible entity. As such, reporter systems offer a method of observing
molecular processes, such as gene expression or regulation, often also in living specimen.

On the molecular level, a reporter in molecular biology is a dedicated DNA construct
that consists two parts. A signal receiver, such as a promotor that is sensitive to the
process to be investigated, regulates expression of the output (1, 2). The second part,
the output reporter gene, is matched to the organism of study, as it ideally should not
appear endogenously (3), and should be closely tailored to the experimental setup.

Often, genes with special optical properties are chosen, as we will see further below.

3.1.1 Promoters in reporter constructs

Comparing a reporter construct to a piece of computational code, a promoter acts like
an “if” condition: it determines if the downstream reporter gene is expressed. As such,
the choice of promoter is connected to the question of what is investigated.

One method of obtaining such promoters is to use existing promoter regions that are
involved in the process of interest, which is thought to approximate the native gene
regulation (4). Examples for this are the PTCH1_WT (5) with a length of 1.3kb. To
identically copy a promoter is often challenging. For example, transcriptional regulation

in mammals is typically governed by core, proximal, and distal promoter sequences,



whose genomic distance can be considerable, often ruling out a complete replication of
these structures for experimental approaches (6).

As an alternative, promoters can also be designed. Normally, such synthetic
promoters consist of a so-called minimal promoter, to which several repeats of relevant
transcription factor (TF) or enhancer binding sites are added (7). Frequently used
minimal promoters often show considerable expression strength on their own and
possess characteristics that simplify experimental work, such as a short overall sequence.
They include viral promoter elements, such as the simian virus SV40 promoter,
mammalian promoter sequences such as the murine 3-phosphoglycerate kinase
promoter (PGK), or engineered sequences (8, 9).

Synthetic promoters thus offer a parsimonious approach to identify the action of
specific TFs when used in a reporter construct. Also, the usage of multiple TF binding
sites gives rise to comparatively sensitive systems. To give examples, the synthetic
promoter of the Wnt pathway reporter construct TOPFlash consists of a TATA-Box as
minimal promoter, with seven TCF/LEF binding sites, totalling around 170 base pairs (10).
4xwtCBF1Luc, a synthetic Notch pathway reporter construct, incorporates a promoter
consisting of four CBF1-binding sites and the basal simian virus-SV40-promoter, and has
a total size of around 350 base pairs (11).

In a study, the synthetic 12GLI-RETKO-luc reporter construct, consisting of twelve GLI-
binding sites and a basal thymidine kinase promoter, encompassing 500 base pairs, while
the PTCH1 promoter fragment, which included two GLI-binding sites, contains about 4.3
kilobase pairs (12). The performance of the synthetic promoter far exceeded that of the
native promoter fragment in this publication. Additionally, small reporter gene sizes are
preferable for some approaches, such as lentivirus generation, as we will see further
below.

For some applications, such as the permanent labelling of a subtype of cells for in vivo
imaging, a continuous expression of the reporter gene may be desired. So-called
constitutive promoters, such as the promoters of the immediate-early cytomegalovirus
(CMV) or the human elongation factor 1a-subunit (EFla), are often utilized. Varying in
their expression strength, silencing profile and base pair length, they also need to be

chosen carefully (13).



3.1.2 Bioluminescent and fluorescent protein reporter genes

After choosing the process to be investigated by selecting a promoter, the choice of
the reporter gene is related to the question how a process is investigated. The expressed
protein will be the measured entity, and its properties and kinetics heavily influence the
experimental methodology. The first reporter genes were mostly metabolic agents,
facilitating enzymatic reactions that did not exist in the target cells. The research on the
Escherichia coli lac operon gave rise to modified B-galactosidases, which can be
considered to be the earliest reporter genes (14). Before today’s systems,
chloramphenicol acetyltransferase (CAT) was widely employed. For its evaluation,
chromatography, or extraction procedures needed to be applied (3). Harnessing the
bioluminescence of the firefly Photinus pyralis by isolating its luciferase advanced the
field considerably, enabling for example luminescence-based high-throughput methods
(15, 16).

Luciferases are enzymes which release a photon upon catalysing the oxidation of their
substrate, generally called luciferins. As of now, several luciferases can be employed as
reporter genes, varying in e.g. their needed substrates, kinetics, wavelength of emitted
photons, and cellular localizations. Firefly luciferase (FLuc) uses D-luciferin, is ATP
dependent, and displays a lasting glow kinetic in most assays when CoASH is added (17,
18). Several luciferases originate from marine organisms, as bioluminescence is wide-
spread in oceanic ecosystems. There, it serves as rapid long-distance directional
communication system, especially for small and/or deep-sea organisms (19). The
crustacean Gaussia princeps’ Gaussia luciferase (GLuc) requires the substrate
coelenterazine, which is the most frequently luciferin used in marine organisms. GLuc is
ATP independent, and emits a more blue-shifted light, as do many marine luciferases of
deep sea organisms. Also, GLuc is secreted by cells, and displays a rapid flash-kinetic (18).
Natural luciferases have also been engineered to possess enhanced characteristics. For
example, NanoLuc (NLuc), a modified version of the sea shrimp Oplophorus gracilirostris’
luciferase, shows exceptional brightness, uses furimazine as substrate, is blue-shifted,
and requires no ATP. In contrast to GLuc, is shows glow kinetics (20). These different

properties of luciferases allow parallel usage in one assay, so-called multiplexing.
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Bioluminescent assays have a negligible background and thus a higher signal-to-noise
ratio, a higher dynamic range, and are employed for in vivo imaging and reporter gene
assay screens, for example in drug discovery (21).

The palette of reporter genes was further considerably expanded with the discovery
of green fluorescent protein (GFP) as fluorescent tag of the jellyfish Aequorea victoria
(22). Today, a multitude of fluorophores exist, spanning from blue to far red emission,
modified to enable diverse experimental techniques, and research is ongoing intensely
(23). When choosing fluorophores, autofluorescence of the entity investigated has to be
considered (24), which is generally negligible for luciferases. As especially the water and
lipids in tissues absorb less light in the so-called “optical window” between 650 nm-950
nm, far-red fluorophores such as iRFP720 can also be utilized for in vivo imaging (23, 25).
The simultaneous use of several fluorescent proteins is possible, but care has to be taken
to successfully combine the excitation and emission profiles. In flow cytometry, the
method of spectral compensation is routinely used, but not without pitfalls (26), as will
be discussed in detail further below. Fluorophores remain a standard tool for microscopy
and flow cytometry, especially for subcellular and molecular investigations (27).

Taken together, the choice of the reporter gene generally depends on the
experimental method employed for signal readout. Combinations of reporter genes to
track several biological processes at once are possible by utilizing different promoters
and reporter genes, and special care has to be taken to combine reporter genes that can

be experimentally well distinguished.

3.1.3 Reporter systems for assessing protein-protein-interactions: BRET and FRET

The special properties of bioluminescent and fluorescent proteins can also be used to
investigate protein-protein interactions, for example in protein complexes or receptor-
ligand interactions. Such systems can be based on Resonance Energy Transfer (RET),
normally requiring a two-component system. In short, a donor molecule emits photons
in an emission wavelength which overlaps with the excitation wavelength of a second

molecule, the acceptor (28). For this to happen, the two molecules need to be in close
9



proximity, generally considered to be 10-100 A, and protein orientation needs to be

suitable to facilitate proton transfer (29, 30).

Bioluminescence-initiated RET (BRET) has been observed since the 1970’s in deep sea
organisms, such as the cnidarian Renilla reniformis (31). In this naturally occurring
system, the Renilla luciferase (RLuc) emits blue light, by which in turn the Renilla GFP is
excited, giving off green light. In experimental molecular biology, RLuc is still used for

BRET, and yellow fluorescent protein (YFP) is still widely used as acceptor (32).

In fluorescence resonance energy transfer (FRET), two fluorophores are utilized. The
first, more blue-shifted fluorophore is excited by external monochromatic light. Similar
to BRET, this first molecule then gives off photons, which are able to excite a second
fluorophore (28).

What are the advantages of BRET and FRET? In FRET, the donor molecule needs to be
excited with monochromatic light to emit photons, often complicating the evaluation of
the donor and acceptor light signals (28). In contrast, the donor molecule generates
photons by an enzymatic reaction in BRET; eliminating this challenge. Additionally, the
monochromatic light used for excitation is potentially able to also excite the acceptor
molecule directly, if wavelengths are not chosen carefully. Exogenous illumination of the
specimen under investigation is also connected to the induction of autofluorescence,
adding additional noise to the signal output. Still, for single-cell analysis, FRET has been
the preferred approach, as experimental methods were not sensitive enough to detect
luciferases in such circumstances. Novel systems are addressing this issue, for example

using the bright NLuc as donor molecule (33, 34).

3.1.4 Reporter assay normalization

Signal normalization is a crucial part of many reporter systems. Especially in
transfection assays, where cells are temporarily imbued with a reporter cassette, the

total signal is e.g. influenced by the transfection efficiency, the number of cells
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transfected, and the transgene expression. This can lead to considerable signal

fluctuation between experiments if not controlled for, and complicates data evaluation.

Several methods exist for signal normalization. The first method, a so-called vector
normalization, is based on co-transfection. In early reporter assays, the combination of
CAT as the reporter gene, and a co-transfected constitutive -galactosidase was for
example utilized (3). Two different luciferases can be similarly employed (35). It is
assumed that the ratio of expression of the constitutive transgene to the reporter gene
should stay proportionally the same. Thus, if e.g. the transfection efficiency lowers, the
absolute drop in constitutive transgene signal can be used to normalize the value of the
reporter gene. Vector normalization is in theory able to control for all variables given
above: transgene expression, transfection efficiency, and the number of transfected
cells. Alternatively, reporter gene activity can also be normalized to the amount of viable
cells, or surrogate markers, such as total protein content (36). Here, transfection
efficiency and transgene expression are not controlled for. While it can be expected that
the choice of the normalization method will influence experimental results, direct

comparisons are lacking in the scientific literature.

3.1.5 Construction and delivery of reporter systems

In the previous sections, different reporter systems were discussed. If one has decided
for a system, how is this subsequently delivered to the target cells or organisms?
Conventionally, in a first step called cloning, the reporter construct of choice is normally
integrated into a plasmid, circular DNA of historically bacterial origin. This plasmid then
encodes for the individual components of the reporter system. In a second step, these
plasmids are then delivered to the target by different means, often using viral or non-

viral gene delivery vehicles.

3.1.5.1 Advanced reporter systems: LeGO and MuLE
In the last decades, molecular biology has transgressed from single-gene plasmid

reporters to increasingly complex tools. The easy generation of multi-cassette reporters,
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as well as chance-driven multicolour marking strategies, have opened up new routes of
scientific inquiry.

The idea of using different colours for labelling of individual cells and their daughter
cells was progressed greatly by the LeGO system (37, 38). Here, modified third-
generation lentiviruses with constitutive promoters and different fluorophores are
designed. When labelling cells, lentiviruses encoding for different colours are added in
non-saturating conditions. As such, some labelled cells only incorporate one colour
transgene, while others incorporate several, or none at all. As the integration of the
transgene is stable, the daughter cells of the labelled cell keep their maternal colour. As
thus, this system enables cell marking and tracking. Initially thought to serve gene
network studies, and thus termed Lentivirus Gene Ontology (LeGO), it has been
successfully utilized to show clonal descent of cell populations. This method has, for
example, been used for single-cell tracking in the brain (39), and disease states such as
liver tumours (40). In a recent publication focussing on tumour heterogeneity, using six
fluorescent proteins, up to 41 discrete cell clones could be distinguished and tracked
(41). With the LeGO methodology as basis, which facilitates a constitutive labelling of
cells in different colours, it should be similarly be possible to construct a system with
conditional fluorophores. Here, depending on the chosen promoters, the detectable
colour of a cell should enable deducing intracellular states.

While a combination of different lentiviruses can be used to integrate several
reporters in one cell, it is also possible to construct one plasmid containing several
reporters. For such rather complex reporter constructs containing several expression
cassettes, restriction enzyme-based cloning can be impractical. As alternative, site-
specific recombination tools, such as the Multiple Lentiviral Expression (MuLE) system,
can be utilized (42). The MuLE (multiple lentiviral expression) system, in turn, is based on
the MultiSite Gateway technology, which has its roots in the recombination system of
the bacteriophage A (43).The core of these methods are so-called att sites, 7-base pair
core sequences that have the ability to recombine with specific other att sites. For
example, attB1 recombines only with attP1 sites, but not with attP2 sites. As such,
recombination specificity can be accomplished, even when processing several plasmids

at once in one reaction.
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For this, plasmids containing the individual reporter cassettes, called entry vectors,
are designed. These reporter sequences are flanked both up- and downstream by att
sites. In a recombination step, these plasmids are combined with the lentiviral
destination vector, which contains fitting recombination sites. This leads to the
integration of all entry vector cassettes into the same lentiviral plasmid. In the MuLE-
system, up to four individual entry vectors can be integrated into one destination vector.
With the resulting expression vector, lentiviruses containing the genetic information for
several included reporter genes can be produced, which can be subsequently used for
gene delivery into the target cells. Using the MuLE system, several conditional reporter
cassettes can be introduced into the same cell, enabling complex combinatorial

approaches.

3.2 Part Two: Developmental pathways in cancer research

In cancer, healthy endogenous cellular mechanisms are often abused to benefit the
survival and growth of the transformed cells. Cellular modules that are frequently
modified in various cancers are signalling pathways, especially developmental pathways
such as Wnt, Hedgehog and Notch (44). These three pathways have been highlighted as
key players in cancer stem cells (CSC), a suspected subpopulation of cancer cells that
shows stem cell-like characteristics, such as the ability to divide, and a relatively
undifferentiated state (45). As CSC seem to play an important part in metastasis
formation and tumour recurrence after treatment, great efforts are taken to identify and
therapeutically target them, including leveraging their role in these three pathways in

the search of novel therapies (46, 47).
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3.2.1 The Wnt pathway

In line with its importance in many human cancers, the first Wnt gene Wntl was

identified as a proto-oncogene in murine virally induced breast tumours (48). Its role in

animal organismal patterning is indicated by the fact that eleven of the twelve conserved

Wnt subfamilies are already present in the Cnidarian Nematostella vectensis (49). Not

being present in single-celled organisms, it is assumed that the Wnt gene family could

have played an evolutionarily crucial part in the emergence of animal multicellularity.
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Chemically, the proteins of the Wnt family are glycoproteins with numerous,
evolutionarily conserved cysteines. The Wnt proteins are covalently bound to lipid
molecules, having importance for their bioactivity and complicating their isolation (50).
Wnt proteins are secreted paracrine factors, meaning that they diffuse over small
distances, and thus acts mostly locally (51). In the 1990’s, the importance for certain
colon cancer types was discovered (52). Today, it is recognized not only as a key
signalling pathway in embryonal development, but also for its role in adult stem cells, as
well as cancer aetiology and CSC (53). At the heart of the canonical Wnt signalling
pathway is the transcription factor B-catenin (Fig. 1). If Wnt signalling is off, B-catenin is
phosphorylated by the destruction complex, a multi-protein complex, leading to its
degradation by proteasomes. In Wnt producing cells, the protein Porcupine in the
endoplasmatic reticulum processes Wnt by palmitoylation, thus leading to Wnt
maturation. Upon secretion, Wnt in vertebrates binds to heterodimeric receptor
complexes consisting of Frizzled (Fz) and the LRP5/6 protein. It has been shown that
palmitoleic acid lipid interacts closely with the Fz receptor (84). Upon binding of Wnt to
the receptor complex, LRP5/6 is phosphorylated by the kinases GSK3 and CK1. This
enables binding of a part of the destruction complex to the heterodimeric receptor.: axin
interacts with LRP5/6, and Dishevelled (Dvl) with Fz. As a consequence, the destruction
complex is disbanded, and B-catenin is no longer destroyed. B-catenin accumulates in
the nucleus, where it interacts with TCF or LEF proteins to modulate gene expression. In
the last years, modified versions of the canonical pathway have been proposed, in which
active Wnt signalling does not inhibit phosphorylation of B-catenin, but rather leads to
the inactivation of the proteasome (48). Other Wnt pathways exist, with the non-
canonical pathway being pivotal for cytoskeletal regulation, and the Wnt/Ca?* cascade
being central for intracellular calcium homeostasis. Due to the relevance of this pathway
for cancer therapy, there is a high interest in drug discovery of compounds that act on

the Wnt pathway (21).
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3.2.2 The Hedgehog pathway

Similar to Wnt, Hedgehog (HH) proteins play vital roles in pattern formation of
neighbouring cells (54). In mammals, three HH proteins exist: Sonic, Indian and Desert
HH. They are responsible for diverse developmental mechanisms, ranging from limb and
notochord organization to bone and cartilage development, as well as germ cell
development. Its role in stem cells, and CSC, make it a highly attractive target for cancer
drug development (55-57). The HH protein is processed by autoproteolysis, and modified
twice by lipidation, with cholesterol and palmitoleic acid lipid, during its maturation.
Similarly to the Wnt protein, the palmitoleic acid lipid is again crucial for proper
biological function (58). In vertebrates, HH proteins are secreted by the transmembrane
protein Dispatched in concert with the glycoprotein SCUBE2 (54). The cellular localization
of the HH signalling components in the target cell is strongly associated with
microtubules (Fig. 2). In the off state, phosphorylation of the transcription factors of the
glioma-associated oncogene (GLI) family by the kinases casein kinase 1 (CKl), glycogen
synthase kinase 3B (GSK3p) and protein kinase A (PKA) takes place at the cilial base. As a
result, the GLI proteins then undergo proteolytic cleavage, inducing repression of
downstream pathway signalling.

Additionally, non-activated Patched receptor (PTCH) leads to the repression of the
protein Smoothened (SMO) by mechanisms that are not fully elucidated yet. Upon HH
pathway activation, secreted HH binds to PTCH. As a result, SMO repression is released,
and SMO is transported to the cell membrane in the vicinity of a cilium. In short, this
leads to the GLI proteins bypassing the proteases, and to their subsequent arrival in the

nucleus, where they activate HH target genes by e.g. acting on GLI-binding sites (59).
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3.2.3 The Notch pathway

In contrast to the previously described signalling pathways, the Notch pathway is
known to rely mostly on direct cell-to-cell contact (60). Interestingly, while the Notch
signalling cascade is relatively straightforward and does not include protease-based
signal amplification, the consequences of Notch signalling are highly cell context
dependent. This pathway can for example lead to cell death or cell proliferation, or the
differentiation of cells into various cell types. Similarly to the Wnt and HH pathways,
Notch is also implicated in stem cell maintenance (61), oncogenic as well as tumour-
suppressive mechanisms (62), and CSC (63), making it again a target of high interest for
cancer drug discovery.

The central mechanism in Notch signal transduction is proteolysis of the Notch
receptor, releasing a moiety called the Notch Intracellular Domain (NICD), which can
directly act as a transcription factor (Fig. 3). In contrast to the already mentioned
pathways, Notch signal transduction is not mediated by secreted proteins, but by
receptor interactions of the signalling cell and receiving cell. At the signalling cell, the

receptors Jagged, Serrate or Delta are present. Upon direct binding of these receptors by
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the Notch receptor on the adjacent receiver cell, the Notch receptor partly unfolds,
enabling processing by the proteases ADAM and B-secretase, releasing the NICD. The
NICD then travels to the nucleus, where downstream signalling in mammals is initiated
by binding to the transcription factor Epstein Barr virus C-promoter binding factor 1
(CBF-1). The Notch pathway is tightly linked to inducing epigenetic modifications, such as
histone acetylation (64, 65). Interestingly, mechanical forces seem to play a crucial role in

Notch signalling, being able to directly trigger Notch proteolysis (66).
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3.3 Part Three: Optical and imaging techniques - from single cell to

multimodal in vivo methods

Imaging methods have emerged as vital tool in molecular biology. In this work, the
focus will be on fluorophores and luciferases. We relied heavily on single-cell
measurements by flow cytometry, as well as screening approaches. One focus of our
work was the design of suitable multi-colour reporter gene constructs for both
fluorophores and luciferases, which will also be discussed in this section. As advanced in
vivo technique, the combination of several imaging modalities enables the discovery and

tracking of malignant cells and therapeutic transfection in the mouse.

3.3.1 High-throughput single cell investigation: flow cytometry

In traditional flow cytometry, the visual properties of single cells can be investigated. At
its core, a flow cytometer consists of fluidics, through which cells from a sample are
guided, and in which they are illuminated by at least one laser. As a result, the scattered
light or fluorophore emission of the cell under scrutiny is received by sensors, and this in
turn conveys information about the properties of the cell. Modern flow cytometers can
feature up to five lasers, and can detect a maximum of 14 parameters (67). A
tremendous advantage of this technique is the throughput: up to 10,000 cells per second
can be investigated (68). Flow cytometry can not only be used for single cells, but also for
cell lysates and biological liquids (69, 70).

This method is possible with unstained cells, but dedicated dyes and antibodies
augment the features that can be investigated. In an unstained cell, the incoming laser
light is scattered. By this, the size and granularity of the cell can be determined, as well
as the number of cells by counting the events that pass through the laser. The usage of
lasers also facilitates usage of fluorescent dyes. Here, the laser light is not only scattered,

but excites the fluorophore, resulting in light emission at a different wavelength, which
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can be picked up by dedicated filters that detect fixed wavelength bands. With
fluorescent dyes, features such as DNA or protein content can be explored. Additionally,
flow cytometry has benefitted greatly from the design of specialized fluorescently
labelled antibodies. These antibodies are tailored to the entity to be investigated, for
example a cell surface receptor. If the receptor is present on the cell, the antibody will
attach to it in a preceding experimental step. In flow cytometry, the fluorophore on the
bound antibody emits a signal which can then be detected. At present, numerous
antibody-fluorophore-combinations exist, enabling the isolation of previously elusive cell
types. This ability is especially cherished in the area of immunology, where cell subtypes
can be differentiated by the usage of various cell surface markers, in a process termed
multiparameter flow cytometry (71).

Multiparameter flow cytometry requires precautions. For one, the fluorophore
excitation and emission wavelength is, in contrast to the laser light which operates at
fixed nanometer values, spread over a spectrum. Instead of the targeted excitation by
lasers, this can lead to cross-excitation between fluorophores. As an example,
mTurquoise2 can be excited with light ranging from 350-480nm, with its highest
sensitivity between 420-450nm. Its emission is from 460-600nm, with a peak at 470-
520nm (72). Given this information, it is intuitive that two fluorophores can also excite
each other when their emission/excitation spectra overlap. Secondly, if a fluorophore
has a broad emission spectrum that is picked up by several filters, signal spillover can
occur. In the case of very bright fluorophores, it is possible that this signal spillover
obstructs detection of another, less bright fluorophore.

As such, it is of importance to negate or compensate such signal spillover in
multicolour experiments. This can be facilitated by two means: First, fluorophores with
compatible spectra should be chosen. Secondly, signal spillover that is present can be
managed by a process called compensation. In compensation, spectral overlap is
mathematically calculated out (26). While some instruments can have internal
compensation mechanisms, post-processing via dedicated flow cytometry analysis
programs is also possible. In short, the emission strength of each used fluorophore upon
excitation in the different filters is determined. This matrix can then be used to subtract

the fluorophore emission signal in the “off-target” filters accordingly. While manual
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compensation is discouraged in the literature, which includes the drawing of gates and
thresholds, it is still standard in programs such as Flowlo (26), leading to possible
negative impacts on compensated results and data interpretation.

