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Preamble

This thesis represents a culmination of work undertaken across two distinct
phases. I joined the LOVIT laboratory under the supervision of Dr Antonio
Marchini in November 2019, and began working on the oncolytic virus H-1PV. Due
to the closure of the LOVIT laboratory at the end of 2021, I moved to the DNA
Vector Group under Dr Richard Harbottle to continue my work on H-1PV. As part
of this move, I also initiated a project aiming to reprogram human cells using DNA
vectors. Accordingly, this thesis is split into two distinct chapters: Chapter 1
explores reprogramming of human cells using episomal SMAR vectors, and
Chapter 2 delves into the mechanism of action of a novel drug combination with
the oncolytic virus H-1PV.






Summary

This two-part thesis explores the utility of non-viral DNA vectors for
reprogramming human cells, as well as the potentiation of the oncolytic virus H-1
parvovirus (H-1PV) by a novel combination with the antiviral drug Ledipasvir.

Pluripotent stem cells are an attractive tool for regenerative medicine due to their
capacity for unlimited self-renewal and their ability to differentiate into any
somatic cell type. However, the generation of pluripotent stem cells from human
embryos raises ethical challenges and is strictly regulated as a result. The advent
of cellular reprogramming has now made it possible to generate induced
pluripotent stem cells (iPSCs) from a patient’s own cells, or for derivation of off-
the-shelf cell therapies without the ethical concerns of embryonic stem cells.
Nevertheless, current methods for the generation of iPSCs for clinical application
cause concerns due to the use of viruses and viral components. Lentiviral
transduction is a popular method to introduce reprogramming factors into cells,
however they carry with them a high risk of insertional mutagenesis. iPSCs which
are currently employed in a therapeutic manner in clinical trials are exclusively
derived using the oriP/EBNA-1 vector system, which makes use of the Epstein Barr
Virus Nuclear Antigen 1, a protein which has been implicated in oncogenesis, and
is known to induce immune activation in iPSCs. Thus, there is a clear need to
improve the safety of the reprogramming process to generate iPSCs with the least
possible damage and immune activation.

In this thesis, I show for the first time that DNA vectors which comprise
Scaffold/Matrix Attachment Regions (S/MARs) can be used to reprogram healthy
neonatal human dermal fibroblasts, eliminating the need for viral components.
SMAR vectors are retained episomally in cells without integration, but require
only a single transfection for successful reprogramming, a feature which is highly
attractive for current good manufacturing practice (cGMP). SMAR iPSCs can be
generated at practical efficiencies and are phenotypically indistinguishable from
traditional EBNA iPSCs. They also show strong similarity to human embryonic
stem cell lines in their gene expression. Importantly, SMAR iPSCs show
differentiation capacity into cell of all three embryonic lineages, confirming their
pluripotency. Surprisingly, modifications to the vectors to reduce their
immunogenicity and improve their retention in cells proved counterproductive, as
these optimised nanoSMAR vectors were unable to fully reprogram cells. The
genetic stability of SMAR iPSCs is comparable to that of EBNA iPSCs, and they
show the potential for loss of the vector after reprogramming to generate vector
free iPSCs. Further fine-tuning of the SMAR vector system to ensure passive vector
loss after reprogramming is discussed. This work thus represents a step towards
virus free, vector free and factor free reprogramming for clinical applications.
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The field of oncolytic virotherapy has enjoyed increasing clinical success in the past
decade, with the worldwide approval of four oncolytic viruses to date. One of the
oncolytic viruses under clinical evaluation is H-1PV, a rodent protoparvovirus
which is non-pathogenic to humans and possesses natural oncolytic activity. Its
replication is strictly dependent on a transformed phenotype in human cells,
giving it a good safety profile for clinical use. This virus has shown considerable
promise in early-stage clinical trials for the treatment of both high-grade glioma
and pancreatic ductal adenocarcinoma (PDAC), two cancer modalities for which
treatment options remain limited and prognosis is dismal. H-1PV treatment in
these settings was safe and well tolerated, with some early signs of efficacy
including evidence of viral replication in the tumour bed and immune conversion
of the tumour microenvironment, as well as an improvement in patient survival in
comparison to historical controls. Nonetheless, H-1PV monotherapy was not
curative under the regimes used, highlighting a need for the improvement of
oncolytic H-1PV therapy.

One approach for this with rapid translational potential is the combination therapy
of H-1PV with other drugs to improve its oncolytic activity. This approach has
already shown promise in the successful potentiation of H-1PV in combination
with the histone deacetylase inhibitor valproic acid and pro-apoptotic BH3
mimetics, such as ABT-737. Here I present a high-throughput screening approach
which identified the FDA-approved antiviral drug Ledipasvir as a potentiator of
H-1PV oncolysis in human cells. Importantly, Ledipasvir co-treatment improves
the oncolytic capabilities of H-1PV in a wide range of cancer cell lines spanning
diverse tumour types, including primary patient-derived PDAC cultures. I
determined that the cell death induced by the Ledipasvir-H-1PV combination is at
least in part apoptotic, but the drug is unable to improve viral replication. Instead,
Ledipasvir improves the oncotoxic properties of the major effector protein NS1,
albeit without directly binding to NS1. A series of unbiased screening approaches
revealed a complex interplay between Ledipasvir, H-1PV, and the pro-survival
PI3BK/Akt/mTOR signalling pathway. While H-1PV alone activates Akt signalling,
this becomes hyperactivated upon the addition of Ledipasvir, and may serve to
improve the functionality of NS1. Further downstream, inhibition of mTOR by the
small molecule Torin was able to abrogate the combinatorial effects of H-1PV and
Ledipasvir, without affecting oncolysis by H-1PV alone. I propose a tentative
model in which the combination of Ledipasvir and H-1PV modulate components
of the PIBK/Akt/mTOR pathway to improve the functionality and oncotoxic
capabilities of the H-1PV NSI1 protein, ultimately improving viral oncolysis.
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Zusammenfassung

Diese zweiteilige Arbeit untersucht die Verwendung nichtviraler DNA-Vektoren
tir die Reprogrammierung menschlicher Zellen sowie die Potenzierung der
onkolytischen Eigenschaften des H-1 Parvovirus (H-1PV) durch eine neuartige
Kombination mit dem antiviralen Wirkstoff Ledipasvir.

Pluripotente Stammzellen sind aufgrund ihrer Fahigkeit zur unbegrenzten
Selbsterneuerung und ihrer Fahigkeit, sich in jeden somatischen Zelltyp zu
differenzieren, ein attraktives Werkzeug fiir die regenerative Medizin. Die
Gewinnung pluripotenter Stammzellen aus menschlichen Embryonen wirft jedoch
ethische Probleme auf und ist daher streng geregelt. Seit dem Aufkommen der
zelluldaren Reprogrammierung ist es nun moglich, induzierte pluripotente
Stammzellen (iPSCs) aus adulten patienteneigenen Zellen oder aus
patientenfremden Zellen zu erzeugen und erlauben damit gebrauchsfertige und
standardisierte Zelltherapien ohne die ethischen Bedenken die mit der Nutzung
embryonaler Stammzellen verbunden sind. Die derzeitigen Methoden zur
Gewinnung von iPSCs fiir die klinische Anwendung sind jedoch aufgrund der
Verwendung von Viren und viralen Komponenten risikobehaftet. Die lentivirale
Transduktion ist eine beliebte Methode, um Reprogrammierungsfaktoren in die
Zellen einzubringen, birgt jedoch die Gefahr der Insertionsmutagenese. iPSCs, die
derzeit in klinischen Versuchen therapeutisch eingesetzt werden, werden
ausschliefilich mit dem oriP/EBNA-1-Vektorsystem erzeugt, das das Epstein-Barr-
Virus-Nuklearantigen 1 verwendet, ein Protein, das mit Onkogenese in
Verbindung gebracht wird und dafiir bekannt ist, dass es in iPSCs eine
Immunaktivierung auslost. Diese Ausgangssituation verlangt nach einer
sichereren Reprogrammierungsmethode, um iPSCs mit moglichst geringer
Schadigung und Immunaktivierung zu generieren.

In dieser Arbeit zeige ich zum ersten Mal, dass DNA-Vektoren, die Scaffold/Matrix
Attachment Regions (S/MARs) enthalten, zur Reprogrammierung gesunder,
neonataler, menschlicher Hautfibroblasten verwendet werden konnen, ohne dass
virale Komponenten erforderlich sind. SMAR-Vektoren integrieren nicht ins
Genom sondern verbleiben episomal in den Zellen, erfordern aber nur eine einzige
Transfektion fiir eine erfolgreiche Reprogrammierung und sind daher ideal fiir die
hohen Anforderungen der Arzneimittelherstellung (Good Manufacturing Practice,
GMP), geeignet. SMAR iPSCs konnen mit praktikabler Effizienz erzeugt werden
und sind phanotypisch nicht von herkdmmlichen EBNA iPSCs zu unterscheiden.
Auch in ihrer Genexpression weisen sie grofe Ahnlichkeit mit humanen
embryonalen Stammzelllinien auf. Besonders hervorzuheben ist, dass SMAR-
iPSCs die Fahigkeit zur Differenzierung in Zellen aller drei embryonalen
Abstammungslinien = aufweisen, = was  ihre  Pluripotenz  bestatigt.
Uberraschenderweise erwiesen sich Modifikationen an den Vektoren zur
Verringerung ihrer Immunogenitdt und zur Verbesserung ihrer anhaltenden



Prasenz in den Zellen als kontraproduktiv, da diese optimierten nanoSMAR-
Vektoren nicht in der Lage waren, Zellen vollstindig zu reprogrammieren. Die
genetische Stabilitdit von SMAR iPSCs ist mit der von EBNA iPSCs vergleichbar,
und sie zeigen das Potenzial, den Vektor nach der Reprogrammierung zu
verlieren, was die Erzeugung vektorfreier iPSCs ermoglichen wiirde. Eine weitere
Optimierung des SMAR-Vektorsystems, um den passiven Vektorverlust nach der
Reprogrammierung sicherzustellen, ist geplant. Diese Arbeit stellt somit einen
Schritt in Richtung virenfreier, vektorfreier und faktorfreier Reprogrammierung
tir klinische Anwendungen dar.

Der Bereich der onkolytischen Virotherapie ist in den letzten zehn Jahren
zunehmend klinisch erfolgreich geworden, wobei bisher vier onkolytische Viren
weltweit als Arzneimittel zugelassen wurden. Eines der in der klinischen Priifung
befindlichen onkolytischen Viren ist H-1PV, ein Nagetier-Protoparvovirus, das fiir
den Menschen nicht pathogen ist und eine natiirliche onkolytische Aktivitat
besitzt. Seine Replikation ist in menschlichen Zellen streng auf einen tumorartig
transformierten Phanotyp begrenzt, was ihm ein gutes Sicherheitsprofil fiir den
klinischen Einsatz verleiht. Dieses Virus hat sich in frithen klinischen Versuchen
als vielversprechend fiir die Behandlung von hochgradigen Gliomen und duktalen
Adenokarzinomen der Bauchspeicheldriise (engl.: PDAC) erwiesen, zwei
Krebsarten, fiir die es nach wie vor nur begrenzte Behandlungsmoglichkeiten gibt
und deren Prognose sehr schlecht ist. Die H-1PV-Behandlung in diesen Fallen war
sicher und gut vertraglich, und zeigte erste Anzeichen fiir eine Wirksamkeit,
darunter Hinweise auf virale Replikation im Tumorbett und Inmunumwandlung
der Tumormikroumgebung sowie eine Verbesserung der Uberlebensrate der
Patienten im Vergleich zu historischen Kontrollen. Dennoch war die H-1PV-
Monotherapie mit den verwendeten Therapieschemata nicht kurativ, was die
Notwendigkeit einer Verbesserung der onkolytischen H-1PV-Therapie
unterstreicht.

Ein Ansatz mit schnellem Umsetzungspotenzial ist die Kombinationstherapie von
H-1PV mit anderen bereits zugelassenen Medikamenten zur Verbesserung seiner
onkolytischen Aktivitat. Dieser Ansatz hat sich bereits in der erfolgreichen
Potenzierung der onkolytischen Eigenschaften von H-1PV in Kombination mit
dem Histon-Deacetylase-Inhibitor Valproinsdure und pro-apoptotischen BH3-
Mimetika wie ABT-737 als vielversprechend erwiesen. Hier stelle ich einen
Hochdurchsatz-Screening-Ansatz vor, mit dem das von der FDA zugelassene
antivirale Medikament Ledipasvir als Verstirker der H-1PV-Onkolyse in
menschlichen Zellen identifiziert wurde. Die gleichzeitige Behandlung mit
Ledipasvir verbessert die onkolytischen Fahigkeiten von H-1PV in einem breiten
Spektrum von Krebszelllinien verschiedener Tumorarten, einschliefilich primarer
PDAC-Kulturen, die von Patienten stammen. Ich habe herausgefunden, dass der
durch die Ledipasvir-H-1PV-Kombination ausgeldste Zelltod zumindest teilweise
apoptotisch ist, das Medikament aber nicht in der Lage ist, die virale Replikation
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zu verbessern. Stattdessen fordert Ledipasvir die onkotoxischen Eigenschaften des
Haupteffektorproteins NS1, ohne jedoch direkt an NS1 zu binden. Eine Reihe von
Screening-Ansadtzen ergab ein komplexes Zusammenspiel zwischen Ledipasvir,
H-1PV und dem iiberlebensfordernden PI3K/Akt/mTOR-Signalweg. Wahrend
H-1PV allein den Akt-Signalweg aktiviert, wird dieser bei Zugabe von Ledipasvir
hyperaktiviert und kann dazu dienen, die Funktionalitat von NSI zu verbessern.
Die Hemmung von mTOR durch den small-molecule Inhibitor Torin konnte die
kombinatorischen Effekte von H-1PV und Ledipasvir aufheben, ohne die
Onkolyse durch H-1PV allein zu beeinflussen. Ich schlage ein vorlaufiges Modell
vor, bei dem die Kombination von Ledipasvir und H-1PV Komponenten des
PI3K/Akt/mTOR-Stoffwechsels moduliert, um die Funktionalitit und die
onkotoxischen Fahigkeiten des NSI1-Proteins von H-1PV zu verbessern, was
letztendlich die virale Onkolyse steigert.
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Chapter 1: Reprogramming human
cells using SMAR vectors






1 Introduction

1.1 Overview

In this work, I aimed to establish the reprogramming of human somatic cells using
episomal DNA vectors without the aid of viral components. Reprogramming is a
hugely useful tool in clinical testing and potentially also patient treatment;
however many concerns remain about the safety of induced pluripotent stem cells
(iPSCs) for clinical application. The removal of viral components from the
reprogramming process should improve the quality of iPSCs generated,
improving their safety and applicability in the clinic.

1.2 Reprogramming

1.2.1 Stem cells

Stem cells are undifferentiated cells capable of producing somatic cells in the body.
Stemness is defined by an unlimited capacity for self-renewal, as well as the
potential to differentiate into more specialised somatic cell types. There is a
distinction between stem cells of different potency: totipotent stem cells are those
capable of generating all cell types in the body. These are the first few cells of an
embryo, also known as 2C cells. They are capable of generating cells of both
embryonic and extraembryonic lineages and occur only very early in embryonic
development [1]. Pluripotent stem cells are only able to differentiate into cells of
embryonic lineages — endoderm, mesoderm, and ectoderm — and if derived from
the inner cell mass of the blastocyst, are termed embryonic stem (ES) cells. Later in
development, multipotent and even unipotent stem cells also occur, capable of
generating only a few or one cell type, respectively. Such stem cells can occur
within adult tissues, to replenish the cells of that tissue type, such as in the
haematopoietic system. These tissue-specific stem cells can produce progenitor
cells, which are no longer considered stem cells as they have lost their unlimited
self-renewal capacity. In general, stem cells undergo asymmetric division,
producing one copy of the original stem cell, and one daughter cell with reduced
potency, which continues to produce progenitor cells until the lineage ends in fully
differentiated somatic cells.

1.2.2 Cellular reprogramming

Early in stem cell research, it was accepted that the asymmetric division of stem
cells to produce more differentiated daughter cells was a one-way process. This is
exemplified by the epigenetic landscape proposed by Conrad Waddington in 1957
[2], in which a cell is depicted as a marble rolling down a landscape with several
local minima, or differentiation possibilities (Figure 1). However, studies by John
Gurdon showed that direct injection of nuclei from fully differentiated adult cells
into enucleated oocytes can produce phenotypically normal frogs [3]. Thus, the
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genetic information present in each nucleated somatic cell is sufficient for
pluripotency. This paved the way for landmark studies by Takahashi and
Yamanaka, showing that the differentiation of murine and human somatic cells can
be reversed, and that these cells can return to an embryonic-like state by retroviral-
mediated gene transfer, a process they named “reprogramming” [4; 5].
Astonishingly, this was achieved with the expression of only four defined
transcription factors: Oct3/4, also known as POU5F1, Kl1f4, Sox2, and c-Myc, known
today as OKSM or Yamanaka factors. Due to the immense clinical and research
potential of these cells, termed induced pluripotent stem cells (iPSCs), Gurdon and
Yamanaka shared the 2012 Nobel Prize in Medicine. In the years since their
discoveries, the method of reprogramming has been greatly expanded upon.

Potency
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Figure 1. Waddington's epigenetic landscape. Diagram depicts a marble rolling down a landscape,

b

with several local minima emerging as it rolls. The marble represents a pluripotent stem cell, and
the landscape its potency (magenta arrow). The downward path (blue arrow) represents
differentiation - the stem cell loses potency as it differentiates into committed daughter cells.
Reprogramming (orange arrow) involves restoring potency to a differentiated cell allowing it to
move back up the landscape and become pluripotent once more. Trans-differentiation, or direct
reprogramming (yellow arrow), involves the direct conversion of one cell type to another without
an intermediary pluripotent state. Figure modified from Waddington [2].

1.2.3 Methods for reprogramming

Takahashi and Yamanaka initially delivered the reprogramming factors to cells by
retroviral-mediated gene transfer [4]. However, even at this earliest of stages, it
was clear that retroviral gene transfer carries a large oncogenic risk due to
insertional mutagenesis. Thus, this method has since undergone substantial
development, to reduce this tumourigenic risk and advance iPSCs closer to clinical
applications (Figure 2A). Retroviral vectors were quickly succeeded by lentiviral
vectors due to their favourable safety profile and improved efficiency [6; 7].
Lentiviral vectors remain a popular means of Yamanaka factor expression today.
Other viral vectors such as adeno-associated viruses (AAVs) have also been
applied in reprogramming [8], however these also still carry the potential for



integration [9], particularly when genome editing is applied simultaneously [10].
The RNA Sendai virus (SeV) is a popular vector for reprogramming, used as a non-
transmissible form of SeV for delivery of reprogramming factors without
integration and available as a ready-to-use kit [11].

Viral vectors are to date the most common reprogramming methods, as they offer
easy of delivery of the reprogramming factors to cells. Nonetheless, nonviral
delivery of reprogramming factors has also been explored to address safety
concerns. Direct delivery of messenger RNA (mRNA) proved effective in
reprogramming human fibroblasts after daily transfection (minimum five
transfections) [12; 13], as well as delivery of proteins extracted from ES cells in
murine cardiac and skin fibroblasts [14]. Delivery of proteins to the cytoplasm of
cells is technically challenging and stressful to cells, so the Yamanaka factors have
also been fused with cell-penetrating peptides for cellular delivery. This led to
successful synthetic protein-based reprogramming of both human and mouse cells
in 2009 [15]. Small molecules have even been used successfully to reprogram
human cells in vitro [16].

Finally, cellular reprogramming has also been achieved using non-viral DNA-
mediated delivery of reprogramming factors. Transposons, which are mobile
genetic elements, have been used to generate iPSCs of various species. They can be
integrated into host genomes by a transposase enzyme, and an advantage over
retroviral transfer is that integration-deficient transposases can also be used to re-
excise the transposon out of the genome after completion of reprogramming [17].
However, as with retroviruses, this requirement for integration into the genome
for functional gene expression causes concern over genomic integrity. The
Yamanaka group has worked extensively with plasmid-based reprogramming,
firstly establishing multi-transfection protocols with traditional plasmids [18; 19].
These protocols were however laborious, as the expression of the reprogramming
factors does not persist for long enough to establish fully reprogrammed cells
without repeated transfection. A refinement of this strategy came from the
Thomson group in the form of so-called episomal vectors, incorporating the
oriP/EBNA-1 (Epstein Barr Nuclear Antigen 1) genes from Epstein Barr Virus
(EBV) [20]. Episomal vectors are non-viral circular DNA vectors, which are capable
of self-replication using host cell machinery without integration into the genome.
Once again, the Yamanaka group further developed this strategy by incorporating
knockdown of p53 and exchanging c-Myc for L-Myc to improve reprogramming
efficiency while reducing the oncogenic potential of Myc overexpression [21; 22].
These vectors are commonly known as EBNA vectors and have become one of the
most widely used methods for reprogramming. Indeed, there are to date two
registered clinical trials in phase III using iPSC-derived cellular therapies, both of
which use allogeneic iPSCs reprogrammed using the EBNA vector system [23-25].
There are also advances in reprogramming using synthetic DNA, such as
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CHAPTER 1

doggybone DNA (dbDNA), to generate iPSCs [26]. Doggybone vectors are linear,
double-stranded DNA with closed ends which were used to generate iPSCs at a
similar efficiency to EBNA vectors, which showed improved pluripotency and
genomic stability compared with EBNA iPSCs.
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Figure 2. Generation of iPSCs and their characteristics. A Schematic showing different (non-
exhaustive) possibilities for generating iPSCs from fibroblast cells. B Phenotypic characteristics of
iPSCs in brightfield microscopy, exemplifying the round, shiny-bordered colony morphology and
no clear borders between cells as compared to bordering fibroblasts (a), and large nuclei with little
cytoplasm (b). Scale = Imm (a), 100um (b). Figure A generated using BioRender, figures in B
reproduced from Okita, Matsumura et al. [21].
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1.2.4 Transdifferentiation

Another major advance in cellular reprogramming came with the advent of trans-
differentiation, or direct reprogramming. Here, differentiated cells are directly
converted into different lineages without an intermediate pluripotent state (Figure
1). In this case, the factors required for transdifferentiation depend on the desired
cell type. Typically, these factors are transcription factors or non-coding RNAs
which are involved in defining the cell type of interest. The first example of this
was found in mouse embryonic fibroblasts, which could be converted directly into
myoblasts by overexpression of the transcription factor MyoD in vitro [27].
Although these two cell types originate from the same embryonic lineage, later
studies expanded this principle to transdifferentiate cells between lineages as well
[28; 29]. Transdifferentiation is particularly interesting, as it offers the possibility
of in situ reprogramming for regenerative therapies without some of the
drawbacks of pluripotency, discussed below. However, safe in vivo delivery of
factors and robust efficiencies of transdifferentiation remain major clinical barriers
for this field [28]. Importantly, a vector system capable of reprogramming cells into
iPSCs should also be capable of transdifferentiation, simply by altering the factors
expressed.



1.2.5 Applications for iPSCs

iPSCs can in principle be utilised in any situation where ES cells would be
beneficial while bypassing the ethical concerns surrounding the use of ES cells,
particularly in humans. Given their unlimited growth capacity, iPSCs are an ideal
basis cell type for off-the-shelf cell therapies. Moreover, reprogramming also offers
new possibilities that even ES cells do not; namely, a patient’s own cells can now
be reprogrammed and used for patient-specific disease models or drug testing. In
addition, autologous therapies are now feasible, if not yet clinically applied. Lost
or damaged tissue can in theory be replaced by autologous cells through
reprogramming and directed differentiation. As well as direct replacement of
tissue, genetic defects can be corrected in iPSCs in vitro, and the patient’s own
corrected cells can be reintroduced to minimise immune response. In fact, the first
person ever treated with iPSC-derived cell therapy in 2014 was a Japanese woman
with age-related macular degeneration. A skin biopsy was taken from the patient,
from which fibroblasts were reprogrammed into iPSCs and differentiated into
retinal pigment epithelium cells. A sheet of these retinal pigment epithelium cells
was transplanted back into the patient’s eye, and her vision stabilised and
remained stable up to four years later [30; 31]

As of early 2021, there are approximately 81 ongoing clinical trials involving iPSCs
[32]. Of these, most nontherapeutic trials are based in the United States, such as
disease modelling, drug screening, and creating cell banks. Roughly one quarter
of these trials are therapeutic, mostly based in Japan, and mostly using allogeneic
iPSCs. This is likely for ease of regulatory approval, as each iPSC line created must
be rigorously screened for quality. However, four of these 81 trials are already
generating and using autologous iPSCs for cell-based therapies. The most
commonly targeted organ for iPSC-based clinical trials is unsurprisingly the
circulatory system, given the ease of administration. However, there is much
interest in iPSC-based therapies of the nervous and visual systems as well. To date,
there are two registered phase III clinical trials testing iPSC-derived cell therapies,
both using allogeneic cell products. The first, based in Kyoto, aims to treat
Parkinson’s disease by the transplantation of iPSC-derived dopaminergic neurons,
and has also gained approval to begin trials in the United States [23; 24]. Secondly,
an Australian trial targeting osteoarthritis involves the injection of iPSC-derived
mesenchymal stem cells, with participant enrolment recently completed [25; 33].

1.2.6 Limitations of current iPSCs

Despite the many advantages of reprogramming, there are some limitations to
current iPSC-based therapies. As noted above, the majority of current iPSC-based
clinical trials use allogeneic iPSCs [32]. This is because autologous iPSCs for
treatment are costly and difficult to generate; not only does this approach take a
long time from patient sample to finished product, but the quality of the cell



product must be stringently assayed for every patient. Therefore, there has been a
shift in approach to “cloak” allogeneic iPSCs from immune recognition by editing
the human leukocyte antigen (HLA) loci [34; 35]. Mismatching of HLA types
between donor (iPSC-derived cells) and recipient (patient) can cause rejection of
the iPSC-based cell product [36; 37]. While allogeneic iPSC products do need to be
closely matched in HLA type to their recipient, editing iPSCs to generate
homozygous HLA types is fraught, as this can cause unintended hemizygosity
[38]. Other approaches involve building cell banks of naturally homozygous HLA-
typed iPSCs to match a majority of the population [21; 39].

In addition to immune compatibility, the tumourigenic potential of iPSC-based
therapies is a concern. Indeed, one of the original proofs of pluripotency of iPSCs
was their ability to form teratomas in vivo [4; 5]. Therefore, any incompletely
differentiated cell products derived from iPSCs could pose significant danger to
patients. Simultaneously, iPSC-derived cell products must be homogenous with
respect to their differentiation and expression patterns to avoid variability in the
end product and its effectiveness or safety [40]. The long-term effects of iPSC-based
therapies are unknown, as reprogramming is a relatively new technology — as the
first patient was treated in 2014, a maximum of 10 years’ of follow up data are
available to date [30]. Since reprogramming is a stressful process, cells are prone
to enter senescence, or if this is blocked by p53 suppression, to genetic aberration
[41-43]. This means that it is crucial to ensure the genetic stability of each iPSC line
created, adding to the burden of generating autologous treatments by
reprogramming. It is therefore of interest to explore reprogramming methods that
are scarless, cause the least possible damage.

Many currently established reprogramming methods are either virus-based or
retain viral components; lentiviruses, SeV, AAVs, and episomal EBNA vectors
being common examples [8; 44]. Lentiviral transduction, although safer than
retroviral, still carries the risk of insertional mutagenesis [45]. SeV, as an RNA
virus, presents no risk of genomic insertion of its transgenes, however the virus
often persists in reprogrammed cells and must be actively removed, causing
concerns that iPSCs still harbouring the SeV vectors may not be capable of full
differentiation into target cell types [46; 47]. The episomal EBNA vector system
employs the EBNA-1 gene from EBV, which has been implicated in oncogenesis
[21; 48; 49]. In addition, infection of cells with viruses or the presence of viral
components during the reprogramming process can trigger a low-level immune
activation, which persists even in fully reprogrammed cells [26].



1.3 SMAR vectors

1.3.1 Potential of S/MARs for reprogramming

Due to the established risks and drawbacks of viral-based reprogramming, I aimed
in this study to improve upon the current reprogramming protocols by removing
viral components. It is well established that plasmid-based expression of
reprogramming factors does not persist for long enough to establish fully
reprogrammed cells without repeated transfection [18]. Indeed, the purpose of the
EBNA-1 gene and oriP region in the EBNA reprogramming vectors is to extend the
kinetics of reprogramming factor expression beyond that of a normal plasmid [20].
The EBNA-1 protein binds to the oriP region on each episomal vector, tethering it
to the nuclear matrix and facilitating replication of the vector synchronously with
the cell cycle [50]. This is highly reminiscent of human Scaffold/Matrix Attachment
Regions (S/MARs). S/MARs are human AT-rich DNA sequences involved in
chromosomal organisation in the nucleus. They anchor the chromatin to the
nuclear matrix, interacting with and defining transcription factories by interactions
with transcription factors and structural proteins [51; 52]. In this way, S/MARs are
involved in the orchestration of both transcription and genome replication [53].
The inclusion of an S/MAR sequence on a plasmid vector can facilitate episomal
retention of the vector, resulting in stable, heritable transgene expression without
insertion into the genome (reviewed recently by Kreppel and Hagedorn [50]).
Thus, the safety profile of iPSCs for clinical application may be improved by
replacing the oriP/EBNA-1 region in the EBNA reprogramming system, currently
the most clinically advanced reprogramming method, with a human S/MAR
sequence (Figure 3). These vectors which include genomic S/MAR sequences will
henceforth be referred to as SMAR vectors.
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Figure 3. SMAR and EBNA episomal retention systems. A The
Epstein Barr Nuclear Antigen 1 (EBNA-1) gene is encoded on a
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S phase, allowing for replication and ultimately even segregation of
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sequences are binding sites for human structural and transcription
factors, allowing a vector encoding an S/MAR sequence to tether to
the cellular ORC. S/MAR sequences encourage the replication of the
vector and ensure even segregation of vector progeny into daughter
cells during mitosis. Figure designed by Alicia Roig-Merino [54].

1.3.2 S/MARSs: structure and function

S/MAR sequences are present across the human genome, as evolutionary
conserved sequences which contribute to the structure and organisation of the
genome in 3D space. S/MARs orchestrate both gene transcription and DNA
replication through their structure and interaction with proteins in the nucleus.
S/MARs are bound by structural proteins such as scaffold attachment factor A
(SAF-A) and special AT-rich sequence binding protein 1 (SATB1) [51; 52]. Through
these interactions, the genome becomes tethered to the nuclear lamina or matrix
within the nuclear membrane, forming chromatin loops in between each S/MAR
sequence [55] (Figure 4A).

The partitioning of the genome during interphase by S/MAR sequences defines
transcription factories [56]. Importantly, although S/MARs are often found near
enhancer elements [57], this chromatin loop structure is cell type specific, defined
by protein expression. Differential expression of S/MAR-binding proteins alters
the architecture of the chromatin, with alternate tethering of S/MARs to the nuclear
matrix allowing for cell type specific transcription programs [51]. S/MAR
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sequences can also act as insulators, preventing the spread of epigenetic silencing
by DNA methylation [58-60].

In addition to the regulation of gene transcription, S/MAR sequences also facilitate
the replication of DNA, and these two functions are heavily interconnected [61].
They are composed of approximately 70% A-T content, so are readily able to
unwind, and are capable of doing so stably to reduce torsional strain in the
genomic structure [57]. This can then form an easily accessible region for the start
of DNA synthesis. An association between S/MAR sequences and topoisomerase
IT has been reported in vitro, also supporting the hypothesis that S/MARs can
function as an origin of replication in the human genome. After DNA replication,
the interactions of S/MAR sequences with the SAF-A protein aid the even
segregation of chromosomes in mitosis [52].
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Co-segregation of S/MAR vectors
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Figure 4. Scaffold Matrix Attachment (S/MAR) regions in their native context and in episomal
vectors. A Protein fibers form the nuclear scaffold or matrix structure within the nuclear envelope,
providing an anchor point for chromatin, which forms clusters of chromatin loops actively
transcribed in foci known as transcription factories. These anchors consist of S/MAR sequences
bound to nuclear matrix proteins. B The incorporation of an S/MAR sequence on a plasmid vector
allows the vector to anchor to the nuclear matrix in the same way as the genome, binding nuclear
proteins such as SAF-A. This structure also recruits both transcription and replication machinery
to drive expression and replication of the episomal vector. C In mitosis, SS/MAR sequences allow
the replicated episomal vector to co-segregate with chromatids. Figure designed by Toros Tasgin
using BioRender.
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1.4 Current uses of SMARs

1.4.1 Generation of SMAR vectors

Due to S/MARs association with chromosomal replication, and partly to study
their function, an S/MAR element was first incorporated into a plasmid vector,
known as pEPI, in 1999 by Hans Lipps” group [62]. This was the first non-viral
plasmid vector to rely solely on human components for its episomal retention and
transgene expression. The S/MAR element chosen is found upstream of the human
interferon-f3 gene. In the context of plasmid vectors, S/MAR sequences assist in
transcriptional activation, prevention of transgene silencing, and provide mitotic
stability to the vector in host cells. pEPI was retained in Chinese hamster ovary
cells without genomic integration and could be isolated and re-transformed into
bacteria, strongly suggesting episomal maintenance, at low copy number. pEPI
associates with the nuclear matrix in the same way as genomic S/MAR sequences
(Figure 4B) [52; 63]. The original pEPI was designed with an origin of replication
derived from the simian virus 40 (5V40), but it was later found that this was
dispensable, as the S/MAR itself is capable of recruiting replication machinery.
However, it is crucial that active transcription runs into the S/MAR sequence, as
removal or inversion of the promoter leads to genomic integration in the presence
of selection [61]. The presence of an S/MAR on a plasmid encourages the formation
of replication complexes, although these do not exclusively form on the S/MAR
itself [64]. The vector establishes in low copy numbers of about five to ten vector
copies per cell [63], and its replication coincides with that of the chromosome —
once and only once per cell cycle — together with regions that are replicated early
in S phase, which suggests an open chromatin structure as found in or around
actively transcribed genes (Figure 4C) [64; 65]. This was confirmed by circular
chromosome conformation capture, showing that established pEPI-based
replicons localise to actively transcribed regions, and that chromosomal
localisation of each vector molecule may be heritable depending on the vector
construction [66].

1.4.2 Improving SMAR vectors

In the years since its inception, our group has worked on the development of
improved SMAR vectors (Figure 5). Careful selection of tissue-specific promoters
allowed for extended persistence of the vector, even allowing gene expression for
up to six months after in vivo delivery to liver cells [60]. Similarly, a reduction of
the immunogenicity of the original plasmid by removal of CpG islands resulted in
both higher and more persistent gene expression [67]. This was further reduced by
the use of a nanobackbone (Aldevron) in place of a plasmid backbone, reducing
the bacterial sequences present in the vector to the minimum, approximately 250
base pairs (bp) [68]. This nanobackbone system also incorporates non-antibiotic
vector selection, which is highly advantageous for clinical use [69]. Next,
reshuffling of the vector structure by moving the selection marker from the
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bacterial backbone into the mammalian expression cassette, next to the transgene,
improved the retention of the episome as intended without vector breakage [70].
Bacterial DNA contains unmethylated CpG dinucleotides, which become targets
for de novo methylation in eukaryotic cells. This methylation is able to spread along
the vector, eventually silencing the promoter and transgene [71; 72]. Thus, the
addition of insulator sequences between the bacterial backbone and mammalian
promoter also improved transgene expression by inhibiting this methylation
spread [70]. Splice sites were also added around the S/MAR sequence, as this
mimics the maturation of endogenous mRNA, stabilising the mRNA transcript
without affecting the episomal maintenance function of the S/MAR [70]. Finally,
the use of different S/MAR sequences depending on the target cell type allows for
fine-tuning of transgene expression and retention. While the original interferon-
beta (IFNP) S/MAR is approximately 2 kilobase pairs (kb) in size, smaller
sequences derived from an S/MAR adjacent to the APOB gene can help to reduce
the size of the vector while retaining their episomal capacity [68; 70].
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Figure 5. Evolution of SMAR vectors. Schematic overview of the original SMAR vector pEPI (left)
and its development over the past nine years. Figure adapted from Alicia Roig-Merino [54].

The modifications and improvements described above have developed SMAR
vectors into an exemplary platform for genetic modification. SMAR vectors are
efficient and cost-effective to produce, and can be efficiently delivered to cells when
optimised [68; 73]. They deliver stable and sustainable transgene expression over
long time periods, while not posing any risk of genotoxicity due to their non-
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integrative nature. Additionally, they possess no viral elements and only minimal
non-human elements, minimising the cellular immune response to the vector.
Finally, SMAR vectors have a theoretically unlimited capacity — the largest
transgene delivered in an SMAR vector thus far was 135kb [74]. Our group has
previously used SMAR vectors to generate chimeric antigen receptor (CAR) — T
cells [68]. Vector improvements allowed the efficient transfection of primary T
cells, a highly sensitive cell type, with minimal impact on the cell phenotype, and
minimal immune response compared with lentiviral transduction. T cells modified
with SMAR vectors were at least as efficacious as those transduced with lentiviral
constructs expressing the same CAR construct both in vitro and in vivo. Crucially,
due to the ease of manufacturing these vectors, it has now become possible to
produce clinical grade CAR T cells at clinically relevant scales in five days.

1.4.3 Using SMAR vectors in human iPSCs

Our group has also previously used optimised SMAR vectors to modify iPSCs
(Figure 6). SMARs allow stable transgene expression in human iPSCs over at least
170 days without selection, and with minimal impact on stem cell identity [73; 75].
Importantly for cell banking, this expression is also stable throughout
cryopreservation of modified cells. Co-transfection of SMAR vectors carrying
green fluorescent protein (GFP) during reprogramming of human fibroblasts using
the EBNA vector system resulted in stable GFP-expressing iPSCs, with no effect on
pluripotency in vitro or in vivo in chimera studies. Additionally, stable SMAR-GFP
iPSCs could be differentiated into cells corresponding to each germ layer, with
minimal loss of transgene expression. These results thus suggest that SMAR
vectors can survive the epigenomic reorganisation associated with both
reprogramming and differentiation, so these vectors are uniquely resistant to
epigenetic silencing. This effect is particularly striking for vectors with the
nanobackbone [54].
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Figure 6. iPSCs can be stably modified using SMAR vectors. A An SMAR vector encoding GFP
was co-transfected into neonatal human dermal fibroblasts (NHDFs) together with the EBNA
reprogramming system. Fluorescence microscopy shows the retention of GFP signal in pSMAR-
modified cells before and after reprogramming. B SMAR-GFP modified human iPSCs (hiPSC) were
subjected to random differentiation into the three embryonic lineages. Fluorescence microscopy
shows the retention of GFP signal (green) together with markers of successful differentiation (red).
C Mouse embryonic stem cells (mESC) from the1290la strain (light coat) were modified with an
SMAR-GFP vector and microinjected into C57BL/6 embryos (dark coat) to generate chimeric pups.
D Chimeric pups retained transgenic GFP expression as assessed by ear biopsies (n=49), and GFP
expression in n"SMAR-modified chimeras was silenced less than pSMAR-modified chimeras. Data
published in Roig-Merino, Urban et al. [73]
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Given the features of SMAR vectors outlined above, they present a promising
alternative to the virus-based EBNA vector system for episomal reprogramming.
The optimised SMAR vectors do not contain any viral elements, reducing both the
oncogenic risk and the potential for immune activation in the resulting iPSCs. They
can sustain transgene expression beyond that of a normal plasmid, which is
necessary for reprogramming, without integrating into the genome. Additionally,
modification of the resultant iPSCs is possible again using the SMAR vectors,
which can survive the differentiation process. Indeed, the most recent work in our
group focusses on cellular immunotherapy approaches, generating CAR T and
natural killer (NK) cells using SMAR vectors [68]. Therefore, the ultimate goal of
this work is to develop an all-in-one vector platform, capable of safely generating
and modifying iPSCs for clinical application (Figure 7).
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Figure 7. An all-in-one vector platform for the generation and modification of human iPSCs
(hiPSCs). Figure generated using BioRender.
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2 Results

2.1 Generation of a novel reprogramming platform

To evaluate the potential for SMAR vectors to be used for cellular reprogramming,
I used the established four-vector EBNA plasmid series developed by the
Yamanaka lab [21] as the current gold standard for episomal reprogramming
(Figure 8A). The use of these vectors for feeder-free reprogramming of human
somatic cells had already been established in our group by Manuela Urban [75].
Based on these vectors, my colleague Alicia Roig-Merino cloned the SMAR vector
series by direct substitution of the oriP/EBNA-1 region for the IFN3 SMAR on a
traditional plasmid background. As SMARs do not rely on protein expression for
episomal vector retention, this renders the fourth “EBNA-boost” plasmid
(pCXWB-EBNA1) superfluous [76] (Table 1). Therefore, a fourth SMAR vector
encoding only GFP and puromycin resistance was generated to allow for
monitoring and selection of cells (Figure 8B). Subsequent to the construction of
these vectors, our group has implemented the nanovector system (see Section 1.4.2
above) [69] for improved vector performance in mammalian cells. Therefore, I
constructed a series of SMAR reprogramming vectors on a nanovector background
— the nanoSMAR series (Figure 8C). These also carry the refinement of splice sites
tflanking the IFNB SMAR, to stabilise mRNA generated from the vectors [68].
Another vector series made by Alicia, the nano series, comprises each of the
reprogramming vectors on a nanovector background without any sequence for
episomal retention (Figure 8D). Previous experience in our group suggests that
nanovectors express their transgenes at higher levels than plasmid vectors, and it
is known that the reprogramming process requires strong, but temporary,
expression of ectopic reprogramming factors [77-79]. Therefore, transient
expression from nanovectors may be sufficient to reprogram cells while improving
the safety profile of the vectors as there is very little chance of vector retention. The
potential risks and benefits of reprogramming somatic cells using each vector
series are summarised in Table 1.
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Table 1. List of reprogramming vector series used in this study and their properties.

EBNA SMAR  nanoSMAR nano
series series series series
Bacterial sequences and Yes Yes No no
antibiotic selection
Viral components Yes No No No
Oncogenic Potentially No No No
Episomal maintenance Yes Yes Yes No
Vector size Large Medium  Small Small
Number of vectors needed Four Three Three Three
for reprogramming
Safety profile Low Medium  High Very high
Reprogramming capacity  Yes Untested  Untested Untested
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2.2 Testing novel reprogramming vectors

I first tested the functionality of the vectors in this study by transfection into HEK-
293T cells to assess the expression of each transgene. Each vector was transfected
individually, and untransfected cells were used as a negative control. As
transfection with the positive control vector pmaxGFP showed expression of the
fluorescent reporter gene GFP (Figure 9A), the expression of the reprogramming
factors” expression was evaluated by Western blotting. Figure 9B shows that each
vector is functional and expresses the expected reprogramming factors. Due to a
lack of L-Myc antibody, the expression of this factor could not be assessed.
However, expression of Lin28 can be used as an indicator that L-Myc is expressed,
as it is transcribed and translated downstream of L-Myc in these vectors.
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Figure 9. All reprogramming vectors used in this study are functional. A HEK-293T cells were
transfected with vectors from the four different reprogramming series and pmaxGFP as a positive
control using jetPEL Cells were imaged 24hpt using a Nikon fluorescence microscope. Cells showed
expression of GFP as a proxy of successful transfection. Scale = 500um. B Protein lysates from
transfected HEK-293T cells 24hpt were assessed for expression of reprogramming factors Oct3/4,
Klf4, Sox2 and Lin28, showing that all reprogramming factors are expressed by each vector series.
Experiments were conducted in collaboration with Cornelia Wincek.

Secondly, it was important to establish an accurate method of assessing
transfection efficiency in neonatal human dermal fibroblasts (NHDFs), the target
cell type for reprogramming in this study. Flow cytometry analysis is considered
as the gold standard, as it has the highest sensitivity of those available. However,
flow cytometry of NHDFs requires the passaging of cells due to their adherent
growth, so this approach precludes the possibility to follow transgene expression
over time. To evaluate other methods, NHDFs were transfected with SMAR-GFP
resulting in 27% GFP-positive cells after 24 hours, as measured by flow cytometry
(Supplementary Figure 1A), which dropped to 3.6% GFP positivity after eight days
(Supplementary Figure 1B). In contrast, fluorescent microscopy imaging and
automated analysis using an Incucyte instrument (Supplementary Figure 1C) does
not require passaging cells and can be done at regular intervals while not
disturbing the experiment. A comparison of these two methods, as well as a
fluorescent-capable cell counter LUNA, shows that while the Incucyte is not quite
as sensitive as flow cytometry, it is able to detect a similar level of GFP expression

-19-



(24% vs 27%, Supplementary Figure 1D). In contrast, the LUNA cell counter could
only detect the brightest GFP expression, leading to a measurement of 10.4% GFP-
positive cells. Therefore, I concluded that Incucyte imaging and analysis of GFP
positivity provides an acceptable balance between sensitivity of detection and
reduced manipulation of the cells to measure transfection efficiency in future
experiments.

2.3 Reprogramming human cells using novel SMAR reprogramming
vectors

2.3.1 SMAR vectors can reprogram somatic human cells

After generating and validating the SMAR reprogramming vectors and
establishing a method for measuring their transfection efficiency, I moved on to
reprogramming somatic NHDFs into iPSCs using these novel vectors. I performed
a head-to-head comparison of each vector series (Figure 8), matching the respective
conditions as closely as possible to the EBNA-based reprogramming protocol
established by Manuela Urban [73; 75]. In this protocol, NHDFs are transfected
with 2ug of each vector in the series (either three or four vectors), then expanded
and cultured under fibroblast conditions for eight days, after which they are re-
plated and cultured under stem cell conditions for another 20-30 days until iPSC
colonies form (Figure 10A). A separate transfection of cells with SMAR-GFP
allowed quantification of transfection efficiency at 14.4% (Figure 10B), and cells
were monitored by microscopy for up to 40 days following transfection. The
formation of small colonies was visible by 21 days post transfection in EBNA series
transfected cells (Figure 10C), whereas none of the other conditions generated clear
colony-like structures with defined borders similar to the colonies shown in Figure
2. However, transfection of NHDFs with SMAR, nanoSMAR, and nano series all
caused dramatic changes in cellular morphology and led to the formation of so-
called pre-iPSCs by day 40 post transfection, similar to those documented in
literature as incompletely reprogrammed cells [80]. While SMAR and nanoSMAR
series both produced many such pre-iPSC colonies, the nano series of

reprogramming vectors only produced two giant colonies from 90,000 total cells
seeded.
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Figure 10. NHDFs can be reprogrammed using SMAR vectors. A Scheme depicting episomal
reprogramming by EBNA or (nano)SMAR vectors in neonatal human dermal fibroblasts (NHDFs)
as established by Manuela Urban. B NHDFs transfected with SMAR-GFP vector were imaged 24
hours post transfection using a Nikon fluorescence microscope and GFP positivity was quantified.
Scale =500um. C Brightfield images taken with an EVOS microscope of iPSC colony formation from
the different reprogramming vector series over time. Scale = 500um. D Brightfield images taken
with an EVOS microscope following the establishment of iPSC colonies after picking over time.
Scale = 500pum. This experiment was done in collaboration with Cornelia Wincek.
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As none of the novel vector series produced unequivocal iPSC colonies, the most
promising pre-iPSC colonies were picked into fresh plates to evaluate their
potential to mature into iPSCs. As shown in Figure 10D, colonies picked from
EBNA-transfected cells displayed iPSC morphology within 2 weeks of picking,
with colonies of tightly packed cells with shiny, defined edges. The majority of pre-
iPSCs rapidly reverted to a fibroblast-like morphology after picking; however, one
pre-iPSC colony eventually developed iPSC-like morphology, 40 days after
picking, and could be successfully established (Figure 10D, SMAR colony 1). This
cell line will henceforth be referred to as SMAR1 iPSCs.