In our work, we chose to combine four fluorophores: mTurquoise2, eGFP, tdTomato

and iRFP720 to visualize activity of the developmental pathways Wnt, HH and Notch (Fig.
4).

3.3.2 Luciferase multicolour combinations

For luciferases, combinations are also possible. Often, for signal normalization
purposes, an additional, constitutively expressed luciferase is added to transfection
assays as described in section 1.1.4. Simultaneous detection of two luciferases has also
been described (73). In our work, aimed at visualizing the activity of three developmental

pathways, and wanted to also develop a luciferase-based reporter construct for this.
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Figure 4: Selected fluorophores for the pathway reporter constructs. Excitation (dashed lines)
and emission spectra (continuous lines) of mTurquoise2 (turquoise), eGFP (green), tdTomato
(vellow) and iRFP720 (red). The lasers (405nm, 488nm, 635nm) and filters (V1 [450/50nm], V2/B1
[525/50nm], B2 [585/40nm], B3/R1 [655-730nm], B4/R2 [750nm LP]) of the flow cytometer used
are also indicated. Adapted from (74).
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In contrast to fluorophores, where single cell measurement is the goal, we decided to
utilize a standard well plate format in which either the supernatant (extracellular
luciferases) or the cell lysate (intracellular luciferase) is measured. As thus, the signal
intensity is not investigated per cell, but per well, in line with drug development
screening approaches (16). Special scrutiny rests on the cross-reactivity of the luciferases
and the substrates. Cross-reactivity between GLuc and NLuc and their respective
substrates has been described (75). As such, we decided to restrict measurement of GLuc
and NLuc to different compartments, and also set the aim to be vigilant towards
potential signal spillover. In our work regarding developmental pathway reporter design,

we chose FLuc, GLuc and NLuc as luficerases (Tab. 1).

Luciferase Substrate Location

Firefly luciferase (FLuc) Luciferin Intracellular
Gaussia luciferase (GLuc) = Coelenterazine Extracellular
NanoLuc (NLuc) Furimazine Intracellular

Table 1: Selected luciferases for the pathway reporter constructs.

3.3.3 Multimodal in vivo imaging techniques

Especially in animal experiments, it can be seen as ethical necessity to gain as much
insight from one experimental animal as possible. In multimodal imaging, different
visualization techniques such as for example magnet resonance imaging (MRI),
bioluminescence imaging (BLI) and fluorescence imaging (FLI) are combined to maximize
data output from one animal. Most often, an overlay of the resulting data is the aim.
Multimodal imaging is also an emerging technique in cancer therapy, where e.g. a
combination MRI and computer tomography variants can be used to more specifically

determine the tumour phenotype (76). In mice, multimodal imaging enables the tracking
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of cells, such as luciferase-labelled immune cells and their association with fluorescently
labelled colon cancer cells (77). Also, the transfection potential of novel gene delivery
methods can be assessed in vivo, using for example MRI, FLI and optical images (78).
Gene delivery to the lungs, especially targeting diseases such as cystic fibrosis, is an of
now experimental mode of application (79). While different methods exist,
aerosolization of PEl is advantageous compared with intravenous injections or
instillations (80-82). In our work, we used multimodal imaging to investigate the in vivo
transfection potential of intratracheally administered polyplexes, carrying the
information for a luminescent reporter, in a breast cancer metastasis model featuring
fluorescent cells. Different imaging modalities such as CT, MRI, fluorescence and
bioluminescent imaging methods were used to investigate the effectiveness of gene

delivery.

3.4 Part Four: Gene delivery

In 1928, before the clarification of the molecular basis of inheritance, the first seminal
study identifying gene delivery was published by Frederick Griffith, now famously called
“Griffith’s Experiment” (83). He observed that virulent strains of pneumococci, which
were heat-inactivated and thus apathogenic, could transfer their disease-inducing
property to non-virulent strains when injected together subcutaneously into mice.
Further investigations into the nature of this “transforming principle” within the next
twenty years led to the experimental discovery that deoxyribonucleic acids, and not
proteins, are the carriers of genetic information (84). As such, gene delivery has played a
crucial part in uncovering one of the most significant findings in recent history.

Nowadays, gene delivery is applied broadly in laboratory contexts, and attempts to
harness its power in the clinics are accelerating. While DNA can directly be applied for
gene delivery (“naked DNA”), it suffers from several disadvantages. Its half-life, due to
the nucleases encountered in the body, is quite limited, and because of the lack of
adequate transport into the nucleus, the gene transfer remains comparatively ineffective
(85, 86). Nonetheless, naked DNA remains a method featured prominently in current

clinical trials, also due to its high safety profile (87).
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To ameliorate these shortcomings, other approaches utilize vehicles for gene delivery.
They can be classified as either viral or non-viral approaches. Differences exist regarding
their mechanism, effectiveness of gene delivery, their safety profile, and method of
application. In this work, we use two methods of gene delivery, third generation
lentiviruses and linear polyethylenimine (LPEI). We rely on gene transfer of reporter

constructs, which we assess with current imaging techniques.

3.4.1 Lentiviruses

The gene delivery properties of viruses are central to their function as pathogens. For
example, lentiviruses are able to also stably integrate their genetic payload into non-
dividing cells, and into the less risk-associated genomic locations of transcription units
instead of, as gammaretroviruses, regulatory regions (88). For clinical as well as research
settings, utmost care is taken to design lentiviruses that enable safe handling. One aspect
of this the production of lentiviruses. This procedure utilizes a producer cell line to which
plasmids, circular DNA of historically bacterial origin, encoding for the individual
components of the lentivirus, are added. Similarly to a manual, the plasmid genetic
information is read by the producer cells, and viral particles are produced. To minimize
the dangers of accidentally producing virus with the possibility to replicate, or otherwise

damage the target host, modifications to these plasmids have been made over time.

In a seminal paper by Naldini et al., the first system, so-called first generation
plasmids for lentivirus production, was generated. It is based on HIV-1 (89). Here, the
genetic information required for a functional virus was split up on three plasmids: the
transfer plasmid contains the provirus, and as such the genetic payload that is to be
delivered. The other plasmids facilitate generation of the required viral structures and
components, as well as packaging. Already, the genetic information of the virus was
heavily modified: for example, the native viral envelope gene, which determines which
cells can be targeted by the virus, was defective. Normally, HIV targets CD4* cells, leading

to the infection of various immune cells (90). Instead, a third plasmid codes for a new
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functional envelope, for example the G protein of the vesicular stomatitis virus (VSV-G),
enabling the produced virus to infect many different cell types. Also, several
functionalities that would have led to the addition of other genomic information into the
virus were abolished. For functional virus to be generated, all three plasmids needed to
be transfected into the same packaging cell. The resulting virus is replication-deficient,

due to the deletion of key sequences from the packaging plasmid.

In the second generation system, additional viral sequences were removed, as they
were found out to be non-essential for lentivirus generation (91). It thus further
prevented unwanted reconstitution of replicating virus. Interestingly, the choice of
producer cell line was relevant to this achievement, as HEK293T cells were found to
produce virus even without the deleted vif and vpu sequences. HEK293T cells are a
standard for lentivirus production to this day. Other proteins were dispensable because
of the choice of VSV-G as envelope, which is still commonly used (92). The deletion of
these sequences also reduced the pathogenicity of the constructs.

A year later, the system was further improved to give rise to third generation plasmids
(93), a system that is at the moment the standard in many laboratories. The viral LTR in
the transfer plasmid was chimerized to include a strong regulatory unit, abolishing the
need for tat, which was consequently deleted. By this, only three of the nine HIV-1
proteins remained in this system. Biosafety was further enhanced by separating the
genetic information of the packaging plasmid on two separate plasmids, leading to a
total of four plasmids required for successful production of the virus. With the deletion
of all non-essential genes, pathogenicity is largely prevented. Additionally, a modification
of the LTR makes it unlikely that, upon transduction, full-length RNA of the vector can be
generated, as well as reducing a possible unwanted enhancer effects on nearby
endogenous genes after integration. A fourth-generation system has been introduced
recently, in which the transfer plasmid design is further rationalized, reducing viral
sequences that are transduced, and simplifying the design of longer transgene cassettes
(94).

Different methods exist for the transfection of the producer cell line with these

plasmids, having in common that non-viral gene delivery methods are employed.
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Lentivirus production itself takes several days. Virus is present in the supernatant, and
can be either directly used, or purified, and can then be applied to the target cells (95). In
a next step, the lentiviral machinery, together with recruited cellular factors of the host
cell, effectively mediate stable integration of the genomic payload, and thus a successful

transduction in the target cells (88).

In the publication introducing the second generation lentivirus system, it is
optimistically mentioned that the design of a stable producer cell line should be feasible,
eliminating the need to transiently transfect a producer cell line. The need to transfect is
a problem, especially for clinical applications, as the quality of the transfection and the
resulting virus do change from batch to batch of transfected producer cell lines. In turn,
this complicates the rigorous standardization required to approve new treatments (92).
In search for a stable producer cell line, it became apparent that specific viral proteins,
such as VSV-G, exert cytotoxicity that hinder such efforts (96). Current approaches follow
different strategies, from inducible genes, to partly incorporating non-toxic viral proteins
or generating less toxic protein variants, but each suffers from drawbacks, and research

is ongoing (97, 98).

After transduction of the target cells, an additional election of stably transduced cells
is often made, for example by utilizing an introduced selection marker such as antibiotic
resistance, or a fluorophore that can be sorted for (99). Selection pressure should be
maintained, or the stability of the transduction checked, as silencing of the transgene is
reported to occur over time (100).

Taken together, gene transfer with lentiviruses results in a stable integration of the
transgene into the host’s genome. Being very efficient, the duration from virus
production to successful transduction of the target cells requires approximately two

weeks.
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3.4.2 LPEI

While, as described above, naked DNA is used directly for gene transfer, nanocarriers
are utilized to improve this process. Nanocarriers show some advantages in contrast to
naked DNA, such as shielding of the DNA from endonucleases (101). The main carriers
used are lipids in the form of liposomes or liposomal agents, which work by coating the
DNA in spherical lipid bilayers (102), and cationic polymers, in which the negatively-
charged DNA aggregates around a polymer. Typically, plasmid DNA (pDNA) is added to
these vehicles and interacts with them, and the resulting complexes are used directly for
non-viral gene delivery. This is a stark contrast to virus production for viral gene delivery,
where e.g. the genomic payload needs to be modified to fit the proper viral syntax. The
non-gene delivery formulations are taken up by the cells, and dissociate in the
cytoplasm, releasing the genomic payload. The pDNA is then bound by a multitude of
cellular proteins, and transcription can take place (103).

Non-viral gene delivery of DNA does normally not lead to integration in the genome of
the receiving cells, and is thus transient as the plasmids are lost due to cell division. As
the genomic payload needs to be located in the nucleus to be transcribed, non-viral
transfection agents are especially effective when applied to dividing cells. In these, the
nuclear envelope is temporarily disbanded, allowing easier access of the transfected DNA
into the nascent nucleus (104). In non-dividing cells, the cellular proteins bound to the
genomic payload can transport the DNA directly into the nucleus. It is estimated that
only a relatively low percentage of DNA used for non-viral gene delivery actually reaches
its nuclear destination (103). New approaches that use sophisticated genetic systems,
such as the Sleeping Beauty transposase, can enable stable integration (105), but are not
widespread as of now.

A frequently used cationic polymer of gene transfer is polyethylenimine (PEI) (106). In
contrast to lipid-based agents, PEl can be easily functionalized chemically, for example to
increase its stability (107), or to target it to specific cells populations (108). PEl is superior
to liposomes in some applications, such as when applying it as aerosol in the lung (109).
Interestingly, PEI-DNA polyplexes have been observed to partly stay intact within the

nucleus, and it has been speculated that this decreases transfection efficiency (110).
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For PEIl, two main configurations exist: branched and linear PEI (LPEI). LPEI is superior
regarding its increased transfection profile, and shows decreased cytotoxicity (111, 112).
For production of the nanocarriers, the positively charged PEl is rapidly mixed with the
negatively charged nucleotides, for example pDNA. This process, in the context of this
work, is referred to as flash pipetting. The mixture ratio of PEI to DNA is expressed as the
N/P ratio, denominating the ratio of nitrogen containing amine groups in the PEIl, to
phosphates in the nucleotide used (113). N/P ratios range usually between two and ten
(114). The PEI-DNA complexes obtained by mixing are called polyplexes. The transfection
ability of polyplexes depends heavily on the net charge: the more positive the polyplex,
(and as such, the higher the relative amount of PEl, and the higher the resulting N/P
ratio), the easier the interaction with the cell membrane. Unfortunately, electric charge
also correlates with cytotoxicity, which is thought to be mediated by membrane
destabilization (111). And as such, a compromise between cytotoxicity and transfection

efficiency has to be determined carefully for experiments.
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4 Publications

2.1 Luminescent and Fluorescent Triple Reporter Plasmid Constructs for

Wnt, Hedgehog and Notch Pathway

Julia Maier, Haider Sami, Alexander Taschauer, Martina Anton, and Manfred Ogris. PLOS

ONE, under review.

Aims:

Development of single and combined luminescent and fluorescent reporter plasmids
for visualizing the activity for the Wnt, Hedgehog and Notch Pathway.
1. Evaluation of available pathway-sensitive pathway reporter constructs for the Wnt,

Hedgehog and Notch pathway

N

. Cloning of each a combinable set of luciferase- or fluorescence-based reporter
plasmids for the three pathways
3. Comparison of original and newly designed reporter constructs with respect to signal
fold increase upon induction with plasmid-based activators
4. Generation of MuLE-backbone based three-pathway reporter constructs suitable for

lentivirus production, utilizing the generated luminescent and fluorescent reporter

plasmids
5. Comparison of the generated single and three pathway reporter plasmids
6. Verification of the suitability on the generated reporter plasmids in an assay utilizing
chemical compounds interfering with the Wnt, Hedgehog and Notch pathways.
Hypotheses:

1. Generation and usage of combinable single and three pathway constructs is feasible.
2. Application of plasmid-based and/or chemical activation are suitable to demonstrate

the performance of the generated single and three pathway constructs.
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Dear Editor,

We would like to submit our manuscript Maier et al entitled , Luminescent and fluorescent
triple reporter plasmid constructs for Wnt, Hedgehog and Notch pathway’ to PLOS
ONE as a research article. Here we present the development and evaluation of a plasmid
based reporter system, which allows to simultaneously monitor the activity of three key
signalling pathways, namely Wnt, Hedgehog and Notch in mammalian cells. Pathway
specific promoter elements drive the expression of either fluorescent proteins or luciferases.
We thoroughly monitored the specificity of the reporters by using cell lines without intrinsic
pathway activity and validated activation by co-transfection with plasmids encoding for the
respective activating proteins. Care was taken that luciferases (Firefly, Gaussia and
NanoLuc) or fluorescent proteins (mTurquoise2, tdTomato and iIRFP720) can be measured
simultaneously. We also generated plasmids with all three pathway reporter cassettes in
one (named 3P-Luc and 3P-Fluor). This multi-gene approach ensures comparability
between the individual pathway activities, as it levels our variations due to different

transfection activities of individual plasmids or positioning effects when using integrating
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vectors. Both 3P-Fluo and 3P-Luc are designed as lentiviral entry plasmids and include
selection markers, which allows convenient generation of lentivirus for stable labelling and
selection of cells. We think that this technology will be very helpful for drug screening
approaches in vitro, but also preclinical drug development in animal models. We would be

very pleased if our manuscript would be in principle suitable for publication in PLOS ONE.

Yours sincerely

Manfred Ogris

Professor for Pharmaceutical Sciences, University of Vienna
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Abstract

Tracking the activity of signalling pathways is a fundamental method for basic science, as well as in
cancer- and pharmaceutical research. The developmental pathways Wnt, Hedgehog and Notch are
frequently deregulated in cancers and represent a valuable target for the discovery of novel anticancer
compounds. Here we present reporter systems for tracking activity of these pathways by using
specific promoter elements driving the expression of either sensitive luciferases, or fluorescent
proteins. A high level of sensitivity was obtained using the luciferase reporter genes for firefly (FLuc),
secreted Gaussia (GLuc) and synthetic NanoLuc (NLuc). As fluorescent reporter proteins,
mTurqouise2, tdTomato and iRFP720 were chosen. Specificity of pathway activity was validated by
co-transfection with pathway activating genes, showing significant response to induction. In addition,
multi-gene plasmids were cloned, allowing the detection of all three pathways by one vector, First
studies with synthetic compounds confirmed the applicability of the system for future drug screening

approaches.
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Introduction

Dysregulation of developmental pathways plays a pivotal role in cancer (1) . Up-regulation of Wnt, for
example, correlates with dismal prognosis in a broad range of solid cancers, leading to development of
several Wnt inhibitors and their evaluation within advanced clinical studies (2). More broadly, targeting
the Wnt, Hedgehog (Hh) and Notch pathway has been described as a successful approach in cancer
therapy (3). It is speculated that such an approach might also be effective against therapy-resistant
cancer cell sub-populations, such as cancer initiating cells, which are known to show deregulation of
these three pathways (4). In the search of novel treatment options, compound screening libraries are
nowadays often employed. These allow the selection of suitable molecular structures from millions of
compounds using appropriate in silico models (5). Nevertheless, initial virtual screening results need to
be validated and further screened in biological systems. For this purpose, reporter genes expressed under
the control of pathway specific response elements are often employed. Regulation of pathways mostly
depends on the activity of transcription factors binding to promoter elements. Hence, several natively
occurring (6), but also synthetic promoter elements have been designed to drive expression of reporter
genes (7). To give an example, the canonical Wnt pathway is activated after binding of Wnt signal
proteins (e.g. Wnt3a) to its receptor frizzled and the LPR co-receptors (8). Factors downstream of LPR
inactivate the B-catenin destruction complex. The stabilised f3-catenin accumulates and translocates to
the nucleus, where it forms an active complex with LEF (lymphoid enhancer factor) and TCF (T-cell
factor) leading to a transcriptional switch. Hence, the most commonly used Wnt reporter is a synthetic
promoter element with multiple TCF/LEF binding sites (9). Similarly, the Sonic Hedgehog pathway is
initiated by binding of SHH protein to its receptor Patched (PTCH), which releases the PTCH inhibition
of Smoothened (Smo). Smo in turn activates Gli transcription factors, which after promoter binding
initiate expression of hedgehog target genes. Here, the most prominent reporter is based on multiple
GLI binding sites (10). In case of Notch pathway, after ligand binding the Notch receptor sheds its
intracellular domain (NICD), which translocates to the nucleus and associates with DNA binding
proteins like CBF and activates Notch related gene expression. Hence, CBF promoters can be used for

Notch reporter expression purposes (11).
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For reporter systems, all of the aforementioned promoter elements have been mostly used in
conjunction with firefly luciferase, which usually requires the lysis of cells or analysis of the
supernatant. With luciferases, a very high signal to noise ratio is obtained, and they can be utilised both
in cell culture, but also in vive (12). On the other hand, fluorescent reporter proteins covering the whole
range from UV, visible light and near infrared (13) enable activity measurements in individual cells by
flow cytometry or, using fluorescence microscopy, also in tissues, but with a considerably lower signal
to noise ratio when compared with luciferase assays. For many applications in developmental- and
cancer biology, multi-reporter gene constructs would be desirable, allowing the simultaneous analysis
of interconnected pathways. Also for Wnt, Hh and Notch it is supposed that their interplay is crucial,
especially in therapy-resistant subsets of cancer cells, and drug discovery is ongoing (3). With the
technical advances in developing diode pumped lasers, several easy to use flow cytometers have been
developed being equipped with three or more laser allowing multiplex analysis (14). The excitation
wavelengths usually range from near UV (405 nm, violet laser), blue (488 nm) to dark red (638 nm),
allowing simultaneous detection of several distinct fluorescent proteins (15). For luciferases,
multiplexing is possible when combining enzymes requiring different substrates. An established
approach is normalization of firefly luciferase activity (FLuc, substrate luciferin) by co-transfection
with Renilla luciferase (RLuc, substrate colenterazine) (12). Signal separation is achieved harnessing
the differences in enzyme kinetics, where RLuc exhibits a flash kinetic, and FLuc a glow type kinetic.
An alternative coelenterazine driven, ATP independent luciferase is derived from Gaussia princeps
(GLuc), offering a significantly higher signal (16). GLuc is secreted in its native form, allowing also
physical separation form cytoplasmic FLuc. More recently, NanoLuc (NLuc), derived from Oplophorus
gracilirostris, has been introduced (17). This extremely bright, ATP independent luciferase with glow
type luminescence requires the imidazopyrazinone based substrate furimazine. Hence, luciferase
reporter can be combined differing in substrate requirements, cellular trafficking (secreted vs
cytoplasmic) and enzyme kinetics (18). Towards the goal of tracking multiple pathways simultaneously,
transient and stable co-transfection with several luciferase reporter based plasmids is feasible, however
position effects occur when expression cassettes integrate at different genomic sites (19). To avoid such
effects and allow a direct comparison of different promoter elements, use of insulator elements is one

4
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option. Alternatively, plasmids with multiple expression cassettes can be generated with new cloning
techniques, such as the MultiSite Gateway cloning technology, simplifying the development of such
complex multi-gene vectors (20). However, it is critical to compare the performance of reporters within
multiple expression cassettes to their single-expression counterparts, so as to assess their applicability.
Here, we present the development of single and multi-gene vector constructs for Wnt, Hh and Notch
reporter constructs with either luciferases or fluorophores as reporter genes. Their specificity and
performance in transfection assays was evaluated and several compounds known to interfere with the

distinct pathway tested.

Material and methods

Cells

HelLa (#CCL2, ATCC, Manassas, US) and 293T (#CRL-3216, ATCC) cells were cultured in
DMEM/4.5g/L glucose (#D5671, Sigma-Aldrich, Darmstadt, Germany) with 10% heat inactivated fetal
bovine serum (FBS, #S181H, Biowest, Nuaillé, France), 2% L-Glutamin (#G7513, Sigma-Aldrich) and
1% Penicillin/Streptomycin (#P0781, Sigma-Aldrich) at 37°C, 5% CO; and saturated humidity. L Wnt-
3A cells (#CRL-2647, ATCC) were maintained under the same conditions, with 0.4mg/ml G-418
(#G418-RO, Sigma Aldrich) supplemented in the medium. Conditioned medium (CM) for activation

of the Wnt pathway was produced as described (21).