2.3.2 SMAR iPSCs express stemness markers

One of the fundamental processes during reprogramming is a complete
restructuring of the epigenome, leading to the expression of marker genes
characteristic for stem cells. One such marker traditionally used is alkaline
phosphatase (AP), a membrane-bound hydrolase whose expression tends to be
much higher in pluripotent stem cells than somatic cells [81]. I stained NHDFs 28
days post transfection with each reprogramming vector series and found only
significant AP expression in EBNA series transfected cells (Figure 11A). However,
SMARI1 iPSCs also stained positive for AP 60 days post transfection, indicating that
these cells continued to mature after picking, and may have developed into bona
fide iPSCs. Additionally, I examined the expression of the stemness markers Oct3/4,
Lin28, Nanog and Tra-160 by immunofluorescence (Figure 11B), only two of which
are expressed by the reprogramming vectors themselves. The expression of all four
stemness markers was comparable between SMAR1 iPSCs and EBNA iPSCs.
Finally, quantitative reverse-transcription polymerase chain reaction (QRT-PCR)
on a wider range of marker genes indicated a transcriptional profile very similar
to three independent human embryonic stem cell (HuUES) lines, and in strong
opposition to negative control fibroblast cells (Figure 11C). These results together
are a strong indication that SMARI1 iPSCs are indeed stem cells.
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Figure 11. SMAR iPSCs express markers of pluripotency. One
colony of SMAR-derived iPSCs (SMAR1) could be established in
the first round of reprogramming. A SMAR1 iPSCs stained
positive for AP, although only 60 days post transfection. Scale =
500pm. B SMAR1 iPSCs express pluripotency markers Tra-1-60
(green), Oct3/4 (magenta), Nanog (orange), and Lin28 (yellow) as
measured by immunofluorescence. Scale = 200pm, experiments
done in collaboration with Toros Tasgin. C SMAR1 iPSCs express
pluripotency genes as measured by qRT-PCR in a similar pattern
to HuES cell lines, and distinctly to fibroblasts (neg control). Data
shown is a z-transformation of the fold change of gene expression
to the negative control fibroblast line, and was obtained in
collaboration with Mehrnaz Ghazvini, Erasmus MC.
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2.3.3 SMAR iPSCs are pluripotent

While marker expression and morphology of cell colonies are good indicators of
successful reprogramming, the fundamental property of iPSCs is that they are
pluripotent; that is, they are capable of differentiation into cells of the three germ
layers. Therefore, my collaborators Mehrnaz Ghazvini, Lieke Dons and Tracy Li
(Erasmus MC, Rotterdam) subjected SMARI1 iPSCs to trilineage differentiation,
together with EBNA iPSCs as a positive control, and stained these cultures for
lineage-specific markers Sox17 (endoderm), NCAM (mesoderm), and (-tubulin
(ectoderm) (Figure 12A). While SMAR1 iPSCs were not as efficient at
differentiation as EBNA iPSCs, a small proportion of cells were positive for each
germ layer marker, indicating that there is a sub-population of SMAR1 iPSCs
which are truly pluripotent. Additionally, qRT-PCR analysis of differentiated
SMARI1 iPSCs indicated similar expression profiles to those of differentiated HUES
cell lines (Figure 12B). Thus, these experiments show for the first time that human
somatic cells can be reprogrammed into iPSCs using the SMAR vector system.
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Figure 12. SMAR iPSCs can differentiate into cells of three lineages. SMAR1 iPSCs were subjected
to directed trilineage differentiation and then assessed for their capacity to differentiate. A Cells
derived from SMARI1 iPSCs stain positive for Sox17 (yellow, endoderm), NCAM (green,
mesoderm), and B-tubulin (magenta, ectoderm) after directed differentiation into the appropriate
lineage as measured by immunofluorescence. Scale = 200um, EBNA-derived iPSCs are shown for
comparison. B Cells derived from SMARI iPSCs express the appropriate lineage markers as
measured by qRT-PCR. Data shown is a z-transformation of the fold change of gene expression to
the negative control fibroblast line. All data in this figure was obtained in collaboration with
Mehrnaz Ghazvini, Erasmus MC.
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24 Improving the reprogramming process using novel SMAR
reprogramming vectors

2.4.1 Optimisation of transfection in NHDFs

Having proved that SMAR vectors can in principle be used to reprogram human
somatic cells, I next optimised the reprogramming protocol to improve the yield
of iPSCs generated using SMAR vectors. I decided not to pursue reprogramming
using the nano vector series, as this was the condition that showed the least
promise in the previous experiments. The transfection efficiency of with a single
SMAR-GFP vector could vary from approximately 15-30% (Figure 10B and
Supplementary Figure 1D), so I initially focussed on improving this transfection
rate. I therefore tested the effect of increased vector mass in the initial transfection,
by transfecting NHDFs as previously described, with 2ug (1x), 4ug (2x), or 10ug
(5x) of each reprogramming vector (Figure 13A). Separate transfections with both
EBNA-GFP and SMAR-GFP vectors controlled for any potential differences in
transfection efficiencies between the vector backbones. I quantified GFP expression
in these cells both 24 and 48 hours post transfection by Incucyte microscopy
(Figure 13B) and saw indeed a slightly higher initial transfection efficiency using
the SMAR backbone than the EBNA one. Gratifyingly, a five-fold increase in initial
vector mass also resulted in an approximately five-fold increase in transfection
efficiency, bringing the transfection rate to almost 50%. However, this boost in
transfection also resulted in an initial loss of viability of the cells transfected with
the SMAR 5x vector condition (Figure 13C, SMARSx 7dpt). Cells transfected with
the nanoSMARS5x condition did not suffer noticeable toxicity, consistent with
observations that the minimal bacterial backbone in nanovectors is less toxic to
mammalian cells than traditional plasmids [70; 82]. Cells were monitored during
reprogramming, and again the positive control EBNA vector series produced
morphological iPSC colonies by day 27 post transfection. In all other conditions, as
previously, many clusters of morphological changes and pre-iPSC colonies
appeared by this time, most notably in both the SMAR5x and the nanoSMAR5x
conditions (Figure 13C).
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Figure 13. Improving the efficiency of SMAR reprogramming. A Scheme depicting episomal
reprogramming by EBNA or (nano)SMAR vectors in neonatal human dermal fibroblasts (NHDFs)
as established by Manuela Urban - either 1x, 2x, or 5x the established vector mass was used for
transfection. B GFP positivity of transfected NHDFs was quantified 24h and 48h post transfection
using Incucyte microscopy and software. Scale = 500um. C Brightfield images taken with an EVOS
microscope of NHDFs after transfection following the formation of colonies. Scale = 500pm.
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To estimate the efficiency of reprogramming with the different vector systems, I
fixed and stained cells for AP expression. It is assumed that each iPSC colony
derives from a single reprogrammed cell, such that the number of AP-positive
colonies can be used to calculate the percentage of successfully reprogrammed
cells. AP staining at 31 days post transfection showed a reprogramming efficiency
of 0.073% using the EBNA vector series (Figure 14A, right). Conversely, neither
SMAR nor nanoSMAR vectors were able to produce AP-positive colonies with the
same efficiency in that timeframe. There was a positive correlation between the
amount of plasmid transfected (and therefore transfection efficiency) and the
reprogramming efficiency, such that SMAR5x gave the highest efficiency at
0.0243%. However, despite an approximately seven-fold higher transfection
efficiency in the SMAR5Sx condition over EBNA (Figure 13B), this is an
approximately three-fold lower reprogramming efficiency. This suggests that there
are factors other than initial transfection efficiency at play determining the
reprogramming efficiency.
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Figure 14. Efficiency of SMAR reprogramming can be improved by increasing transfection
efficiency and culture time. NHDFs were transfected with EBNA, SMAR, or nanoSMAR vectors in
different amounts and cultured for up to 41 days. Cells were then fixed and stained for alkaline
phosphatase (AP). A Representative images of AP-stained wells 41 days post transfection, after
picking, for EBNA, SMARS5x, and GFP conditions. Reprogramming efficiency of all conditions was
calculated by dividing the number of AP-positive colonies by the total cells plated at days 31 or 41
post transfection (right). B Cells were reprogrammed as above, and AP staining of EBNA-
transfected cells at day 28 post transfection was compared with (nano)SMARS5x transfection at day
41 post transfection. Reprogramming efficiency was quantified as above (right). Scale = 500pum.

NHDFs were also reprogrammed with the optimised protocol for the purpose of
establishing iPSC colonies. I therefore cultured these cells for the extended time of
up to 41 days, at which time a plethora of small but fully developed iPSC colonies
emerged in the SMARSx condition. To estimate the reprogramming efficiency, I
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performed another AP staining at this time. In just 10 days, the efficiency of
reprogramming in the SMARbSx condition had increased by nine-fold (Figure 14A,
Supplementary Figure 2), and showed a three-fold improvement over EBNA-
based reprogramming. It is important to note that the reprogramming efficiency
calculated at day 41 post transfection in this experiment is an underestimate, as
iPSC clones had already been picked from these plates. However, this experiment
suggests that SMAR-based reprogramming of fibroblasts requires a longer
timeline than EBNA-based reprogramming. Due to these results, I repeated
reprogramming under these conditions, comparing AP staining at day 28 post
transfection for EBNA with staining at day 41 post transfection for SMAR5x and
nanoSMARb5x conditions. Again, 28 days was sufficient for the formation of mature
AP-positive iPSC colonies in the EBNA condition, but cells transfected with SMAR
vectors required at least 40 days to show proper colony morphology, with many
pre-iPSC colonies also forming (Figure 14B). In this replicate however, the
reprogramming efficiency of EBNA outstripped that of SMAR5x by approximately
six-fold.

2.4.2 Improved SMAR iPSCs express stemness markers

iPSC colonies generated using the optimised protocol above were picked for
further culture. Four EBNA clones were picked, all of which survived, and 10
SMARS5x clones were picked, eight of which survived, and only one of which
reverted to a fibroblast-like morphology. I characterised four of the remaining
SMARb5x iPSC clones, compared with three EBNA clones. All clones tested showed
expression of stemness markers SSEA-1, Nanog, Tra-1-81, and Oct3/4, and all
successfully completed directed differentiation into the three germ layers (Figure
15). In fact, some of the SMARS5x iPSC clones showed improved differentiation
capacity, particularly into the mesoderm lineage, compared to the EBNA clones
tested (Figure 15B, SMARbx.2, SMARSx.7). Transcriptional analysis of these cells
by qRT-PCR, both before and after directed differentiation, also showed a higher
similarity between EBNA- and SMAR5x-derived iPSCs with HuES cells than
control fibroblasts, although some variations were present (Figure 16A, C).
Principle component analysis of this data showed a tight clustering of the majority
of EBNA and SMARSXx iPSC cell lines with HuES cells, with a clear separation of
control fibroblasts (Figure 16B, D). Thus, the optimised SMAR reprogramming
protocol developed in this study can generate high-quality functional SMAR iPSCs
at practical efficiencies.
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Figure 15. Optimisation of SMAR reprogramming yields high-quality SMAR iPSCs. NHDFs
were reprogrammed using the optimised protocol and compared with EBNA-reprogrammed
NHDFs. Three EBNA clones and four SMAR5Xx clones were analysed by immunofluorescence for
A the expression of stem cell markers SSEA-4 (green), Nanog (orange), Tra-1-81 (green), and Oct3/4
(red), and B their ability to differentiate into cells of three distinct lineages. Sox17 (yellow) was used
as an endoderm marker, NCAM (green) as a mesoderm marker, and B-tubulin (magenta) as an
ectoderm marker. Scale = 200pm.
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Figure 16. SMAR iPSCs display similar gene expression to human embryonic stem cells. The
gene expression of four SMAR-iPSC lines were compared with three EBNA-iPSC lines, as well as
three human embryonic stem cell (HuES) lines and one fibroblast cell line (Neg control) by qRT-
PCR. In A their expression of stemness genes was assessed. Data shown is a z-transformation of the
fold change of gene expression to the negative control fibroblast line. B Principal component
analysis (PCA) of delta Ct expression of stemness genes shows a large separation between fully
differentiated negative control fibroblasts and iPSCs or HuES cells analysed, with a smaller spread
among iPSC lines. Arrows represent the contribution of each gene to the principal component. In
C each cell line was subject to directed differentiation into endoderm, mesoderm, or ectodermal
lineages, and their expression of lineage-specific markers was assessed. Data shown is a z-
transformation of the fold change of gene expression to the negative control fibroblast line. D PCA
of delta Ct expression of lineage-specific genes again shows a large separation between negative
control fibroblasts and iPSCs or HuES cells analysed, with a smaller spread among iPSC lines.
Arrows represent the contribution of each gene to the principal component.

2.4.3 Impact of SMAR reprogramming on genomic integrity

Cellular reprogramming is a highly genetically stressful process, involving the
reorganisation of the entire genome in a cell [83]. Therefore, it is crucial to monitor
the genome of reprogrammed cells for any aberrations that may have occurred
during the process. Together with my collaborators in Rotterdam, I performed
microarray analysis on the iPSC clones produced in this study, including three
EBNA clones, the SMARI1 clone, and four SMARS5x clones. By comparison to the
somatic NHDFs used as input cells for all the above iPSC lines, EBNA1 iPSCs show
no genetic rearrangements or aberrations (Figure 17). However, SMARI1 iPSCs
show several chromosomal duplications in chromosomes 7 and 16, as well as a
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partial loss of one copy of chromosome 16. In contrast, SMAR5x clones 1, 2 and 7
show much more minimal genomic damage, limited to no more than two small
losses and duplications spread across chromosomes per clone. Therefore, the
optimised reprogramming method not only yields a higher reprogramming
efficiency and more stable iPSC clones than the original method but improves the
genetic stability of SMAR iPSCs as well.
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Figure 17. The optimised SMAR reprogramming protocol improves genomic stability of iPSCs
generated from fibroblasts (NHDF). Phenogram plot showing all copy number variations (CNVs)
detected in somatic NHDFs used as reprogramming inputs (blue circles), EBNA-reprogrammed
iPSCs (red diamonds), SMAR-reprogrammed iPSCs from the first reprogramming trial (SMARI,
yellow triangles), and SMAR-reprogrammed iPSCs using the optimised protocol (greyscale
diamonds). Annotations denote the copy number call (1 or 3 copies), or loss of heterozygosity
(LOH). CNV data was obtained by microarray analysis of genomic DNA from iPSCs on the
[lumina Infinium Global Screening Array chip. Data analysis was performed by Lieke Dons,
Erasmus MC.

2.4.4 Assessment of vector retention in episomal reprogramming

One major aim of SMAR-based reprogramming was to improve the safety of the
reprogramming process with respect to genomic integrity. Ideal iPSCs should be
vector free and factor free, so the spontaneous loss of the reprogramming vectors
after the reprogramming process is highly desirable. Therefore, I assessed the iPSC
clones produced in this study for the presence of the reprogramming vectors.
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Presence of at least one reprogramming vector was detected by polymerase chain
reaction (PCR) for the bacterial origin of replication present on both EBNA and
SMAR vectors (Figure 8A and B, yellow “Ori” segments). As it has previously been
reported that approximately 70% of EBNA-reprogrammed cells lose the episomal
vectors by passage 20 [21], I tested my iPSC clones at passages 6 and 10 (Figure 18).
The presence of the episomal vectors was already undetectable at passage 6 in
EBNA clone 1 and SMARS5x clones 5 and 8 and became undetectable in EBNA
clone 2 by passage 10. The loss of detectable bacterial backbone in two out of five
SMARSx iPSC clones tested indicates that passive loss of SMAR vectors is possible
after reprogramming, although possibly less efficient than loss of EBNA vectors.

. NHDFs
iPSCs 48hpt plasmids
SMARS5x EBNA £ £ S £ 5
= m = o I
57 8 101 2 3 ®» w » w =

Passage
Ori

6 589bp
p Sox21
237bp

Ori
589bp
10
p Sox21
237bp

Figure 18. SMAR iPSCs can lose SMAR vectors after successful reprogramming. Presence of the
reprogramming vectors was assessed by PCR on genomic DNA for the plasmid origin of replication
(Ori, 589bp) at A passage 6 and B passage 10 after iPSC colony establishment. A 237bp fragment
corresponding to the SOX21 gene was used as an internal control to confirm the presence of
genomic DNA template. Five SMAR and three EBNA clones were assessed for presence of the
vectors. Two out of three EBNA clones and two out of five SMAR clones had undetectable vector
levels at passage 10.

2.5 Summary

In this study, I demonstrated that episomal SMAR vectors can be used to
reprogram somatic human fibroblasts. SMAR vectors resulted in a lower efficiency
of reprogramming than the well-established EBNA vectors, but optimisation of the
protocol improved the yield of iPSC colonies, albeit over a longer timeframe.
SMAR iPSCs showed AP activity and were positive for stemness markers such as
Nanog, SSEA-1, and Tra-1-81. Crucially, they were as capable of differentiation
into cells of all three lineages as EBNA iPSCs, if not more, and gene expression
analysis showed a tight clustering of SMAR iPSCs with HuES cells. However, the
genetic stability of SMAR iPSCs could be improved in comparison to EBNA
reprogramming, and it is not yet certain that SMAR iPSCs lose the episomal
reprogramming vectors over time. These are two aspects of SMAR reprogramming
that would be crucial to address in the future, to allow for the efficient generation
of vector free, factor free, virus free human i’SCs.
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3 Discussion

3.1 Current state of the art in reprogramming

Human iPSCs are an exciting technology, as tools for studying development and
disease progression, drug modelling, as well as a basis for regenerative medicine.
However, their safe and efficient generation is still technically challenging, and
currently limits the clinical application of these cells [32].

There have been many protocols developed to reprogram cells into iPSCs (Figure
2), however each requires a compromise on safety, efficiency, or practicality. While
lentiviruses are a popular and efficient means of reprogramming, they can cause
insertional mutagenesis by integration into the genome, either disrupting tumour
suppressor genes or activating oncogenes [84]. Indeed, the United States Food and
Drug Administration (FDA) very recently required manufacturers of currently
approved CAR T cell products to update safety labelling associated with their
products, due to serious risk of T cell malignancies arising from the use of
retroviral and lentiviral vectors [85; 86]. Sendai virus-based vectors are also a high-
efficiency means of expressing reprogramming factors [11], however the virus can
persist in reprogrammed cells for many passages, and may require active removal
and screening, hindering its practicality [44; 87]. In addition, there are currently no
clinical grade SeV vectors for reprogramming available [87]. Reprogramming by
co-transduction of AAV vectors has also been explored by the Grimm group, and
shows promise in its capacity for the delivery of Yamanaka factors both in vitro and
in vivo [8]. However, even in this study the authors noted considerable stable
integration of AAV vector genomes, of up to three quarters of in vitro generated
iPSCs, and all in vivo generated iPSCs, with obvious implications for the clinical
safety of this approach. Finally, the episomal EBNA vector system is widely used
due to its safety and practicality, including in clinical settings. However, the use of
the EBNA-1 gene in this system still carries oncogenic potential, and cells
reprogrammed with this vector system show immune activation, which may be
undesirable for downstream application [26; 48; 49].

Non-viral reprogramming methods offer significant benefit in terms of safety;
however, this often comes at the cost of practicality. mRNA transfection can be
used to reprogram cells, however this requires at least four daily transfections
which is not suitable for clinical grade manufacturing [12; 13]. A survey of 55
laboratories around the world found that 41% were unable to establish RN A-based
reprogramming, suggesting that this is a challenging method. Additionally, only
fibroblasts could be reprogrammed using RNA transfection [87]. Protein-based
reprogramming, while a promising approach, seems mainly hampered by the
difficulty in delivering proteins to cells, hindering the efficiency of reprogramming
further than other methods [15]. Similarly, small molecule-based reprogramming
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currently takes significantly longer than more established methods and involves
many hands-on steps and potentially expensive compounds [16]. Another recent
idea from the McKay group is to use synthetically modified linear DNA to
reprogram cells [26]. The iPSCs generated by this method show favourable
stability in their pluripotency and immune profiles, however recent evidence
suggests that the dbDNA used in this study might spontaneously integrate into
the genome at even a higher rate than traditional plasmids [88].

3.2 Summary of results

Until the present work, complete reprogramming of human cells using SMAR
vectors has only been achieved using fibroblasts from patients with Batten disease,
which present a lower barrier to reprogramming than cells from healthy donors
[54]. Here, I present a protocol for the complete reprogramming of healthy human
fibroblasts with SMAR vectors.

SMAR vectors were generated by the replacement of the oriP/EBNA-1 region on
the EBNA reprogramming vectors developed by the Yamanaka group [21] by
human S/MAR regions. Surprisingly, additional modifications to the vectors to
reduce immunogenicity and stabilise transgene mRNA resulted in only
incomplete reprogramming (Figure 10). iPSC generation with SMAR vectors does
take slightly longer than with the EBNA vector system (Figure 13), however the
efficiency of reprogramming is still within acceptable limits for practicality (Figure
14). I show that SMAR iPSCs are phenotypically indistinguishable from EBNA
iPSCs and similar to HUES cells in their protein and gene expression (Figure 15 and
Figure 16). However, with the current system, there is still some retention of the
SMAR vectors in iPSC cultures (Figure 18). This retention is similar between EBNA
and SMAR iPSCs, indicating that there is potential for the spontaneous loss of the
vector as reported for the EBNA system [21; 87]. The protocol developed here uses
the Amaxa II electroporator, a well-established and common device, making it an
easily accessible protocol for any laboratory. Additionally, it requires no weekend
hands-on time, as medium changes are only on Mondays, Wednesdays, and
Fridays.

3.3 Observations on SMAR reprogramming

3.3.1 Interplay between transfection and reprogramming efficiency

The four different vector series tested for reprogramming in this study differ
slightly in their properties and usage (Table 1). The only vector series expressing
viral factors is the EBNA series, which uses expression of the EBNA-1 antigen from
EBV for episomal maintenance. This is replaced in the SMAR series by a human
S/IMAR sequence derived from the IFNB1 gene. The EBNA series includes one
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“EBNA-boost” plasmid, to ensure sufficient expression of EBNA-1 for prolonged
expression of the Yamanaka factors [21]. However, as the SMAR series does not
require protein expression for episomal maintenance, this boost plasmid becomes
redundant. Thus, while successful reprogramming can only occur in a cell which
is transfected by four EBNA plasmids, only three SMAR plasmids per cell are
required. It may therefore be speculated that, given the same initial transfection
efficiency, the SMAR series may be more efficient at reprogramming than the
EBNA series. Additionally, as the SMAR series are much smaller than the EBNA
series of vectors, it can be expected that they would be more easily transfectable
into cells. This is indeed consistently the case, as can be seen in Figure 13B;
measurement of fluorescence 24 hours post transfection shows only 6% GFP+ cells
after EBNA-GFP transfection, as opposed to 11% after SMAR-GFP transfection
under equivalent conditions. Interestingly though, the short-term retention rates
of EBNA and SMAR vector systems appear to differ; while the measured GFP
positivity increased to 8% for EBNA-transfected cells, SMAR-transfected cells
reduced to 9%. Therefore, the original transfection efficiency is not the only factor
determining reprogramming efficiency. It is possible that the EBNA and SMAR
vector systems display different expression dynamics over time, which may
explain the differences in both the timing and efficiency of reprogramming
between the two systems (Figure 14). A time-course study of vector dynamics
comparing EBNA and SMAR vector systems would be prudent for the further
development of this system; it was not conducted in this study due to time
constraints. Consistent with previous reports, the nano series of vectors with no
episomal retention components performed the worst in reprogramming
fibroblasts, once again indicating that prolonged expression of Yamanaka factors
is crucial in the success of the process [18]. It is likely that the improved vector
expression and retention provided by the nanovector backbone still cannot
compensate for the lack of an episomal component in this context.

Despite an initially poor transfection efficiency, the EBNA vector series proved
more efficient than the SMAR series at reprogramming fibroblasts in all but one
experiment (Figure 14A). In addition, the EBNA reprogramming efficiency was
also more consistent between experiments than that of the SMAR system. Thus,
there are clearly uninvestigated aspects of the SMAR system that influence its
ability to reprogram cells. Firstly, the functionality of the shp53 construct present
in both vector systems has not been tested in the context of the SMAR vectors. An
shp53 was incorporated into the EBNA vector system as this was found to improve
the reprogramming efficiency [43]. This was simultaneously linked with the
induction of senescence by overexpression of the Yamanaka factors, which the
shp53 is then able to bypass [42]. As the IFN3 S/MAR used in this system is known
to preferentially associate with RNA polymerase II [66], the efficacy of a sShRNA
construct driven by an RNA polymerase IIIl promoter on the same vector is
unknown. If the efficacy of this shp53 is lower on SMAR vectors than EBNA
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vectors, or indeed varying stochastically, this may explain a lower or fluctuating
reprogramming efficiency. Secondly, EBNA-1 does not just interact with the
episomal vectors in transfected cells; it interacts with other cellular promoters,
potentially creating a favourable environment for reprogramming [89]. In
particular, EBNA-1 can deregulate c-Myc in multiple cell types by direct binding
of the c-Myc promoter [89; 90]. As Myc expression is so central to reprogramming,
this is very likely to affect the efficiency of reprogramming with EBNA vectors [91].
Nevertheless, the efficiency of SMAR-based reprogramming is still high enough
for practicability, as each experiment resulted in multiple clones that could be
picked from a single 6-well of seeded cells.

3.3.2 Influence of the nanobackbone on reprogramming

A surprising finding from this study was that the SMAR vector series was
consistently capable of reprogramming human fibroblasts, while the nanoSMAR
series was not, despite the two vector systems containing the same basic
components. Indeed, the most significant discrepancy between the two vector
systems is the bacterial plasmid backbone (Table 1). It is possible that the bacterial
components present in the SMAR system cause more stress to transfected cells
than the minimal nanobackbone, and in doing so aid the epigenetic remodelling
needed for reprogramming. This could be tested by combining the nanoSMAR
vectors with low-level agonism of the cyclic GMP-AMP synthase (cGAS)-
stimulator of interferon genes (STING) pathway to mimic an inflammatory
response. In fact, there is some precedence for cGAS-STING signalling
contributing to stemness, for example in T cells [92]. However, not all
inflammatory signalling might be beneficial to reprogramming, as other evidence
suggests that pro-inflammatory c-Jun N-terminal Kinase (JNK) pathway signalling
hinders cellular plasticity in the context of reprogramming [16]. The induction of
an innate immune response hampers reprogramming in some contexts, such as
daily mRNA transfection. There are however also suggestions that early and low-
level immune activation could be beneficial to reprogramming [93; 94]. Indeed, a
follow up study by the same authors showed that Toll-Like Receptor 3 (TLR3)
stimulation by polyinosinic:polycytidylic acid (polyl:C) treatment is the key to
efficient protein-based reprogramming [95]. It is therefore plausible that the use of
a nanobackbone in episomal reprogramming vectors, designed to reduce the cell’s
innate immune response to the vector, inadvertently also renders the vector less
capable of reprogramming.

3.3.3 Reprogramming kinetics

Although SMAR vectors can generate bona fide iPSCs, these were almost all picked
as pre-iPSC colonies and cultured further to mature into iPSCs (Figure 10D; Figure
11A). Indeed, the kinetics of reprogramming studied by Yamanaka and Takahashi
indicate that many fibroblasts begin the reprogramming process but never mature
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into iPSCs, instead reverting into a fibroblast-like state [96]. This then explains the
low reprogramming efficiency seen in all methods. Given an efficient delivery of
OKSM factors, approximately 20% of fibroblasts (donor-dependent) express the
stemness marker Tra-1-60 within seven days. However, most of these cells will
invariably revert to a fibroblast-like state. A crucial phase is around days 11-15, in
which the factor Lin28 is particularly effective in encouraging proliferation of Tra-
1-60+ cells, improving the percentage of cells maturing into full iPSCs. Other work
has used gene expression profiling to divide the reprogramming process into
distinct initiation, maturation, and stabilisation phases [97]. This maturation phase
of reprogramming is in fact being exploited in aging work as well, where Gill,
Parry et al. [98] expressed OKSM factors in fibroblasts until exactly this stage — 10
to 17 days — before withdrawing reprogramming factor expression and observing
the reversion of cell fate. The key idea of this study was to rejuvenate older
fibroblasts and “reset” both the transcriptome and the epigenome by partial
reprogramming, without losing cellular identity and generating stem cells. This
work indicates that there is a temporal barrier of approximately 15-17 days in
reprogramming, up until which removal of OKSM expression will result in cell
fate reversion. The behaviour of SMAR-reprogrammed cells in this study would
suggest that the expression of SMAR-delivered OKSML may decline around this
time, as a proportion of picked pre-iPSC colonies did in fact revert to a fibroblast-
like phenotype. A better knowledge of expression dynamics from SMAR vectors
may aid to fine-tune the OKSML dosage and improve reprogramming timing and
efficiency.

Importantly, my observation that pre-iPSC colonies can develop into full iPSCs
after picking is not a new phenomenon. Gonzalez, Barragan Monasterio et al. [99]
also report post-picking maturation of iPSC colonies after one or two transfections
with a transient CAG-driven plasmid. In this case, there was no mechanism for the
maintenance of the transfected plasmid, and a large majority of iPSC lines were
found to have integrated the OKSM cassette. While integration was not specifically
assessed in this study, previous evidence shows that SMAR vectors do not
integrate into genomic sites, regardless of cell type [68; 73].

3.3.4 Genomic stability of iPSCs

Episomal vectors seem to be able to reprogram cells with lower risk of genomic
aberrations than other methods [100; 101]. However, EBNA-1 expression has
previously been linked to DNA damage by the induction of reactive oxygen
species (ROS) [26; 102]. Thus, it could be expected that removing EBNA-1
expression from the reprogramming process would improve genomic stability of
iPSCs. Surprisingly, this was not the case; the genomic stability of SMAR-derived
iPSCs was not superior to EBNA-derived iPSCs (Figure 17). Only a single iPSC
clone derived in this study, EBNA3, showed CNVs exactly matching the input
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NHDFs. This may again be due to differential reprogramming factor expression
over time. While EBNA iPSCs could be picked as mature colonies, SMAR iPSCs
were matured post-picking, and this extended culturing timeline may increase
genomic stresses [103]. Two of the clones tested, SMAR1 and SMAR5x.10 showed
significant aberrations in several chromosomes and would clearly not be suitable
for further application. These results highlight the importance of screening iPSCs
for genomic stability before further use. It is known that the shp53 cassette, present
on both EBNA and SMAR vector series, improves the efficiency of reprogramming
at the cost of genomic stability [104]. Therefore, removal of this cassette might be
the first step towards improving the genomic stability of SMAR iPSCs.

3.4 Future directions

The present work established for the first time SMAR plasmid-based episomal
reprogramming in wild-type human cells, establishing a new avenue for non-viral
reprogramming strategies. Several aspects of this protocol are however open to
refinement, to improve the reprogramming efficiency of SMAR reprogramming
and increase its practicality for future use.

Firstly, it is known that only a small proportion of SMAR plasmids transfected into
cells move to a favourable nuclear location for episomal establishment, evidenced
by a low retention rate of the vector without selection [66; 75]. As vectors that do
not establish become diluted in cell proliferation in the same way that non-
episomal plasmids do, one strategy to retain longer vector expression would be to
limit mitotic divisions in transfected cells. Primary NHDFs in culture exhibit
contact inhibition, and can be kept in a confluent state for several weeks without
loss of viability [105; unpublished observations]. The protocol established here
involves expanding NHDFs two days after transfection, and only taking a small
proportion of the resulting cells for reprogramming (see Section 2.3.1 above). It
may be beneficial to the reprogramming efficiency to skip this expansion step, and
instead directly take all transfected cells for reprogramming, as this would limit
mitotic divisions of the cells and potentially increase the transgene OKSML
expression in the early stages of reprogramming.

Secondly, the strategy presented here requires successful triple transfection in a
single cell for reprogramming to occur, as the OKSML genes are divided into three
vectors. It may therefore be beneficial to combine all transgenes on a single cassette,
as is the strategy commonly employed in lentiviral reprogramming [6]. In this way,
each successfully transfected cell should receive all factors necessary for
reprogramming. However, the drawback to this approach is that it would require
a large vector (approximately 10kb). This may then be challenging to efficiently
transfect into cells.



Another factor in the reprogramming efficiency that was not examined in this
study is the initial transfection protocol in NHDFs. The protocol used here with
the Amaxa II Nucleofector resulted in on average 10-15% transfection efficiency,
which was always sufficiently good for EBNA vector-based reprogramming, so has
not been optimised. However, if SMAR vectors are not as efficient in the
reprogramming process, optimising their transfection into cells may also boost the
efficiency of reprogramming. This was achieved by simply increasing the vector
mass by five-fold (Figure 13B), however this amount of SMAR plasmid DNA also
caused toxicity to the cells (Figure 13C, SMAR5x 7dpt). Other, more modern
nucleofection devices such as the Lonza 4D electroporator or the MaxCyte ExPERT
GTx electroporator could be considered instead and may allow for higher
transfection efficiencies in these cells without toxic effects.

Finally, several small molecules have been found to be capable of improving
reprogramming efficiencies by interactions with key signalling pathways.
Inhibitors of histone deacetylates or DNA methyltransferases such as 5-aza-
cytidine or valproic acid have been reported to improve reprogramming
efficiencies, presumably by encouraging epigenetic remodelling in the cells [106].
A combination of inhibiting mitogen-activated protein kinase (MAPK) and
glycogen synthase kinase-3 (GSK3), together with addition of leukaemia inhibitory
factor (LIF), is also able to mature mouse neural stem cell (NSC)-derived pre-iPSCs,
as well as removing the need for Sox2 and Myc expression [107]. Reprogramming
NSCs with fewer factors is however still possible without the aid of small
molecules, as Sox2 is endogenously expressed in NSCs and thus dispensable for
the reprogramming process [108]. In both mouse and human cells, vitamin C has
also been shown to improve reprogramming efficiencies by alleviating senescence
[80]. Importantly, vitamin C was found to encourage the maturation phase of
reprogramming in this study, helping pre-iPSCs to mature into iPSCs. A
combination of the above inhibitors together with transforming growth factor 3
(TGFB) inhibition has already been successfully applied to improve the
reprogramming efficiency of EBNA-based episomal reprogramming vectors [109].
Thus, the co-treatment of cells with one or more of these small molecules may also
boost the reprogramming efficiency of the SMAR vector system.

An overarching goal of the reprogramming field is to produce nonviral vector free,
factor free iPSCs, that is, iPSCs that no longer retain the exogenous reprogramming
factors or delivery vectors without scars in the genome from vector excision. In this
work however, while the SMAR vectors were lost in iPSC lines SMAR5x.5 and
SMARS5x.8, they were retained in three other SMARSx lines tested at passage 10
(Figure 18). This is indeed in line with previous observations that, once established,
SMAR vectors can persist for many months in the absence of selection [73; 75]. It is
plausible that the reprogramming process itself acts as a selection of sorts, and
iPSC colonies which can establish have a higher likelihood of vector retention than
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incompletely or unsuccessfully reprogrammed fibroblasts. Two of three EBNA
colonies tested lost their plasmid levels to below detectable levels by the same
number of passages (Figure 18). It is therefore likely that SMAR vectors are better
able to maintain episomal status than EBNA vectors, which are known to be lost,
albeit slowly, by mitotic dilution (2-8% per cell division) [110]. However, clever use
of promoters may be able to allow for the maintenance of SMAR vectors during
the reprogramming process, and their passive removal after stable iPSCs are
established. In this work, OKSML expression was driven by the CAG promoter on
both EBNA and SMAR vectors, which is particularly resistant to epigenetic
silencing during the reprogramming and differentiation processes [54]. It is known
that SMAR vectors are lost from cells if silenced [111]. Therefore, future work could
focus on the use of cell state-dependent promoters in which expression of
reprogramming factors is high in early reprogramming, but silenced later in the
process when endogenous expression of OKSM is induced. One such promoter is
the spleen focus-forming virus (SFFV) promoter. This promoter is known to be
sensitive to epigenetic silencing during cell differentiation [79]. It has been used in
lentiviral reprogramming, where it becomes silenced as endogenous Oct4
expression arises [6]. Thus, the use of a cell state-specific promoter such as SFFV
on SMAR reprogramming vectors may facilitate silencing of the vectors as iPSCs
mature, causing their loss, generating vector free iPSCs.

Importantly, other groups are also continually developing the reprogramming
process to improve its safety. This also applies to Shin Yamanaka himself, whose
group has recently modified the SeV reprogramming system to aid in more
complete and efficient removal of viruses after reprogramming [47]. The dbDNA
reprogramming approach employed by the McKay group led to the understanding
that ectopic expression of EBNA-1 causes ROS-mediated DNA damage to cells,
and that cells reprogrammed using the EBNA vector system displayed increased
immune reactivity than dbDNA-reprogrammed cells [26]. This work highlights
the necessity of virus free approaches to cellular reprogramming. The SMAR
system however has the practical advantage of scalability, as it is relatively cheap
and straight-forward to produce even grams of SMAR vectors, and they require no
post-processing after bacterial purification [68]. In fact, the SMAR vector system
presents a very close alternative to work by Okita and colleagues [19], who showed
that four sequential transfections of traditional plasmids can reprogram cells.
Again, the SMAR system improves the practicality of this approach, as the capacity
of these vectors to be retained episomally allows for a single transfection to
perform the same function, which is attractive for current good manufacturing
practice (cGMP) application.
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Discussion
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Supplementary Figure 1. Determination of transfection efficiency in NHDFs. NHDFs were
transfected with SMAR-GFP vector and analysed by flow cytometry, Incucyte imaging or LUNA
cell counting 24 hours post transfection. A Example gating strategy to determine GFP positivity in
flow cytometry. B Comparison histograms of GFP positivity 24 hours and 8 days post transfection
showing a decrease of GFP expression over time. C Example images from the Incucyte showing
GFP expression 24 hours post transfection from NHDFs transfected with SMAR-GFP. Scale =
400pm. D Comparison of GFP expression as a percentage of live cells as measured by flow
cytometry (taken as a gold standard), Incucyte imaging, and LUNA cell counting. This experiment
was conducted in collaboration with Cornelia Wincek.
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CHAPTER 1

AP staining d41pt, after picking
nanoSMAR nanoSMAR2x nanoSMARSx

Supplementary Figure 2. Effect of timepoint on alkaline phosphatase staining of reprogrammed
NHDFs. NHDFs were transfected with EBNA, SMAR, or nanoSMAR vectors in different amounts
and cultured for up to 41 days. Cells were then fixed and stained for alkaline phosphatase (AP). A
Representative images of AP-stained wells 41 days post transfection, after picking, for all
transfection conditions. B Cells were reprogrammed as above, and AP staining of EBNA-
transfected cells at day 28 post transfection was compared with (nano)SMARSx transfection at day
41 post transfection. Scale = 500um.
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Chapter 2: Potentiation of H-1PV
oncolysis by Ledipasvir






5 Introduction

5.1 Oncolytic viruses — a brief history

The association of viral infection with cancer dates back over a century. The earliest
evidence for the interaction of viruses with tumours emerged in the mid-1800s,
when some physicians reported evidence of spontaneous tumour regression after
a viral infection, such as influenza infection. These limited case studies described
infections ranging from influenza to chicken pox or measles, causing unexplained
and spontaneous reduction in tumour burden [112]. This phenomenon was
particularly well-recognised in leukaemias [113]. Typically, the patients who
benefited from this infection tended to be young and often immunocompromised,
and remissions were generally short-lived, with very sparse reports of curative
infections [112; 114]. These case reports however sparked curiosity, and so in 1949,
the observation of an apparent improvement in two patients with Hodgkin’s
lymphoma after contracting viral hepatitis led to a clinical trial. 21 patients with
Hodgkin’s lymphoma were infected with serum or tissue from hepatitis patients,
of which 13 developed viral hepatitis. Remarkably, seven of these 13 showed some
level of remission, although again short-lived and incomplete [115]. This garnered
some interest and more trials were conducted, with flaviviruses such as Dengue
virus, yellow fever, and particularly West Nile Virus isolate 101 being tested in
many clinical trials in the mid-1900s [112; 116]. However, these clinical trials were
invariably hampered by either low infection rates of patients or high pathogenicity
of the virus, often leading to the death of patients due to the viral infection which
would supposedly improve their condition. Interestingly, it was recognised as
early as the 1920s that some viruses may possess “oncotropism”; that is, the ability
to infect and replicate preferentially in cancer cells instead of healthy cells [116;
117]. This was the birth of the oncolytic virus (OV) as a cancer therapeutic.

Towards the late 1950s, other viruses began to emerge as the front-runners in
oncolytic therapies, and remain in use as OV therapies today, such as adenoviruses
(AdV), herpes simplex viruses (HSV), paramyxoviruses, picornaviruses, and pox
viruses [112]. After a brief lull, renewed interest in OVs began in the 1990s, when
genetic engineering of viruses to improve their oncotropism or oncolytic capacity
began. The first instance of this was a HSV-1 virus with a mutation in its viral
thymidine kinase gene, improving its safety, as well as its oncotropism and
oncolytic capabilities in glioblastoma [118]. This work became a catalyst for an
explosion of research and development into OVs, culminating in the clinical
approval of four OVs globally to date: Rigvir, a picornavirus adapted to treat
melanoma, was approved for clinical use in Latvia in 2004 [119]. Oncorine (H101)
is an engineered AdV for the treatment of nasopharyngeal carcinoma together with
chemotherapies, which was approved in China in 2005 [120]. Talimogene-
Laherparepvec, or T-Vec, is an engineered attenuated HSV-1 virus encoding two
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copies of the granulocyte macrophage colony stimulating factor (GM-CSF) to
improve its immunostimulatory properties. T-Vec was approved for clinical use
against recurrent melanoma in the United States and Europe in 2015 [121; 122],
with approvals following in Israel and Australia in the years since [123]. Finally,
Delytact, or Teserpaturev, is a second engineered HSV-1 strain recently
conditionally approved in 2021 for clinical use against malignant glioma in Japan
[124]. Delytact has the same attenuating mutations as T-Vec, namely deletion of the
y34.5 and a47 genes, as well as an additional inactivation of the infected cell protein
6 (ICP6) gene. y34.5 deletion improves the oncoselectivity of the virus, as this gene
normally inhibits the host cell antiviral response to shut off protein expression. a47
deletion allows sustained expression of class I major histocompatibility complex
on infected cells to enhance the anti-tumour immune response. ICP6 is normally
required for HSV-1 genome replication, so its inactivation further limits replication
of Delytact to dividing cells expressing sufficient levels of ribonucleotide reductase
to compensate for this loss [124]. A phase II trial of Delytact was in fact terminated
early as the primary endpoint of the study was met ahead of time, with the one-
year survival rate at 84.2% in 19 patients treated, compared with 15% in historical
controls receiving chemo- and radiotherapy [125]. Rigvir was pulled from the
Latvian market in 2019, when it emerged that viral doses were substantially lower
than advertised, and controversy remains about its effectiveness [126].
Nevertheless, the field of OVs has continued to expand, and in the ten years
spanning 2012 to 2022, there were a total of 127 clinical trials for OV therapies [127],
with over 408 trials in total conducted, spanning at least 31 distinct viruses (Table
2)[128; 129]. Interestingly, one non-oncolytic AdV vector has also been recently
approved by the FDA in December of 2022 for the treatment of invasive bladder
cancer unresponsive to immunotherapy [130]. This is a replication-incompetent
AdV, named Adstiladrin, which is being used as a gene therapy vector to deliver
the cytokine IFNa2b. IFNa2b has both direct antiproliferative effects as well as
indirect immune-stimulatory properties, giving this gene therapy vector similar
properties to other OVs.
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Table 2. Overview of phase III clinical trials involving oncolytic viruses. Data retrieved from
ClinicalTrials.gov.

Virus family = Virus name ClinicalTrials.gov
identifier
Herpesviridae Talimogene Melanoma, head and NCT01161498
laherparepvec ~ neck cancer (complete)
(T-Vec) NCT02263508
(complete)
NCT00769704
(complete)
NCT01368276
(complete)
OH2 Melanoma NCT05868707
Adenoviridae H101 Hepatocellular NCT03780049
carcinoma, non-muscle NCT01438112
invasive bladder NCT04452591
cancer
Poxviridae X-594 (Pexa-Vec) Hepatocellular NCT02562755
(Vaccinia carcinoma (terminated early)
Virus) Olvimulogene  Ovarian cancer NCT05281471
nanivacirepvec
(Olvi-Vec)

5.2 Oncotropism

The oncotropism of OVs, defined as their ability to preferentially infect and
replicate in rapidly dividing or transformed cells over healthy cells, can either be
naturally occurring or engineered. Naturally oncotropic viruses include HSV,
Measles virus (MV), or H-1 protoparvovirus (H-1PV), whereas the oncotropism of
AdV-based OVs must be engineered [131]. There are three major determinants of
oncotropism, either natural or engineered; (i) interactions with the tumour
microenvironment, (ii) cell surface receptors, and (iii) aberrant signalling in cancer
cells [131].

i.  Interactions with the tumour microenvironment (TME)
There are many physical barriers for OV therapies, especially in solid
tumours, as these are passive particles without autonomous motility. Solid
tumours consist of cells within a dense extracellular matrix (ECM), which
can physically block viral entry to the tumour site, such as the cases of
Semliki Forest Virus or AdV [132]. Numerous strategies have been devised
to overcome this physical TME barrier and facilitate OV spread. It has been
found that pre-treatment or co-injection of matrix metalloproteinases
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(MMPs) allows for the breakdown of some constituents of this ECM,
improving viral spread in solid tumours of HSV in melanoma and soft
tissue sarcoma models [133; 134]. Extending this idea, when allowed by the
packaging capacity of the virus, MMP genes have been inserted as
transgenes into OV genomes. For example, MMP-9 inserted into a vaccinia
virus (VV) augmented viral oncolysis in a xenograft model of prostate
cancer [135]. In addition to ECM, tumours are often poorly vascularised, as
tumour cells grow and overwhelm the vascular supply, leading to areas of
hypoxia and necrosis within the tumour bed. This poses a barrier to
traditional cancer therapies such as chemo- and radiotherapy as well [136].
Poor vascular structure both increases the difficulty for OVs to localise to
the tumour cells and means that OVs must be able to replicate under
hypoxic conditions within cells. Under hypoxia, cells often shut down
protein synthesis, adversely affecting viral replication. Nevertheless, some
OVs have a natural capacity to replicate under hypoxic conditions, such as
NDV and Reovirus, and are thus suitable for treatment of hypoxic tumours
[137]. Another strategy is to increase the hypoxic stress even further in the
tumour bed, starving tumour cells of oxygen by targeting endothelial cells.
Vesicular stomatitis virus (VSV) preferentially infects tumour vasculature,
causing thrombosis and ultimately tumour shrinkage [138]. Other OVs such
as AdV have been engineered to produce anti-angiogenic factors, also
inhibiting the growth of tumour vasculature and suppressing tumour
growth [139; 140]. Interestingly, the latter study employed a pH-sensitive
polymer coating to facilitate cellular uptake of the virus in a hypoxic
environment [140].

Cell surface receptors

Viruses can be oncotropic simply due to the cell surface receptors that they
require as mediators for cell binding and entry. If these receptors happen to
be upregulated in transformed cells, the virus will naturally have a better
ability to infect cancer cells. This is the case for example in HSV-1, which
binds the herpesvirus entry mediator protein and some cell surface nectins,
which are often upregulated in some cancers, including melanoma [141].
HSV-1, as a naturally oncolytic virus, is the basis for two of the four
currently clinically approved OVs. Similarly, MV binds to CD46 to mediate
cell attachment, which is very often upregulated in cancer cells [142]. AdVs,
on the other hand, have been engineered to create oncotropism: their
natural cell surface receptor is the coxsackie and adenovirus receptor, which
is often not expressed by cancer cells. However, modifications to the AdV
capsid allows binding to CD46, CD80, CD86, or the carcinoembryonic
antigen (CEA) to re-target their binding to cancer cell surfaces (reviewed by
[143]).
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iii.

Aberrant signalling in cancer cells

Finally, once inside the cell, viruses must usurp natural cellular processes
to traffic to replication sites, replicate their genomes, produce viral proteins,
and assemble progeny virions. Simultaneously, they must avoid cellular
anti-viral defences. Each of these processes may be altered in cancer cells,
allowing viruses to replicate preferentially in transformed cell types.
Normally, viral components such as nucleic acids are detected via pattern
recognition receptors such as retinoic acid-inducible gene I (RIG-I), and lead
to type I interferon (IFN) production, triggering a plethora of antiviral
activity [144]. However, in transformed cells, growth and proliferation
pathways are prioritised, often with the side effect of lowering antiviral
immunity due to difficulty in producing or responding to type I IFN [144].
Ras overexpression, a common driver of transformation, can cause
inactivation of protein kinase R (PKR), one of the downstream targets of
RIG-T antiviral signalling [145]. PKR is activated by binding double-
stranded RNA, and signals to block protein synthesis, halting viral
replication. Many wild-type viruses have developed mechanisms to combat
PKR signalling [146], and indeed deletion of the y34.5 genes in HSV-1 leads
to replication only in PKR-defective cancer cells, a strategy devised to
enhance its oncotropism [147]. NDV is another naturally oncotropic virus
which is restricted by functional PKR signalling, thus limiting its replication
to transformed cells [148]. In addition, NDV shows significantly enhanced
oncolytic capability in cells with resistance to apoptosis through
overexpression of B-cell lymphoma 2 (Bcl2) family proteins [149].
Alterations in expression of Bcl2 family proteins leading to a resistance to
apoptosis is a hallmark of B cell lymphomas [150]. Indeed, many cancers
can become “addicted” to overexpression of anti-apoptotic Bcl2 family
members [151]. Finally, parvoviruses such as H-1PV require active
proliferative signalling for their replication to occur, and are dependent on
the expression of cellular S phase factors such as cyclin A as well as
expression of factors associated with transformation like Phosphoinositide-
dependent kinase 1 (PDK1) and activating transcription factor (ATF) for
successful replication (described in detail in Section 5.5.3 below) [152].

5.3 Interactions with the immune system

There has been a growing body of evidence in the OV field that OVs are capable of
more than just lysing cancer cells. In addition to this, OVs generate a secondary
effect of immune activation as a result of their replication and cell lysis [153]. Lysis
of tumour cells can release both cellular material and viral material, defined as
damage-associated molecular patterns (DAMPs) and pathogen-associated
molecular patterns (PAMPs), respectively. These DAMPs and PAMPs can attract
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immune cells to the tumour site and trigger an immune activation towards tumour
and virus alike. Death of cells able to cause such an immune response is termed
immunogenic cell death (ICD). There are a few well-characterised hallmarks of
ICD, such as extracellular ATP, which can act as a “find-me” signal to encourage
immune cell homing to the tumour site [154]. The chaperone protein calreticulin,
normally localised to the endoplasmic reticulum (ER), can also function as an “eat-
me” signal when externalised to the cell surface, encouraging dendritic cell (DC)-
mediated phagocytosis [155]. The nuclear protein high mobility group box 1
(HMGB1) can be actively secreted or passively released in necrosis and late
apoptosis, and binds to antigen presenting cells, stimulating a pro-inflammatory
response [155]. Many OVs are able to trigger this ICD by multi-modal cell death,
such as NDV, which induces ICD characterised by ecto-calreticulin and HMGBI1
release in a mouse model of glioblastoma [156]. H-1PV activates an antiviral
immunity through recognition by toll-like receptors (TLRs), similarly stimulating
DC phagocytosis and presentation to cytotoxic T lymphocytes [157-159]. A
common strategy is to “arm” OVs with immune stimulatory molecules, such as
GM-CSF, to increase the stimulation of antitumour immunity, as has been
employed in T-Vec [121]. GM-CSF is a secreted glycoprotein which stimulates the
production of granulocytes and monocytes. Importantly, the anti-viral immunity
provoked by OV treatment is not necessarily a barrier to OV therapies; this
immune activation can convert a “cold” tumour microenvironment to a “hot” one
with immune cell infiltration and an inflammatory milieu. In this way, OV
therapies can also function as an adjuvant to other immunotherapies, such as
checkpoint blockade or cell-based immunotherapies [153; 160].