Plasmids

The 12GLI-RETKO-luc reporter was a gift from Peter Zaphiropoulos (GLI-RET) (22), CBF:H2B-
Venus from Anna-Katerina Hadjantonakis (CBF-Ven, Addgene plasmid #44211) (23), CBFRE (mt)
EGFP from Nicholas Gaiano (Cmu-eG, Addgene plasmid #26870) (24), EF.hICN1.CMV.GFP from
Linzhao Cheng (Addgene plasmid #17623) (25), hGlil flag3x from Martin Fernandez-Zapico (phGlil,
Addgene plasmid #84922), human beta-catenin pcDNA3 from Eric Fearon (pf-cat, Addgene plasmid

#16828) (26), M50 Super 8x TOPFlash (TOPFlash, Addgene plasmid #12456) and M51 Super 8x
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FOPFlash (FOPFlash, Addgene plasmid #12457) were gifts from Randall Moon (27). pAd-Wnt3a was
a gift from Tong-Chuan He (pWnt3a, Addgene plasmid #12518) (28) and pCAGGS-NICD from
Nicholas Gaiano (pNICD, Addgene plasmid #26891) (29). pCMV-Gluc, a secreted variant, was
acquired from New England Biolabs (NEB, # N8081S, Frankfurt am Main, Germany). The plasmid
pEGFPLuc was acquired from Clontech (Mountain View, USA). pGL3b hPtchl prom wt (PT wt) and
pGL3-PTCH (mutated GLI binding sites, PT mut) were gifts from Fritz Aberger (30). pLUT7 HA-Glil
was a gift from Michael Ruppert (pHA-Glil, Addgene plasmid #62970) (10), pLV-beta-catenin
deltaN90 from Bob Weinberg (pp-catA90, Addgene plasmid #36985) (31), pmTurquoise2-NES from
Dorus Gadella (Addgene plasmid#36206) (32). Promoterless pNL1.1 (#N1001) was obtained from
Promega (Mannheim, Germany). pUC19 was included in the One Shot TOP10 set (#C404003) from
Thermo Fisher Scientific (Schwerte, Germany). All remaining plasmids are content of the Multiple
Lentiviral Expression System Kit, which was a gift from Ian Frew (Addgene kit #1000000060) (20).
All plasmid maps, as well as in silico cloning, was performed using SnapGene (v3.1.4, GSL Biotech

LLC, Chicago, USA).

Cloning

Primers were synthesized by Microsynth (Microsynth Austria GmbH, Vienna, Austria). All
restriction enzymes were fast-digest variants from ThermoFisher Scientific. For preparative PCR, Q5
high-fidelity DNA polymerase (NEB, #M0492S) was used. Digests and PCR products were routinely
gel purified in 0.7%-1.5% agarose gels (#443666A, VWR, Vienna, Austria) in sodium borate buffer at
80V. For gel extractions, a commercial kit (#K0692, ThermoFisher Scientific) was used as per the
manual. Ligations were performed with T4 DNA ligase from ThermoFisher Scientific (#EL0011) or
Blunt/TA ligase from NEB (#MO0367S). For LR reactions, LR clonase plus from ThermoFisher
Scientific (#12538120) was used as per the manual. Plasmids from LR reactions were transformed into
chemically competent E.coli One Shot Machl (#C862003, ThermoFisher Scientific) as per
manufacturer’s instructions. All other plasmids were propagated either in E.coli 10-beta (#C30191,

NEB) or DH5a after heat shock transformation. All bacteria were expanded in LB medium with
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appropriate antibiotics, and plasmids isolated with commercial miniprep or maxiprep Kkits
(ThermoFisher Scientific, #0503 and #K0492). All plasmids were characterized and validated by

analytical restriction digests, and additional sequencing (Microsynth), if required.

Luciferase reporter cloning

pMuLE_ENTR_TOP-NLucl.1_L5-L4 (TOP-NLuc, for Wnt pathway): pMuLE_ENTR_MCS_L5-
L4 was digested with Kpnl and BamHI (pMuLE backbone, 2600 bp), M50 Super 8x TOPFlash with
Kpnl and Hind III (TOP promoter, 214bp), and pNL1.1 with HindIll and BamHI (NLuc cDNA, 822

bp). The three target fragments were ligated together to yield the final plasmid.

pMuLE_ENTR_12GLI-FLuc_R4-R3 (GLI-FLuc, for Hh pathway): A PCR of 12GLI-RETKO-luc
was performed (forward primer: gaggagctctatacactcegetatege, reverse primer:
tacactagtcagcagatgaacactgac). The resulting fragment was cut by Sacl and Spel (12GLI-Fluc expression
cassette, 4000 bp), and cloned into a Sacl/Spel digested pMuLE_ENTR_MCS_R4-R3 (pMuLE

backbone, 2800 bp).

pMuLE_ENTR_CBF-GLuc_L3-L2 (CBF-GLuc, for Notch pathway): pMuLE_ENTR_MCS_L3-
L2 was cut with EcoRI and Xhol (pMuLe backbone, 2600 bp). A segment of CBF:H2B-Venus was
PCR amplified (forward primer: aatgaattcgtattaccgccatge, reverse primer: ccttagtcaccgecttet) and
digested with EcoRI and HindlIlI (CBF promoter, 416 bp). pCMV-Gluc was cut with HindIIl and Xhol

(GLuc cDNA, 596 bp). The three pieces were ligated to yield the final plasmid.

pMuLE_EXPR_CMV-eGFP_TOP-NLucl.1_GLI-FLuc_CBF-GLuc (3 pathway-luciferases, 3P-
Luc, for Wnt, Hh and Notch pathways): An LR reaction of pMuLE_Lenti_Dest_Neo,
pMuLE_ENTR_CMV-eGFP_LI1-RS, and the three abovementioned ENTR luciferase reporter plasmids

was performed.

Fluorophore reporter cloning

pMuLE_ENTR_TOP-iRFP_L5-L4 (TOP-iRFP, for Wnt pathway): pMuLE_ENTR_MCS_L5-L4

was cut with Kpnl and Spel (pMuLE backbone, 2600 bp). A PCR of M50 Super 8x TOPFlash was
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Auxilliary plasmids

EF.hICNI (phICNI): For easy usage in flow cytometry, the CMV.GFP of the plasmid
EF.hICN1.CMV.GFP was removed by digestion with EcoRI (9.2kb fragment), after which it was

ligated. pUC19 and pDest were used as control or stuffer plasmids in transfections.

3P plasmid system

A set of plasmids generated in this work, including maps and sequences, can be found at Addgene
(see data in S1 Table), while maps and the in silico generated sequence for CBF-GLuc (S1A Fig, S1

File) and 3P-Luc (S1B Fig, S2 File) are in the supplementary information.

Transfections

If not mentioned otherwise, 293T cells were used. Cells were seeded in white 96-well plates (Greiner
Bio-One, #655098) for luciferase reporter assays or in transparent well plates (Greiner Bio-One,
#655160) for fluorophore reporter assays. Twenty-four hours after seeding , cells were transfected using
linear polyethylenimine (LPEI) in principle as described (33). Growth media was exchanged for 100 pl
serum-free DMEM high glucose. Polyplexes were generated after mixing all relevant plasmids at a final
plasmid concentration of at least 20 ug/ml in HBS buffer at N/P 9, and further diluted with HBS after
particle formation when required. If not described otherwise, 100 pl DMEM high glucose with 1% FBS
2% L-Glutamine were added four hours after transfection, and cells further incubated. If not stated
otherwise, the evaluation of the pathways was performed 24h after transfection for the Wnt pathway,

and 48h after transfection for Hh and Notch pathways.

Luciferase reporter assays

For single pathway reporters, transfections were carried out as follows: If not stated otherwise, for
FLuc and NLuc containing reporter plasmids 50ng per well were used. For normalization, 10ng pCMV-
Gluc were added. For GLuc containing reporter plasmids, 50ng per well plus 50ng CMV driven pEGFP-
Luc was taken. Additionally, 25ng pUC19 or the respective inducer plasmid were added. Care was

taken not to detach cells when aspirating liquid, as this can negatively influence the signal
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normalization. All luminescence measurements were performed with an infinite M200Pro plate reader

(Tecan, Grédig, Austria).

For GLuc activity measurements, 20 pl supernatant was transferred to a new white 96-well plate, 50
ul coelenterazine buffer (20uM coelenterazine in PBS supplemented with SmM NaCl, pH 7.2 as per
Tannous et al, ref (34)) added per well and the signal acquired for 10 seconds after a wait time of 2
seconds. For NLuc measurements, 160 ul medium were, removed leaving 40 ul in the well. Then, 40
ul of Nano-Glo reagent (Promega, #N1110) was added, incubated for 3 min at RT and signal acquired
for 10 seconds. For FLuc measurements, supernatant was completely aspirated. Cells were lysed in 30
pl 1x Passive Lysis Buffer (Promega, #E194A) and shaken for 30min at 500RPM at RT on an
Eppendorf ThermoMixer C. For the measurement, 100 pl of luciferase assay reagent (35) were injected

and the signal acquired for 10 seconds after a lag time of 2 seconds.

For the 3P-Luc based experiments and their comparison with individual plasmids, cells were co-
transfected with 50 ng reporter plasmid plus 25 ng of respective inducer plasmid or pUC19. Luciferase
activities were measured as described above. All luciferase activities were normalised to total cell
viability using the CellTiter Fluor kit (Promega #G6081). For this, supernatant was completely aspirated
and, if required, GLuc measured as described above. 100 pl of PBS and 20 pl 5x CellTiter-Fluor reagent
was added, and plates incubated up to 2.5h at cell culture conditions. The complete supernatant was
then transferred to a black 96-well plate (Greiner Bio-One, #655209) and fluorescence measured as by

manufacturers recommendation. Afterwards, the cells were utilised for FLuc or NLuc measurements.

Signal normalization was carried out as follows: First, from each reporter and normalizer value,
background was subtracted. Per well, RLUs from reporter were divided by RLUs (or fluorescence units)
from the normalisation method. For better graphical representation, the result was multiplied to give
values of similar magnitude, using the same factor within one parameter comparison. For single reporter

experiments, CMV-driven luciferases were used to normalize RLU values per well.
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Fluorophore reporter assays

400ng of the reporter plasmid and 400ng pUC19 or the respective inducer were co-transfected per
well. For the measurement, cells were washed once with PBS, detached with Versene (#15040-33,
ThermoFisher Scientific), and the cell suspension transferred into a PCR plate (Nerbe, #04-083-0150,
nerbe plus GmbH, Winsen, Germany). Cells were measured on a Macs-Quant Analyzer 10 flow
cytometer (Miltenyi BiotecGmbH, Bergisch Gladbach, Germany) equipped with solid state laser
emitting at 488 nm (FSC, SCC, B1-B3), 405 nm (V1 and V2) and 638 nm (R1 and R2). Plates were
actively cooled for the whole measurement to 4°C using an Inheco CPAC cooling unit (INHECO,
Planegg, Germany). Analysis of flow cytometry data was done with FlowJo 10.1r5 (FlowJo LLC,
Ashland OR, USA). All signals were acquired in area (A) and height (H) mode. As a gating strategy,
the main cell population was gated first in FSC-A versus (vs.) SSC-A, and single cells were further
selected in FSC-A vs. FSC-H. mTurquoise2 was gated in VI-A vs. V2-A (V1: 450/50 nm bandpass
(BP), V2: 525/50nm BP), tdTomato in B1-A (525/50 nm BP) vs. B3-A (655-730 nm BP), and iRFP in
R1-A (655-730 nm BP) vs R2-A (750nm logpass (LP)). For analysis of 3P-Fluc, compensation matrices
were generated in FlowJo by separately analyzing CMV-driven variants of all four colours. The

appropriate matrix was then applied to the measured values of 3P-Fluor before analysis.

Small molecule evaluation

The following small molecules were evaluated for induction or reduction of pathway activity. Wnt:
CHIR99021(#SML1046) (36), LY2090314 (#SML1438) (36), niclosamide (N3510) (37), LGK-974
(#S7143) (36); Hh: SAG dihydrochloride (SAG, #SML1314) (38), sonidegib (#S2151) (39),
vismodegib (#51082) (40); Notch: suberohydroxamic acid (SBHA, #390585) (41), DAPT (#52215)
(42), Dibenzazepine (DBZ, #52711) (43), valproic acid sodium salt (VPA, #P4543) (44). All reagents
were purchased from Selleckchem (Munich, Germany) or Sigma Aldrich. VPA and SAG were
dissolved in ultrapure water (Arium pro, Sartorius AG, Gottingen, Germany), and the remaining

compounds in DMSO (#D5879, Sigma-Aldrich).
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Transfections and evaluations were performed as described above, with the following changes: For
induction of the Wnt-pathway in the respective wells, 100 pl CM (1:1) was added to the wells four
hours after transfection. Treatments were also added four hours after transfection, at a final
concentration of 10uM. An equal amount of appropriate solvent (water or DMSQO) was added to the

solvent control conditions.

Statistical analysis

If not mentioned otherwise, all experiments were at least performed twice, with each condition at
least in triplicate. Statistical analysis was performed using GraphPad Prism, version 7.02 (GraphPad
Software La Jolla, USA). For fold induction analysis, results from identical experiments were pooled.
Statistical analysis consisted of an unpaired t-test, columns show mean values, and error bars

denominate standard deviation.

Results

Performance of single luciferase pathway reporters

The Wnt-pathway sensitive TOP promoter was used to drive NLuc expression (Fig 1A). Several
plasmids were first evaluated regarding their ability to induce the Wnt pathway, with pWnt3a
performing best (Fig S2A) and was thus selected for further experiment. The sensitivity of TOP-NLuc
to Wnt-pathway induction (by co-transfection with pAd-Wnt3A) was compared with the established
Wnt reporter TOPFlash (Fig IB-C). The normalized RLUs of TOPFlash and TOP-NLuc were
comparable in side-by side experiments with similar signal induction of approximately 100-fold (Fig
1B). The control plasmid FOPFlash, having mutant TCF/LEF binding sites, did not show a significant

signal increase upon induction, as expected.

Fig 1. Evaluation of Wnt, Hh and Notch luciferase single reporters via luminescence readout. (A)
The Wnt promoter TOP was combined with NLuc. (D) The Hh promoter GLI-RET was backbone switched to

obtain GLI-FLuc. (G) For the Notch (Not) reporter construct, the CBF promoter was combined with GLuc. All
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transfections were carried out in 293T cells. B, E, H: Luminescence measurement of cells transfected with the
indicated plasmid and co-transfected with either pUC19 control or the indicated inducer plasmid. C, F, I: fold
increase in signal for the indicated plasmid upon co-transfection with pUC19 control versus inducer plasmid (C:
pWnt3a; F: phGlil; I: phICN1). In B, E and H results are show from a representative experiment; C, F and I are
the average of 2-5 independent experiments. (**P<0,01, ***#*¥P<0.0001, ns=not significant, t-test, n=4).
Normalised RLUs were multiplied with 10 (CBF-GLuc), 100 (TOP-NLuc) or 1000 (FOPFlash, TOPFlash, GLI-

RET and GLI-FLuc).

As luminescence-based Hh reporter, GLI-FLuc was generated (Fig 1D). For induction, several
plasmid-based inducers were evaluated (pUC19 and pDest were used as control plasmids), with phGlil
offering the most consistent results (Fig S2B). The original reporter GLI-RET and the new GLI-FLuc
showed similar performance, both in terms of expression strength (Fig 1E) and fold increase in signal

after induction with phGlil (Fig 1F).

The plasmid CBF-GLuc was cloned for tracking Notch activity (Fig 1G). Two different Notch-
inducing plasmids, phICN1 and pNICD, were evaluated (Fig S2C) and phICN1 was chosen for further
experiments. Although increase in normalized RLUs and fold increase upon induction of CBF-GLuc
were considerably lower compared to TOP-NLuc and GLI-FLuc, results were statistically significant,
and consistent over several experiments (Fig I|H, G). In contrast to the plasmids described above, a
direct comparison of CBF-GLuc with CBF-based luciferase reporter was not feasible, as the original

version is a fluorophore-based reporter.

Taken together, the newly developed pathway-sensitive luciferase based reporters perform equally
well to their original counterparts where applicable, and all show statistically significant responsiveness

as well as robust fold-increase when induced with appropriate pathway activators.

Performance of single fluorophore pathway reporters

In a next step, fluorophore reporter genes were generated to evaluate specificity and signal dynamics.

With the Wnt-construct TOP-iRFP (Fig 2A), baseline iRFP signal in 293T cells resulted in <0.04%
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iRFP* cells, which increased significantly to a mean of 0.85% positive cells upon induction with

pWnt3a (Fig 2B). This corresponds to a signal increase of around 30-fold (Fig 2C).

Fig 2. Evaluation of Wnt, Hh and Notch fluorescent single reporters via flow cytometry. (A) The Wnt
promoter TOP was combined with iRFP. (D) The Hh sensitive promoter PTCH1 was joined with mTurquoise2
(mT2). (G) For the Notch (Not) reporter construct, the CBF promoter was combined with tdTomato (tdT).
Transfection were carried out either in 293T cells (B, C, E, F) or HeLa (H, I). B, E, H: Fluorescence measurement
of cells transfected with the indicated plasmid and co-transfected with either pUC19 control (white bars) or the
indicated inducer plasmid (grey bars). C, F, I: fold increase in signal for the indicated plasmid upon co-transfection
with pUCI19 control versus inducer plasmid (C: pWnt3a; F: phGlil; I: phICN1). In B, E and H results are shown
from a representative experiment; C, F and I are the average of 3-6 independent experiments. (**P<0.01,

##4*P<(),0001, ns=not significant, (-test, n=>4).

For the Hh reporter construct, the promoter PT was chosen (Fig 2D). The fluorophore reporter
construct PT-mT2 resulted in approx. 3.5 % mTurquoise2" cells upon induction with phGlil,
corresponding to an increase of 2.6-fold when compared to control (pUC19) transfected cells (Fig 2E-
F). In addition, original and mutant binding versions of the promoter driving FLuc were compared (Fig

S3). Also here, signal increase was significantly higher when compared to mutant control.

As a Notch reporter protein, tdTomato was used and evaluated in HeLa cells (Fig 2G-1), as 293T
cells did not show any signal increase upon induction with CBF-fluorophore construct (Fig S4). In case
of HeLa cells, CBF-tdTomato showed a highly significant, 11.5-fold signal increase upon induction.
This was in contrast to the original plasmid reporter CBF-Ven, which in our hands only achieved a non-
significant increase in the number of positive cells (1.2-fold, compared to 0.9 fold using the mutant
binding site plasmid version Cmu-eG). Of note, CBF-tdT exhibited a baseline signal several times lower

than that of both the original and mutant plasmid reporter versions CBF-Ven and Cmu-eG (Fig 2H).

Taken together, all fluorophore-reporter constructs showed significant signal increases upon

induction, and satisfactory fold increases.
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Development of multicistronic pathway reporters

Based on the modified Gateway cloning system described by Albers and colleagues (20),
polycistronic plasmid vectors were designed and cloned utilising the Multiple Lentiviral Expression
System Kit. The luciferase reporter 3P-Luc contained Wnt-NLuc, Hh-FLuc (using GLI-FLuc), and
Notch-Gluc (using CBF-Gluc) expression cassettes, and in addition a PGK promoter driven Neomycin
resistance for selection purposes and a CMV driven EGFP expression cassette for future sorting (for
map see Fig SIB, scheme see Fig 3A). The yield of the resulting large plasmid (15,489 bp) was in the
range of 4.8 pug per ml culture volume. The single luciferase reporter plasmids were compared side-by-
side with 3P-Luc (Fig 3B-E). For all three pathways, induction was significant using the 3P-Luc
plasmid. For the Wnt (Fig 3C) and Hh pathways (Fig 3D), signal induction was less pronounced when
compared to the single reporters. Interestingly, Notch single reporter induction was not significant in

these assays (Fig 3B).

Fig 3. Evaluation of triple pathway reporter constructs. (A) The three single luciferase reporter gene plasmids
for the Wnt, Hh and Notch pathways were joined by a gateway approach to yield 3P-Luc. (F) 3P-Fluor was
generated from the three pathway reporter plasmids with indicated fluorophore reporters. Experiments in B, C, D,
E, H and I were carried out in 293T cells. In panel G, 293T cell were used for pWnt3a and phGlil and
corresponding pUC19 control transfections, Hela were used in panel G for phICN1 and corresponding pUC19
control and in panel J. (B): Luminescence measurement of cells transfected with the indicated plasmid and co-
transfected with either pUC19 control or the indicated inducer plasmid. Normalised RLUs were multiplied with
0.1 (Wnt-pathway experiments), 1 (Hh-pathway experiments) or (.01 (Notch-pathway experiments). C-E:
Quantification of fold increases for Wnt (C), Hh (D) and Notch (E). (G) Evaluation of compensated 3P-Fluor with
a compensation matrix applied. Cells were transfected with 3P-Fluor and co-transfected with either pUC19 control
or the indicated inducer plasmid. H-J: Quantification of fold increases of fluorescence positive cells for Wnt (H),
Hh (I) and Notch (J). In B and G results are shown from a representative experiment; C, D, E, H, I and J are the

average of 3-4 independent experiments. (**P<0.01, ***P<(.001, ****P<0.0001, n.s.=not significant, t-test, n>3)

The fluorescence reporter 3P-Fluor (Fig 3F) consisted of Wnt-iRFP, Hh-mT2 (using PT-mT2), and
Notch-tdT. Using CMV-driven fluorophore variants for iRFP, mTurquoise2, tdTomato and eGFP, a
compensation matrix was generated to minimise signal overspill between the individual colours. The
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matrices used showed a considerable interplay of mTurquoise2, eGFP and tdTomato (for 293 T see
Table S2, for HeLa see Table S3). Analyzing the compensated data, a robust increase of iRFP* cells
after induction of the Wnt pathway was observed, with a mean 6.1-fold increase (Fig 3G, H). In contrast
to this, the data for the Hh (Fig 3G, I) and Notch pathway (Fig 3G, J) show neither a significant increase
of fluorophore-positive cells upon induction, nor a fold-increase. Here, the detection of a clear-cut
mTurquoise2* or tdTomato* subpopulation was not possible despite the application of compensation

(Fig S5).

Small molecule evaluation

In an initial experimental series, several published small molecules were evaluated regarding their
capability to induce or reduce the activity of single luciferase pathway reporters (Fig 4). 293T cells were
transiently co-transfected with reporter and normalizing plasmid, and inducer plasmids where indicated.
All compounds were tested at 10uM and added 4 hours after transfection. Activity was measured after
24 (Wnt) and 48 h (Hh, Notch), respectively. While CHIR99021 showed a significant TOP-NLuc
induction, the activation seen with LY2090314 was not significant (Fig 4A). Niclosamide significantly

decreased TOP-NLuc activity, while LGK-974 did not change the signal compared to solvent control.

Fig 4. Small molecule evaluation with the novel reporters. 293T cells were transfected with the indicated
reporter plasmid and treated with the listed compounds (10 pM). (A) TOP-NLuc; (B) GLI-FLuc, (C) CBF-Gluc.
‘White bars: uninduced conditions, grey bars: induction with conditioned medium (A: CM, contains Wnt3a) or by
co-transfection  (B: phGlil, C: phICNI). CHIR=CHIR99021. LGK=LGK-974, LY=LY2090314,
Niclo=niclosamide. Soni=sonidegib. Vismo=vismodegib. (**P<0.01, ***P<0.001, ****P<0.0001., n.s.=not

significant, t-test, n=4) Normalised RLUs were multiplied with 100 (TOP-NLuc, GLI-FLuc and CBF-GLuc).

After transfection with the Hh reporter GLI-FLuc, SAG did not induce the Hh pathway, and in fact
gave lower FLuc signals that the solvent control (Fig 4B). In cells co-transfected with phGlil, only

vismodegib significantly decreased Hh signalling.
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(11). The lower performance observed in our experiments could not be fully elucidated, but it could be

due to the normalization method used.

We assumed that due to the signal amplifying effects of luciferase enzymes (46), the signal increase
would be considerably reduced when pairing the same promoters with fluorophores. Bauer and
colleagues directly compared TOP-GFP and TOP-Luc adding Wnt3a protein, estimating a >100-fold
increase in both cases, although apparently saturating amounts of protein were added (47). In another
approach, a bidirectional NF-kB-responsive reporter was cloned simultaneously driving expression of
FLuc and EGFP (48) . Upon stimulation with TNFa, luciferase activity increased several hundred fold,
whereas the number of EGFP positive cells increase from 0.3 to 35% (although not considering the
absolute EGFP expression per cell). From this, one could consider that luciferase based vectors offer a
higher dynamic range, but fluorophore-based vectors are not necessarily less sensitive in terms of
induction. In our experiments, the fold increase upon induction using fluorescent proteins decreased
only to around one third (TOP and CBF promoter) and half (PT promoter), respectively. Still, it should
be kept in mind that the half-life of reporter proteins largely differ, e.g. with 3h for cytoplasmic firefly
luciferase (49) and >24h for EGFP (50). To improve the dynamics of the readout, destabilised protein
versions of the reporter proteins can be utilised (49, 50), although this could come with an overall
decreased sensitivity. We also observed a dependence on the type of fluorophore used: although the
original version CBF:H2B-Venus did not show significant signal increase upon induction, our CBF-
tdTomato construct performed at considerably lower baseline with >10-fold induction (Fig 2I), which

is clearly above than the luciferase version CBF-GLuc (Fig 1I).

In a next step, we generated triple pathway reporter plasmids with our constructs, which were then
also evaluated. We used the approach described by Albers et al., based on Gateway cloning (20). As
backbone for the Gateway cloning approach, a lentiviral transfer plasmid was chosen, offering the
possibility for transient transfection, but also the generation of stably transduced cell lines using a
lentivirus. An additional CMV-EGFP cassette was added to enable sorting of transfected or transduced
cells with FACS, as well as a neomycin cassette, adding an additional choice for cell selection (Fig

S1B). For 3P-Luc, all luciferase activities had to be normalised to total cell viability, as normalization
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with CMV-driven luciferases was not possible, due to the genes already used as pathway reporters. The
single reporters were included in these experiments, also to investigate differences due to the
normalization method. With single reporters, we saw that the choice of normalization method (CMV-
driven luciferases in Fig, 1, CellTiterFluor in Fig 3B-E) had significant influence on the calculated
induction level. TOP-NLuc showed >100-fold induction in Fig 1C and >700-fold induction in Fig 3C.
With GLI-FLuc, the difference was less pronounced (200-fold in Fig 1F vs 70-fold in Fig 3D). The
reaction of the single Notch reporter is remarkable, as it failed to reach a significant increase upon
induction in Fig 3B, but had a highly significant response in Fig 1H, where we used another
normalization approach. We thus assume that the alternative normalization method based on total cell
viability instead of our usual co-transfection with CMV-driven luciferases, had an appreciable impact
on the results. Investigation of the most appropriate normalization method would in itself be a separate
study. Side-by-side comparison of induction levels between single reporter and 3P-Luc revealed
remarkably lower levels for Wnt and Hh in 3P-Luc (700- vs 2.7-fold for Wnt, 70- vs 9-fold for Hh).
Surprisingly, the Notch reporter performed better in the 3P-Luc construct (8-fold). The differences
between single- and multiple pathway reporter are intriguing and can be explained in several ways. For
example, all promoters, also our synthetic constructs, require the binding of transcriptions factors (TF)
for activation. At least two effects can explain reduced activity of promoter elements within
multicistronic vectors. Firstly, promoters interacting with similar TF will compete for these proteins
(51). Hence, it appears reasonable that single plasmids in an episomal status would be less prone to TF
limitation when compared to several promoters in close vicinity in one plasmid. Secondly, steric
hindrance can be an obstacle for TF binding (52), which makes it necessary to include spacer elements
within TF binding sites in synthetic promoter elements. Such an effect is also possible in our case, even
when different TF bind to the distinct promoter elements. However, in light of the aforementioned
explanation, the increased activation of the Notch reporter on the 3P-Luc plasmid still appears

contradictory.

With the ambitious aim of enabling pathway activity research on the live single cell level, we

generated a fluorophore based triple reporter named 3P-Fluor. While the Wnt reporter iRFP was clearly
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inducible (6-fold increase in number of positive cells, compared to 30-fold with the single reporter), we
were unable to detect a clear population of mTurquoise2* and tdTomato™ cells, at induced as well as at
control conditions. The reduction in iRFP signal, compared to the single pathway reporter plasmid, can
be explained as for 3P-Luc. We assume that the strong absolute signal intensity of eGFP made
compensation of existing, but faint mTurquoise and tdTomato signal impracticable, as our
compensation matrices show the large overspill of eGFP in these channels. In case of tdTomato, the
fluorophore was excited at 488 nm with only approximately 25% efficiency. This and the overall lower
promoter strength when compared to CMV caused potentially too much signal overspill. The same can
be assumed for mTurquoise2: while the 405 nm diode laser excites the fluorophore with approx. 50%
efficiency, it also excited eGFP with approx. 17% (all spectra information obtained from

https://www.fpbase.org/spectra/ ). Using flow cytometers with better-suited excitation wavelengths and

emission filters would be one option. Alternatively, the CMV-EGFP cassette can be either eliminated
and selection of transfected/transduced cells be carried out using neomycin. As another approach, either
a weaker, constitutive active promoter or a destabilised EGFP version, e.g. D2EGFP (50), could be
employed. Regarding the Hh promoter used, the presented data indicates that the 12GLI promoter
outperforms the PTCHI promoter. In a follow-up construct, we aim to implement a new 12GLI-

mTurquoise2 reporter.

Lastly, we evaluated several small molecule to demonstrate the suitability of our single pathway
reporters for such an approach. CHIR99021 and LY20903 14 both inhibit GSK3 (36) and hence induced
the Wnt reporter TOP-NLuc, albeit LY2090314 only non-significantly due to presumably potential
toxicity of the compound (53). LGK-974, a porcupine inhibitor, blocks Wnt secretion (36). In
accordance with literature, no effect of this compound was observed as Wnt pathway activation was
facilitated externally by direct Wnt3a expression. Niclosamide did decrease the Wnt signal, as it induces

DVL2 downregulation and LRP6 degradation (37).

The SMO-activating compound SAG did not induce our Hh-reporter, but as it was used at lower
concentrations and measured within shorter timeframes, our setup might need optimization (38).

Sonidegib is a SMO antagonist (39), and as such does not interfere with our Gli-based pathway
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induction, explaining why we see no decrease in Hh pathway activity. Interestingly, vismodegib has a
similar mode of action, but also inhibits the expression of Glil/2 (40), supporting the inhibitory effect

we saw in our assay.

VPA is a histone deacetylase, leading to the activation of Notchl, which in turn induces Notch
signalling via CBFI (44). We saw no Notch pathway activation in our setup, which can be due to the
cell line used (54). SBHA, which operates in a similar fashion (41), also failed to induce Notch
signalling. The Notch pathway inhibitor DAPT blocks y-secretase activity (42), and did not inhibit the
Notch pathway in our assay. As we transfected cells to produce the Notch intracellular domain directly,
thus bypassing the y-secretase step, our findings are in line with the literature. DBZ, one of the most
potent Notch inhibitors, affects the intracellular domain (43), which is in accordance with the reduced

activity of our Notch reporter.

For further studies, we have produced VSV-G pseudotyped lentiviral vectors with 3P-Luc and 3P-
Fluor constructs as transfer plasmids. Cells stably transduced with these multi-reporter lentiviral vectors

will be utilized for broader screening approaches.

Taken together, we report successful generation and evaluation of a multi-gene, luciferase-based
three pathway reporter. Additionally, a functioning fluorescence based 3P-Fluor construct has the
potential to enable in vitro screening approaches as well as in vivo applications using preclinical
imaging. The fluorescence based reporter will need further optimization, but offers possibilities for
studying the interplay of Wnt, Hh and Notch pathway and their response to treatment approaches on a

single cell level.
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2.2 Multimodal Fluorescence and Bioluminescence Imaging Reveals
Transfection Potential of Intratracheally Administered Polyplexes for

Breast Cancer Lung Metastases

Antonia Geyer, Alexander Taschauer, Fatih Alioglu, Martina Anton, Julia Maier, Elisabeth
Drothler, Manuela Simlinger, Simeyye Yavuz, Haider Sami, and Manfred Ogris. Human

Gene Therapy, 2017. 28(12):1202-13.

Aims:

Development of single and combined luminescent and fluorescent reporter plasmids
for visualizing the activity for the Wnt, Hedgehog and Notch Pathway.
3. Evaluation of smallest iRFP720 signal with significant signal by in vivo FLI
4. Signal intensity and gene expression of intratracheally microsprayed LPEI-pDNA
(FLuc) by BLI
5. Analysis of the signal and morphological overlap of multimodal imaging with BLI, FLI

and MRI

Hypotheses:

6. Tumour growth in vivo can be adequately assessed by iRFP720 FLI imaging, including
tumour burden, allowing disease tracking before conventional signs of sickness are
detectable

7. Intratracheally microsprayed LPEI-pDNA is suitable for transfection of lung tissue

8. Multimodal imaging reveals morphological information, and enables tracking of co-

localized FLuc-transfected iRFP720* cells

Contributions:

J.M. was involved in experimental design and experimental work (cell transductions,

transduced cell sorting), and co-authored.
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Multimodal Fluorescence and Bioluminescence Imaging Reveals
Transfection Potential of Intratracheally Administered Polyplexes
for Breast Cancer Lung Metastases

Antonia Geyer, " Alexander Taschauer,"' Fatih Alioglu,' Martina Anton?
Julia Maier,! Elisabeth Drothler,} Manuela Simlinger! Stimeyye Yavuz,
Haider Sami”* and Manfred Ogris™*

'Laboratory of MacroMolecuiar Cancer Therapeutics (MMCT), Center of Phammaceutical Sciences, Department of Pharmaceutical Chemistry, University of Vienna,
Vienna, Austria; 2Institutes of Molecular Immunology and Expenmental Oncology, Klinikum rechts der [sar, Technische Universitat Minchen, Munich, Germany.
"These authors contributed equally to this work.

Local delivery of anticancer agents or gene therapeutics to lung tumors can circumvent side effects or
accumulation in non-target organs, but accessibility via the alveolar side of the blood-air barrier remains
challenging. Polyplexes based on plasmid and linear polyethylenimine (LPEI) transfect healthy lung
tissue when applied intravenously (i.v.) in the mouse, but direct delivery into the lungs results in low
transfection of lung tissue. Nevertheless, LPEI could offer the potential to transfect lung tumors selec-
tively, if accessible from the alveolar side. This study combined near infrared fluorescent protein 720
(iRFP720) and firefly luciferase as reporter genes for detection of tumor lesions and transfection efficiency
of LPEI polyplexes, after intratracheal microspraying in mice bearing 4T1 triple negative breast cancer
lung metastases. Simultaneous flow cytometric analysis of iRFP720 and enhanced green fluorescent
protein expression in vitro demonstrated the potential to combine these reporter genes within transfection
studies. Polyplex biophysics was characterized by single nanoparticle tracking analysis (NTA) to monitor
physical integrity after microspraying in vitro. 4T1 cells were transduced with iRFP720-encoding lenti-
virus and evaluated by flow cytometry for stable iRFP720 expression. Growth of 4T1-iRFP720 cells was
monitored in Balb/c mice by tomographic near infrared imaging, tissue and tumor morphology by com-
puted tomography and magnetic resonance imaging. In 4T1-iRFP720 tumor-bearing mice, intratracheal
administration of luciferase-encoding plasmid DNA by LPEI polyplexes resulted in successful tumor
transfection, as revealed by bioluminescence imaging.

Keywords: plasmid DNA, linear polyethylenimine, intratracheal lung delivery, near infrared imaging,
bioluminescence imaging, breast cancer

INTRODUCTION

Linear pOoLYETHYLENIMINE (LPET), albeit having its
drawbacks of being a non-biodegradable polymer,
still has the advantage of being one of the most ef-
ficient transfection reagents, both in wvitro and
in vivo. Several clinical trials have already been
conducted, and all of them have concentrated on
localized delivery, for example for the treatment of
superficial bladder cancer (https:/clinicaltrials.gov/
ct2/show/NCT00595088), but LPEI is also suitable
for local gene therapy of the lungs.1 Pulmonary de-

livery of macromolecules such as nucleic acids and
nanoparticulate formulations is challenging be-
cause of the biological barriers such as distribution
into the deep lung, overcoming the mucus layer,?
and rapid clearance from the lungs.? The presence of
lung tumors, either primary ones or lung metasta-
ses arising from breast, colon, and other cancers,
changes lung morphology, and such tumors are in
principle accessible from the apical site, for example
by inhalation or instillation of drug carriers.? For
PEI-based gene carriers, it was demonstrated that

*Correspondence: Or. Haider Sami and Prof. Manfred Ogris, Laboratory of MacroMolecular Cancer Therapeutics {MMCT) Center of Pharmaceutical Sciences, Department of
Pharmaceutical Chemistry, University of Vienna, Althanstrasse 14, A-1090 Vienna, Austria. E-mail: haider.sami@univie.ac.at, m.ogris@univie.ac.at
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lung tumors can be transfected when applied as an
aerosal,” although this also depends on the tumor
type and potential restricted access.® In order to
optimize application routes and delivery agents,
optical in vivo imaging can help to identify bottle-
necks, with respect to both nucleic acid delivery and
transgene expression. To this end, near infrared
(NIR) fluorescent dyes have been used directly at-
tached to either the nucleic acid or to the carrier
system to monitor the biodistribution and potential
redistribution dynamics.>*™® When using suitable
imaging systems, both biodistribution and trans-
gene expression can be monitored by using biolu-
minescence imaging (BLI) to track luciferase
reporter gene expression.” On the other hand, si-
multaneous tracking of both tumor growth and
transfection requires multiple imaging modalities.
BLI of tumor cells, stably transduced with luciferase
reporter, is one of the most sensitive methods, al-
lowing the detection of <100 luciferase positive
cells.® To allow three-dimensional (3D) imaging of
the BLI signal, a method based on wavelength-
dependent absorption of luciferase emitted light was
developed, which together with the reconstruction of
a virtual surface enables tomographic analysis.!* In
combination with morphological imaging, for ex-
ample computed tomography (CT) and suitable CT
contrast agents, this method enables precise allo-
cation of tumor nodules to organ structures (Gehrig
et al.,in preparation). As an alternative to luciferase
labeling, fluorescent reporter gene products can also
be used. However, in vivo tissue absorption poses
challenges for their usage. For instance, fluorescent
proteins emitting in the green—yellow—orange part of
the spectrum are most suited for labeling of only
superficial tumors, for example subcutaneously (s.c.)
implanted tumors.'? More recently, the Verkhusha
lab developed a protein series, termed iRFPs, with
strong far-red and NIR-shifted excitation and emis-
sion maxima.!® Due to their efficient tissue pene-
tration, fluorescence imaging tomography (FLIT)
for 3D-signal reconstruction is feasible.

The present study combines NIR fluorescent
protein iRFP720 and firefly luciferase-based re-
porter genes for detection of tumor lesions and
monitoring in vivo transfection efficiency of LPEI
polyplexes (after microspray-based intratracheal
administration), respectively. Influence of micro-
spraying on size and in vitro transfection efficiency
of LPEI polyplexes was investigated by nano-
particle tracking analysis and luciferase reporter
gene assay, respectively. LPEI polyplexes were
intratracheally administered in mice bearing lung
metastases of syngeneic 4T1 breast cancer cells,
and their transfection profile was investigated by

BLI in combination with fluorescence imaging—
based visualization of 4T1-iRFP720 tumors.

MATERIALS AND METHODS
Transfection and transduction reagents

The CpG-free plasmid pCpG-hCMV-EF 1o-LucSH
expresses luciferase-bleomycin fusion protein
under the control of the human elongation factor
alpha promoter.8 The iRFP720-encoding plasmid
piRFP720-N1 was a gift from Vladislav Verkhusha
(Addgene plasmid # 45461). pEGFP-N1 was bought
from Clontech (now TaKaRaBio USA, Inc., Mountain
View, CA). Plasmids were expanded using either
Escherichia coli DH5« (pEGFP-N1 based) or GT115
(pCpG based), as described elsewhere,® and purified
using commercial kits (GeneJET Plasmid Maxiprep
Kit; Thermo Fisher Scientific, Schwerte, Germany;
and NucleoBond® PC 10,000; Macherey-Nagel, Due-
ren, Germany). LPEI (10 kDa) was synthesized and
used as described earlier.'* The VSV-G pseudotyped,
self-inactivating lentivirus expresses iRFP720 under
the control of the constitutively active phosphogly-
cerol (PGK) promoter. The tRFP720 cDNA was ex-
cised from piRFP720-N1 by Xbal and inserted into
pHIV-7 carrying the PGK promoter. Lentiviral vector
production was performed in 293T cells, as described
earlier.!®

Cell culture and transductions

4T1 murine triple negative breast cancer cells
(CRL-2539) and human lung adenocarcinoma A549
cells (CRM-CCL-185) were obtained from ATCC
(LGC Standards GmbH, Wesel, Germany) and cul-
tured in RPMI1640 (supplemented with 10% fetal
bovine serum, L-glutamine, and antibiotics). 4T1
cells were lentivirally transduced with polybrene, as
described earlier,'® and sorted for iRFP720 expres-
gion on a FACS Aria III (BD Biosciences, San Jose,
CA) using 633 nm excitation and a 780/60 bandpass
emission filter to obtain 4T1-iRFP720 cells. 4T1-Luc
cells were bought from PerkinElmer (Waltham, MA).

Polyplex synthesis

All polyplex solutions were prepared by flash pi-
petting based on the protocol by Rodl et al.'® For
in vitro transfection experiments, polyplexes were
prepared at different N/P ratios (six or nine) at
pDNA concentration of 20 ug/mL (for transfection
experiment with piRFP720-N1 and pEGFP-N1) or
267 pug/mL (for microspraying of polyplexes in vitro)
in HEPES-buffered glucose (HBG buffer; 20 mM
HEPES, 5% [w/V] glucose, pH 7.4, sterile filtered).
Polyplexes for in vive application were generated at
a N/P of 9 at a final pDNA concentration of 267 ug/
mL in HBG buffer.
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In vitro transfections with piRFP720-N1
and pEGFP-N1

A549 cells (10,000 cells/well) were seeded in
200 uL, of medium onto a 96-well plate. After 24 h, the
medium was replaced with 80yl of RPMI1640
(without supplements) and 20 pL. of of polyplex so-
lution (containing 400ng of piRFP720-N1, or 400ng
of pEGFP-N1, or a mixture of 200 ng of piRFP720-
N1 and 200 ng of pEGFP-N1 complexed at a N/P of 9)
was added per well. After 4h of treatment with
polyplexes, 100 uL: of complete medium was added.
For flow cytometric analysis, cells were detached af-
ter 24 h total transfection time using 30 L of TrypLE
(Thermo Fisher Scientific) and then re-suspended in
130 uL. of phosphate-buffered saline (PBS; Dulbec-
co’s PBS; Sigma-Aldrich, Darmstadt, Germany).
DAPI  (2-[4-amidinophenyl]-6-indolecarbamidine
dihydrochloride; Sigma—Aldrich) was used for dis-
tinguishing between live and dead cells at a final
concentration of 1 yg/ml.. One hundred microliters
of each cell suspension was analyzed using a Macs-
Quant Analyzer 10 flow cytometer (Miltenyi Biotec
GmbH, Bergisch Gladbach, Germany). During flow
cytometry analysis, cells were permanently cooled at
4°C using a Inheco CPAC unit (INHECO, Planegg,
Germany). DAPI was excited with 405nm, and
emission was detected with a 450/50 nm band pass
filter. Enhanced green fluorescent protein (EGFP)
was excited with 488 nm and detected with a 525/
50nm band pass filter. iRFP720 was excited with
635 nm and detected with a 655-730nm band pass
filter. For evaluating expression levels of EGFP and
1RFP720, dead cells were excluded.

Microspraying of polyplexes in vitro:
biophysical characterization and cell transfection

After polyplex preparation, 75 ul. of polyplex
solution (generated at N/P ratios of 6 and 9) was
microsprayed into 1.5 ml centrifuge tubes using a
MicroSprayer®/Syringe Assembly (MSA-250-M:
Penn-Century, Inc., Wyndmoor, PA). For evaluat-
ing the influence of microspraying on nanoparticle
properties, microsprayed and non-microsprayed
polyplexes were investigated for in vitro transfec-
tion efficiency in 4T1 and A549 cells by firefly lu-
ciferase assay and for size by nanoparticle tracking
analysis (NTA; NanoSight NS500, Malvern, Uni-
ted Kingdom). Size evaluation of microsprayed and
non-microsprayed polyplexes was done by NTA
using a procedure described earlier.'*

Within in vitro transfection assay (based on firefly
luciferase reporter gene), A549 and 4T1 cells (10,000
cells/well) were seeded onto a 96-well plate. After
24h, the medium was replaced with RPMI1640
(without supplements), and 10 uL of polyplex solu-

tion (containing 200ng of pCpG-hCMV-EFI1u-
LucSH, at N/Ps of 6 and 9) was added per well.
After 4h of treatment with polyplexes, 100 uL. of
RPMI1640 (with supplements) was added. After
24h of addition of polyplexes, supernatant was re-
moved, and cells were lysed using 30 ul. of passive
lysis buffer (Promega, Mannheim, Germany). For
evaluating luciferase expression, 100 ul. of home-
made D-luciferin solution (based on sodium salt of
luciferin; Promega) was added to 10 uL of cell lysate
using the Tecan Infinite M200Pro equipped with
auto-injectors, and luminescence (integration time:
10,000 ms; waiting time: 2s) was measured; 1 nano-
gram of recombinant luciferase protein corresponds
to 10° light units. Relative light unit values were
normalized based on total protein amount per well.
Protein quantification was done for rest of the cell
lysate using a BCA assay kit (Pierce; Thermo Fisher
Scientific) following the manufacturer’s instructions.

Tumor models, intratracheal application

Mice (Balb/cJRj, female; purchased from Janvier
Labs, Le Genest-Saint-Isle, France) were housed in
individually ventilated cages (Type 2L; Tecniplast,
Hohenpeillenberg, Germany) under specified
pathogen-free conditions and allowed to acclimatize
for at least 10 days prior to experiments. Autoclaved
water and food (standard rodent diet; SSniff, Soest,
Germany)were provided ad libitum. Low fluorescent
diet (AIN-76A; Brogaarden Korn & Foder ApS,
Lynge, Denmark) was used for atleast 7 days prior to
the experiments. All procedures were approved by
local ethics committee and are in accordance with the
Austrian law for the protection of animals and the
EU directive 2010/63/EU for animal experiments.