5.4 Oncolytic viruses as combinatorial therapies

Currently, clinical trials for OV therapies are dominated by oncolytic AdV,
followed by HSV and VV (Table 2) [127]. Since its clinical approval by the FDA in
2015, the oncolytic HSV T-Vec has also been tested in contexts outside of its original
indication as a melanoma monotherapy [161]. The phase III OPTiM trial which led
to the approval of T-Vec showed a complete response in cutaneous melanoma of
the head and neck of almost 30%, compared with 0% in controls treated with
recombinant GM-CSF [162]. From here, clinical trials have branched out to test T-
Vec in other cancer types, such as squamous cell carcinoma, breast cancer,
pancreatic cancers, and even paediatric advanced solid tumours [163-166]. In
addition, there is a recognition that OVs such as T-Vec may have utility as a
neoadjuvant therapy. A trial using T-Vec as a neoadjuvant treatment before
surgical resection of melanoma lowered the risk of reoccurrence by an estimated

25% [167].
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As well as neoadjuvant therapy, there is a growing understanding that OV-based
therapies can synergise well with other modalities of cancer treatments, partly due
to their mild side effects compared with other options. These side effects, which
are most commonly flu-like symptoms of fever, chills, nausea, and fatigue, do not
tend to overlap heavily with the side effects of other therapies such as
chemotherapy or radiotherapy, and as such OVs present an attractive option for
combination with these treatments.

The combination of OVs with radiotherapy may be able to improve viral
replication, thus improving the oncolytic effects of the virus. For example, the
replication of an oncolytic AdV expressing the tumour necrosis factor (TNF)-
related apoptosis-inducing ligand (TRAIL) is enhanced by radiotherapy of
colorectal cancer cells in vitro [168]. Here, the combination therapy achieved a cell
cycle arrest at G1 phase, followed by a significant increase in caspase-mediated
apoptosis compared to either monotherapy, which was also protective in a
xenograft mouse model. Alternatively, OV infection of cancer cells can impair the
ability of these cells to counteract or tolerate DNA damage, leaving the tumour
more vulnerable to radiotherapy-induced damage. Radiotherapy combined with
an oncolytic VV strain increased the apoptosis of BRAF-mutant melanoma cells
both in vitro and in vivo in mice, which was independent of viral replication [169].
This increased cytotoxicity led to increased DNA damage and was mediated
through inhibition of pro-survival TNFa in tumour cells.

Chemotherapy is another treatment modality with which OVs have been
combined. These two treatment regimens both target fast-growing cells, so a
combination should lead to higher treatment efficacy, potentially allowing lower
doses and thus side effects. Indeed, the oncolytic Reovirus Reolysin has been
combined with paclitaxel and carboplatin chemotherapies in a mouse melanoma
model, showing synergistic tumour killing in vitro and in vivo [170]. This work has
been extended to the clinic, with a phase II trial in advanced malignant melanoma
meeting primary efficacy endpoints with three out of 14 partial responses,
although this trial was discontinued in favour of emerging immunotherapeutic
treatments for melanoma [171]. A phase III trial with the same combination in
squamous cell carcinoma is currently awaiting results (Clinicaltrials.gov:
NCT01166542). However, the efficacy of such combination therapies may be cancer
specific, as the same combination of paclitaxel and Reolysin in ovarian, tubal, or
peritoneal cancer did not improve patient outcomes compared with paclitaxel
alone [172].

The capacity of OVs to activate the immune system against both virus and tumour
pairs particularly well with immunotherapies [123]. In one study, the combination
of the FDA-approved oncolytic HSV T-Vec with mitogen-activated protein kinase
(MAPK) Kinase (MEK) inhibition improved the oncolysis of melanoma cells by
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improving viral replication, promoting tumour apoptosis as well as anti-viral and
anti-tumour CD8 T cell responses in a mouse model of colon cancer [173]. Due to
this inflammatory phenotype, in which the immune checkpoint molecules
programmed cell death protein-1 (PD-1) and its cognate ligand PD-L1 were
upregulated on tumour cells, this combination treatment was rationally combined
with anti-PD-1 immunotherapy. This even further improved the survival of mouse
models of melanoma and colon cancer to almost curative levels [173]. This
observation that OV therapy can induce PD-1 and PD-L1 expression and “heat up”
a solid tumour bed has led to several clinical trials combining checkpoint inhibition
with OV therapies. Combination of T-Vec with the anti-PD-1 antibody
pembrolizumab in melanoma showed very promising results in a phase Ib trial,
with an objective response rate of 62% and a complete response rate of 33% [174],
however a later phase IlI trial failed to meet its primary endpoints of efficacy [175].
This has led to speculation that the discrepancy between the two trial outcomes
may lie in the timing of treatment; while T-Vec was administered six weeks before
pembrolizumab in the phase Ib trial, they were given simultaneously in the phase
III trial. The earlier administration of checkpoint inhibition might favour anti-viral
immunity and viral clearance, before the OV has a chance to induce immune
responses in the tumour [123]. This would align well with the positive results of
another phase Il trial combining T-Vec with another checkpoint inhibitor, the anti-
cytotoxic T lymphocyte associated protein-4 (CTLA-4) antibody ipilimumab,
where patients were “primed” twice with T-Vec injection before administration of
immunotherapy [176]. These studies highlight the importance of understanding
the mechanistic basis underpinning synergistic combination treatments once these
combinations have been discovered.

5.5 H-1Parvovirus

In 1960, Helene Toolan, Alice Moore and colleagues first reported an “unidentified,
filtrable agent” isolated from human tumours. This agent was able to cause disease
in hamsters including stillbirth and deformities, and it could be passaged in human
cancer cell lines [177]. This agent was later recognised as a virus and named H-1
[178], and found to belong to the family Parvoviridae, genus Protoparvovirus, giving
the virus the name H-1PV. Initially, it was unclear whether this virus was actually
the cause of the initial tumours in humans, or if it was an opportunistic infection
due to a natural oncotropism. However, H-1PV was then found to have
antineoplastic effects on AdV-induced tumours in hamsters [179], confirming that
it is indeed an oncotropic virus. This work has since extended to recognise the
oncolytic effects of H-1PV against human tumours [180; 181], while simultaneously
being innocuous for normal tissue [182].
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5.5.1 Structure of H-1PV

H-1PV is a small, non-enveloped single-stranded DNA virus with a natural
tropism for rodents. The identity of its natural host is somewhat controversial;
some argue that it is a rat virus, as it was first isolated from human tumours
passaged in rats. In these animals, it causes respiratory disease via the oronasal
route [177;183]. H-1PV can however also infect and propagate in hamsters, causing
death or deformities in young animals [184; 185]. Nevertheless, the virus is unable
to replicate in mice, even when cells are transformed [183]. The genome of H-1PV
is small, around 5.1kb, with two main transcriptional cassettes: the early non-
structural (NS) genes, and the late viral particle (VP) genes. Early gene expression
of the non-structural proteins NS1 and NS2 is driven by the p4 promoter, whereas
the p38 promoter controls the expression of the late VP1/2 capsid proteins, and the
short alternatively translated (SAT) protein. This simple genome is flanked by two
palindromic hairpins at either end of the single-stranded DNA, protecting the
linear ends and providing a structure for genome replication and encapsidation.
Genome replication follows a complex rolling hairpin mechanism, and as such the
hairpin ends are not equivalent; the left-hand hairpin forms a Y-shape and drives
asymmetric genome replication, whereas the right-hand hairpin has a simpler
structure and allows terminal resolution [186].

The capsid of H-1PV is very small, at 25nm, which is approximately the size of a
ribosome. This gives the virus an unusual stability in the environment, allowing it
to survive for several months [183]. The capsid is icosahedral in shape, with three
main structural components: a pore at the five-fold axes, a spike at the three-fold
axes, and a dimple at the two-fold axes (Figure 19) [187; 188]. The VP proteins
making up this structure are produced by alternative splicing of the same
transcript to form either VP1 or VP2. VP2 is then cleaved at its N-terminus to form
VP3 during capsid maturation, which then becomes the major constituent of the
capsid in mature virions.

Many determinants of the parvovirus structure, life cycle, and oncotoxicity have
been studied in other protoparvoviruses, particularly in minute virus of mice
(MVM), so these studies have been taken together here to build a complete picture
of the protoparvoviral life cycle.

5.5.2 Parvoviral proteins

NS1 is the major effector protein of protoparvoviruses, with an apparent molecular
weight of 83 kilodaltons (kDa). It has a characteristic accumulation the nucleus of
infected cells, due to its nuclear localisation signal [189]. This multifunctional
protein regulates many viral processes, including driving viral gene expression,
genome replication, and cytotoxic effects of protoparvovirus infection. It contains
an ATP-dependent oligomerisation domain and a DNA binding domain, which
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allows it to bind the p38 viral promoter, transactivating the expression of the
capsid genes [189-191]. This DNA binding activity is also dependent on the
acetylation of NS1 [192]. In addition, NS1 possesses a helicase domain, used to
drive viral genome replication and possibly packaging, by analogy to the helicase-
containing small Rep proteins of the genus Dependoparvoviridae [193; 194]. NS1 is
also differentially phosphorylated throughout infection by cellular kinases, which
is likely one of the regulatory mechanisms for its many functions [195-197].
Accordingly, NSI interacts with cellular kinases, including the protein kinase C
(PKC) family [198; 199], and casein kinase IIa (CKIlear) [200; 201]. Phosphorylated
and acetylated NSI1 is then capable of triggering multimodal cell death in infected
cells. It induces the accumulation of reactive oxygen species (ROS), leading to a
DNA damage response and caspase-dependent apoptosis, [202], cytoskeleton
rearrangement and breakdown through its interaction with CKIla [201], as well as
lysosomal cell death by shifting the balance between lysosomal cathepsins and
cystatins [203]. In addition, direct interaction of NS1 with factors involved in cell
cycle progression such as replication protein A (RPA) causes cell cycle arrest at the
G2/M transition, favouring viral replication [193; 202; 204].

NS2 is the second protein produced by the early p4 promoter, although it is less
well studied than NSI1. NS2 is 25kDa and shares an N-terminus with NS1, with
putative roles in genome replication, translation, capsid assembly, and virus
cytotoxicity in MVM. Mutations in NS2 can improve viral fitness, possibly due to
improvements in viral capsid maturation [205]. In addition, interaction of NS2 with
the nuclear export factor Crm1 is vital for the export of progeny virions from the
nucleus [206].

The protoparvoviral capsid proteins VP1 and VP2 are both expressed from the late
p38 promoter, driven by NS1. VP1 is an 81kDa protein with phospholipase 2
(PLA2) activity in its N-terminus to facilitate endosomal escape and a nuclear
localisation signal to target the capsid to the nucleus [207; 208]. The 65kDa VP2 is
an alternatively spliced form of VP1, sharing a C-terminus with the former. To
form viral capsids, VP1 and VP2 assemble into trimers in the cytoplasm, which
translocate to the nucleus and assemble into empty virions with ten copies of VP1
and 50 copies of VP2 [209]. As part of capsid maturation, 18-21 amino acids are
cleaved off the N-terminus of VP2 to form VP3 only in intact virions and not empty
capsids. Thus, VP3 becomes the major capsid component of protoparvoviruses
[188]. Additionally, there is a small alternate reading frame of VP2 consisting of 58
amino acids known as the SAT protein. Porcine parvovirus SAT is found in the ER
and is able to induce ER stress [210]. Exogenous expression of MVM SAT is in fact
more toxic to cells than exogenous NS1, and mutations to knock out SAT strongly
inhibit infectivity [211]. SAT may function as a virus-encoded pore in the plasma
membrane as part of the lytic capability of the virus [211].
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5.5.3 Parvoviral life cycle

H-1PV is a rodent virus, thus viral replication in human cells is absolutely reliant
on host S phase and transforming factors. This reliance also defines H-1PV’s
oncotropism; while the virus can enter normal and transformed cells with similar
efficiency, it is only able to replicate in transformed cells [212].

H-1PV initially binds to sialic acid motifs on laminins, particularly laminin v1, at
the cell surface [187; 213], and gains entry to cells via clathrin-mediated
endocytosis which is dependent on galectin-1 (Figure 19) [214; 215]. After cell
entry, the capsid requires endosomal acidification to expose the PLA2 domain of
VP1, digesting the endosomal membrane and allowing trafficking to the nucleus
[207; 215; 216]. While it is clear that the virus needs to enter the nucleus for genome
replication, the mechanism by which it does so is more opaque. It is possible that
there are several entry pathways, depending on the virus and cellular system
examined. Canine parvovirus makes use of cellular dynein to traffic to the nucleus
[217]. Interactions of the H-1PV capsid with the nuclear pore complex can cause
active nuclear membrane permeabilisation, again dependent on PLA2 activity of
VP1 [218]. Interestingly, the activity of caspase 3 plays a role in the nuclear
permeabilisation by MVM, through cleavage of lamin B2 [219]. The timing of
H-1PV and MVM viral uncoating is still subject to debate; some evidence suggests
that capsids enter the nucleus intact through the nuclear pore complex, as in the
case of AAVs [220; 221]. However, the viral genome can also be “ejected” from the
capsid without disassembly, so partial uncoating and release of the genome into
the nucleus is also possible [222; 223].

Parvoviral replication takes place in autonomous parvovirus-associated
replication (APAR) bodies within the nucleus [224]. Genome replication takes
place by an asymmetric rolling hairpin mechanism, in which the cyclin A/Cdk2
complex defining the initiation of cellular S phase is required to generate the
double-stranded replicative form of the genome [225; 226]. This double-stranded
replicative intermediate is then the transcription template for viral gene expression
[186; 190]. The early p4 promoter is then driven by E2F, Ets, ATF/CREB and
SMAD4 transcription factors in transformed cells, producing NS1 and NS2 (Figure
19) [227-230]. Viral DNA is synthesised by a complex of DNA polymerase 9,
proliferating cell nuclear antigen (PCNA), replication protein A, and replication
factor C [193; 226; 231]. Concatemeric forms of the viral genome are produced,
which are resolved by NS1-mediated nicking of the parvoviral genome together
with glucocorticoid modulatory element binding protein (GMEB) and HMGB1
and 2 [232; 233]. In this way, single-stranded genomes accumulate and are
packaged into capsids over the course of hours following parvoviral infection
[186]. Importantly, this replication triggers a cellular DNA damage response, with
accumulation of y-H2AX histone marks, as well as p53 and ataxia telangiectasia
mutated (ATM) kinase in APAR bodies. ATM in fact aids MVM replication by
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CHAPTER 2

arresting the cell cycle at G2/M phase [234]. This cell cycle arrest is thought to be
beneficial to viral replication, as the virus needs time to efficiently transcribe and
replicate its genome before cell death. The activation of the pro-survival PDK1/Akt
signalling axis by MVM NS1 may also delay host cell death until convenient for
the virus [235].
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Figure 19. H-1PV structure and life cycle. H-1PV is a single-stranded (ss) DNA virus with a
genome of 5kb encoding two transcription cassettes, NS and VP. The virus binds to sialic acid
residues on laminin as well as soluble galectin to mediate cell entry via clathrin-mediated
endocytosis. Acidification of endosomes leads to the exposure of the PLA2 domain on VP1 to allow
endosomal escape and trafficking to the nucleus. Viral replication takes place in Autonomous
Parvovirus-Associated (APAR) bodies and is reliant on S phase cellular factors as well as cellular
transcription factors. Expression of the NS genes leads to the production of the viral NS1 protein,
which drives the VP genes as well as causing cell cycle arrest. Viral replication also causes
accumulation of reactive oxygen species (ROS) and ER stress. Parvoviral capsids are assembled in
the nucleus and virion egress is aided by vesicular transport, before release into the extracellular
space by multimodal lytic cell death, including apoptosis, necrosis, and lysosomal membrane
permeabilisation. Cellular lysis leads to the release of virions as well as damage- and pathogen-
associated molecular patterns (DAMPs/PAMPs). Figure adapted from Kavishwar [236] using
BioRender. H-1PV capsid structure retrieved from Allaume, El-Andaloussi et al. [187].
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NS1 transactivates the viral p38 promoter, driving the expression of the VP1 and
VP2 capsid genes. This leads to pre-assembly of VP1/2 trimers in the cytoplasm,
which must be phosphorylated by Raf-1 kinase before entry into the nucleus [237].
Here, trimers assemble into empty capsids before packaging of the genome,
presumably through the five-fold pore of the assembled capsid [186; 223]. This
packaging is assumed to rely on the helicase activity of NS1 to pump the genome
into the pre-assembled capsids, analogous to AAV small Rep proteins (Figure 19)
[194]. There is much evidence for parvoviral egress following an endosomal
trafficking route. In MVM, the exposure and phosphorylation of VP2 in full
capsids, as well as an interaction of NS2 with chromosomal region maintenance 1
(CRM1), facilitates rapid nuclear export of progeny virions into coat protein
complex II (COPII) vesicles through the ER and Golgi apparatus [238; 239]. The
actin-modifying proteins Radixin and gelsolin are also both requires for MVM
egress from the nucleus to the cell periphery by reorganisation of the cytoskeleton,
driven in part by NS1/CKlla activity [200; 201; 240; 241]. In addition, newly
synthesised MVM capsids colocalise with the endosomal markers Lamp2,
cathepsin B and Rabé, indicating an endosomal egress route [240]. Finally, while
cell lysis is clearly a major contributor to viral release, there is also some evidence
of an active export of virions to the cell surface before final lysis [240].

Ultimately, parvoviral replication follows a lytic infection cycle, resulting in lysis
of the host cell to release most progeny virions. H-1PV in particular can cause
multimodal cell death, with several pathways including apoptosis, necrosis, and
lysosomal cell death implicated (Figure 19). Several studies quickly noted that
H-1PV causes caspase 3-dependent apoptotic cell death in rat and human glioma
cells [242; 243], and apoptotic hallmarks were also found in H-1PV infected human
hepatoma cells [244]. The mechanism for this was later characterised in more
detail, with expression of NS1 alone causing cell cycle arrest at G2/M phase, ROS
accumulation, DNA damage markers and cleavage of caspase 3 [192; 202].
However, in some systems H-1PV causes features of necrotic cell death in
transformed cells together with apoptotic hallmarks. Here it was found that
enzymes consuming nicotinamide adenine dinucleotide (NAD) became
hyperactivated, driving the cells into necrosis before apoptotic processes could
complete [245]. Additionally, glioma cells resistant to apoptotic treatments
undergo a lysosomal mode of cell death, driven by accumulation of cathepsins B
and L and reductions in cystatin B and C in the cytoplasm [203]. Cytosolic
cathepsin activity also rises in pancreatic ductal adenocarcinoma (PDAC) cells
infected with H-1PV in vitro, although blockage of this pathway does not save cells
viral oncolysis [246]. These results together suggest that H-1PV can simultaneously
drive multiple cell death pathways, overcoming host resistance to any one cell
death pathway.
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5.5.4 Clinical studies: successes and shortcomings of H-1PV

H-1PV has been studied extensively in pre-clinical models, including but not
limited to melanoma [158; 247], breast and cervical carcinomas [181; 192; 248],
neuroblastoma and medulloblastoma [249; 250], glioma [251-255], and pancreatic
ductal adenocarcinoma (PDAC) [192; 246]. These studies have culminated in two
clinical trials to date (Figure 20).
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Figure 20. Current progress of H-1PV research: progression towards the clinics. Figure adapted
from Hartley, Kavishwar et al. [256] using BioRender.

The first clinical trial, ParvOryx01, was a phase I/Ila clinical trial involving 18
patients with progressive primary or recurrent glioblastoma [257; 258]. This was a
dose-escalation trial with two groups of intratumoral or intravenous
administration of H-1PV, before tumour resection and a second injection of the
virus into the tumour cavity in both groups. All patients were negative for
mutations in the isocitrate dehydrogenase 1 (IDH1) gene, a common driver
mutation in glioma, and one feature which may actually improve the outcomes OV
therapies [259; 260]. Dose-limiting toxicity was not reached in either treatment
group, indicating that H-1PV is safe and well tolerated in humans. Pre-clinical
studies in rat glioma models indicated that H-1PV is able to cross the blood-brain-
barrier (BBB) in rats, presumably due to its small size [254; 255]. This clinical trial
then corroborated those findings in humans, showing that H-1PV is also able to
cross the BBB and home to the tumour, as viral nucleic acids were measured in
tumours from patients who had only received intravenous H-1PV before resection.
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While this trial was designed as a small dose-escalation study with heterogenous
patients, some evidence of H-1PV efficacy was seen. Viral replication and gene
expression, including NS1, were detected in tumours. Cathepsin B expression was
induced, particularly in areas with high NS1 expression, matching prior reports of
lysosomal-mediated cell death in glioma cells [203]. There was also some evidence
of immunogenicity, as immune cells including CD4 and CD8 effector T cells
infiltrated into tumours after H-1PV treatment. Similarly, most patients” peripheral
T cells were reactive against viral epitopes, and half of the patients tested showed
a glioma-specific T cell response [258].

After the success of this trial, H-1PV has also been employed under compassionate
use grounds in glioblastoma in combination with immune modulating treatment,
specifically bevacizumab, an anti-vascular endothelial growth factor (VEGF)
antibody to inhibit formation of blood vessels, and PD-1 inhibitors to block
inhibitory signalling from the tumour [261]. Of the nine patients treated under this
program, seven displayed an objective response, with two complete responses,
highlighting the potential for H-1PV particularly in combination with other
therapies.

The second, phase II clinical trial employing H-1PV focussed on metastatic PDAC
which was refractory to first-line therapy [262; 263]. Again, dose-limiting toxicity
was not reached, and two of seven patients displayed a partial response. All
patients showed antiviral T cell responses, and there was some evidence of viral
replication in tumours. In agreement with the previous trial, the two responders
had T cell infiltration into the tumour, together with an increase of pro-
inflammatory markers such as IFNy, IL-8, IL-9, and IL-12 [263]. This ability of
H-1PV to “heat up” a tumour microenvironment is particularly promising in the
context of PDAC, where responses to immune checkpoint inhibitors are virtually
non-existent [263]. Thus, the use of the virus may encourage better conditions for
checkpoint inhibitors to exert their immunostimulatory functions.

The successful outcomes of both clinical trials using H-1PV demonstrate that it is
safe to use in humans, with some evidence of efficacy. Nonetheless, H-1PV
monotherapy is still not curative, and many open questions remain as to the
treatment targets and regimens which would maximise its potential in the clinics.
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5.6 Improving H-1PV oncolytic therapies

To improve the oncolytic potential of H-1PV, several strategies can be employed
(Figure 21). Firstly, viral engineering can boost the anticancer or
immunostimulatory properties of the virus or target it to novel cell types.
Secondly, clinical use of the virus can be informed by an understanding of its life
cycle and critical factors, producing biomarkers and guiding therapeutic protocols.
Finally, novel combinations of H-1PV with other drugs can provide synergistic
anticancer effects, with potential for rapid translation to the clinics (Figure 21).
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Figure 21. Improving H-1PV oncotherapies. Three main strategies exist to improve H-1PV therapy
in a clinical setting. A Firstly, combination treatment with other anticancer treatments such as
chemotherapy, immunotherapy, radiotherapy, or small molecule inhibitors can improve the
outcomes of H-1PV therapy. B Secondly, the development of second-generation oncolytic
parvoviruses can expand the repertoire of available oncolytic viruses with improved oncolytic and
immunostimulatory properties. C Finally, a closer understanding of the mechanisms underlying
the parvoviral life cycle can lead to identification of biomarkers which can be used to stratify patient
groups most likely to respond to H-1PV therapy. Figure adapted from Hartley, Kavishwar et al.
[256] using BioRender. H-1PV capsid structure retrieved from Allaume, El-Andaloussi et al. [187].

5.6.1 Viral engineering

H-1PV, as one of the smallest OVs under development, has very limited capacity
for genome modification — only additions of less than 200bp can still result in
infectious virus production [264]. Nevertheless, Raykov, Grekova and colleagues
capitalised on the immunostimulatory properties of H-1PV and added CpG motifs
to the viral genome to boost antiviral and antitumour immunity as much as
possible. They showed that CpG-H1 viruses can act as an adjuvant from within
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tumour cells and increase pro-inflammatory IFNy, CD80, and CD86 expression in
metastatic lymph nodes through TLRY signalling, even without viral replication
[265; 266]. Another strategy for arming H-1PV involves the addition of a short
hairpin RNA (shRNA) cassette downstream of the VP gene unit, allowing silencing
of target genes in the host cell to benefit H-1PV infection [267]. A proof-of-concept
study using a shRNA targeting cyclin-dependent kinase 9 (CDK9) was effective at
improving the oncolytic capacity of the virus in prostate and PDAC cancer cell
lines in vitro, as well as a rat xenograft model of PDAC [268].