For 4T1-Luc tumor model generation, 4T1-Luc
cells were harvested with TrypLE (Thermo Fisher
Scientific), washed, and re-suspended in PBS; 10°
cells (counted by MacsQuant Analyzer 10 flow
cytometer) in 100 uL. of PBS were injected into the
lateral tail vein of mice (n=3). For 4T1-iRFP720
tumor model generation, 4T1-iIRFP720 cells were
harvested with TrypLE, washed, and re-suspended
in PBS: 10° cells (counted by MacsQuant Analyzer
10 flow cytometer) in 100 uL of PBS were injected
into the lateral tail vein of mice (n=4). For tumor
model characterization by FLI, mice were imaged
on days 5, 7, and 10 post implantation by epi-
fluorescence imaging and on day 14 post implan-
tation by FLIT, as described below.

For intratracheal application of polyplexes, 75 uL.
of polyplex solution (a N/P 9 of in HBG, containing
20 ug of plasmid) was applied using the Micro-
Sprayer®/Syringe Assembly (MSA-250-M; Penn-
Century, Inc.), as recently described.® On day 8 post
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implantation of 4T1-iIRFP720 cells, LPEI polyplexes
(at N/P of 9) were intratracheally administered
(n=3). In brief, ketamin/xylazin (80 mg/kg and 5 mg/
kg, respectively) anesthetized mice were placed on
an intubation platform made in-house and in-
tubated with a 18G 1” eatheter (BBraun, Melsun-
gen, Germany). Polyplex solution was administered
intratracheally right above the tracheal bifurcation,
ensuring equal delivery into both lungs. Gooseneck
light guides (white LED) were placed externally on
the trachea (ventral side) so that the transmitted
light ensured proper placement of the tube. Onday 9
post implantation (24 h transfection), the mice were
imaged first by FLI, followed by BLI and magnetic
resonance imaging (MRI), as described below.

In vivo imaging

Optical imaging and CT was carried out on an
IVIS Spectrum CT imaging system (PerkinElmer).
Mice were shaved ventrally and dorsally to improve
the signal guality for fluorescence and biolumines-
cence measurements. For FLIT imaging, mice re-
ceived intraperitoneally 300 gl Scanlux (Topamidol,
Sanochemia, Vienna; 300 mg iodine/mL) in 5% glu-
cose (w/v) at a ratio of 1:1.5. Fluorescence imaging
was performed in epifiluorescence mode, asdescribed
earlier,® with automated exposure time using the
following excitation (Ex)/emission (Em) filter com-
bination (excitation: 30nm bandwidth; emission:
20 nm bandwidth): Ex: 640nm with Em: 680 nm,
700nm, 720 nm, 740 nm, 760nm; and Ex: 675 nm
with Em: 720 nm, 740 nm, 760 nm, 780 nm, 800 nm.
All animals were imaged along with a control ani-
mal, and spectral unmixing was done for each image
separately. For 3D measurement, mice were first
scanned by CT in low resolution and afterwards
measured for fluorescence emission in transillumi-
nation mode, according to the technique described
pr'eviousdy.3 Mice were anesthetized by 1.5-2% iso-
flurane in oxygen, placed ventral up on the grid plate,
and fluorescence images were acquired at Ex: 675 nm
(30nm BW) and Em: 720 nm (20nm BW). For BLI,
luciferin (D-luciferin potassium salt VivoTrace™,;
Intrace Medical, Lausanne, Switzerland; dissolved in
PBS at 30mg/ml) was injected s.c. at a dose of
120 mg/kg. Bioluminescence signal was subsequently
collected for 45 min at an exposure of 5 min in stage B
to gain maximum signals after 20—40min.

For MRI analysis, anesthetized animals were
imaged by an Aspect Imaging™ M3 compact MRI
system (Aspectlmaging, Shoham, Israel). T2
weighted images were acquired using a 50 mm x
30 mm body coil (time to repetition [TR]: 3,250 ms;
time to echo [TE]: 63.47 ms; number of slices: 15;
glice thickness: 1 mm; number of excitations: 7;

slice orientation: coronal; center of slice position: 0;
flip angle: 90°; scan time: 5 min 46 s). Analysis was
performed by a veterinary clinical radiologist using
VionuantTM (Invicro, Boston, MA).

Histology

After imaging, mice were sacrificed by an overdose
of anesthesia and intubated. Ten percent formalin
(4% formaldehyde in HBS, prepared using parafor-
maldehyde; Sigma-Aldrich) was instilled, as per a
reported method.!” Briefly, the intratracheal tube
was connected to a bottle (filled with 109% formalin) at
a height of 25 cm, and the lungs were instilled uti-
lizing the pressure of the fluid over a time period of
5min. The lungs were subsequently fixed in formalin
for 22h, dehydrated by gradient ethanol treatment
(70%, 96%, and 100%), cleared by Xylene (Sigma—
Aldrich), and embedded using Paraplast® (Sigma-—
Aldrich). After sectioning, the tissues were rehy-
drated in a descending ethanol row and stained using
hematoxylin according to Harris (Carl Roth GmbH +
Co. KG, Karlsruhe, Germany) and Eosin Y (Sigma-—
Aldrich; 3 min hematoxylin, 1 s acidified ethanol, 20s
NH,OH, 10 min eosin) for morphological analysis.

Immunohistochemistry

Sections were boiled for at least 20 min in pH 8
EDTA-Tween buffer (1mM of EDTA +0.05%
Tween R 20in PBS)in a water bath. EDTA-Tween
buffer was prepared by mixing 1mM of EDTA
(Sigma—Aldrich) with 0.05% Tween® 20 (Sigma—
Aldrich)in PBS, and the pH was adjusted to 8. The
sections were allowed to cool for 30 min at room
temperature, and endogenous peroxidase was
blocked using 3% H,;0, (v/v) in PBS. Unspecific
binding sites were blocked using normal rabbit
serum (Vectastain ABC Kit; Vector Laboratories,
Burlingame, CA) for 30 min. The polyclonal goat anti-
firefly luciferase antibody (Abcam, Cambridge, Uni-
ted Kingdom) was diluted in 2% bovine serum albu-
min (Sigma-Aldrich) in PBS to a final concentration
of 1 ug/mL, and the sections were treated overnight at
4°C. In parallel, control sections were incubated with
an equivalent amount of buffer for secondary anti-
body control. After washing in PBS, the biotinylated
rabbit anti-goat antibody (Vectastain ABC Kit; Vector
Laboratories) was applied for 30 min and subse-
quently treated with ABC reagent of the same kit for
30min, The sections were then treated with 0.5%
Triton® X-100 (Sigma-Aldrich) in PBS followed
by incubation in a 3,3-diaminobenzidine tetra-
hydrochloride (DAB; Sigma—Aldrich) substrate solu-
tion (10 tablets in 250 mL of PBS +1.25 mL of Triton®
X-100) for 7 min. Counterstaining of the sections was
done using hematoxylin.
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RESULTS

The most NIR-shifted protein, namely iRFP720,
with excitation/emission maxima of 710/760nm,
was selected for transfection studies. Within in vitro
transfection studies, as can be seenin Fig. 1A and B,
tRFP720 plasmid showed similar expression profile
when compared to EGFP-encoding plasmid. Both
plasmids share the same backbone (N1) and pro-
moter (CMV). There was no fluorescence overspill
between the two fluorophores when using the
488 nm laser line for excitation and a 525-550 nm
bandpass filter for EGFP, and 635 nm laser excita-
tion and a 655—730 nm bandpass filter for iRFP720.
Within co-transfection experiment (Fig. 1C), a high
level of transgene expression for both iRFP720 and
EGFPreporter geneswas observed, with good signal
correlation. However, low EGFP-expressing cells
were negative for iRFP720 expression. Further, the
IRFP720 ¢cDNA was cloned into a pHIV7/SF-GFP-
derived plasmid, replacing EGFP and the SF-
promoter, and VSV-G pseudotyped self-inactivating
(SIN) lentivirus was produced in HEK-293T cells.
This lentivirus was used to transduce 4T1 cells
stably. After cell sorting, 85-94% cells remained
positive for iRFP720 expression (Supplementary
Fig. S1; Supplementary Data are available online at
www liebertpub.com/hum).

Next, the influence of the microspraying process
on biophysical properties (Fig. 2) and transfection
efficiency of LPEI polyplexes (Fig. 3) wasevaluated.
With an increased N/P ratio (nine vs. six), particles
appeared significantly smaller. After microspraying
of polyplexes, both broadness of the size distribution
and average size increased due to probable aggre-
gation, thereby resulting in a decrease in particle

concentration, as shown in Fig. 2A and B, respec-
tively. Nevertheless, the fraction of particles up to
200nm in size decreased only slightly (Fig. 2B).
When comparing the in vitro transfection efficiency
of native to microsprayed particles, A549 cells
showed higher transfection than 4T1 cells with a N/
P of 9, showing highest transfection efficiency in
both cell types (Fig. 3). Microspraying of polyplexes
affects transfection efficiency slightly in the case of
Ab49 (at N/P of 9) and more significantly in the case
of 4T1 cells for both treatment ratios (i.e., at N/P of 6
and at N/P of 9).

Further on, the 4T'1-iRFP720 disseminated tumor
model (Fig. 4) was established, and it was compared
to the already established 4T1-Luc model (Supple-
mentary Fig. 52). iRFP720 fluorescence signal of
4T1-iRFP720 cell suspension was acquired with the
imaging system, and optimal signal intensity was
achieved with Ex 675/Em 720-740 nm as shown in
Fig. 4A. In control experiments, the validity and high
sensitivity of the 4T1-luc model could be confirmed.
When 10° 4T1-Luc cells were injected i.v. into Balb/c
mice, a significant BLI signal (10-fold above back-
ground) was measured (Supplementary Fig. S2A),
which further inereased by three log units on day 8
after tumor cell injection (Supplementary Fig. S2A).
Because of this high BLI signal, DLIT measurement
and 3D signal reconstruction was possible. In the
case of the 4T1-iRFP720 model, as expected, 4T1-
iRFP720 cells resulted in a considerably lower signal/
noise ratio when measured by epifluorescence imag-
ing. Fluorescence signals clearly distinguishable
from background appeared earliest at day 5 post in-
jection (Supplementary Fig. S3), and required the
application of the background unmixing technique.?

A (429% 01% B 301% 0.0%] C  i2456% 44.2%
: 103-5 103—;
& g 13)—5 % 10’—5
o oo [T
e e 10 3 - 10 ;-
E m E m E
100
0.1% 1473 % 52.6 % 331.0% 0.2%
T X T ¥ 1 ¥ T ¥ T ¥ T ] T T
101 10? 107 100 10! 102 101 10° 101 10%
: iIRFP720 R1: iRFP720 R1: iRFP720

Figure 1. Combination of near infrared (NIR)-emitting /RFP720 reporter gene with enhanced green fluorescent protein {EGFP) reporters for transient
transfection studies. Cells were transfected with 400 ng of pEGFP-NT (A), 400 ng of piRFP720 (B), or with a mixture of 200ng of each plasmid (C) using linear
polyethylenimine {LPEI), as described in the Materials and Methods. Live cells were gated after addition of 2-{4-amidinophenyl)-6-indolecarbamidine dihy-
drochloride (DAPI) and represented as density plots showing iRFP720 fluorescence on the x-axis and EGFP fluorescence on the y-axis.
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Figure 2. Influence of microspraying on biophysical properties of LPEI polyplexes. Polyplexes (N/P of 6 and N/P of 9) were generated in HEPES-buffered
glucose (HBG) buffer at a final pDNA concentration of 267 ug/mL and underwent microspraying with a PennCentury microsprayer. They were then analyzed by
nanoparticle tracking analysis {as described in the Materials and Methods) to plot particle size distribution (A), and mean hydrodynamic diameter and
percentage of particles within a range of up to 200nm (B). Data shown are representative of three different experiments.

With late-stage tumors (day 14 after injection), 3D
signal analysis (FLIT) together with CT and contrast
agent was feasible (4B). Distinct tumor areas could be
identified in the lungs. Pathological evaluation of
mouse lungs (21 days post tumor implantation) re-
vealed macroscopic multiple pale nodules up to 2 mm
in diameter (Fig. 4C). To examine the microanatomy
of tumors and their invasion pattern, first the lung
fixation technique was optimized to preserve the
organ structure (Supplementary Fig. S4). Simply
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Figure 3. Influence of microspraying on in vitro transfection efficiency.
A549 and 4T1 cells {10,000 cells/well) were treated with pCpG-hCMV-EF 13-
LucSH-based polyplexes at a concentration of 200ng of pDNA/well. The
polyplex solution was tested before and after microspraying. Twenty-four
hours later, luciferase expression was evaluated by luciferase assay proto-
col. Relative light unit (RLU) values were normalized based on total protein
amount per well. Normalized RLU values are shown as mean values (n=9;
error bars indicate standard deviation; *p=<005 **p<0.01; ***p<0.001;
*HER p <0.0001; U test [Mann-Whitney]).

excising the lungs, followed by the standard fixa-
tion and embedding procedure, resulted in collapsed
lung tissue without the possibility of studying
bronchio-alveolar structure. Optimal structure
conservation was achieved when instilling lungs
of dead animals with formalin solution prior
to formalin-fixed paraffin-embedded processing
(Supplementary Fig. S4A and C). Hence, this fix-
ation technology was also applied to tumor-
bearing animals. 4T1-iRFP720 tumors exhibited
a multifocal nodular-like appearance, with inva-
give parenchymal growth pattern and oligofocal
single cell infiltrates (Fig. 4D and E), responsible
for the macroscopic nodular structure. Notably,
the tumor cells were located in the alveolar septs
and could also be detected inside the alveolar
gspace (Fig. 4E). Inside the compact tumor forma-
tions, the vascularization consisted only of capil-
laries, as larger vessels could not be detected.
Furthermore, the transfection pattern of LPEI
polyplexes in 4T1-iRFP720 tumor-bearing mice was
investigated (Fig. 5). In all experiments, N/P 9 poly-
plexes were used due to their higher stability (Fig. 2)
and reliability of in vivo transfection.l* First, the
tumor load and its spatial localization were evaluated
using fluorescence imaging and spectral unmixing
(Fig. 5A—C). Two animals showed highest signal in-
tensities in the area of the right lung. In one animal,
the overall signal intensity was less. However, the
main signal was located in the left area of the lungs,
with a less intense signal in the right lung (Fig. 5B).
After spatially localizing the tumor via FLI signal,
BLI imaging was performed on these animals to
investigate the transfection pattern. Polyplex-
treated animals exhibited significant BLI signals
(Fig. 5D-F) when compared to control animals (data
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Figure 4. Characterization of 4T1-iRFP720 tumor model in Balb/c mice. (A) Epifluorescence imaging of 4T1-iRFP720 cell suspension (Ex 675 nm, Em 720 nm) on a
96-well plate, 5x 10°-5x 10° cells/well. (B) Fluorescence imaging tomography (FLIT)/computed tomography [CT) analysis of 4T1-iRFPT20 tumors 14 days after
intravenous (iv.) injection of 10° cells. Animals received iopamidol contrast agent iv. prior to imaging. The CT picture {grayscale) is overlaid with the FLIT signal
{color coded). Colored lines denate the position of the optical section in coronal {red), axial (green), or sagittal {vio/et) view. {C) Explanted lung/heart 21 days after
tumor cellinjection. He denotes heart. White arrowheads point at tumor nodules (pale appearance). Scale bar: 5 mm. (D and E) Instillation fixed, hematoxylin and
eosin-stained tumor-infiltrated lungs 9 days after tumor cell injection. Scale bar: 200 um (D) and 20 um (E). Arrowin (D) indicates the magnified area in (E).

not shown). However, the BLI signals were low in
signal intensity. Importantly, the localization of the
BLI source not only matched the side of the FLI
signal, but also partially overlapped with the fluo-
rescence signals. Using MRI and histological anal-
ysis, tumor structures within the same localization
could also be morphologicallyidentified. Histological
examination (Supplementary Fig. S5) revealed tu-
mor nodules in all lobes. Interestingly, in the case of
the animal with low FLI signal (Fig. 5B), no diffuse
morphological alterations of the structure in MRI
were seen, but a nodular structure of high echo-
genicity in the dorsal portion of the right caudal lobe,
surrounded by finger-like structures of medium

echogenicity, were observed only inside the left lung
(Fig. 5H). The MRI ofthe control animal showed that
all thoracic structures were of physiological ap-
pearance (i.e., no structures with high echogenicity;
Fig. 5I). Histologically, tumors of this particular
animal were also found in all lobes but with an area
of presumably dystelectatic lung tissue inside the
left lobe. For validation of LPEI polyplex-mediated
luciferase gene delivery to 4T1-1RFP720 tumor, im-
munohistochemical staining for firefly luciferase
protein of the tumor-bearing lungs was performed
for both polyplex-transfected and untransfected mice
(Supplementary Fig. S6). Immunohistochemical
analysis revealed a pale but distinct homogenous
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Figure 5. Transfection of 4T1-RFP720 tumor after intratracheal instillation. Balb/c mice received 10° 4T1-iRFP720 cells i.v. On day 8 after tumor cell injection,

LPEI polyplexes (N/P 9) were applied intratracheally, and on day 9 {24 h transfection), mice were i

ged by FLIT, biol imaging (BLI), and magnetic

resonance imaging (MRI), as described in Materials and Methods. (A=C) 4T1-iRFP720 fluorescence signal {color coded, after spectral unmixing) is overlaid on
a reflected light picture {B/W). (D-F) BLI signal {color coded) overlaid on a reflected light picture {B/W). (G and H) MRI picture (T2 weighted) of tumor-bearing
animals. (I) MRI {T2) of healthy control animal. Note: data from the same animal shown in A, D, and G, in B, E, and H, and in C and F, respectively. n=3 for FLI/

BLI imaging; n=2 for MRI imaging.

staining pattern similar to stably transfected control
tumor (4T1-Luc)-bearing lungs expressing luciferase
(data not shown), thereby indicating the presence of
luciferase protein in polyplex-transfected tumor
mice (Supplementary Fig. S6).

DISCUSSION

Tracking in vivo transgene expression with op-
tical imaging via BLI of luciferase activity is a well-
established method. Here, luciferases with a red-
shifted emission spectrum offer optimal signal for
deeper-seated signals, as there is an inverse cor-
relation between tissue absorption and wavelength
of the emitted light.'® Also, for fluorescence imag-
ing in vivo, the use of fluorophores emitting in the
green to orange spectrum is precluded due to ab-

sorption at a lower wavelength (e.g., by hemoglobin
and skin melanin). An absorption minimum is
possible within the so-called biological window,
ranging from approximately 650 to 900nm, en-
abling preclinical and clinical use of fluorophores
emitting within this range.'®?° The fluorescent
spectrum of recombinant proteins has been con-
siderably extended into the far red and NIR, with
development of a whole series of NIR-shifted pro-
tein variants with high stability and quantum
yield.'® With iRFP720 being the most red-shifted
variant, this reporter protein was utilized to label
different cancer lines.

First, cells were co-transfected with EGFP-
encoding plasmid with a similar backbone (N1
based). Separate excitation with 488 and 635nm la-
ser lines, respectively, did not give any spectral
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overlap and hence need for signal compensation. In
co-transfection, a good signal correlation was ob-
served in cells with high levels of transgene expres-
sion. Notably, cells exhibiting low EGFP signals
were negative for iRFP. This could be due to lower
quantum yields of iRFP720 (in contrast to EGFP), as
iRFP720 is excited only with approximately 50% ef-
ficiency when using the 635 nm laser. Nevertheless,
the signal observed was specific and significant.

Next, a lentiviral vector was generated for effi-
cient gene marking of 4T1 cells with iRFP720, and
positive cells were selected by sorting. The 4T1
murine triple-negative breast cancer model synge-
neic in Balb/c mice resembles several aspects of the
human disease situation, such as receptor status
and metastasis formation. Both orthotopically im-
planted tumors and direct i.v. injected tumor cells
form intravascular tumors in the lungs,21 and there
is no significant difference in gene expression pat-
tern between lung metastases derived from ortho-
topically implanted 4T1 cells when compared to
lesions induced by i.v. injected cells.?

The study also directly compared the 4T1-iRFP720
cells to the commercialized 4T'1-Luc cells in terms of
growth kinetics and sensitivity of tumor detection
(Supplementary Fig. S2). Itis important to note that
4T1-luc cells grew considerably faster, with mice
turning moribund already 6-7 days after injection of
10° cells (heavy breathing, weight loss >10%), with
a notably higher sensitivity. In contrast, 4T1-
iRFP720-injected mice remained clinically unaf-
fected for 14-19 days post implantation, also when
injecting 10° instead of 10° cells (data not shown).

To obtain detailed information on the tumor mi-
cromorphology, the lung fixation procedure had to
be optimized, as shown in Supplementary Fig. S4.
In the case of the lungs, the penetration of the
diaphragm usually leads to lung collapse. Hence,
in situ fixation by whole-body perfusion, instillation,
and other methods can be app]_ied.” Using formalin
instillation fixation, based on a constant fluid pres-
sure, very good preservation of alveolar structures
was achieved. The histological studies revealed that
4T1-4RFP720 cells form small multifocal parenchy-
mal nodular or nodular-like tumors, with single-cell
infiltrates growing within the alveolar sept archi-
tecture, as well as occasional peribronchiolar colo-
nialization with slight side preferences, when
injected i.v. (Fig. 4D and Supplementary Fig. S5).
This is in contrast to the pattern observed with 4T1-
Luc, where i.v.-injected cells led to tumor infiltrated
parenchyma without detectable isolated tumor
nodules.?? Interestingly, FLI imaging nevertheless
showed a good sensitivity, as it was able to deter-
mine a significant tumor load.

These findings could not be entirely verified using
morphological analysis with the MRI. In one mouse
(Fig. 5G), diffuse infiltration of both sides of the
lungs was observed, matching the histological find-
ings (Supplementary Fig. S5A), whereas FLI only
showed a signal in the right lung area. In contrast,
the second mouse (Fig. 5B) showed FLI signals in
both lungs, as also seen in histology, but with MRI
(Fig. 5H), only a high echogenicity structure in the
right lung was observed. Moreover, this structure
could also be morphologically related to structures
other than cancerous tissue. For that reason, it is
important to consider that 2D imaging cannot be
used for fine morphological analysis to determine
the exact location ofthe signal, and in the case of one
particularly high signal, smaller signals can appear
invisible. Also, the second example shows that
morphological in vivo imaging by MRI can be limited
in terms of sensitivity.