An alternative strategy for engineering of H-1PV to improve its oncolytic
capabilities is capsid modification. Insertion of an RGD-4C peptide into the three-
fold axis spike in the H-1PV capsid while ablating its capacity to bind sialic acid
successfully retargeted H-1PV to specific integrins, allowing the virus to target
melanoma cells in vitro [187]. Similarly, addition of VEGF-binding peptides to the
MVM capsid simultaneously shields the virus from neutralising antibody
responses while stimulating production of anti-VEGF antibodies, allowing it to
double as an antiangiogenic treatment [269]. Capsid shuffling between rodent
parvoviruses has also shown potential for retargeting them to different tumour
types [270]. A final capsid engineering strategy for H-1PV can be found in the
generation of chimeric viruses: here, the diminutive nature of the H-1PV genome
can become an advantage. The entire H-1PV genome can be inserted into an AdV
5 vector, generating AdV-PV chimeras which can target novel cell types with high-
efficiency. Productive infection generates secondary rounds of wild-type H-1PV
progeny, so here the AdV 5 vector acts as a kind of Trojan horse [271]. Another
advantage of this strategy is that the AdV-PV chimera can be further armed with
therapeutic transgenes that would not be possible to insert into the H-1PV genome
due to its limited packaging capacity.

5.6.2 Understanding viral mechanisms

Much of the H-1PV life cycle is still unknown and has only been characterised in
related viruses such as MVM (see Section 5.5.3 above). A deeper understanding of
the critical factors and interactions in H-1PV oncoselectivity and replication could
thus aid the discovery of biomarkers to predict good patient responses to H-1PV
therapy. Additionally, if critical points of the H-1PV life cycle can be identified,
they can be used to inform rational combination of the virus with potential drug
candidates to provide synergistic anticancer effects [256].

5.6.3 Novel combination therapies

One such rational combination has already been employed due to the knowledge
that H-1PV has an immunogenic effect on DC and T cells in melanoma [158]. Here,
Goepfert and colleagues combined H-1PV with ipilimumab, which blocks CTLA-
4 and nivolumab, which blocks PD-1 in an ex vivo model of human melanoma.
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These immune checkpoint inhibitors block inhibitory signals on immune cells and
tumour cells, respectively. While H-1PV infection caused an upregulation of
checkpoint molecules on melanoma cells, it also improved the cells’ ability to
mature DCs. Combination with checkpoint inhibition then provided an even
stronger immune response, with enhanced cytotoxic T cell activation than the virus
alone [272].

H-1PV has also previously been combined with various chemotherapies. In
melanoma cells, H-1PV-mediated lysis improved after combination with cisplatin
and vincristine, and the immunogenicity of this cell death also increased, as
measured by DC maturation and subsequent cytotoxic T cell activation in an ex
vivo model [247]. Meanwhile, combination of H-1PV with the standard-of-care
chemotherapy gemcitabine in PDAC cells in vitro showed that those cell lines
refractory to gemcitabine could still be effectively killed by the virus. This led to
the suggestion that the two agents do not necessarily work together actively, but
together can cover a wider range of cancer phenotypes than either treatment alone
[273].

Similarly, the combination of H-1PV with ionizing radiation has been tested in
high-grade glioma cells in vitro [274]. Here, it was discovered that the order of
treatments is critical; radiation treatment before H-1PV infection has a much
greater combinatorial effect than after infection. Synergistic oncolysis did not
always correlate with an increase in NS1 levels, as a proxy for viral replication.
Instead, radiation treatment pushed cells into S phase, which H-1PV is able to take
advantage of for its cytotoxicity [202].

Combination of H-1PV with the histone deacetylase (HDAC) inhibitor valproic
acid (VPA) showed a synergistic effect in vitro against cervical and pancreatic
carcinomas by exacerbating ROS-mediated DNA damage caused by the virus,
increasing apoptosis in the cells. This was found to be mediated through an
improvement in acetylation of the NSI1 protein, leading to higher transactivation
of the late p38 promoter and an increased viral load. Co-treatment of H-1PV with
VPA was able to completely eradicate established cervical and pancreatic
carcinomas at sub-effective doses of virus in a rat xenograft model [192].

Finally, the combination of H-1PV with the BH3 mimetic drugs ABT-199 and ABT-
737 in vitro showed an improvement in virus-mediated apoptosis in a range of
cancer cell lines including glioma, PDAC, lung, and colon adenocarcinomas [275].
The same combination in prostate cancer led to an improvement of cell killing in
cells with normal Bcl2 expression through increased apoptosis and lysosomal
membrane permeabilisation. Additionally, H-1PV and ABT-737 co-treatment
increased ICD and subsequent DC maturation, and improved NK-based cell
killing of infected cells [236].
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5.7 Ledipasvir

While a deeper understanding of the viral life cycle and infection determinants is
important to improving therapeutic regimens and biomarkers, this is a time-
consuming process, and results may not always be quick to translate to the clinics.
Likewise, second-generation parvoviruses would require regulatory scrutiny and
approval that has already been granted for the wild-type H-1PV. Therefore, to
speed the process from bench to bedside as much as possible, this work focusses
on novel combination therapies of H-1PV combined with already clinically
approved drugs.

To this end, our laboratory conducted a high-throughput screening of H-1PV in
combination with clinically approved drugs in the United States and Europe, in
collaboration with Laurent Brino and Anne Maglott-Roth (IGBMC, Strasbourg).
This drug library includes 1443 compounds belonging to a wide range of
functional classes, such as anticancer, anti-inflammatory, anti-diabetic, analgesic,
anti-viral, and neuropsychiatric drugs [276]. Drugs were selected to maximise their
chemical and pharmaceutical diversity within the library. As these compounds are
already in use in the clinic, their bioavailability and activities are well
characterised, which should accelerate the clinical translation of a combinatorial
treatment with H-1PV. The results of this screening are described in more detail in
Section 7.1 below; the top candidate emerged as the antiviral drug Ledipasvir
(LDV). This work thus centres around validating this Ledipasvir/H-1PV
combination and elucidating its mechanism of action in cancer cells.

Ledipasvir is an inhibitor of the hepatitis C virus (HCV), also known as GS-5885
[277]. It was developed using an HCV replicon system; autonomously replicating
viral RNA comprising of the essential enzymes for HCV replication, without
encoding the full virus [278]. Ledipasvir was rationally designed and iteratively
tested to target the viral NS5A protein, as a complementary strategy to NS3 and
NS5B inhibitors [277]. It binds the NS5A protein of HCV directly, with a suggestion
that it preferentially binds and inhibits oligomeric forms of NS5A due to its
structural symmetry and stoichiometry in in vitro binding assays [279] (Figure
24C). It is marketed by Gilead Sciences under the brand name Harvoni as a
combination with the NS5B inhibitor Sofosbuvir, which has been approved by the
United States Food and Drug Administration (FDA) for treatment of chronic HCV
infection since 2014 [280; 281], and approved by the European Medicines Agency
(EMA) for the same since 2014 [282].

The NS5A protein is a membrane-anchored phosphoprotein encoded by HCV
which is involved in viral RNA replication and virion assembly, and binds RNA
directly [283]. It is the only virally-encoded protein capable of forming the double
membrane vesicles (DMVs) characteristic of HCV replication from the ER
membranes. However, the efficiency of DMV formation increases dramatically
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when NS5A is expressed together with the protease and helicase enzyme NS3 and
the RNA-dependent RNA polymerase NS5B, termed the “replicase” [283].
Although the exact mechanism for this DMV formation is yet to be described, the
N-terminal alpha helix which functions as a membrane anchor in NS5A may play
a role, as insertion of this into membranes is sufficient to alter membrane shape in
vitro [284]. NS5A forms homodimers and oligomers and recruits several cellular
proteins to DM Vs to aid HCV replication [283; 285]. Analysis of mutations in NS5A
conferring resistance to Ledipasvir showed similarities to Daclatasvir, another
NS5A inhibitor. This suggests that Ledipasvir is able to prevent the formation of
the viral replication organelle by changing the conformation of NS5A near its
membrane anchor through physical interaction [283; 286].

5.8 The PI3BK/Akt/mTOR signalling pathway

Several of the mechanistic screens conducted in this study implicate the
phosphoinositide 3 kinase (PI3K), protein kinase B (Akt), and mammalian target
of rapamycin (mTOR) signalling pathway in the improved cell killing ability of the
H-1PV-Ledipasvir combination. Therefore, it is important to understand the
functions and regulation of PI3BK/Akt/mTOR signalling. This is a proliferative
signalling pathway, which controls the growth and division of cells in response to
environmental stimuli, and centres around mTOR kinase (Figure 22). Hyperactive
signalling of this pathway can lead to uncontrolled cell growth, and as such it is
very often dysregulated in cancer [287].

PI3K signalling can be triggered by growth factor signalling, either through
receptor tyrosine kinases or G protein-coupled receptors [288]. PI3K activity leads
to Akt activation through phosphoinositide-dependent protein kinase 1 (PDK1).
Akt requires two phosphorylation events to become fully active; one at the Thr308
position by PDK1, and one at the Ser473 by mTORC2 [288]. Active Akt can then
activate mTOR signalling [287; 288]. mTOR associates with different co-factors to
form two complexes, mTOR complex 1 and 2 (mTORC1 and mTORC2), with
distinct functions. mTORCI signalling is driven by environmental factors like
oxygen, stress, and nutrient availability, whereas mTORC2 activation is less well
understood, but seems to be dependent on PI3K activity [287; 289; 290].

Downstream targets of mTORC1 include the p70 S6 ribosomal kinase (p70S6K),
which leads to proliferative and growth signalling through ribosomal protein S6
(RPS6). Phosphorylation and inhibition of eukaryotic initiation factor 4E (elF-4E)-
binding protein 1 (4E-BP1) allows cap-dependent translation through elF-4E [291].
mTORC1 can also block autophagy and lysosome biogenesis through the
phosphorylation ~ of  autophagy-initiating  proteins  like  unc-51-like
autophagy-activating kinase 1 (ULK1) and ATGI13 [287]. One of the major
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Introduction

substrates of mTORC2 is Ser473 on Akt, driving a feedback loop whereby
mTORC2 activation can drive mTORCI activity through Akt [292]. mTORC?2 also
activates serum- and glucocorticoid-induced protein kinase (SGK), driving cell
survival. Interestingly, it also phosphorylated protein kinase C (PKC) family
members to control cytoskeleton rearrangement and cell motility [287; 290].

PI3K/Akt/mTOR Signalling

Growth factor receptor

o

Autophagy Motility Cell survival
Mitochondrial
l l homeostasis

Proliferation Proliferation
Cell growth  Cap-dependent translation

Figure 22. The PI3K/Akt/mTOR signalling pathway. Growth factor receptor signalling is
transmitted through the insulin receptor substrate (IRS) to phosphoinositide 3 kinase (PI3K),
activating it. PI3K then converts phosphatidylinositol (3,4)-bisphosphate (PIP2) to
phosphatidylinositol (3,4,5)-trisphosphate (PIP3) within the plasma membrane, a process which is
opposed by the tumour suppressor phosphatase and tensin homolog (PTEN). PIPs recruits protein
kinase B (Akt) to the plasma membrane, allowing phosphorylation by phosphoinositide-dependent
protein kinase 1 (PDK1) on the Thr308 residue in the activation loop of Akt. A second
phosphorylation of Akt at Ser473 by mammalian target of rapamycin complex 2 (mTORC2) leads
to its full activation. Active Akt goes on to phosphorylate and inhibit tuberous sclerosis complexes
1 and 2 (TSC1/2). TSC2 is a GTPase activating protein (GAP) for Ras-related GTPase Rheb (Rheb),
so without this GAP activity Rheb-GTP accumulates, forming an essential component of the
mammalian target of rapamycin complex 1 (mTORC1). Now in its active form, mTORC1
phosphorylates and activates p70 S6 ribosomal kinase (p70S6K), which can phosphorylate
ribosomal protein S6 (RPS6) and lead to proliferative and growth signalling. P70S6K can also
directly phosphorylate IRS, blocking PI3K activation and inhibiting hyperactivation of the whole
pathway. Active mTORC1 also phosphorylates eukaryotic initiation factor 4E-binding protein 1
(4E-BP1), inhibiting its ability to bind and block eukaryotic initiation factor 4E (elF-4E). elF-4E is
crucial for cap-dependent translation and proliferative signalling. By phosphorylating unc-51-like
autophagy-activating kinase 1 (ULK1), mTORCI can also downregulate autophagy. Activation of
mTORC2 is less well understood but may be regulated through its subcellular localisation.
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CHAPTER 2

mTORC2 can phosphorylate Akt as well as the protein kinase C (PKC) family, regulating
cytoskeletal organisation and cell motility, and serum- and glucocorticoid-induced protein kinase
(SGK), modulating cell survival and controlling mitochondrial homeostasis. The activities of
mTORC1 can be blocked by Rapamycin (yellow), which binds the FK506-binding protein 12
(FKBP12) and allows it to allosterically inhibit mTORCI. Torin (red) is a mTOR inhibitor which
binds to the kinase site of mTOR, allowing it to block both mTORC1 and mTORC?2 activity. Figure
made using BioRender, based on Liu and Sabatini [287]; Manning and Toker [288]; Fu and Hall
[290].
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6 Aim of this project

The aim of this research project was to validate the novel combination of H-1PV
with Ledipasvir and evaluate its potential for anticancer use. In addition, I aimed
to characterise the mechanism of action of this novel combination. Notably,
Ledipasvir exhibits picomolar activity against HCV replicon systems and is safe
for human consumption with no known cellular targets in humans [277].
According to previous results from our group, up to micromolar concentrations of
Ledipasvir are required to exert a synergistic anticancer effect with H-1PV
infection. Therefore, the concentrations of Ledipasvir used in this study together
with a lack of known cellular targets imply an off-target effect of the drug
potentiating viral oncolysis. I aimed to find and characterise this novel effect of
Ledipasvir.

The model systems that I chose for this characterisation were the glioma cell line
U373-MG, and the PDAC cell line AsPC-1. This was for multiple reasons: firstly,
H-1PV oncolytic activity has already been studied in these cell lines [192; 203; 230;
254; 293; 294]. Secondly, these cell lines represent the two cancer modalities for
which H-1PV has undergone clinical testing [258; 263]. Finally, these cell lines
display distinct sensitivity to H-1PV treatment alone, as U373-MG cells are
relatively sensitive, but AsPC-1 cells are relatively resistant to viral oncolysis. Thus,
any mechanism by which Ledipasvir can augment H-1PV oncolysis in both these
cell lines is likely to be general, and not driven by specific properties of one cell
line.

Specifically, in this project I aimed to:

i.  Validate the synergistic anticancer effects of H-1PV and Ledipasvir in PDAC
and glioma cell lines in vitro
ii. Assess the effects of Ledipasvir treatment on viral replication and
cytotoxicity
iii. Investigate potential interactions of the Ledipasvir-H-1PV combination
with cellular signalling, in particular kinases
iv.  Extend these findings to translational models of PDAC
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7 Results

7.1 Identification of Ledipasvir as a potentiator of H-1PV-mediated
oncolysis

To identify novel drugs that could boost H-1PV oncolysis, our group in
collaboration with Laurent Brino and Anne Maglott-Roth conducted a high-
throughput screen of 1443 FDA-approved drugs from a SelleckChem library
selected for a wide chemical and pharmaceutical diversity (described in Section 5.7
above). Drugs were tested alone or in combination with H-1PV infection in two
glioma cell lines U373-MG and SNB-19 (Figure 23A). Cell viability was then
measured by PrestoBlue viability assay. The results were first filtered for
compounds which were toxic alone (viability <80% of mock) or which caused
aberrant growth of the cells (viability >130% of mock). Compounds were
considered as top hits if they were able to potentiate viral cell killing by at least
20% at low concentration, and at least 40% at high concentration (Figure 23B).
These top hits were then validated in a second round of screening, again with a
PrestoBlue viability readout, where five concentrations of each compound were
tested, alone and in combination with H-1PV (Figure 23C). ABT-737 was used as a
positive control in both rounds of screening, as our group has previously identified
this compound as a booster of H-1PV oncolytic activity [236; 275]. Unsurprisingly
then, another two BH3 mimetic compounds, ABT-236 and ABT-199, were also
identified as top hits in this screen, confirming the validity of the results. The next
top candidate was the antiviral drug Ledipasvir (Figure 24C).
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Figure 23 Screening to identify novel drug combinations potentiating H-1PV oncolysis. A
Schematic of the screening design. U373-MG or SNB-19 glioma cells were treated with H-1PV at
MOI 1 as well as a SelleckChem FDA-approved compound library, and viability was measured 72h
post infection. B Primary screening results. Compounds were filtered for those with viability
between 80% and 130% of mock to remove toxicity and abberant growth. Each dot on the graphs
represents one compound, and the dotted lines respresent the upper thresholds for positive hits. C
Validation screening results. U373-MG and SNB-19 glioma cells were treated as in A with
compounds identified as top hits from the primary screen. Compounds were considered hits if the
ratio of viability in infected to non-infected cells was greater than 120% of controls (OuM) in both

cell lines.
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Ledipasvir is an antiviral drug which targets the HCV protein NS5A (described in
detail in Section 5.7 above). Given this novel finding that Ledipasvir may enhance
oncolytic virotherapy, my colleagues Valérie Palissot and Tiina Marttila first
validated the screening results using an independent assay. To this end, both
glioma lines used in the original screening, U373-MG and SNB-19, were co-treated
with H-1PV and various compounds for 96 hours, and cell lysis was measured by
release of lactate dehydrogenase (LDH) into the culture medium. This is crucial to
confirm active lysis of the cells, as a reduced viability measurement may simply be
caused by a lack of growth of treated cells compared with their mock controls.
Dimethyl sulfoxide (DMSO) and Hydroquinone were used as negative controls,
while ABT-199 and ABT-263 were used as positive controls. LDH assays confirmed
that Ledipasvir can potentiate H-1PV-mediated lysis of glioma cells at all
concentrations tested (Figure 24A). Phenotypically, cells treated with the
combination of Ledipasvir and H-1PV displayed increased cytopathic effects
compared with treatment with H-1PV alone, while Ledipasvir treatment alone did
not induce any noticeable changes (Figure 24B). In these assays, the concentrations
of individual treatments were always kept equal to the concentrations used in
combination.
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Figure 24. Validation of Ledipasvir as a top hit for potentiating H-1PV oncolysis. A Cytotoxicity
was measured in vitro by measurement of lactate dehydrogenase (LDH) release 72h post infection
with MOI 1 of H-1PV and the indicated drug. Values were normalised to the cytotoxicity of H-1PV
with DMSO co-treatment. B Brightfield images of SNB-19 and U373-MG 96h post treatment with
4uM LDV, MOI 1 (SNB-19) or 100 (U373-MG) of H-1PV or the combination of both. Scale bar =
100pum. C Chemical structure of Ledipasvir. Data was produced by Valérie Palissot and Tiina
Marttila.
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To further validate these findings, the Ledipasvir-H-1PV combination was tested
on a panel of cancer cell lines derived from different tumour entities (Figure 25).
Again, active cell lysis was measured by lactate dehydrogenase release, and all cell
lines tested showed a stronger cytolytic response to the combination treatment
than H-1PV alone at the same dose, while Ledipasvir alone did not significantly
affect cell lysis in almost all cell lines. Importantly, this result holds true across cells
from diverse cancer entities, including glioma, pancreatic ductal adenocarcinoma
(PDAC), prostate cancer, and lung and renal cell adenocarcinomas. This
demonstrates that the mechanism of action of the combination treatment is
general, and not limited to a certain type or types of cancer.
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Figure 25. Ledipasvir can potentiate H-1PV-mediated oncolysis in a variety of cell lines from
different cancer types. Cell lines were treated with Ledipasvir (LDV), H-1PV, or a combination
(Combo) of both treatments and incubated for 96-120h. Cytotoxicity was quantified by
measurement of lactate dehydrogenase (LDH) release and normalised to equivalent cells lysed
directly before measurement. H-1PV was used at MOI 1 (SNB-19, U251, DU145), MOI 5 (BxPC-3,
Panc-1), MOI 10 (PC3, A549), MOI 30 (Caki-1), and MOI 100 (U373-MG). Ledipasvir was used in
concentrations of 1uM (U251, BxPC-3, Panc-1, DU145, A549, Caki-1) and 4uM (U373-MG, SNB-19,
PC3). Data represent mean + standard deviation. Significance was measured by one-way ANOVA,
*=p<0.05, ** = p<0.01, *** = p<0.001, *** = p<0.0001. Data was produced by Valérie Palissot and Tiina

Marttila.

In this study, I focussed my attention mainly on two cell lines: the glioma cell line
U373-MG, and the PDAC cell line AsPC-1. This is for several reasons; firstly, the
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oncolytic activity of H-1PV has previously been studied in these two cell lines [192;
203; 254; 293; 294], and they are representative of the two cancer modalities for
which H-1PV has been tested in phase I/Ila clinical trials [258; 263]. Secondly, they
present a markedly disparate sensitivity to H-1PV alone — while U373-MG cells are
relatively sensitive to the virus, AsPC-1 cells are relatively resistant. Nevertheless,
the oncolytic effect of H-1PV can be significantly augmented in both cancer cell
lines by the addition of Ledipasvir, which alone was innocuous to these cells at all
doses tested (Figure 26A-D). Both cell lines can even be sensitised over long time
periods to completely sub-lethal doses of H-1PV by the addition of Ledipasvir, as
assessed by crystal violet cell staining (Figure 26E and F). Taken together, these
results provide evidence that H-1PV and Ledipasvir work in concert to kill cancer
cells in a synergistic manner.
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Figure 26. Ledipasvir improves H-1PV-mediated killing of U373-MG and AsPC-1 cell lines,
including at sub-lethal doses of H-1PV. U373-MG glioma cells (left panels) and AsPC-1 pancreatic
ductal adenocarcinoma cells (right panels) were infected with various MOIs of H-1PV with and
without Ledipasvir. A, B Cell killing was measured by lactate dehydrogenase activity 96h (U373-
MG) or 120h (AsPC-1) post infection. C, D Real-time cell growth was measured by the xCelligence
system for 10 days and plotted as Cell Index. Arrows indicate the infection and treatment timepoint.
E, F Cells were infected with H-1PV with or without Ledipasvir treatment and allowed to grow for
7 days, before crystal violet staining. Shown are representative examples of one staining (left) with
quantification (right). Data show mean * standard deviation representative of at least n=2.
Significance was measured by one-way ANOVA, *** = p<(.001, *** = p<0.0001. xCelligence data and
U373-MG assays in A were produced by Valérie Palissot and Tiina Marttila.
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I next considered whether the increased cell death in infected and Ledipasvir-
treated cells is due to apoptosis. For this, I used real-time microscopy with a
caspase 3/7-reactive dye as established previously in our group [236]. I used the
pan-caspase inhibitor ZVAD-FMK to block apoptosis, as this has previously been
shown to effectively block H-1PV- and NS1-mediated apoptosis in transformed
cells [202; 236]. H-1PV treatment of both U373-MG and AsPC-1 cells caused an
increase in caspase 3 and 7 cleavage, which increased even further upon addition
of Ledipasvir (Figure 27A and B). This indicates that caspase-mediated apoptosis
does contribute to the cell death caused by the Ledipasvir-H-1PV combination.
However, while zZVAD-FMK treatment was able to reduce this caspase cleavage, it
was not blocked altogether, especially in Combo-treated cells. Furthermore, the
addition of zZVAD-FMK to either H-1PV or combination treatment with Ledipasvir
was unable to affect cell lysis at any concentration tested (Figure 27C and D). Thus,
it seems that reducing caspase 3/7 activity in H-1PV or Combo-treated U373-MG
and AsPC-1 cells is insufficient to protect them from the oncolytic effects of these
treatments. This indicates that there may be other cell death pathways triggered
by these treatments able to compensate for the partial inhibition of caspase activity.
I concluded that the H-1PV-Ledipasvir combination is associated with an increase
in caspase-mediated apoptosis, although this may not be the sole cell death
pathway caused by this treatment.
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Figure 27. Ledipasvir-mediated oncolysis improvement is at least partially mediated through
caspase cleavage. Cells were infected with H-1PV with or without 4uM Ledipasvir co-treatment,
in addition to zZVAD-FMK (caspase inhibitor) for 72h. Real-time imaging was conducted with a
caspase-reactive dye, which emits green fluorescence upon cleavage by caspases 3 and 7.
Representative images are shown for each treatment at the 48h timepoint. Co-treatment was tested
in both A U373-MG cells (H-1PV MOI 8) and B AsPC-1 cells (H-1PV MOI 80). After treatment as
above, cell lysis was measured by lactate dehydrogenase activity, and cell viability was measured
by crystal violet staining in C U373-MG and D AsPC-1 cells. Scale = 400pum. Data represent mean =+
standard deviation of four independent experiments, significance was measured by one-way

ANOVA.
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In summary, my colleagues identified the antiviral drug Ledipasvir as an FDA-
approved candidate drug able to improve H-1PV-mediated oncolysis. They
validated this complementarity in a panel of cancer cell lines, showing that the
synergistic effect of the Ledipasvir-H-1PV combination is cancer type agnostic. I
confirmed that Ledipasvir enhances H-1PV oncolysis and that cell lines
particularly resistant to H-1PV can be sensitised to viral oncolysis in the presence
of the drug. Finally, I did an initial study to investigate the mechanism of cell death
by the Ledipasvir-H-1PV combination and found evidence that Ledipasvir
enhances H-1PV-mediated caspase activation, leading to apoptosis. Thus, I set out
to further investigate the molecular mechanisms underlying this synergistic
anticancer effect.