It is important to note that epifluorescence in the
case of deep-seated signals comes to a limit, and
transfluorescence technique in 2D or FLIT would be
advisable for a more accurate quantification, but
this would also then be more time-consuming. Ta-
ken together, it is nevertheless important to con-
sider the high value of FLI in vive imaging of
iRFP720 to monitor lung tumor load in mice in terms
of relative signal quantification, and with that, ani-
mals could be signal-dependent treated before they
become clinically affected or even moribund. Fur-
thermore, in the case of sufficient fluorescence
emission, FLIT imaging for absolute quantification
and localization could also give additional infor-
mation about the tumor load (Fig. 4B). As a con-
sequence, refinement of animal procedures to
improve the ethics of lung metastasis experiments
could be achieved using this model. It is also pos-
gible that if all transduced cancerous cells express
the fluorescence protein, tumor load—dependent
treatment in a comparable tumor load could be
gained. However, it is also important to note that
the heterogeneity of iRFP720 expression within
the whole tumor cannot be ruled out, as approxi-
mately 90% of 4T1-iRFP720 cells were fluorescent
(Supplementary Fig. S1).

When analyzing the individual tumor nodules as
well as nodular structures and their growth pattern
along the alveolar septs and, with that, the inter-
ference with healthy, alveolar tissue, obviously tu-
mor cells breached through the endothelium, basal
membrane, and alveolar wall and reached the air
side. Similar to the clinical situation, 4T1 cells from
either orthotopically implanted tumors or i.v. in-
jected ones form intravascular tumors, occluding
vessels, and after prolonged growth invade the pa-
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renchyma and reach the luminal side, as also ob-
served in Fig. 4E.2! This should make these tumors
accessible for LPEI polyplexes when applied via the
airways.

Accessibility is of key importance, as Hasenpusch
et al. demonstrated that only lung tumors with ac-
cess to the air side were accessible for aerosolized
polyple:;es,.Ei In this case, only tumors that grew after
intrabronchiolar cell application were transfected
by polyplexes, whereas i.v.-applied cells (A549 hu-
man lung carcinoma xenografted in NSG-mice) ex-
hibited a diffuse parenchymal infiltration pattern
and could not be transfected by aerosolized poly-
plexes. In the case of optical imaging, sensitivity of
detection was much lower for fluorescence imaging
in comparison to bioluminescence. This is substan-
tiated by the presence of a clear bioluminescence
signal in the lung area (Supplementary Fig. S2)
immediately after i.v. injection of 10° 4T1-luc cells.
On the other hand, with 4T1-iRFP a significant
signal was only seen at the earliest at 5 days post
implantation. However, the tumor growth rate was
observed to be more aggressive in the luciferase-
transfected tumor cells in comparison to 4T1-
iRFP720 cells (Supplementary Figs. S2 and S3).
Switching to a chlorophyll-free diet could reduce
fluorescence from stomach and intestine, but the
spectral unmixing procedure still had to be applied
to improve detection of the lesion by 2D epi-
fluorescence 1'_mag1'ng.3 Despite the spectral unmix-
ing process, signals from the stomach were still
detectable. This indicates the need to reduce back-
ground both by a reduced FL diet and also by the
gpeetral unmixing procedure.

In a similar work by Shcherbakova and Ver-
khusha,'® 3D tomographic imaging of deep-seated
gignals in the liver by FLIT was achieved using
iRFP713 after transduction with iRFP713-encoding
adenovirus. However, in the present study, FLIT
was possible only in individual animals with high
fluorescence signal and probably also high tumor
load. Due to less sensitivity, 3D FLIT imaging with
subsequent quantification based on a created da-
tabase needs a critical threshold to gain a better
signal-to-noise ratio. In the case of the presented
mid-stage tumor load and a rather low expression
rate of iRFP720 protein in 4T1-iRFP720 cells
(data not shown), FLIT reconstruction was possi-
ble but not without excluding background from
the stomach. Selecting and sorting of cells with
even higher iRFP720 levels might help to increase
the homogeneity of RFP expression within the
whole tumor, but care has to be taken to avoid
cytotoxic effects due to high reporter gene ex-
pression. In order to improve sensitivity, alter-

natives are also being considered, such as the use
of luciferases with substrates other than luciferin
and approaches based on biocluminescence reso-
nance energy transfer.??

Consideration of biophysical properties of poly-
plexes is crucial for efficiency of transfection both
in vitro and in vivo, and especially with respect to
the influence of microspraying on size and trans-
fection ability. NTA showed that N/P 9-based
polyplexes had significantly higher percentage of
particles up to 200 nm in size in comparison to N/P
6, which can be ascribed to the excess polymer, as
also reported in other studies.?*?® The micro-
gspraying process did not drastically change the
fraction of particles up to 200 nm, which are im-
portant for transfection.?® This is supported by the
results of in vitro transfection of A549 cells, where
there was only slight decrease in transfection effi-
ciency (Fig. 3). However, in the case of 4T1 cells,
detrimental effect of microspraying on transfection
efficiency may be ascribed to their low transfect-
ability, which can also be observed in comparison to
AB49 (Fig. 3). When compared to the very high
bioluminescence signal observed with N/P 9 LPEI
polyplexes in Balb/c mice,'* transfection was very
low when applying such polyplexes intratracheally
(data not shown). This is in agreement with obser-
vations by Bragonzi et al., where a 100-fold lower
luciferase activity was seen with LPEI polyplexes
when comparing intratracheal toi.v. application.27

Additional barriers for lung delivery include mu-
cus in the larger airways, surfactant in the alveolae,
and clearance by the phagocytic system in the lungs,
especially for nanoparticles bearing a cationic
charge such as polyplexes. Albeit mucus-producing
breast cancers are known, that is, mucinous (colloi-
dal) breast cancer,? triple-negative breast cancer is
not known for exuberant mucus production. With IT
delivery, BLI signals could be detected in the lung
area, overlapping atleast partially with the iRFP720
signal using FLI imaging. Notably, the side of the
animal with BLI signal matched in all cases with
the side having the fluorescence signals. However,
the signal was very low, and an untreated animal
was needed to verify the BLI signal. Importantly,
immunohistochemical evaluation showed the same
staining pattern as could be observed in stably
transduced 4T1-luc-bearing tumor lungs showing a
rather pale homogenous staining pattern. Never-
theless, background staining and unspecific binding
especially for the healthy tissue cannot fully be ex-
cluded (Supplementary Fig. S6). To investigate po-
tential transfection of healthy tissue and especially
the bronchiolar epithelium, further studies need to
be conducted.
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With the data presented here, the study success-
fully utilized LLPEI polyplexes to transfect lung le-
sions after intratracheal delivery. As transfection
levels were still rather low, and transfection of
healthy tissue cannot be completely excluded, fur-
ther improvements for the LLPEI polyplex part are
conceivable. Imaging-based biodistribution studies
of these polyplexes can also help in tracking the
transfection process. For instance, some studies
show liver accumulation of nucleic acids after lung
delivery. This possibility of liver accumulation can-
not be ruled out in the present study. To pursue tu-
mor selective transgene expression further, the
authors plan to apply targeting strategies on the
transcriptional level using tumor-selective promoter
elements,?® de-targeting transgene expression on
the transeriptional level utilizing microRNA bind-
ing domains,* or for selectivity of tumor cell uptake

combined de-targeting with PEG and re-targeting
with ligand binding peptides.?!32
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Supplementary Figure S1. Lentiviral-based transduction of 4T1 cells
with iRFP720 gene under constitutive expression. iRFP720 expression of 4T1
cells as analyzed by flow cytometry.
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Supplementary Figure $2. BLI and DLIT measurements in the 4T1-Luc
tumor model. Female Balb/c mice were injected with 1x10° 4T1-Luc cells
and imaged either immediately after injection, day 0 (A), after 5 days (B),
after 7 days (C), or after 8 days (A, right) thereafter. Imaging was carried
out after injection of Na-luciferin at a dose of 60 mg/kg intraperitoneally. (A)
Color-coded BLI image overlaid in a reflected light picture (B/W). ROIs
shown BLI signal in photons/s/ROI. (B and C) Color-coded DLIT signal
overlaid on CT image (B/W). Coronal, sagittal, and axial section and max-
imum intensity projection 3D reconstructed model (3D) is shown.
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Supplementary Figure $3. Quantification of signal intensity at different
time points of tumor growth in 4T1-iRFP720 tumor model. Balb/c mice re-
ceived 10° 4T1-iRFP720 cells i.v. and were imaged by epifluorescence im-
aging at different time points after cell implantation (days 5, 7, and 10; n=3).

Supplementary Figure S4. Establishment of instillation fixation. Female Balb/c mice were sacrificed by an overdose of anesthesia, and either intubated
and intratracheally fixed by in instillation of formalin (A and C) or immediately excised and fixed afterwards (B and D). Magnification used: (A and B) 10x;
(C and D) 20,
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Supplementary Figure $5. Histology of whole lungs from transfected 4T1-iRFP720 tumor mice after intratracheal instillation corresponding to Fig. 5.
Whole-section images after H&E staining are shown. (A) Histology for animal shown in Fig. 5A, D, and G. (B) histology for animal shown in Fig. 5B, E, and H.
Figures were taken at 2 x magnification and were stitched together using CellSens software (Olympus) to get the whole section from both lungs. R and L refer
to right and left lung.

Supplementary Figure S6. Luciferase immunohistochemistry of tumor-bearing lung tissue. Luciferase immunohistochemistry of tumor-bearing lung tissue
from untransfected tumor mice (A and C) and transfected tumor mice after polyplex instillation (B and D). 4T1-iRFP720 tumor-bearing animals were
transfected with LPEI polyplexes, as in Fig. 5. After BLI imaging, lungs were fixed by instillation fixation, processed and sectioned, and histological sections
(3 um) stained with polyclonal goat-anti luciferase antibody, followed by biotinylated rabbit-anti-goat antibody and stained with the Vectastain ABC kit followed
by incubation in DAB, as described in the Materials and Methods (brown staining). Sections were counterstained with hematoxylin (blue stain). Scale bar in
(A and B) 100 um; in (C and D) 20 xm.
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2.3 Up-Scaled Synthesis and Characterization of Nonviral Gene Delivery

Particles for Transient In Vitro and In Vivo Transgene Expression

Alexander Taschauer, Antonia Geyer, Sebastian Gehrig, Julia Maier, Haider Sami and

Manfred Ogris. Human Gene Therapy Methods, 2016. 27(3):87-97.

Aims:

Protocol setup for a standardized up-scaled polyplex (LPEI-pDNA transfection agent)
synthesis, including the assessment of different formulations, and evaluation of
transfection after intravenous polyplex administration
1. Protocol generation for up-scaled polyplex production, including rigorous testing of
physical properties
2. Quality assessment of in vitro and in vivo transfection potential for different N/P

rations, including comparison to other transfection agents

Hypotheses:

1. Syringe-pump based synthesised polyplexes achieve reproducible physical and
biophysical properties

2. Polyplexes show comparable transfection potential to commercially available

alternatives, with robust in vitro and in vivo transfection efficiencies

Contributions:

J.M. was involved in experimental design and experimental work (cell transductions,

transduced cell sorting), and co-authored.
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PROTOCOL

Up-Scaled Synthesis and Characterization of Nonviral Gene Delivery
Particles for Transient /n Vitro and In Vivo Transgene Expression

Alexander Taschauer, Antonia Geyer, Sebastian Gehrig, Julia Maier,
Haider Sami,* and Manfred Ogris

MMCT Laboratory of Macromolecular Cancer Therapeutics, Department for Pharmaceutical Chemistry, Facuity Center for Pharmacy,
University of Vienna, Vienna, Austria.

Polyethylenimine-based polyplexes are promising nonviral gene delivery systems for preclinical and
clinical applications. Pipette-based polyplexing is associated with several disadvantages, such as batch-to-
batch variability, restriction to smaller volumes, and variable gene delivery results. The present protocol
describes syringe-pump-mediated upscaled synthesis of well-defined gene delivery nanoparticles capable
of efficient in vitro and in vivo gene delivery. Syringe-pump-based synthesis ensures controlled mixing,
upscaling, and reproducible gene delivery. Nanoparticle tracking analysis of the upscaled formulations
involved single nanoparticle tracking, thereby generating highly resolved biophysical characterization.
Gene delivery performance was investigated by luciferase gene expression in cells and three-dimensional

bioluminescence imaging in mice.

INTRODUCTION

DELIVERY OF GENES TO CELLS is a key step in gene
therapy, which is achieved by both viral and nonvi-
ral gene carriers.! The latter category of gene carri-
ers offers various advantages, including tunable
biosafety profile, lack of immunogenicity, and pro-
grammability for multiple functions. In addition,
owing to the multiple possibilities offered by nano-
technology, development of efficient nonviral gene
carriers for preclinical and clinical research is highly
promising. Accomplishment of successful and re-
producible in vitro and in vivo gene expression via
nonviral gene nanocarriers is a challenging task; it
needs fine control on the synthesis of nanocarriers,
upscaled synthesis methods, detailed characteriza-
tion of nanoparticles, and sensitive in vitrofin vive
gene expression techniques.

The classical method of generating polyplexes by
flash pipetting is often characterized by a distinct
batch-to-batch variability of the product.? Further-
more, it must be considered that formation of poly-
plexes using a pipette is limited to relatively small
volumes.® Moreover, it is also susceptible to operator-
induced variability, thereby leading to irreproducible
gene delivery. Fine control on the synthesis of poly-

plexes can be achieved by employment of a syringe
pump for controlled mixing of the two components
needed for polyplex synthesis, that is, plasmid DNA
(pDNA) and the transfection agent (linear poly-
ethylenimine, LPEI).* Similarly, a mixing device has
been reported for lipid-DNA complexes to generate
formulations with reproducible attributes.® Also,
syringe-pump-mediated polyplex synthesis ensures
an upscaled production, characterized by a controlled
and reproducible mixing, resulting in nanoparticles
with narrow size distribution.* Detailed character-
ization of biophysical properties of the nanoparticle
formulations is another key aspect for designing ef-
ficacious gene delivery particles. Nanoparticle track-
ing analysis (NTA) is a relatively recent technique
that tracks single nanoparticles via light scattering
and brownian motion combined with a video camera,
thereby giving more detail on nanoparticle pop-
ulation characteristics for size and zeta potential
({-potential), when compared with the routinely
used dynamic light scattering system.® Because of
its ability of detecting individual nanoparticles,
NTA results in a high-resolution measurement of
both particle size and {-potential, even of samples
characterized by high polydispersity.® Another key

*Correspondence: Or. Haider Sami, MMCT Laboratory of Macromolecular Cancer Therapeutics, Department for Pharmaceutical Chemistry, Faculty Center for Pharmacy,
University of Vienna, Althanstralie 14, A-1090 Vienna, Austria. E-mail: haider.sami@univie.ac.at
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parameter affecting the gene delivery process of
polyplexes is their biophysical stability, which is di-
rectly dependent on the solvent used during poly-
plexing. For example, an increasing concentration of
NaClin the solution results in an enhanced tendency
of LPEI-pDNA complexes to form larger aggregates
thatwould finally affect the transfection efficiency. ™™
HEPES buffered glucose (HBG) shows a stabilizing
effect on the physicochemical properties and there-
fore leads to a more reproducible quality of the re-
sulting nanoparticles.”*'? Other factors affecting
transfection efficiency of polyplexes include size,
charge, and amount of DNA within the polyplex for-
mulation."'"* However, the amount of pDNA that
can be used for transient transfection in vitro and
in vivo is strongly limited by the quantity of LPEI
needed for complexation because of its cellular tox-
icity. Apart from chemical and biophysical properties
of polyplexes, the success of transient transfection is
also influenced by genotypic and phenotypic proper-
ties of different cell types.'* Therefore, it is important
that the whole transfection process is optimized for
every individual cell type. Upscaling of the poly-
plexation is more important for in vivo gene delivery
owing to the high amounts needed in preclinical gene
delivery studies. Upon intravenous administration,
LPEI polyplexes tend to interact with blood compo-
nents leading to the formation of aggregates and
thereby transfection of lung tissue (after crossing of
pulmonary-endothelial barrier).'®

Here we describe a method for syringe-pump-
mediated upscaled production of gene delivery
nanoparticles for efficient in vitro and in vivo
transient transgene expression (Fig. 1). LPEI was
employed as the transfection reagent owing to its
higher biocompatibility in comparison to the
branched versions.”'° This protocol can be used for

delivery of transgenes with both intracellular and
secreted protein products in vitro. Firefly lucifer-
ase (intracellular) and Gaussia luciferase (secret-
ed) were selected as model/reporter genes for
delivering them in vitro and investigating lucifer-
ase expression as parameter of successful gene
delivery. Similarly, by employing the same gene
delivery nanoparticles, firefly luciferase was de-
livered in vive and transient transfection of
lung tissue was monitored by bioluminescence
imaging. Quality control of the nanoparticle for-
mulations was done by NTA to ensure narrow size
distribution.

1. MATERIALS

1.1. Reagents
All reagents are enlisted in Table 1.

1.2. Equipment

. KDS Legato 210 syringe pump system
. Nanosight NS500 (Malvern)
Tecan Infinite M200 pro
MacsQuant VYB

. Inverted microscope

. Biological safety cabinet
Magnetic stirrer

. pH Meter

. Arium Pro VF (Sartorius)

. Vortex mixer
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. Shaking platform

. Water bath

. Incubator 37°C, 5% COs
. Refrigerator (4°C)
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Figure 1. Experimental procedure. (a) Prepare polyplexes by mixing equal volumes of pDNA and LPEl-containing solutions using a syringe-pump-based
system. (b, e) Analyze biophysical properties (particle size; {-potential) of polyplexes by NTA. (c) For in vitro evaluation add polyplexes and control substances
(e.g., Lipofectamine 2000 and jetPRIME) to cells. (d) Measure luminescence activity after 24 hr. Luminescence signal can be normalized using BCA protein
assay or flow cytometry. (f) For in vivo evaluation, inject polyplex-containing solution into the tail vein of mice. (g) After 24 hr measure bioluminescence after
s.c. D-luciferin injection and correlate luciferase activity with photons/sec. LPEI, linear polyethylenimine; NTA, nanoparticle tracking analysis.
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Table 1. Reagents

Reagents

Supplier

Specific handling Storage conditions

Poly(2-ethyl-2-oxazoline) 50 kDa

pCMV-Glue

pCpG-hCMV-EF10-LticSH

N-(2-Hydroxyethyllpiperazine-N’-(2-
ethanesulfonic acid) (HEPES)

Di+)-Glucose

Hydrochloric acid 37%

Sodium hydroxide

Ethanal absolute

Cell line: A549 (lung adenocarcinoma)
RPMI-1640 Medium

Fetal bovine serum (FBS)

L-Glutamine 200 mA

Dulbecco's phosphate buffered saline (DPBS)
TrypLE express enzyme with phenol red
2-{4-Amidinophenyl}-6-indolecarbamidine

dihydrochloride (DAPI)
BCA Compat-Able Protein Assay Kit

Dual-Luciferase Reporter Assay System

MACSQuant Running buffer for flow cytometry
Beetle luciferin, sodium salt
Isoflurane

Oxygen
Scanlux 300

Sigma-Aldrich

Cat. No. 372846

Lot. No. 09410LH
New England Biclabs

Cat. No. N8081S
Available on request from the authors
AppliChem

Cat. No. A3724,0500
Merck Millipore

Cat. No. 1.08337.1000
Sigma-Aldrich

Cat. No. 30721
AppliChem

Cat. No. A6829,1000
Merck Millipore

Cat. No. 1.11727.2500
ATCC
Sigma-Aldrich

Cat. No. R0B83
Sigma-Aldrich

Cat. No. F7524
Sigma-Aldrich

Cat. No. G7513
Sigma-Aldrich

Cat. No. D8537
Gibco

Cat. No. 12605-036
Sigma-Aldrich

Cat. No. D9542
Pierce

Cat. No. 23229

Promega
Cat. No. E1960

Miltenyi Biotec
Cat. No. 130-092-747
Promega
Cat. No. E4G4X
CP Pharma
Cat. No. 798-932
Air liquid—Alphagaz
Sanochemia Diagnostics
Approval No. 1-23236

Room temperature; protected from light
in a desiccator

—20°C

=20°C
Room temperature

Room temperature
Room temperature
Room temperature
Room temperature

—150°C
+4°C

—20°C
—20°C
Room temperature
Room temperature

+4°C; protected from light
Aqueous solutions should be stored at —20°C

Danger: reagents can cause  Room temperature
severe skin bums and eye
damage

—20°C; once reconstituted the luciferase assay
substrate should be stored at —=70°C {max. 4
weeks) and the Stop & Glo Reagent at —20°C
(max. 15 days)

Room temperature

-80°C
Room temperature, protected from light

Room temperature
Room temperature, protected from light

15. Freezer (-20°C, —-80°C, —150°C)

16. IVIS SpectrumCT Preclinical In vivo
Imaging System (Perkin Elmer)

17. Computer equipped with FlowJo, Microsoft
Excel, Living Image, and GraphPad Prism

1.3. Supplies
1. Eppendorf tubes

2. 15ml centrifuge tubes (Starlab)

3. Syringes:

a. 3ml OmniFix (BBraun)
b. 1ml Omnican 100 (BBraun)

. Components of tubing system used for poly-

plex generation:

a. Flangeless Nut Delrin 1/4-28 1/16” Red
with Ferrule (Kinesis Abimed)

b. Female Luer to 1/4-28 Female PEEK
(Kinesis Abimed)

¢. Tee HP PEEK 1/16” (Kinesis Abimed)
d. PEEK tubing (OD 1/16”) (GE Lifesciences)

. Pasteur pipettes
. Pipette tips
. White 96-well flat-bottom microplate, trans-

parent bottom, sterile (Greiner)
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8. Transparent 96-well flat-bottom microplate,
sterile (Greiner)

9. Reagent reservoirs

1.4. Reagent setup

HEPES buffered glucose (20 mM HEPES/5% [w/V]
glucose). Dissolve 0.4766 g of HEPES and 5 g of
glucose in 80 ml ddH»0; adjust pH to 7.4 by using
HCI/NaOH; add ddH>O to reach a final volume of
100 ml; pass the final solution through a 0.22 ym
filter under a biological safety cabinet.

This solution can be made in advance and stored
at +4°C for up to 6 months.

Linear polyethylenimine. Linear polyethylenimine
(LPET) with an average molecular weight of 10kDa
was synthesized based on the instructions described
by Rodl et al. using poly(2-ethyl-2-oxazoline) as
initial compound.'®

Because of significant batch-to-batch variability of
commercially available poly(2-ethyl-2-oxazoline),
both "H-NMR and gel permeation chromatography
(GPC) should be conducted for characterizing the
product.

LPEI solution in HBG (1mg/ml). Resuspend
5mg of LPEI in 4 ml of HBG and readjust the pH
to 7.4 with HCI/NaOH under vigorous vortex-
ing to avoid the formation of LPEI precipitates;
add HBG to reach a final volume of 5 ml; pass the
final solution through a 0.22 ym filter under a bi-
ological safety cabinet. Filtering LPEI-containing
solutions can cause a reduction of the polymer
concentration. Therefore, it is obligatory to quan-
tify the LPEI concentration post-filtration by
conducting a copper assay described by Ungaro
et al.'” LPEI-containing stock solutions can be
stored at +4°C for up to 2 months and at —80°C for
long-term.