7.2 Interaction of Ledipasvir with H-1PV

Ledipasvir can effectively potentiate the oncolytic activity of H-1PV in a wide
range of cancer cell lines. This is a completely novel use of the drug, as it is an
antiviral compound iteratively designed to target the HCV NS5A protein [277]. It
is thus rather surprising that Ledipasvir would be capable of potentiating the
anticancer activity of a virus unrelated to its target. Therefore, it is important to
characterise the molecular mechanisms underlying the enhanced anticancer
activity of H-1PV and Ledipasvir. A characterisation of the mechanism behind this
synergistic effect may also help guide the identification of other molecules which
can be used to potentiate H-1PV oncolysis.

7.2.1 Ledipasvir does not enhance viral replication

To address this, I first considered a potential interaction between Ledipasvir and
H-1PV itself. An obvious possibility would be that Ledipasvir might increase viral
replication, thus improving oncolysis. I thus performed quantitative polymerase
chain reaction (qQPCR) to quantify viral genomes after infecting U373-MG cells with
and without Ledipasvir co-treatment (Figure 28). Cells were infected with low dose
(MOI 0.5) of virus and cultured for up to 120 hours, with samples taken at 4 hours,
24 hours, and 120 hours post infection. Viral DNA was isolated from the samples
using a spin-column based method (see Section 11.30 below) before qPCR to
quantify the amount of viral DNA present. I assessed both cell pellets and culture
supernatant to quantify all viruses present in the system. H-1PV and Combo-
treated cells showed the same level of viral genomes in cell pellets 4h after infection
and showed no significant differences in either pellets or supernatants 24h after
infection. (Figure 28A, B). At the late (120h) timepoint, there was a significant shift
in viral genomes from the cell pellet to the supernatant between H-1PV and
Combo-treated cells. However, when summed, the total viral genome copies did
not change between the treatments (Figure 28C). This result likely reflects the
viability of the cells; at this timepoint, there are simply less viable cells left after
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combination treatment than H-1PV alone, and therefore more of the virus has been
released into the supernatant. Nevertheless, there was no significant difference in
the total number of viral genomes produced by infection with H-1PV alone or in
combination with Ledipasvir.
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Figure 28. Co-treatment with Ledipasvir does not increase total viral genomes produced by
H-1PV infection. U373-MG cells were infected with H-1PV at an MOI of 0.5 with or without
Ledipasvir (4uM) co-treatment, and viral genomes were harvested and quantified by quantitative
PCR at the indicated timepoints post infection from both A cell pellets and B cell supernatants.
Viral genomes present in the medium mixes used for infection were also quantified (Input). C Viral
copy numbers measured from both cell pellets and supernatants were added to quantify the total
viral genomes present in the system at the indicated timepoints. Average total genome copies are
shown written in selected data bars. Data shows mean + standard deviation of one representative
experiment from four independent replicates; significance was measured by one-way ANOVA, * =
p<0.05, *** = p<0.0001.

To confirm this result, I assessed the expression of viral proteins in infected cells.
At high multiplicities of infection (MOls), there were only very small variations in
the expression of viral NS1 and VP1/2 proteins with or without Ledipasvir
addition in both U373-MG (Figure 29A-C) and AsPC-1 (Figure 29D-F) cells.
However, at very low, sublethal MOls, the expression of NS1 was slightly (albeit
non-significantly) elevated in Combo-treated cells, and this discrepancy became
increasingly pronounced with time (Figure 29G, H). Meanwhile, the expression of
VP1 and 2 did not change (Figure 29G, I), in agreement with my previous
observation that there was no increase in viral genomes upon addition of
Ledipasvir. Thus, there is no evidence that Ledipasvir enhances H-1PV replication
in either U373-MG or AsPC-1 cells.
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7.2.2 Ledipasvir enhances NS1-mediated cytotoxicity

Inext delved deeper into the potential association between Ledipasvir and the viral
NSI1 protein, due to the observed increase in NS1 expression when cells were co-
treated with Ledipasvir (Figure 29G, H). This is especially interesting, as it is
known that NS1 is the main mediator of parvoviral oncotoxicity [195; 200; 202; 234].
As part of this prior work, Georgi Hristov and colleagues established HEK-293T
and HeLa cell lines which express the H-1PV NS1 gene unit under the control of a
doxycycline-inducible CMV promoter [202] (Figure 30A). The expression of NS1
alone is enough to lyse these cells; moreover, I found that the addition of
Ledipasvir upon induction of NS1 enhanced this cell death, both in HeLa-NS1
(Figure 30B, D, E) and in HEK-NS1 (Figure 30C) stable cell lines. Thus, the
Ledipasvir-mediated potentiation of H-1PV oncolysis is at least in part due to an
improvement in the cytotoxic effects of NSI in cancer cells.
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Figure 30. Ledipasvir can potentiate the cytotoxic effects of NS1 alone. A Expression of NS1
protein was induced in HeLa-NS1 and HEK-NSI cells by 1ug/mL doxycycline (+dox) treatment,
leading to efficient induction over 48h. B HeLa-NSI1 cells were simultaneously induced and treated
with 2uM Ledipasvir and cytotoxicity was quantified 72h post infection by lactate dehydrogenase
assay (left), while cell viability was quantified by PrestoBlue viability assay (right). C HEK-NS1
cells were simultaneously induced and treated with 2uM Ledipasvir and cytotoxicity was
quantified 72h post infection by lactate dehydrogenase assay (left), while cell viability was
quantified by PrestoBlue viability assay (right). D HeLa-NS1 cells were simultaneously induced
and treated with 4uM Ledipasvir, and stained with crystal violet 72h post infection. E shows a
quantification of the staining. Significance in all graphs was measured by unpaired Student's t-test,
* = p<0.05, ** = p<0.01, *** = p<0.001. Data shown are mean + standard deviation representative of

three independent replicates.
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Given that Ledipasvir enhanced parvoviral NS1 oncotoxicity, I next considered
whether this might be due to a direct interaction between Ledipasvir and NS1. To
address this, I used a cellular thermal shift assay (CETSA) [295; 296]. This assay
relies on the principle that ligand-bound proteins are more thermostable than their
unbound counterparts. Thus, if NS1 binds directly to Ledipasvir, this interaction
should protect NS1 against denaturation at high temperatures. To test this, NS1
expression was induced in HEK-NSI cells, which were lysed to release cellular
proteins. This lysate was then incubated with Ledipasvir before dividing the
mixture into equal aliquots. Each aliquot was heated to a different temperature,
denaturing the NS1 protein. Denatured proteins were removed from solution by
centrifugation, and the remaining soluble fraction was detected by Western
blotting. If Ledipasvir-treated NS1 shows a stronger band by Western blotting than
mock-treated NS1 after high temperature incubation, this would provide first
evidence that Ledipasvir interacts directly with NS1 (Figure 31A). I chose to use
ATP as a positive control substrate, as this is a known ligand of NS1 [190].
However, NSI is known to hydrolyse ATP as part of this interaction, which
accounts for the limited increase in thermostability of NS1 when incubated with
ATP in my assay (Figure 31B and C, red curve). Nevertheless, Ledipasvir could not
at any of the concentrations tested improve the thermostability of NS1 above
control (Figure 31C, green curve), indicating that a direct interaction between NS1
and Ledipasvir is unlikely.
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Figure 31. No evidence can be found of a direct interaction between Ledipasvir and NS1 by
CETSA assay. A Schematic showing the principle of a Cellular Thermal Shift (CETSA) assay. In
general, proteins are more thermostable when bound to a compound, so the thermostability of a
protein can be used to infer its ability to bind a putative target. NS1 expression was first induced in
HEK-NSI cells, then protein was harvested from the cells and aliquoted equally. Compounds (ATP
or Ledipasvir) were added to each aliquot, and each tube was subjected to heat treatment at a
different temperature to denature the protein based on its thermostability. Denatured protein was
removed by centrifugation, and remaining soluble protein was separated by SDS-PAGE and
Western blotting, and the levels of NS1 remaining in solution at each temperature could then be
quantified. Schematic modified from Jafari et al., Nat Protoc, 2014 [295] using BioRender. B Western
blot showing HEK-NS1 lysates treated with vehicle (-), 10mM ATP, or 100uM Ledipasvir (LDV),
showing specific stabilisation of NSI at high temperatures. C Quantification of B, with a clear
increase in thermostability of NS1 upon incubation with ATP, but not with Ledipasvir. Band
intensities were quantified and normalised between 0-100%, then plotted against temperature. A
Boltzmann sigmoidal curve was fit for each treatment. Data shown is representative of two
independent experiments in both HEK-NS1 and HeLa cells.
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7.3 Interaction of Ledipasvir with the cell

Thus far, I have shown that Ledipasvir is able to potentiate the oncolytic effects of
the H-1PV virus in many cellular contexts, and that this potentiation is likely
driven through an improvement in the cytotoxic capabilities of the viral NSI
protein. However, based on my results it is unlikely that there exists a direct
interaction between Ledipasvir and NS1. Therefore, I now turned my attention
towards any effects that Ledipasvir might have on cellular signalling to potentiate
NSI1 cytotoxicity. This section details three approaches used to investigate the
impact of Ledipasvir and its combination with H-1PV on cellular signalling and
processes. Firstly, a Cell Painting assay was used to infer the effect of Ledipasvir
alone on cells, independently of H-1PV infection. Secondly, a kinosome screening
was used to examine the interactions between Ledipasvir, H-1PV, and cellular
signalling pathways. Finally, RNA sequencing was used to determine the impact
of Ledipasvir and H-1PV, both alone and in combination, on gene expression.

7.3.1 Cell Painting provides evidence that Ledipasvir modulates PI3K
signalling

To investigate which morphological changes, if any, Ledipasvir induces in cells
independently of H-1PV infection, I considered a Cell Painting assay conducted
and analysed by our collaborators Laurent Brino and Zahra Hanifehlou [297].
Here, U20S osteosarcoma cells were treated with a library of 7120 different
compounds, including Ledipasvir, with known modes of action at two different
concentrations, 625nM and 1.25uM. After treatment, cells were stained with
multiplexed fluorescent dyes to image eight different cellular organelles by
fluorescent microscopy. High-throughput imaging and automated image analysis
were then used to extract ~1500 morphological features and produce a
morphological profile (or fingerprint) for each compound (Figure 32A). The
fingerprint of Ledipasvir was then compared with the profiles of all other
compounds in the library. It is presumed in this assay that compounds with a
similar mode of action to each other will induce similar morphological changes in
cells in response to treatment. Thus, compounds which induce a similar fingerprint
to Ledipasvir may also perturb similar pathways and molecules. The top 12
compounds with the most similar fingerprints to Ledipasvir from this assay are
shown in Figure 32B. Strikingly, five of these 12 compounds are known inhibitors
of PI3K, while four others are inhibitors of PI3K-related pathways or upstream
signalling receptors (Raf, MAPK, EGFR and VEGFR).
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Figure 32. Cell Painting screen indicates the Ledipasvir may interact with the PI3K signalling
axis. A Schematic showing the principle of Cell Painting. U20S osteosarcoma cells were plated and
treated with a library of compounds at two different concentrations (625nM and 2.5uM), after
which distinct cellular organelles were visualised with multiplexed dyes in high-throughput
immunofluorescent microscopy. Artificial intelligence-based image analysis defined
morphological features to generate a "fingerprint" from each compound. Schematic adapted from
Bray et al., Nat Protoc, 2016 [297] using BioRender. B Comparison of the Ledipasvir "fingerprint"
to all other compounds in the dataset by K-nearest neighbour analysis led to a shortlist of 12 top
compounds, grouped here by molecular target. Data is represented as mean score + standard
deviation. Cell Painting experiments and data analysis were executed by Laurent Brino and Zahra
Hanifehlou, Ksilink, France.

7.3.2 PamGene kinase profiling suggests that Aktl is activated by the
Ledipasvir-H-1PV combination
Ledipasvir may also have an influence on cellular signalling in the context of an
H-1PV infection. To this end, my colleagues Valérie Palissot and Tiina Marttila
treated U373-MG cells with Ledipasvir, H-1PV, and the combination, and assessed
the kinase activity in the cells by PamGene kinase activity profiling [298]. In this
assay, cellular lysate is pumped over a chip with an array of covalently bound
peptides, which serve as substrates for the kinases present in the lysate. The
phosphorylation of these substrates on the chip can then be measured by
fluorescence-conjugated antibody staining, leading to a phosphorylation pattern
on the array which depends on the kinase activity in the cellular lysate (Figure
33A). Bioinformatic analysis can then be used to infer the most likely activity states
of each kinase in the sample from the phosphorylation pattern. This assay was
conducted for both phosphotyrosine kinases and serine-threonine kinases and
analysed by PamGene. Interestingly, Ledipasvir alone at the concentration used
does not majorly affect kinase activity in cells compared to DMSO-treated control
cells, at any time (Figure 33B). Secondly, combination treatment of H-1PV and
Ledipasvir seemingly flips the kinase activity profile in cells compared with H-1PV
alone. In the case of phosphotyrosine kinases, this assay showed slight but
significant decrease in global phosphotyrosine kinase activity upon H-1PV
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treatment alone. However, in the Combo condition, there was a very significant
increase in phosphotyrosine kinase activity, especially at the early timepoint (24h).
In addition, H-1PV seems to have a highly time-dependent effect on serine-
threonine kinases; early in infection (24h), their activity is strongly driven by the
virus, but by late infection (72h), it is hindered. As before, in the Combo treatment
there is a strong increase in serine-threonine kinase activity compared with mock-
treated cells, regardless of timepoint.
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Figure 33. PamGene kinase screening indicates significant regulation of Akt signalling by the
Ledipasvir-H-1PV combination. A Schematic of PamGene kinase screening (supplied, PamGene).
Arrays of peptide spots are printed on PamChips, over which cellular lysate is washed in a
PamStation. Active kinases in the lysate phosphorylate peptides in the spots, which can be detected
by antibody-based fluorescence. The total kinase activity in the sample can thus be inferred, and
bioinformatic Upstream Kinase Analysis (UKA) can be used to predict the activity of specific
kinases based on the phosphorylation patterns on the PamChip. For this analysis, U373-MG cells
were treated with 4uM Ledipasvir (LDV), H-1PV at MOI 10, or both treatments combined (Combo)
for 72h and the kinase activity in cellular lysates was compared to control (0.08% DMSO) treatment.
B Volcano plots showing total kinase activity in cells with the indicated treatments as measured by
PamGene screening. Red spots are peptides that show significant difference compared to control
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(p<0.05). Two PamChips were used; one to measure phosphotyrosine kinase activity, and one for
serine-threonine kinase activity. C Putative upstream kinases with differential activity identified in
atleast two of three treatments at both 24h and 72h post treatment. Kinases with the top significance
scores (Median Final Score cutoff 1.2) are shown, with effect size and direction (Median Kinase
Statistic) denoted by colour (blue is inhibition, red is activation compared to control treatment) and
significant (Median Final Score) denoted by dot size. D Simplified schematic of the
PI3K/Akt/mTORCI1 signalling pathway. Activation of PI3K leads to Akt phosphorylation, which
can activate mTORCI through Rheb. mTORC1 phosphorylates both p70S6K and 4E-BP1, leading
to cell growth and translation. For more details, see Section 5.8 above. Figure made using
BioRender.

I next considered the predicted kinase activity from Upstream Kinase Analysis
(UKA) by PamGene. Here, I combined the predicted activities of both
phosphotyrosine and serine-threonine kinases from the UKA. I then filtered
kinases for significance and effects in at least two of three conditions across both
timepoints analysed (Figure 33C). Unexpectedly, this assay showed that
Ledipasvir affects a greater number of distinct kinases than H-1PV after 72 hours
of treatment (Figure 33C). This is despite the finding that there is lower differential
regulation of global phosphorylation at the same timepoint (Figure 33B). In
addition, at the late timepoint, H-1PV reduced the activity of all kinases that it
influenced — a stark contrast with the strong activation seen at the early timepoint.
Combining the two treatments once again flipped this phenotype, resulting in a
stronger activation of kinases at the late timepoint than Ledipasvir alone.

UKA analysis additionally resulted in an enrichment of kinases known to affect
replication and cytotoxicity of parvoviruses, especially the protein kinase C (PKC)
family [195; 198; 299]. PKC family members were activated by H-1PV alone at the
early timepoint, but by the late timepoint their activity was not significantly
different to mock treatment. The combination of Ledipasvir and H-1PV, however,
sustained the activation of PKC family members throughout both early and late
infection, consistent with an increased oncotoxicity of the combination treatment
compared with H-1PV alone. Additionally, Aktl and p70S6K, both downstream
kinases in the PI3K pathway (Figure 33D), show increased activity in Combo-
treated cells compared with H-1PV alone at both timepoints. Ledipasvir alone was
also able to activate Akt2 and p70S6K at 72h post treatment, consistent with Cell
Painting analysis (Figure 32). This assay also revealed putative novel kinases that
may play a role in H-1PV infection, or indeed the effect of the Combo treatment,
most notably Src kinase. Src was the single kinase whose treatment was
downregulated by H-1PV alone at both timepoints tested, in contrast to a strong
activation of Src by the combination treatment at the early timepoint. Src is a proto-
oncogene with pleotropic functions in cell proliferation, which can be activated by
growth factor receptor signalling and functions together with Akt [300; 301].
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7.3.3 Akt is hyperactivated by the Ledipasvir-H-1PV combination

Based on the integrated results from both the Cell Painting assay and the PamGene
kinase profiling, I moved on to validate kinase activities in Combo-treated cells. I
focussed on PI3K and Akt signalling as this pathway was strongly indicated by
both screens, as well as Src kinase as a putative novel factor in H-1PV oncolysis. I
was unable to verify the PamGene screening results that H-1PV inhibits the activity
of Src kinase (data not shown). Western blotting for Akt phosphorylation indeed
showed that there is a marked increase in the activating phosphorylation 5473 on
Akt in Combo-treated cells compared with H-1PV (Figure 34A). However, neither
inhibition of PI3K (Figure 34B) nor Akt (Figure 34C) could block the effects of
Ledipasvir addition to H-1PV oncolysis. Western blotting confirmed that both
inhibitors at the doses used are functional in the context of H-1PV infection (Figure
34D). Therefore, I concluded that while Akt is hyperactivated by Ledipasvir-H-1PV
combination treatment, this activation may not be the cause of increased oncolysis.
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Figure 34. Ledipasvir and H-1PV combination treatment hyperactivates Akt. A Western blot of
U373-MG cells treated with mock treatment (M), 4uM Ledipasvir (L), infected with H-1PV MOI 10
(H), or the combination (C) for 24h, 48h, and 72h, showing an increase in PI3K activity as measured
by Akt phosphorylation at Ser-473. B U373-MG cells were infected with MOI 10 H-1PV with or
without 4uM Ledipasvir co-treatment, in addition to 10uM LY294002 (PI3K inhibitor) for 72h. Cell
lysis was measured by lactate dehydrogenase activity, and cell viability was measured by crystal
violet staining. C U373-MG cells were infected with MOI 10 H-1PV with or without 4puM Ledipasvir
co-treatment, in addition to 1uM Capivasertib (Akt inhibitor) for 72h. Cell lysis was measured by
lactate dehydrogenase activity, and cell viability was measured by crystal violet staining. D
Functionality of both inhibitors in the context of H-1PV infection was tested by Western blotting.
U373-MG cells were infected with MOI 10 of H-IPV and co-treated with the indicated
concentrations of inhibitors for 48h. Data for LY294002 is representative of two independent
experiments in U373-MG and AsPC-1 cell lines, data for Capivasertib is from one experiment. Data
represent mean + standard deviation; significance was calculated by one-way ANOVA; * = p<0.05,
** = p<0.01, **** = p<0.0001.
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7.3.4 RNA sequencing implicates translation in the combinatorial mechanism
Concurrently with functional screening, my colleagues Valérie Palissot and Tiina
Marttila also conducted RNA sequencing of U373-MG cells treated with
Ledipasvir, H-1PV, and the combination of both, harvesting RNA from cells after
24,72, and 96 hours. I then worked in collaboration with Yunhee Jeong to analyse
the data from this experiment. From Uniform Manifold Approximation and
Projection (UMAP) analysis it became clear that in the early timepoint (24h, Figure
35A, left panel), there are minimal disparities in gene expression between mock,
Ledipasvir, H-1PV, and Combo-treated cells. However, samples diverge at the late
timepoints (72h and 96h) and form two distinct clusters: one containing mock and
Ledipasvir-treated cells, and the other containing H-1PV and Combo-treated cells
(Figure 35A, middle panel). I therefore chose to perform Gene Set Enrichment
Analysis (GSEA) on both late timepoints combined. Comparing each treatment to
mock-treated cells, I saw that Ledipasvir has a minimal impact on cellular
transcription at 72-96 hours, as there were no significantly enriched genesets (false
discovery rate (FDR) < 5%) (Figure 35B). H-1PV treatment, on the other hand,
showed significant enrichment of 20 genesets with differential regulation to mock
treatment, the majority of which were upregulated upon infection (Figure 35C).
Curiously, combination treatment reversed this phenotype, with a majority of 16
significantly enriched genesets being downregulated compared to the mock
treatment (Figure 35D). Interestingly, I saw a significant enrichment of the PI3K-
Akt-mTOR signalling pathway when comparing Combo to Mock treatment
(Figure 35E). This pathway was not significantly enriched in Ledipasvir or H-1PV
vs Mock comparisons, in line with the increased activation of Akt in Combo
compared with H-1PV seen previously (Figure 34A).
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Figure 35. RNA sequencing indicates that cell death and translation are modulated in
combination treatment. A UMAP plots of bulk RNA sequencing data showing divergence of cell
expression over time (left panel) into Mock-Ledipasvir and H-1PV-Combo clusters (middle panel),
and that there are no batch effects between sample replicates (right panel). Gene Set Enrichment
Analysis (GSEA) was performed comparing B Ledipasvir, C H-1PV, and D Combo treatment to
mock-treated cells at late timepoints (72h and 96h post infection). Pathways were considered
enriched if they had a false discovery rate (FDR) below 5%. Plots show the 5 most significantly
enriched genesets. E Activation of PI3K signalling was compared between the above-mentioned
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conditions, with significance only reached in Combo-treated cells (FDR <0.25). F Heatmap showing
the top 10 up- and downregulated transcripts when comparing Combo treatment to H-1PV alone,
compared with the relative expression of these transcripts in each comparison to Mock. G Barplot
showing all significantly enriched (FDR < 0.05) pathways when comparing Combo treatment to
H-1PV alone. Bioinformatic analysis was conducted in collaboration with Yunhee Jeong.

I also performed a comparison between Combo and H-1PV-treated cells in both
late timepoints combined. This is a different approach than a comparison of each
treatment to mock-treated cells, as has been performed here and in the screens
described previously (Cell Painting and kinase profiling). The top 10 up- and
downregulated genes in this comparison are shown in Figure 35F, together with
their relative expressions in comparisons of each treatment to mock. Interestingly,
there is an enrichment of antisense RN A species differentially regulated in Combo-
treated cells compared to H-1PV. When performing GSEA analysis, 17 gene sets
were significantly enriched (FDR < 5%) (Figure 35G). These genesets were all
downregulated in the combination treatment compared to H-1PV alone. Most
strikingly, and in agreement with the top differentially regulated genes, many
genesets related to translation repression were significantly downregulated in the
combination treatment, indicating that H-1PV and Ledipasvir co-treatment may
affect translation. Several genesets related to chromosomal replication were also
downregulated in combination-treated cells, which may point to an increase in cell
cycle arrest induced by the virus-drug combination. Finally, senescence and
apoptosis-associated genesets were also downregulated in Combo-treated cells
compared with H-1PV alone, suggesting that cells treated with the combination of
H-1PV and Ledipasvir are less capable of shielding themselves against H-1PV-
mediated cell lysis by the induction of senescent or apoptotic signalling pathways
(Figure 35F).