Cell culture medium. 500 ml RPMI-1640 is sup-
plemented with 10% (V/V) FBS and L-glutamine
at a concentration of 0.3 g/liter. Cell culture me-
dium should be stored at +4°C for up to 2 months.
Storing cell culture medium in small ali-
quots avoids frequent warm-up cycles, which can
negatively influence the quality of cell culture
medium.

2. EXPERIMENTAL PROCEDURE
2.1. Syringe-pump-based synthesis system
for controlled mixing*

1. As shown in Fig. 2, connect two 3 ml syringes
to a T-connector via polyetherketone tubings

dead space (1 ml)

1 mli/min 1 mi/min
LPEI pDNA
c b
i d
(i}

Figure 2. Scheme of syringe-pump-based polyplex generation. Load LPEI-
and pDNA-containing solutions into two separate syringes. A dead space of
1mlin both syringes avoids loss of volume during polyplex generation. Use
polyetherketone tubings (a, b) to connect both syringes to a T-connector
(e). After starting the syringe pump at a flow rate of 1ml/min, LPEl and
pDNA solutions are mixed in the T-connector. The product solution flows
through a further polyetherketone tubing (d) into a centrifuge tube (e).

with a length of 10 cm, respectively. One sy-
ringe is for LPEI and the other syringe is for
pDNA.

2. Useone further polyetherketone tubing (5 cm)
connected to the T-connector as an outlet
tubing.

3. The product can be collected in a centrifuge
tube,

2.2. Polyplex formation

1. pDNA and LPEI solutions have to be pre-
pared in different tubes and in same volume
as described in steps 2.2.2. and 2.2.3. below.

2. Dilute pDNA (pCpG-hCMV-EF1s-LucSH or
pCMVGLuc)in HBG buffer (20 mM HEPES, 5%
glucose) to a final concentration of 40 yg/ml for
in vitro assays or 400 ug/ml for in vivo assays.

a. Note: Generating polyplexes is normally
done by mixing equal volumes of pDNA-
and LPEI-containing solutions finally re-
sulting in a pDNA concentration of 20 ug/
ml for in vitro or 200 ug/ml for in vivo ex-
periments.
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3. The appropriate amount of LPEI according

to the total amount of pDNA and the desired
N/P ratio can be calculated by using the fol-
lowing equation:

m (pDNA)x43xN/P

m(LPEI) = =

a. 43g/mol is the molecular weight of one
subunit in the molecular structure of
LPEI and 330 g/mol is the average molec-
ular weight of one nucleotide.

b. Example: for preparing 500 ul of a poly-
plex solution with a pDNA concentration
of 20 ug/ml and an N/P ratio of 6:

i. m (pDNA)=10ug
ii. m(LPEI)= 10:43x6 —7.82 g

c. LPEI has to be diluted in HBG buffer in
same volume as used for pDNA.

. Let both (pDNA solution prepared in 2.2.1. and

LPEI solution prepared in 2.2.2.) solutions

equilibrate at room temperature for at least

5min.

a. Note: For investigating pDNA recovery it

is necessary to measure pDNA concentration

before and after complexation with LPEIL

pDNA concentration and recovery are calcu-
lated by using the following equations:

c(pDNA; ug/ml) = [Abs(260 nm)-Abs(320 nm)]-50

pDNA recovery (%)=
c¢(pDNA; after polyplexing)
[c (pDNA; before polyplexing)/2]

x 100

5. Transfer each solution into 3 ml syringes

a. Note: To avoid loss of volume during the
mixing process, using a dead space of 1 ml
in each syringe is advised.

6. Attach both syringes to the tubing system as

shown in Fig. 2 and described in Sec. 2.1, and

fix them in the syringe pump.

a. Note: Controlled mixing should be done by
using a flow rate of 1 ml/min.

. Start the syringe pump to start the poly-

plexation process and collect the polyplex

product in a centrifuge tube after the mixing
cycle is complete.

a. Note: Incubating polyplex-containing solu-
tions over time would result in an increased
aggregate formation, which would nega-
tively influence the transfection efficiency of

the sample. Therefore, it is advisable to do
the biophysical as well as the biological
evaluation of LPEI-based polyplexes im-
mediately after generating them.

2.3. Biophysical evaluation by NTA

1. Before doing the first NTA measurement it is

necessary to prepare the NanoSight NS500
as follows:

a. Prime the fluidics with ddH,O

b. Before measuring a sample it is manda-
tory to load the system (at least two times)
with the solvent used for diluting the
sample to avoid particle movement caused
by differences of the ionic strength within
the fluidics system.

c. It is necessary to flush the system 2-3
times between each measurement with
ddH;O for removing remaining particles
of the previous sample.

. NTA measurements require an appropriate di-

lution of each sample to reach an optimal con-
centration of 10%-10° particles/ml, which
correlates to 10—100 particlesin the field of view.

a. Use either HBG or RPMI 1640 as a dilu-
ent for size measurements.

i. Note: The particle concentration of the
prepared polyplex solution correlates
directly with both pDNA concentration
and N/P ratio. The dilution factors
used for this protocol are enlisted in
Sec. 4 (troubleshooting),

ii. Note: Basal RPMI 1640 is used as trans-
fection medium for in vitro assays with
Ab49 cells and can therefore be em-
ployed as a diluent for the biophysical
evaluation to investigate changes in the
size of polyplexes that may occur during
cell treatment.

b. Use 2.5 mM NaCl as a diluent for inves-
tigating the {-potential.

i. Note: The parabolic profile of the particle
drift should have a coefficient of deter-
mination (RZ value) of at least 0.95.

c. Use NTA settings as described in Table 2.

2.4. Reporter activity assay to monitor in vitro
transgene expression

1. Seed 10,000 cells suspended in 200yl of

complete cell culture medium into each well
of a flat-bottom 96-well tissue culture plate.
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Table 2. NTA settings

Size measurements (-potential measurements

Number of captures: 5
Capture duration: 60 sec
Temperature control: 25.0°C

Capture duration: 90 sec
Secondary duration: 30 sec
Applied voltage: 24V
Temperature control: 25.0°C

Gently agitate the plate to ensure an even
distribution of the cells throughout the whole
well surface.

a. Note: The whole in vifro transfection pro-
tocol is optimized for A549 lung adenocar-
cinoma cells that have a doubling time of
approximately 22hr. Seeding density and
duration should be optimized individually
for different cell types.

2. Incubate the cells overnight in a 37°C/5%
COs incubator for approximately 16 hr.

3. Check the appearance of the cells under a
microscope for morphology and confluence.
For efficient transfection, it is advisable that
cells are 70-80% confluent at the time of ad-
dition of polyplexes (see note in Sec. 2.4.1)

4. Before starting with addition of polyplexes,
aspirate the medium of each well and add
90 ;d of RPMI-1640 (without FBS) directly on
the cells.

5. Add 10yl of a polyplex solution (containing
20 ug/ml pDNA concentration) to each well
containing the 90 u1 RPMI-1640,

a. Note: Always keep untreated cells and cells
treated only with pDNA as negative con-
trols. Commercially available transfection
agents such as Lipofectamine 2000 or jet-
PRIME can be used as positive controls.

6. After 4 hr, add 100 yl of complete cell culture
medium into each well.

7. Total transfection time (starting from step 5)
of 24 hr was followed before investigating the
transgene expression.

8. In case of transgenes with intracellular pro-
tein products, the procedure described in
Sec. 2.5 was followed. For transgenes with
secretory protein products, the procedure
described in Sec. 2.6 was followed.

2.5. Evaluation of in vitro transfection
efficiency of intracellular expressed
firefly luciferase:

1. After step 7 of 2.4, aspirate the cell culture
medium from each well and wash the cells
one time with 200 1 DPBS.

2. Lyse the cells using Passive Lysis Buffer
(Promega) as per manufacturer’s instructions.

3. Use 50% of the total volume of cell lysate for
measuring the luminescence of the luciferase
protein from the reporter gene.

a. Apply the following plate reader settings
for luminescence measurement:

i. Substrate volume (Luciferase Assay re-
agent II; included in Dual-Luciferase
Reporter Assay System; Promega): 50 pl

ii. Integration time: 10,000 msec
ili. Waiting time (between wells): 2 sec

4. Normalization of the luminescence values
based on the amount of protein per well:

a. Use the remaining 50% of cell lysate for
determining the protein concentration by
using a BCA protein assay kit.

b. Mix every sample with 200l of BCA
working reagent and place the plate in a
37°C/5% CO5 incubator for 30 min.

i. Note: While mixing the sample with
BCA working reagent, avoid generating
air bubbles in the sample as the air
bubbles might give rise to erronecous
absorption measurements.

c. After cooling the plate to room temperature
measure the absorption of each sample by
using the following plate reader settings:

i. Wavelength: 562 nm
ii. Bandwidth: 9 nm
iii. Number of flashes: 25

d. Note: Use a bovine serum albumin (BSA)
standard curve for calculating the protein
amount in the cell lysates.

2.6. Evaluation of in vitro transfection
efficiency of secreted Gaussia luciferase:
Compared with intracellular expressed reporter
proteins, secreted reporters offer several advantages,
such as the possibility of monitoring transient
transfection over a longer duration. Since the lucif-
erase expression is measured only in the medium,
the remaining and intact cells can be employed for
further analysis, such as the evaluation of cellular
toxicity of the transfection reagents by flow cytome-
try and normalizing the luminescence values by the
total number of living cells per well 1512

1. After step 7 of Sec. 2.4, transfer 20 il of the cell
culture medium from each well into a white
96-well flat-bottom microplate for lumines-
cence measurement. Therefore, it is necessary
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to use a plate reader for luminescence mea-
surements with the following settings:

a. Substrate volume (Stop & Glo Reagent;
included in Dual-Luciferase Reporter As-
say System; Promega): 50 ul

b. Integration time: 10,000 msec

minescence imaging studies were performed to in-
vestigate the reporter transgene expression in vivo.
The whole process was carried out in a way similar
to the in vitro experiments described above.

1. Prepare polyplexes as described in Sec. 2.2.

with a final pDNA concentration of 200 pg/ml.

c. Waiting time (between wells): 2sec a. Note: Before injecting, evaluation of bio-
2. Normalization of the luminescence values physical properties of polyplexes such as size
based on absolute cell count per well by flow and {-potential should be conducted to en-
cytometry: sure high quality and good transfection effi-
a. Aspirate the cell culture medium from the c1e-ncy (see Sec. 2.3.). ]
cells and wash them with 200 1 DPBS. 2, Injf:ct Fhe polyplex product intravenously
b. Detach the cells by adding 20 ul of TrypLE ,E)t aclll V‘ilr,l) EE fgdose of 2.5 mg of pDNA per kg
to each well and incubating the plate for iy B
5min in an incubator (37°C/5% COy). 3. After 24hr of polyplex treatment, perform
c. Once cells are detached from the surface bioluminescence imaging (under anesthesia)
. A : ;
resuspend them in 140 x1 DPBS. as described in steps 4_7‘. )
d. Add 40 4l of DAPI-HCI dissolved in DPBS i Nale: Iudnce aneailicnia 1y Gpplying 6%
(5 ug/ml) to each sample directly before 1soﬂu:r"ane 0 AEER R O Enen
. vaporizer. Anesthesia can be maintained
starting the flow cytometer measurement : 0 :
for counting dead and live cells. using 1.5-2% isoflurane in oxygen.
1. Roube: Bxelude doplicates fSom youred] 4. Inject D-lu-c1fer1n (dissolved in DPBS with a
S S concentration of 30 mg/ml) subcutaneously at
. pop ) . a dose of 150 mg per kg body weight. Place
ii. Note: Voltage settings have to be ad- the animal in the imager in a ventral posi-
justed in a way to set the pea&& create{:l tion and start with bioluminescence imaging
by the living cells between 10" and 10" after 10 min of luciferin injection. Depending
Note: For normalizing the luminescence to the on the imaging device, the bioluminescence
protein amount, use the protocol described in step can be acquired in either two-dimensional
254, (2D) mode or both 2D and 3D modes.
. L . a. Use the following Caliper Ivis settings for
2.7. Evaluation of in vivo transfection acquiring 2D bioluminescence images:
efficiency of intracellular expressed T, —
firefly luciferase ) 8 ) p
Balb/c mice were used as models for transfection ii. Excitation blocked
with firefly luciferase-based polyplexes and biolu- iii. Exposure time: 60 sec
Table 3. Timelines for in vitro and in vivo transfection
Task Steps Duration
Timeline for in vitro_transfection
Cell seeding for transfection Sec. 2.4, step 1 30-45min for cell seeding pprox. 12 hr incubation
for cell attachment
Polyplex preparation Sec. 2.2, steps 1-7 15min per sample
Biophysical evaluation Sec. 2.3, steps 1-2 60 min per sample
Cell treatment Sec. 2.4, steps 3-5 10 min
Reporter activity assay for intracellular luciferase types Sec. 2.5, steps 1-3 60-90 min
Reporter activity assay for secreted luciferase types Sec. 2.6, step 1 3060 min
Normalization via:
1. Evaluation of the amount of protein per well, or Sec. 2.5, step 4 90-120 min
2. Absolute count of living cells Sec. 2.6, step 2 30-60 min
Timeline for in vivo fransfection
Polyplex preparation Sec. 2.2, steps 1-7 30 min
Biophysical evaluation Sec. 2.3, steps 1-2 30 min
i.v. injection into tail vein Sec. 2.7, step 2 5min per mouse
Bioluminescence imaging Sec. 2.7, steps 3-7 60 min per mouse
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Table 4. Troubleshooting

Problem

Possible reason{s)

Selution(s]

{-potential measurement shows parabolic drift
profile with a coefficient of determination of less
than 0.95

High toxicity after cell treatment with polyplexes

Low pDNA recovery after polyplex farmation
Low luciferase signal in vitro

Low/no luciferase activity after animal treatment
detected

Particle concentration too low
Measuring chamber of the NTA system is coated
with LPE-based particles.

LPEI concentration too high

N/P ratio too low
Low transfection efficiency of polyplexes

Usage of overgrown cell passage for transfection
assay
Cells may not be completely lysed

Bradycardia induced through anesthesia during
injecting of polyplex-containing solution

Time between subcutaneous injection of D-luciferin
and bioluminescence imaging
Exposure time and binning are too low.

Increase the concentration of the sample used for {-potential
measurement. The NTA software needs at least 100
particle tracks per video. The dilution factors that showed
optimal measurement conditions are listed in Table 5.
Disassemble and clean the chamber as per instructions
from the manufacturer.

Perform cell treatment with different N/P ratios and cell
densities for determining the least toxic amount of LPEI

Increase the amount of LPEI used for complexing pDNA.

Evaluate the biophysical properties of used polyplexes.
Aggregate formation could lead to reduced transfection of
cells.

Subculture cells for regaining optimal cell growth.

Increase the incubation time for the lysis step.

Side effects like bradycardia may lead to a reduced
transfection of lung tissue. Injection without anesthesia is
advised.

Optimal duration between injecting D-luciferin and luciferase
detection /n vivo is 10-15min.

Readjust exposure time and binning as per instructions from
the manufacturer.

LPEL, linear polyethylenimine; NTA, nanoparticle tracking analysis.

iv. F/stop: 1
v. Binning: 8

4. TROUBLESHOOTING
Troubleshooting is shown in Tables 4 and 5.

vi. Field of view (FOV): 13.4 cm?

b. Use the following Caliper Ivis settings for

ANTICIPATED RESULTS
Applying a syringe-pump-based controlled mixing

acquiring 3D bioluminescence images:
i. Emission filter set range: 560-640 nm
ii. Excitation blocked
iii. Binning: 8
iv. F/stop: 1
v. Filter position: 60 sec
vi. Field of view (FOV): 13.4cm”

c. Acquiring 3D reconstructions requires a
number of photon counts of 600-60,000 in at
least 3 filters (600—640nm), which cannot
be achieved with polyplexes prepared at an
N/P ratio of 6.

5. Image processing can be conducted using a
program such as Living image.

6. Define the region of interest (ROI)in 2D images
around the lung tissue using an automated
contour drawing function for analyzing only the
intensity of the bioluminescence signal that is
significantly higher than the background.

7. Luciferase activity can be correlated with
photons/sec.

3. TIMING
All time points are listed in Table 3.

method for pPDNA/LPEI complexation results in re-
producibly controlled formation of nanoparticles with
a narrow size distribution as shown in Fig. 3. NTA
was used for high-resolution analysis of both size and
{-potential of the nanoparticulate polyplexes. For
investigating changes in polyplex characteristics asa
function of solvent used for polyplexing/transfection,
the particle size was analyzed after diluting the
polyplexes in HBG/serum-free medium (RPMI 1640),
respectively (shown in Fig. 3a).

The positive correlation between DNA com-
plexation and the N/P ratio is shown in Fig. 4 in

Table 5. Troubleshooting: suggested dilution factors for size
and {-potential measurements by NTA

Dilution factor
ffor samples prepared

Dilution factor at final pDNA conc.

ffor samples prepared

of 200 pg/mi)
at final pDNA
conc. of 20 pg/ml) 25mM Nall

HBG (for size {for {-potential
N/P ratio HBG ARPMI 1640 measurement) measurement)
3 1/10 1/10 — —
6 1/50 1/50 1/500 1/40
9 17100 1/100 1/500 1/40
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Figure 3. Evaluation of biophysical properties of LPEl-based polyplexes by NTA. All experiments are presented as mean + SD (n=3}. (a) Size measurement of
polyplexes prepared at a final pDNA concentration of 20 ug/ml for in vitro transfection. Polyplexes were prepared at different N/P ratios in HBG by controlled
mixing and analyzed without incubation time. To investigate changes in the particle size as a function of solvent used for polyplexing/transfection, both HBG
(gray bars) and RPMI 1640 (white bars) were used as diluents for NTA measurements. Bars indicate the mean size, and black squares (within each bar)
indicate the standard deviation calculated by the NTA software. (b) Size measurement of polyplexes prepared at a final pDNA concentration of 200 ug/ml for
in vivo transfection. All samples were diluted with HBG. Bars indicate the mean size, and black squares (within each bar) indicate the standard deviation
calculated by the NTA software. () {-potential measurements were done with samples prepared at 200 ug/ml using 25mM NaCl as diluent.

terms of DNA recovery after polyplexation. N/P 3
already leads to full complexation of pDNA at a
concentration of 20 pug/ml as indicated by the pDNA
recovery of nearly 100%. In case of N/P 3 at a pDNA
concentration of 200 ug/ml, the polyplexes precipi-
tated immediately during polyplexation, indicating
lower stability. As observed in Fig. 4, the pDNA
recovery was also very low in this case, which might
be because of lack of full complexation of pDNA, also
indicated by precipitation. At higher N/P ratios, the
pDNA recovery was 100% irrespective of the pDNA
concentration. This indicates the need for applying
a certain amount of free LPEI, which is necessary
not only to complex pDNA and stabilize the na-
noparticles but also to enhance their ability to ef-
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Figure 4. pDNA recovery after polyplex formation. All experiments are
presented as mean+SD (n=3). pDNA recovery was evaluated by calcu-
lating the percentage ratio between pDNA concentration before and after
polyplex formation {black columns: polyplexes prepared at a pDNA con-
centration of 20ug/ml; gray columns: polyplexes prepared at a pDNA
concentration of 200 ug/ml).

fectively transfect cells.'® Therefore, measuring
recovery of pDNA after polyplex generation is an
important tool for quality assurance.

The upscaled polyplex nanoparticles were in-
vestigated for efficiency of gene delivery both
in vitro and in vive models. The optimized in vitro
transfection protocol was used for A549 lung ade-
nocarcinoma cells just as a model cell type and is
expected to work for a broad spectrum of cell lines
(with differing transfection efficiency depending
on the cell type), as demonstrated in other cell
types.*?%2! For in vitro studies, intracellular and
secreted luciferase reporter genes were employed,
and expression of respective luciferase proteins
was studied as shown in Fig. 5. The upscaled na-
noparticles at N/P 6 and N/P 9 showed transfection
efficiency comparable to the commercially avail-
able transfection agents for both types of lucifer-
ases as shown in Fig. 5a and 5b. Activity of
intracellularly expressed luciferases needs nor-
malization based on total protein amount. On the
other hand, using of secreted luciferases offers
advantages of evaluation of the cellular toxicity
(Fig. 5¢) and total cell count-based normalization
of luciferase activity. Upscaled polyplexes (based
on firefly luciferase reporter gene) at two different
N/P ratios (N/P 6 and 9) were used for monitor-
ing transfection efficiency in vivo. Bioluminescence
measurement 24 hr post-injection shows a distinct
luciferase activity in the chest area (Fig. 6a and 6b),
indicating successful gene delivery by the upscaled
nanoparticles. Bioluminescence imaging in combi-
nation with CT (i.e., 3D mode of acquisition) of-
fers the advantage of localizing the luminescence
signal to the lungs of the animal (Fig. 6¢). PEI-
based polyplexes have been demonstrated to cross
pulmonary—endothelial barrier and transfect the
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Figure 5. In vitro expression of firefly and Gaussia luciferase reporter transgenes. A549 cells (10,000) were seeded into a 96-well plate and treated with 200 ng
pDNA complexed with LPEI (10kDa) at three different N/P ratios (N/P 3, 6 and 9; prepared at 20 ug/ml) in serum-free medium (RPMI 1640}. After 4 hr, RPMI 1640/
10% FCS was added to reach a final volume of 200 gl in each well. Both Lipofectamine 2000 (LF 2000) and jetPRIME were used as positive controls. Only pDNA
in HBG was used as a negative control. Reporter activity was measured 24 hr after starting the cell treatment (n=3). (a) Expression of firefly luciferase (pCpG-
hCMV-EF1x-LucSH) at different N/P ratios: It was detected by lysing the cells followed by measuring luciferase activity. Luciferase activity was normalized
according to the amount of protein per well. (b) Expression of Gaussia luciferase (pCMV-Gluc) at different N/P ratios: It was analyzed in 20 ul of the
supernatant. Gaussia luciferase activity was normalized to the total count of living cells per well determined by flow cytometry. The percentage of living cells
per well was evaluated using DAPI staining of dead cells as shown in (c).
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Figure 6. In vivo lung expression of firefly luciferase reporter transgene. Polyplexes were prepared at a pDNA concentration of 200 xg/ml using N/P 6 and N/P
9 and immediately injected into the tail vein of BALB/cByJRj mice using a dosage of 2.5 mg/kg. Control mice were injected with 250 ul HBG (n=3). After 24 hr of
polyplex injection, bioluminescence was measured after administration of D-luciferin (150 mg/kg}. CT-based 3D reconstruction enabled localizing the lumi-
nescence signal to the lungs. Panels (a) and (b) show representative 2D bioluminescence images of animals treated with polyplexes at N/P 6 and N/P 9. Panel
(c) shows representative 3D surface reconstruction of the luminescence signal of an animal treated with polyplexes at N/P 9. Luciferase activity was
calculated as photons/sec detected in the region of interest {d).
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pulmonary cells as reported in earlier studies.!™!®

Total flux measured in 2D bioluminescence in-
creases with the total amount of polymer used for
complexing pDNA as seen in Fig. 6d.
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5 Discussion

In the main paper of this thesis, we set the goal to develop a multi-pathway reporter
plasmid, focussing on the Wnt, HH and Notch pathways. For this, we generated several
reporter plasmids and compared their performance. We utilized various reporter gene
constructs that mediated expression of proteins for optical readout, ranging from
fluorophores such as eGFP or iRFP720 to bioluminescent enzymes, such as FLuc. In the
second work, we transduced breast cancer cells to constitutively express iRFP720*, which
then generated lung metastases in an in vivo model. We then administered polyplex-
aerosol containing FLuc-pDNA to assess the effectivity of intratracheal delivery of
polyplexes via microspraying, especially in the breast cancer metastases cells. In a third
paper, we generated an up-scaled polyplexing approach, and identified optimal
modalities for polyplex-based transfection experiments by investigating expression

patterns in vitro.

A broad range of different reporter constructs were employed in our projects. This
enables a thorough evaluation of the different promoters and reporter genes. Also, we
encountered challenges regarding bioluminescent and fluorescent imaging, and
observed interesting variations of different normalization methods for transgene
expression. In this discussion, we will also look into alternative destabilized and
BRET/FRET driven reporter constructs for pathway research, the crosstalk between the
Wnt, Notch and HH pathway, and discuss the importance of screening approaches for

drug discovery.

Promoter choice is vital for designing reporter systems. Interestingly, even identical
promoters by name have been shown to produce different experimental results (115),
drawing attention to the need to characterize the expression of any given reporter
locally in a laboratory environment. For in vivo work, considerations of long-term
transgene expression and strength, which are often inversely correlated, are of special
concerns. This is well demonstrated by the CMV promoter, which, after providing high

expression levels of the transgene at first, is known to be downregulated by methylation
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(116). In contrast to this, the PGK promoter has been described to be less methylated
(117), but is also a weaker promoter in mammalian cells compared to CMV (118). In our
multimodal imaging work, we had issues to separate the relatively weak fluorescence
signal from PGK-iRFP720 from the background fluorescence, which persists for example
in the digestive tract, despite providing low fluorescent diet seven days prior to the
experiment to the mice. As such, switching to a stronger promoter might be required to
better investigate far red fluorophores in vivo.

In line with the finding that the promoter performance can vary, our results generated
with the Notch-pathway sensitive CBF promoter did not match with its description in the
literature. CBF:H2B-Venus has been successfully used to image the Notch pathway in vivo
(119). For Notch pathway induction, we acquired the same plasmid as used in this paper
from Addgene, pCAGGS-NICD (#26891). The CBF promoter, as part of the CBFRE-EGFP
plasmid, was generated previously to track Notch signalling in brain development, also
using NICD for Notch induction (120), corroborating our methodology for pathway
activation further. In our hands, non-induced CBF:H2B-Venus had an easily
distinguishable Venus signal in flow cytometry, but did not react to Notch induction
when co-transfected with pCAGGS-NICD. In contrast, our modified versions CBF-GLuc
and CBF-tdTomato did successfully react to Notch induction, even if the fold-increases of
signal upon induction were comparatively low. To us, there is no obvious explanation to
this phenomenon. For assessing the reasons for this further, we recommend re-cloning
of our promoter into the original backbone as well as exchanging the fluorophore on the
CBF:H2B-Venus construct, and acquiring the original CBFRE-EGFP construct for rigorous
assessment.

We also observed vast differences in the two HH pathway sensitive promoters we
evaluated. The promoter PTCH1_WT consists of the original PTCH1 promoter, which
encompasses two GLI consensus sequences (5), whereas 12GLI features twelve GLI
consensus sequences in front of a truncated thymidine kinase promoter (12, 121).
Comparing the performance of the originally acquired promoters for PTCH1_WT and
12GLI directly, which both use FLuc as reporter gene, we saw drastic differences in fold
increase upon induction: approximately five times for PTCH1_WT, and around 200 times

for 12GLI. While the difference in performance could easily be correlated to the amount
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of GLI consensus sites, this stresses the importance of carefully evaluating promoters,

and tailoring their choice to the experimental requirements.

In our work on the Wnt, HH and Notch pathway reporters, we had the opportunity to
work with three different luciferases. One of them was the relatively novel NLuc, which
excels in brightness (20). This brightness led to unforeseen challenges. The NLuc
transgene, when driven in preliminary experiments with the CMV promoter, was so
bright that the luminescence in a 96-well plate was clearly visible with the human eye in
conditions of very dim light. The apparatus used for measuring was unable to evaluate
the signal due to its extraordinary strength, falsely registering it as “opened cover” due
to its brightness. Furthermore, even in our experiments with TOP-NLuc, we had to take
care to distribute the experimental conditions in a sophisticated manner. For example,
we could not place wells with low and high NLuc signal too close to each other, as the

signal spillover into adjacent wells was considerable.

Interestingly, we also noticed that the machine we used for evaluation of
bioluminescence signals carried over signal from one well to the other. This resulted in
problems if we first measured a high-signal well, and afterwards any low-signal well,
even if the two were spatially distinctly separated. We noticed that this decay in
remaining sensor signal was time-dependent. As a result, we resorted to measuring the
wells on 96-well plates in several groups, starting with the conditions where we expected
the lowest signal. We adopted this procedures of separating conditions spatially and
reading them in groups of similar luminescence for all luciferases, as we noticed identical
problems, although in less striking magnitudes, for GLuc and FLuc. Even though our
method certainly reduced effectiveness in terms of time as well as the number of
conditions that could be placed on one well plate, we advocate adopting it generally to
increase signal fidelity, in case large variations in signal strength are to be expected
within an experiment. This challenge again highlights rigorous assay evaluation, as an
oversight of such signal spillover has the potential to severely distort experimental

results.
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Additionally, the lack of substrate specificity between NLuc and GLuc required a
careful assay setup. The GLuc substrate coelenterazine can also be utilized by NLuc, as it
is an analogue of furimazine. To complicate matters further, NLuc and GLuc emission
spectra are comparable (122). As such, in our single pathway luciferase assays, the
conditions in which NLuc signal was normalized with GLuc required special attention. As
a solution, we used secreted GLuc, and intracellular NLuc. For the normalization
measurement all of the supernatant was removed from the wells and replaced by
phosphate buffered saline (PBS), and the original plate was then refrigerated. Of the
supernatant, a fraction was measured for GLuc luminescence. In a second step, the cells
in the original plate were assessed for their NLuc signal. With this method, we could
prevent a spillover of NLuc signal into the GLuc luminescence measurement, which
would have been more powerful as NLuc luminescence is very bright. On the other hand,
it cannot be excluded that unsecreted, intracellular GLuc signal spilled into the NLuc
measurement, but it has been shown that GLuc activity to furimazine is negligible, and

thus the NLuc luminescence should not be significantly influenced by GLuc signal (123).

In both papers that focus on imaging, we noticed that working with fluorescence is
technically more challenging than luminescence. In our in vivo studies, fluorescence
values were determined to be comparatively low. Autofluorescence from the digestive
tract was an issue, despite switching to low fluorescent diet a week before imaging. In
our work focussing on pathway reporter constructs, we faced two main issues with the
fluorescent reporter genes utilized. Considerably larger amounts of polyplexes were
needed to effectively investigate the signal fold increases upon pathway induction,
compared to the luciferase reporter constructs. Whereas we used below 100ng total
polyplexes per well in the luminescent conditions, this value increased to a standard of
800ng for investigations of fluorophore-based reporter constructs. Raising the amount of
polyplex is associated with higher cytotoxicity, and is thus suboptimal (111). That lower
amounts of polyplexes were required for the luciferase reporters could be due to the
signal amplification that is present in luciferase assays, with the reporter gene being an
enzyme that can convert large amounts of its substrate molecules, with each conversion
resulting in a light pulse (27). Still, fluorophores offer considerable advantages, such as
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the established possibility to image processes in single cells (119), and even intracellular
structures with highly sophisticated methods such as single-molecule fluorescence
microscopy (124). As such, choice of reporter gene is again something that needs to be

considered wisely.

Employing several fluorophores in our 3P-Fluor construct required subsequent signal
compensation of the flow cytometry data. Especially the emission of eGFP was
problematic, as it overlapped broadly with other fluorophores, especially tdTomato (see
Tab. 1). Furthermore, eGFP was CMV-promoter driven, resulting in a very high eGFP
signal. Even after compensation, detection of the other signals was complicated, as eGFP
outshone the weaker and rarer signals. In a revision of this construct, we would emit
eGFP from the construct, as it was not essential as pathway reporter: it was only

included to report positive transcription or transduction.

Signal normalization, as mentioned in the introduction, is often a necessary step in
reporter gene assays. In our paper, we noticed large and reproducible differences on the
normalized luciferase-based results, which were correlated to the choice of
normalization method. Specifically, we found normalized luciferase signal strength to be
connected to the either vector or life-cell based normalization. Interestingly, papers that
compare different normalization modes are very sparse, and as thus there is value in
discussing our findings here.

We used two modes of normalization: (1) vector normalization, in our case a co-
transfection with a suitable luciferase; (2) CellTiter-Fluor, a commercially available kit
(125, 126). Per default, we used vector normalization, which is also able to take into
account transfection efficiency as well as the overall transcription potential of the
treated cells. As such, vector normalization is deemed to be a more accurate method
(36). We performed normalization with either GLuc or FLuc, depending on the reporter
gene used for the pathway. For the evaluation of our 3P-Luc constructs, normalizing with
luciferases was not feasible, as all possible luciferases (FLuc, GLuc, NLuc) were already

part of the construct. Here, we used CellTiter-Fluor, which is an indicator of cell viability.
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In short, this assay assesses the activity of proteases that become labile if cellular
membranes are damaged.

We noticed striking differences between the normalized luciferase signals of these
two normalization methods (Tab. 2). Interestingly, there is no clear tendency regarding a
general increase or decrease upon usage of one or the other method, and the fold
increase after pathway induction increases a log scale for TOP-NLuc, decreases half for
GLI-FLuc, and disappears in CBF-GLuc. This deviations also indicate that it is not a
systemic phenomenon, but that the effect on each individual reporter gene assay was
varying, indicating distinct causal chains. If we assume that the baseline pathway-
reporter associated luminescence stays the same, then the relative signal of fold increase
upon induction increases if the normalization signal decreases, and vice versa.

It has to be said that the two normalization methods evaluate different parameters. In
case of CellTiter-Fluor, cell viability is assessed. Vector normalization, in contrast,
depends on the number of living cells, their transfectability, and the transgene
expression. It thus more directly reflects the subpopulation of cells in which the actual
reporter is likely to be expressed. Still, given that the two normalization techniques are
similarly different in this respect for all reporter genes investigated, one would assume a
similar effect, if this is the only reason for the observed variation of the post-

normalization signal.

CellTiter-Fluor
Reporter gene Vector normalization
normalization

Fold increase upon pathway induction (approx.)

TOP-NLuc 100 1000
GLI-FLuc 200 100
CBF-Gluc 3 None

Table 2: Influence of normalization method on luciferase assays. Two different normalization
methods were applied, and the fold-increase of baseline signal versus pathway-induced signal
compared for each reporter gene. Shown here are the approximate values of the normalized

signals Methods  for  the  induction of reporter  genes were  identical.
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Communication of our protocols to the manufacturer excluded known assay
incompatibilities of our method and CellTiter-Fluor (J. Adam, Promega, personal
communication, October 15, 2018). As another explanation, using CMV-driven luciferase
variants for vector normalization could have skewered the outcome. CMV promoter, and
its enhancer elements, are also receptive towards external and internal stimuli, likely
because of the transcription factor binding sites, and the CMV promoter has be shown to
be sensitive towards JNK pathway activation (127, 128). Thus it can be speculated that
modification of cellular pathways in our induction experiments had an influence on CMV-
luciferase expression. As such, investigating if pathway induction of Wnt, HH or Notch
also influences CMV-driven expression would be valuable.

Pathway induction could also have affected CellTiter-Fluor, as pathway status could
interact with intracellular proteases. Induction of the canonical Wnt pathway has been
described to increase protease activity (129). Interestingly, this effect would have an
effect contrary to our observations. In our Wnt pathway activation experiments,
normalized signal increased for CellTiter-Fluor, which would have meant that protease
activity would have to be decreased. Literature for a correlation of protease activity and
pathways activation does not exist for the HH or Notch pathway.

Adding a layer of complexity, LPEIl actively damages membranes, which in turn is
important for the CellTiter-Fluor signal. PEl is internalized a few hours after transfection
(130), and disturbances such as destruction of the mitochondrial membrane, and
associated activation of caspases which can lead to apoptosis, persist at least up to 24
hours post-transfection (131). As such, results of CellTiter-Fluor in PEl-transfection might
be influenced by caspases, and thus protease activity. As the exact proteases required
for CellTiter-Fluor readout are proprietary knowledge, we can only speculate that PEI
addition might influence this normalization approach. Still, as all conditions received
comparable amounts of LPEI, we would again expect a similar signal shift for changes in
normalized signal when we compare the two normalization methods over all three
pathways. Additionally, as mentioned above, induction of developmental pathways
might in turn have influenced apoptosis signalling, and thus the proteases required for

CellTiter-Fluor. All three pathways are known to interact with apoptosis (132-134).
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Taken together, we suggest that CellTiter-Fluor might be suboptimal for normalization
of PEl-transfection experiments. Instead, alternatives that evaluate protein content as
surrogate marker for cell viability, such as MTT assay or the Bredford assay, could be
used. Furthermore, if constitutively expressed luciferases should be used for
normalization, we recommend replacing the CMV-promoter with one that is less prone

to react to numerous transcription factors.

In our reporter design for the three developmental pathways, we utilized the
expression of reporter genes to visualize pathway signalling. While this is a
straightforward approach, accumulation of reporter proteins within the cells has a
negative impact on the reporter signal dynamics. Fluorescent reporter proteins often
exhibit half-lives or around 24 hours (135). As such, the measured signal is an
accumulation of protein stability and promoter activity, and reporters with long half-lives
are not especially well suited to determine kinetics, which would be ideal for pathway
signalling. The luciferases used in our experiments show half-lives from 3 hours (FLuc), <6
hours (NLuc) to 6 days (GLuc) (18, 136).

As a solution, reporter variants with shorter half-lives can be utilized to increase the
dynamic range. For this, native proteolysis signals can be used. A well-known example is
the PEST destruction domain, a peptide sequence consisting of proline (P), glutamate (E),
serine (S) and threonine (T). The PEST sequence leads to rapid degradation when present
in proteins (137). A short-lived variant of NLuc, NLucP, features such a PEST sequence. It
shows an intracellular stability of around 20 minutes, with a reduced signal intensity
(138). As we experienced issues with extremely high NLuc signals, replacing NLuc with
NLucP thus holds promise for our approach regarding both improved signal dynamics
and a more convenient signal strength. Another variant, FLucP, has a half-live of around
2 hours (138). For GLuc, a destabilized variant exists, which utilizes three PEST
sequences, for which the half-live has not yet been published (139).

For the fluorophores, PEST-modified versions exist of eGFP with a half-life of 2 hours
(140), and tdTomato, with unknown half-life (141). Usage of destabilized versions could

thus increase the accurate measuring of the signal dynamics, to the cost of signal
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intensity. As low signal intensity was especially a challenge in our fluorophore reporters,
it would have to be seen if using destabilized reporter versions would be feasible overall.

An alternative would be the usage of a system which only gives a short-lived signal
upon active signalling. This would offer detection of pathway activity at a much finer
resolution. For this, BRET/FRET based approaches could be employed. In the literature,
BRET/FRET has been widely used to investigate signalling pathways.

Several discoveries regarding the HH pathway have been made by using BRET/FRET
(142). Same goes for the Wnt pathway (143, 144). FRET has also been used to show gene
regulation by investigation the formation of transcriptional complexes. In a paper, the
dimerization of the notch transcription complex on DNA was researched using FRET,
illuminating notch gene regulation (145). Interestingly, BRET as well as FRET seem to be
rather uncommon in Notch pathway research.

BRET/FRET is mainly used to investigate protein-protein interactions. For example,
investigating the HH signalling pathway, Praktiknjo et al. used the EPAC-BRET system,
which is sensitive to changes in cAMP (146). Here, RLuc and GFP10 were used as
donor/acceptor pair (147), comparable to the natively occurring BRET observed in R.
reniformis. Similar to our approach, the HH pathway was induced by n-terminal D.
melanogaster HH protein. Here, upon binding of cAMP to the BRET system, the BRET
signal decreases. Also, in this work BRET was used to uncover molecular interactions
within the HH pathway, not to show induction per se.

In an experimental series investigating the Wnt pathway, different central proteins of
this pathway were fashioned into BRET pairs, such as B-catenin-RLuc and GSK3-GFP2,
using HEK293T cells. For pathway induction, purified Wnt3a protein was used.
Unfortunately, no statistical analyses was performed, and as such the effectiveness of
this approach is unclear (148). This approach would be interesting for visualizing pathway
induction, also in HH and Notch.

BRET can also be used to investigate the interplay between different signalling
modules. To explore the interaction of B-catenin and glucagon, the involvement of LRP5
and the glucagon receptor was investigated by using BRET (149). Here, LRP5 was tagged
with RLuc and the glucagon receptor with YFP, showing direct interaction of these two

molecules, indicating cross-talk of Wnt and glucagon signalling.
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Regarding sensitivity, the work of van Unen et al. has shown that at least for their
assessed FRET pairs, single-cell quantification of histamine signalling is possible (150)

Our literature research shows that a lot of exciting BRET/FRET approaches for
uncovering signalling pathway protein interaction exist, but no readily available and
statistically verified BRET/FRET pair is used for detecting Wnt, HH and Notch signalling
activity in general, and any existing system would need to be optimized for this use first.
At the same time, not all fluorophores utilized in our research exist as destabilized
versions. As such, any update of our system with one of these two solutions for
enhancing signal dynamics would require novel sets of experiments for first establishing
any such system for our aim of visualizing pathway activity of these three pathways.

While BRET/FRET based approaches could increase the signal dynamics remarkably,
detection of several pathways at once would be challenging. Several BRET/FRET pairs
would need to be employed in parallel to detect the activity of the Wnt, HH and Notch
pathway, increasing the complexity of such a system, as well as the interplay of the
individual components. Additionally, the size of our total plasmid constructs 3P-Fluor and
3P-Luc is large, but still allows for lentivirus generation. In contrast, a BRET/FRET based
approach would need to include more genetic information to contain all necessary
donor/acceptor pairs, thus rendering lentivirus generation unlikely. Taken together,
BRET/FRET approaches enable interesting insight into signal dynamics, while destabilized
reporter gene versions can be seen as compromise between signal dynamics, complexity

and size of the genetic payload when lentivirus generation is aimed at.

Another challenge is the cross-talk of the Wnt, HH and Notch pathway (Fig. 5).
Especially in cancer stem cells (CSC), where the modulation of these pathways is
estimated to be central to therapeutic success, this intense cross talk is researched (45,
47). As mentioned in the introduction, the effect of Notch signalling is conditional, and

depends also on its interplay with the Wnt and HH pathway.
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Figure 5: Interplay between the HH, Notch and Whnt signalling pathways. Green colour

depicts activating, red inhibiting interactions. Modified from (151).

A close interaction between Notch and Wnt activation has been shown in several
studies. In colourectal cancer, progastrin is secreted, which in turn activates the Wnt and
Notch pathway (152). Similarly, in breast CSC, Mel-18 knockdown increases Wnt and
Notch signalling, leading to self-renewal of the CSC (153). In other studies, HH signalling
was shown to inhibit Wnt in gastric cancer (154). Interestingly, in glioblastoma cells,
Notch inhibition has been shown to upregulate the HH and Wnt pathway (155).

This insight points out the concept of therapeutic resistance, in which cancer cells
compensate for the effects of therapeutic interventions, such as downregulation of one
pathway, by modulation of other pathways. As such, hopes rest in clinical approaches

that target several pathways at once. This method is also under investigation in clinical
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cancer stem cell eradication, as CSC are suspected to evade therapy by modification of
an interconnected pathway (45). CSC are thought to be especially resistant to radio- as
well as chemotherapy. They are thought to play an important part in disease relapse, and
as such, suppression of this cell type in cancer is estimated to be of high importance
(156). Numerous clinical trials with compounds modulating these three pathways in
cancers, partly also in combination, are set in motion or have already ended (45). In this
respect, targeting developmental signalling pathways remains a promising approach, and
it remains to be seen how well the insights from the bench can be translated to the
bedside.

A reporter system in which the reaction of several pathways upon treatment can be
analysed at once would be of advantage. Other efforts at designing multi-pathway
reporter systems have already been made. Some commercial kits, for example the multi-
pathway reporter solution by Qiagen, utilizes dual luciferases (FLuc as reporter and RLuc
for normalization), but performs the analysis for each pathway in separate, duplicate
wells (157). GM Biosciences markets a similar assay (158). In a kit that co-expresses
destabilized copepod GFP and a luciferase, System Biosciences sells both plasmid and
virus variants of various reporter constructs, such as a Notch reporter system (159). In an
RNA-sequencing focussed approach, Zhang et al. investigated the status of 917 pathway
reporter genes to determine the state of 154 signalling cascades, but this approach
requires an intricate bioinformatics analysis (160). Ammeux et al. researched the activity
of seven signalling pathways in Drosophila melanogaster cell lines, by using quantitative
gPCR as well as other methods which inspect mRNA levels (161). It seems that
constructing multi-pathway lentiviral constructs, as we did in our work, remains a novel
approach.

As mentioned above, the search for effective assays for drug discovery is still a highly
relevant topic. In recent years, tremendous progress has been made with phenotypic
drug discovery (PDD). In contrast to target-based drug discovery, were a target molecule
of interest is first defined and then screens are performed to find modulating
substances, PDD approaches this process more broadly. For example, PDD looks at the
response of signalling pathways upon compound addition, without setting a pre-defined

molecular target (162). Reporter constructs which could screen several pathways at once
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hold high value for PDD. Due to its broadness, the PDD approach is more likely to
uncover serendipitous findings, and aims to first discover an effect, only then proceeding
to unravel its molecular basis and/or therapeutic effect. Of course, PDD approaches still
suffer from translating in vitro findings to clinically effective drugs. However, in some
areas such as anti-infective or monogenetic disease compound research, translatability
of PDD derived findings is high. In contrast, disease types which feature highly
interconnected and partly evading systems such as oncology, PDD-based assays are less
effective. In such disease areas, a rational assay setup is especially important and
challenging, and should include e.g. replication of external factors such as 3D-
environments, and should be highly disease-specific, as laid out in Vincent et al. in their
“rule of 3” publication (163). Future work in the area of drug discovery will need to
implement solutions to both allow serendipitous as well as therapy-relevant discoveries.

Taken together, refining of our pathway reporter system is possible in several ways.
Most promising is a modification for improved signalling dynamics of the luciferase
reporters by exchanging the reporter proteins to destabilized versions. Also, an
optimized solution for 3P-Luc normalization should be implemented in the future. All in
all, we are hopeful that our insights into reporter construct design and assay
implementation will move us into the direction of a combined Wnt, HH and Notch

reporter system, which holds promise for PDD-driven drug discovery.
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