7.4 Inhibiting the Ledipasvir-H-1PV combination

I next integrated the three screens described — Cell Painting, kinase profiling, and
RNA sequencing — as well as considered some other plausible possibilities based
on my observations to perform a small-scale drug screening of potential candidates
that could block the combination effect of Ledipasvir and H-1PV. I chose
tauroursodeoxycholic acid (TUDCA, ER stress inhibitor), A23187 (calcium
ionophore to induce ER stress), Vitamin C (deoxidase), Phenytoin (sodium channel
blocker), and Torin (mTOR inhibitor). I tested the effects of each of these
compounds when added to the Ledipasvir-H-1PV combination in U373-MG cells
(Figure 36A). A23187 and Vitamin C were both toxic at the concentrations tested,
and TUDCA was ineffective at blocking the combination effect. However, both
Phenytoin (Figure 36B) and Torin (Figure 36C) were able to reduce the cell killing
by Ledipasvir and H-1PV to comparable levels to H-1PV alone. In a second round
of validation, Phenytoin could block the Ledipasvir-H-1PV combination in U373-
MG cells (Figure 36D). However, in AsPC-1 cells, Phenytoin contributed
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significantly to cell death when used in addition to H-1PV (Figure 36E).
Furthermore, Phenytoin caused significant toxicity to both cell lines independent
of Ledipasvir or H-1PV. Conversely, Torin was minimally effective at blocking
H-1PV-mediated cell lysis in both U373-MG and AsPC-1 cells, while significantly
reducing the effectiveness of the Ledipasvir-H-1PV combination treatment. It is
important to note that Torin treatment did significantly reduce cell growth in both
cell lines tested, leading to lower viability compared with mock treatment (Figure
36D and E, lower panel), however this does not reflect active lysis, except in the
highest concentration treatment of U373-MG cells (Figure 36D, upper panel). Thus,
the cell death caused by Ledipasvir and H-1PV combination treatment, but not
H-1PV alone, can be blocked by Torin.
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Figure 36. Small-scale drug screening identifies Torin as an inhibitor of improved oncolysis by
Ledipasvir. A U373-MG cells were treated with each indicated drug at two different concentrations
(Drug), H-1PV MOI 8 (H-1PV), or the combination of H-1PV MOI 10 with 4uM Ledipasvir (H-1PV
+LDV) plus the indicated drug. Cells were stained with crystal violet after 72h. B Quantification of
cell viability from A for the drug Phenytoin. Lo = 250uM, hi = 500uM. C Quantification of cell
viability from A for the drug Torin. Lo =25nM, hi =50nM. A second validation screening to confirm
the inhibitory effects of Torin and Phenytoin on combination treatment was then conducted. D
U373-MG and E AsPC-1 cells were treated as in A, using H-1PV MOIs 10 (U373-MG) and 100
(AsPC-1), and cultured for 96h before measurement of cell lysis by lactate dehydrogenase assay
and cell viability by crystal violet staining. Data represent mean + standard deviation; significance
was calculated by one-way ANOVA; * = p<0.05, ** = p<0.01, ** = p<0.005, **** = p<0.0001.
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741 mTOR inhibitors can block the synergistic effects of Ledipasvir and
H-1PV

Thus far, Torin is the only compound that I had tested which was able to block the
combinatorial effect of Ledipasvir and H-1PV, while not affecting H-1PV lysis by
itself. Therefore, I examined whether other inhibitors of mTOR would also be able
to block the combination effect of Ledipasvir with H-1PV. I chose Rapamycin, as it
uses a different mechanism than Torin to inhibit mTOR. Torin directly binds to
mTOR in an ATP-competitive manner, blocking both mTOR complex 1 and 2
(mTORCT1 and 2) functions [302], whereas Rapamycin binds to FKBP12, allowing
the complex to inhibit mTORC1 only [289]. I saw in U373-MG cells that both
inhibitors were able to significantly reduce cell lysis by the combination treatment
while not affecting H-1PV alone, although Rapamycin was slightly less effective
than Torin (Figure 37A and B). Real-time analysis of cells also showed that both
Torin and Rapamycin could stunt cell killing by the combination treatment (Figure
37C and D). Note here that the confluence of each treatment was normalised to its
respective control at each time point, to account for the effect of mTOR inhibition
on the growth of the cells seen previously. To confirm that each inhibitor was
indeed blocking mTOR at the concentrations used, I assessed phosphorylation of
two major downstream targets of mTORCI, responsible broadly for cell size
regulation (RPS6), and proliferation and translation (4E-BP1) [287] (Figure 37E).
Here, it was clear that while both inhibitors efficiently abrogated RPS6
phosphorylation (Figure 37F), Torin was more effective at blocking 4E-BP1
phosphorylation than Rapamycin (Figure 37G).
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Figure 37. Ledipasvir-mediated improvement in oncolysis can be rescued by mTOR inhibition
in U373-MG cells. U373-MG cells were infected with H-1PV MOI 8 with or without 4uM
Ledipasvir co-treatment, in addition to A Torin or B Rapamycin treatment. Cell lysis was measured
by lactate dehydrogenase activity, and cell viability was measured by crystal violet staining 72h
after treatment. Real-time cell growth was also monitored by the Incucyte imaging system for 48h
after infection of cells with H-1PV MOI 8 with or without 4uM Ledipasvir co-treatment, in addition
to C Torin or D Rapamycin treatment. Cell confluence was normalised to the appropriate treatment
controls, as mTOR inhibition hinders cell growth. E Cells were treated as above with the highest
used concentrations of mTOR inhibitors for 48h before harvesting protein for Western blotting to
test the functionality of both inhibitors in the context of H-1PV infection. F Quantification of the
ratio between phosphorylated and total RPS6 in E, adjusted for vinculin signal. G Quantification of
the ratio between phosphorylated and total 4E-BP1 in E, adjusted for vinculin signal. Cell killing
and viability experiments show three independent experiments, Incucyte curves are representative
of two independent experiments. Data represents mean + standard deviation; significance was
measured by one-way ANOVA, * = p<0.05, ** = p<0.01, *** = p<0.001, **** = p<0.0001.
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The discrepancy in effect between Torin- and Rapamycin-mediated mTOR
inhibition was even more striking in AsPC-1 cells (Figure 38). Here, only Torin was
able to inhibit cell lysis by the combination treatment, whereas Rapamycin
treatment was completely ineffective (Figure 38A and B). This effect was also
mirrored in real-time analysis of cell growth under the same conditions (Figure
38C and D). Crucially, while both inhibitors were again able to abrogate most RPS6
phosphorylation (Figure 38F), Rapamycin was almost completely ineffective in
these cells at blocking phosphorylation of 4E-BP1 (Figure 38G). These results
indicate that activity of mTOR, particularly its downstream activation of cellular
proliferation and translation through 4E-BP1, is necessary for the synergistic effect
of Ledipasvir co-treatment with H-1PV.
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Figure 38. Ledipasvir-mediated improvement in oncolysis can be rescued by mTOR inhibition
in AsPC-1 cells. AsPC-1 cells were infected with H-1PV MOI 80 with or without 4uM Ledipasvir
co-treatment, in addition to A Torin or B Rapamycin treatment. Cell lysis was measured by lactate
dehydrogenase activity, and cell viability was measured by crystal violet staining 72h after
treatment. Real-time cell growth was also monitored by the Incucyte imaging system for 48h after
infection of cells with H-1PV MOI 80 with or without 4uM Ledipasvir co-treatment, in addition to
C Torin or D Rapamycin treatment. Cell confluence was normalised to the appropriate treatment
controls, as mTOR inhibition hinders cell growth. E Cells were treated as above with the highest
used concentrations of mTOR inhibitors for 48h before harvesting protein for Western blotting to
test the functionality of both inhibitors in the context of H-1PV infection. F Quantification of the
ratio between phosphorylated and total RPS6 in E, adjusted for vinculin signal. G Quantification of
the ratio between phosphorylated and total 4E-BP1 in E, adjusted for vinculin signal. Cell killing
and viability experiments show three independent experiments, Incucyte curves are representative
of two independent experiments. Data represents mean + standard deviation; significance was
measured by one-way ANOVA, * = p<0.05, ** = p<0.01, *** = p<0.001, **** = p<0.0001.
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7.5 Ledipasvir can enhance H-1PV oncotoxicity in a primary model of
PDAC

Finally, I also wanted to assess the translational value of the discovery that
Ledipasvir can potentiate H-1PV oncolysis. For this, I used five primary PDAC cell
cultures derived through mouse xenotransplantation (PDX) by the group of
Claudia Ball [303]. These five cultures showed widely divergent sensitivities to
H-1PV, and have been classified by our collaborators Theresa Schifer and Christine
Engeland into two molecular subtypes, named quasi-mesenchymal, and classical-
like, based on a comparison of gene expression in the cultures with previously
published signatures [304]. I assessed both cell viability and active cell lysis after
treatment with H-1PV alone or in combination with Ledipasvir. The quasi-
mesenchymal cultures PC31, PC03, and PC20 were more sensitive to the
combination treatment than H-1PV alone (Figure 39A-C). Surprisingly, the
classical-like cultures PC09 and PC06 did not display any increased sensitivity to
the combination treatment than H-1PV alone (Figure 39D and E) — the only two
cultures in this entire study to display this phenotype. I therefore assessed whether
this differential sensitivity to the combination treatment correlates with the basal
activity of the PI3K/Akt/mTOR signalling pathway in the full dataset of 14 primary
cultures characterised by Theresa Schifer (Supplementary Figure 3). Indeed,
analysis of microarray expression profiling of these cultures showed several genes
with significant differential regulation between the two molecular subtypes. In
particular, there was a reduction in the expression of genes associated with PI3K-
Akt signalling (Figure 39F) and mTOR signalling (Figure 39G) in the classical-like
cells compared with the quasi-mesenchymal cultures used in this study. Most
notably, Aktl itself was significantly downregulated in the two combination-
resistant cell cultures compared with the sensitive ones. This analysis provides
further evidence that the activity of the Akt/mTOR signalling axis is linked with
the mechanism behind the enhanced cytotoxicity of the Ledipasvir-H-1PV
combination.
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7.6 Summary

H-1PV is emerging as a promising candidate for oncolytic virotherapy. Clinical
trials in glioma and PDAC patients showed that treatment with this virus is safe in
humans, with some indications of efficacy. However, thus far, monotherapeutic
use of H-1PV has fallen short of achieving a cure. To this end, the goal of this study
was to potentiate H-1PV-mediated oncolysis by novel combination with clinically
approved drugs. Previous work in our group had identified the antiviral
compound Ledipasvir as a potentiator of H-1PV-mediated oncolysis in a wide
variety of cell lines from different cancer aetiologies (Figure 25). I was able to
corroborate these findings in cell lines of glioma and PDAC origin and extend them
to sub-lethal doses of H-1PV (Figure 26). I next investigated the mechanism by
which Ledipasvir can potentiate H-1PV oncolysis. I found no indications that
Ledipasvir improves viral replication in glioma cells (Figure 28, Figure 29).
However, Ledipasvir could potentiate the cytotoxic effects of the viral effector
protein NS1 in a virus free system (Figure 30), although I found no evidence of a
direct interaction between Ledipasvir and NS1 (Figure 31). High-throughput
image-based and functional screens of the interactions between Ledipasvir, H-1PV,
and cellular kinases revealed a putative effect of Ledipasvir and the H-1PV-
Ledipasvir combination on PI3K and Akt signalling (Figure 32, Figure 33). I could
confirm that the combination treatment hyperactivates Akt in glioma cells (Figure
34) but neither inhibition of PI3K nor Akt could rescue the synergistic killing effect.
RNA sequencing analysis further confirmed an activation of PI3K/Akt/mTOR
signalling in combination-treated cells only, and comparison between H-1PV-
infected cells with and without Ledipasvir co-treatment revealed links to
translation inhibition and histone and DNA methylation (Figure 35). Additionally,
treatment with the mTOR inhibitor Torin, but not Rapamycin, could effectively
rescue cells from Ledipasvir-enhanced cell death upon H-1PV infection in both
glioma and PDAC cell lines (Figure 37, Figure 38). This rescue effect appears to be
driven by inhibition of 4E-BP1 phosphorylation, responsible for cellular
translation. Finally, I translated these findings to primary patient-derived PDAC
cultures, where cultures resistant to the combinatorial effects of Ledipasvir and
H-1PV also showed a reduced basal expression of PI3K/Akt/mTOR pathway
constituents (Figure 39). Therefore, I concluded that Ledipasvir together with
H-1PV, in particular the NS1 protein, can interact with cellular signalling
pathways, especially by activating mTOR signalling to improve H-1PV-mediated
oncolysis in a diverse array of tumour type.
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8 Discussion

8.1 High-throughput screening approaches to potentiate oncolytic
viruses

The emerging field of oncolytic viruses is a promising avenue of research for cancer
therapeutics. Four OVs to date have been approved for clinical use world-wide,
with several others currently undergoing phase III clinical testing (Table 2).
Oncolytic H-1PV has thus far been tested in early phase clinical trials for recurrent
PDAC and glioma, and demonstrated a good safety profile and tolerability in both
trials [258; 263]. However, as a monotherapy H-1PV was not sufficient to eradicate
tumours. Thus, the work presented here employed a high-throughput screening
approach to discover clinically approved drugs able to synergise with H-1PV and
improve oncolysis. This is a promising approach which has been used previously
to discover small molecule compounds able to improve OV therapy. The first
example of such a screen from the group of John Bell focussed on compounds able
to improve the replication and spread of an oncolytic VSV, culminating in the
discovery of virus-sensitizer 1, a molecule able to potentiate VSV replication by
disrupting the host antiviral response [305]. Similarly, work by the Chiocca and
Lamfers groups identified four clinically approved compounds able to potentiate
oncolytic AdV in glioblastoma stem-like cell cultures by increasing viral
replication, cell apoptosis and necrosis [306]. The encouraging results from pre-
clinical studies combining H-1PV with other small molecules such as HDAC
inhibitors [192], pro-apoptotic BH3 mimetics [236; 275], and immunotherapies
[272], as well as strong patient responses upon compassionate use in the clinics in
combination with immunotherapy [261] suggest that multimodal treatment with
H-1PV is a promising avenue of development for anti-cancer therapies.

8.2 Identification of Ledipasvir as a potentiator of H-1PV-mediated
oncolysis
In this study, a high-throughput screen was used to identify drugs which can
potentiate H-1PV-mediated oncolysis. Importantly, this library consisted of FDA-
and EMA-approved drugs, which should accelerate the translation of any findings
to the clinics. This is particularly relevant in light of the recent clinical trial showing
that H-1PV is safe and well tolerated in metastatic PDAC, but not curative [263].
Thus, there is an urgent need for strategies to potentiate H-1PV oncolysis. The
initial drug screen conducted in glioma cell lines found that the top candidate able
to potentiate the oncolytic effects of H-1PV was the antiviral drug Ledipasvir
(Figure 23). Ledipasvir was then tested in a wide variety of cancer cell lines to
corroborate these findings and determine if it can potentiate H-1PV in a general
tashion (Figure 25). The efficacy of the Ledipasvir-H-1PV combination in a wide
range of cell lines from different cancer types shows that this combination works
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in a cancer-agnostic fashion, which is particularly useful for an OV which is not
restricted by cancer type. Ledipasvir is an antiviral drug directed at the NS5A
protein of HCV [277], so its ability to improve the oncolytic capacities of H-1PV is
unexpected. Thus, a major goal of this study was to elucidate the mechanisms by
which Ledipasvir potentiates H-1PV oncolysis. This could lead to the identification
of other molecules that could potentiate H-1PV by the same mechanism. H-1PV is
known to translate well between cancers of different origin, such as PDAC and
gliomas [258; 263]. Therefore, drugs able to potentiate H-1PV oncolysis in a cell
type agnostic fashion should also be able to translate to different cancers together
with H-1PV.

8.3 Ledipasvir enhances apoptosis without enhancing viral replication
The mechanism of cell death induced by the H-1PV-Ledipasvir combination is yet
to be fully elucidated. Here, I show that there is an involvement of caspase 3- and
7-mediated apoptosis, as observed by a clear increase in caspase 3/7 activation in
combination-treated cells (Figure 27), but there may also be other cell death
pathways involved. Interestingly, treatment of cells with the pan-caspase inhibitor
zVAD-FMK was not able to protect cells from H-1PV or combination-mediated
apoptosis (Figure 27C, D). While the inhibitor could block most H-1PV-induced
caspase activity in both glioma and PDAC cell lines tested, I observed a differential
effect of caspase inhibition in the two cell lines after combination treatment. zZVAD-
FMK treatment more potently blocked the activation of caspases after Ledipasvir-
H-1PV combination treatment in AsPC-1 PDAC cells than U373-MG glioma cells
(Figure 27A, B). There are several possible explanations for these results. Firstly, it
is possible that the induction of apoptosis by Ledipasvir and H-1PV together is so
strong in these glioma cells that this caspase inhibitor is unable to abrogate it.
Secondly, although the pan-caspase inhibitor attenuated much of the caspase 3 and
7 activity in PDAC cells, this did not reach 100% efficacy, and the remaining
caspase activity may be sufficient to induce apoptosis in these cells. In this light, it
could also be that apoptosis inhibition may drive the cells into other forms of cell
death. It has been described that H-1PV alone can induce different cell death
pathways, possibly depending on the cancer cell type [236; 256]. It follows that
there may also be other cell death pathways in addition to apoptosis triggered by
the Ledipasvir-H-1PV combination, such as necrosis or lysosomal cell death as
described in H-1PV treatment alone [203; 245]. Importantly, these alternative
pathways allow H-1PV to overcome cellular resistance to any one mode of cell
death and may thus explain why inhibition of one cell death pathway does not
affect the outcome of oncolysis [203]. The role of these pathways thus bears further
investigating to discover the cellular pathways involved in Ledipasvir-H-1PV
induced cell death.
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An obvious cause of an increase in viral oncolysis as seen in the Ledipasvir-H-1PV
combination would be an increase in replication of the virus. However, both by
quantification of viral genomes (Figure 28) and viral proteins (Figure 29) I could
find no evidence of an increase in viral replication upon Ledipasvir co-treatment
in U373-MG or AsPC-1 cells. It is however possible that the viral particles produced
by infection in the presence of Ledipasvir are more infectious than those produced
by H-1PV alone. The parvoviral capsid goes through several stages of maturation
before virion release [188; 238]. It is possible that co-treatment of cells with
Ledipasvir modulates this maturation process, producing a higher rate of
infectious particles. To address this, plaque assays could be performed using virus-
containing supernatants from cells infected with and without Ledipasvir co-
treatment. This would quantify truly infectious viral particles produced in the
presence of the drug.

Aside from replicative capacity, the entry and egress of viral particles from cells
with Ledipasvir co-treatment is yet to be considered. In qPCR experiments, all viral
genomes measured in the input inoculum could be found within cell pellets four
hours after infection, irrespective of Ledipasvir addition (Figure 28A). This is likely
due to the low dose of virus used; only one virus per two cells (an MOI of 0.5). To
measure whether or not Ledipasvir can influence the binding or entry of H-1PV to
cells, an excess of viral particles, i.e. a higher MOI, could be used in similar
binding-entry assays, as has been described before [213; 214]. However, the late
timepoint 120 hours post infection showed a significant increase in viral genomes
present in cell supernatants when co-treated with Ledipasvir, and a concomitant
decrease in the viral genomes in cell pellets. This assay is not normalised to any
cellular genes, so this effect may well simply be a natural consequence of higher
cell lysis in the combination condition at this timepoint (Figure 26C). Nevertheless,
it hints at a possible improvement in viral egress in the presence of Ledipasvir.
This could be investigated by comparison of the intracellular locations of progeny
virions with and without the drug over time, as well as more complete time-course
studies of viral release from infected cells [206].

8.4 Ledipasvir enhances NS1-mediated cytotoxicity

Analysis of H-1PV protein production in the presence of Ledipasvir showed an
increase, albeit not statistically significant, in expression of NS1 in the combination
condition (Figure 29G, H). NS1 is the major cytotoxic effector protein of H-1PV,
and its activity stimulates expression of its own p4 promoter [307], so this finding
may indicate an increase in NS1 activity in the presence of Ledipasvir. Thus, I
investigated whether Ledipasvir can potentiate NSl-mediated cytotoxicity.
Indeed, in a virus free system where NS1 induction is controlled by doxycycline
addition, I found that the addition of Ledipasvir could exacerbate the cytotoxic
effects of NS1 expression (Figure 30). This suggests that the mechanism by which
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Ledipasvir can improve H-1PV cytotoxicity is at least partially NS1 dependent.
However, I found no evidence of a direct interaction between Ledipasvir and the
NSI1 protein when performing a CETSA using these cells (Figure 31). The CETSA
can give a preliminary indication of direct interaction by measuring the
thermostability of proteins, as this increases upon ligand binding [296]. Here, I saw
no shift in thermostability of NS1 when incubated with Ledipasvir, in contrast to
ATP, a known ligand of NS1 [190]. Therefore, it seems most likely that Ledipasvir
can potentiate NSl-mediated cytotoxicity through interactions with cellular
components.

8.5 Evidence for PI3K/Akt modulation by the Ledipasvir-H-1PV
combination

To explore the cellular pathways which may be modulated upon Ledipasvir-
H-1PV combination treatment, I analysed a series of unbiased experiments. The
first of these is a Cell Painting experiment, in which osteosarcoma cells were
treated with a library of drugs, including Ledipasvir, and their morphological
changes were assessed by high-content imaging and Al-based analysis (Figure
32A). Importantly, this was done in the complete absence of H-1PV. These
experiments showed that Ledipasvir treatment causes cells to adopt
morphological phenotypes similar to that of PI3K inhibitors (Figure 32B).
However, treatment of U373-MG and AsPC-1 cells with the PI3K inhibitor
LY294002 somewhat inhibited the ability of H-1PV to kill these cells (Figure 34B),
in contrast to Ledipasvir co-treatment. This indicates that in the presence of the
virus, particularly viral NS1, Ledipasvir may be able to interact with cellular
signalling in a different manner to monotherapy. The slight inhibition of H-1PV
cytotoxicity in the presence of LY294002 may be due to a reduction in PDK1
activity, which is known to phosphorylate NS1 and increase its cytotoxic capacity
(Figure 22) [299]. In fact, I saw an increase in the activating phosphorylation Ser473
on Akt by H-1PV infection, and to a greater extent combination with Ledipasvir,
indicating an activation of Akt in infected cells (Figure 34A). This is in agreement
with data from Lachmann and colleagues, who showed that MVM infection
activates PDK1 [235]. PDK1 then phosphorylates Akt at Thr308, which is a
prerequisite for its final activating phosphorylation at Ser473 as measured in this
study [308]. Additionally, Bar and colleagues showed that H-1PV can cause an
activation of PDK1 independently of PI3K through associations with PKCn and
Radixin [299], which can activate Akt and prolong cell survival, allowing the virus
to complete its replication before the death of its host [309].

The second unbiased analysis of the Ledipasvir-H-1PV combination was PamGene
kinase profiling, in which the kinase activity in U373-MG glioma cells was
measured after Ledipasvir, H-1PV, or combination treatment through a chip-based
assay (Figure 33A). Aside from PI3K and Akt, this kinase profiling inferred
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significant activation of the serine-threonine kinase PKC family by H-1PV at the
early timepoint, and in particular by the combination with Ledipasvir (Figure 33C).
This activation was restricted to the conventional PKCs (a, 3, and v), and the novel
PKCs (8, € n, and 0). PKC family kinases can both positively and negatively
influence cell survival and death, depending on the isoform [310]. Interestingly,
the first prerequisite for PKC family activation is phosphorylation by PDK1, again
pointing towards an activation of PDK1 in combination-treated cells [311], in
agreement with previous results in MVM [299]. In addition, mTORC2 is able to
activate both conventional and novel PKCs (Figure 22) [290], so this concomitant
activation of Akt and PKC family members may be due to an increase in mTORC2
activity in response to the H-1PV-Ledipasvir combination. This would benefit viral
oncotoxicity, as activity of the novel PKCn) is necessary to phosphorylate NS1 of
MVM, and active PDK1/PKC signalling is important for the oncotropism of H-1PV
[198; 299].

8.6 The Ledipasvir-H-1PV combination affects mTOR signalling

The final unbiased approach used here to understand the Ledipasvir-H-1PV
mechanism of cell killing was RNA sequencing and GSEA in U373-MG cells. This
again confirmed an activation of the PI3K/Akt/mTOR signalling pathway only in
cells treated with both Ledipasvir and H-1PV, but neither treatment alone
compared to untreated cells (Figure 35B-D). However, when comparing
combination treatment with H-1PV alone, this pathway no longer showed
significantly differential regulation (data not shown). One of the major
downstream effects of mTOR signalling is an increase in translation, more
specifically cap-dependent translation [287]. Indeed, pathways associated with
translation repression are significantly downregulated in combination-treated cells
compared with virus alone, which implies an increase in cellular translation.
Therefore, 1 tested whether the inhibition of mTOR and thus cap-dependent
translation may abrogate the combinatorial effect of Ledipasvir with H-1PV. I used
both Rapamycin, which preferentially blocks the mTORC1-5S6K signalling axis, or
Torin, which blocks both the mTORC1-56K and the mTORC1-4E-BP1 signalling
axes [302]. The 4E-BPs are known to play a more prominent role in regulating
translation than S6Ks [312; 313]. In support of this, inhibition of 4E-BP1
phosphorylation, and thus translation, by Torin and to a lesser extent Rapamycin
treatment was able to weaken the Ledipasvir-H-1PV combination effect (Figure
37). Taken together, these results suggest that concomitant treatment of cells with
Ledipasvir and H-1PV may increase cellular cap-dependent translation and that
this may be a driver for improved oncolysis in these cells.

Interestingly, the most highly repressed gene in combination-treated cells

compared with H-1PV was miR708 (Figure 35F). This is a microRNA with dual
oncogenic and tumour-repressor properties depending on the tumour type.
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MicroRNAs are noncoding RNAs which regulate post-transcriptional gene
expression by association with the RNA-induced silencing complex (RISC) and
interact with messenger RNA (mRNA), driving mRNA degradation. miR708 is
most highly expressed in the brain and eyes, and its expression can be induced by
ER stress or glucocorticoid signalling [314]. Importantly, miR708 has been shown
to regulate PI3K/Akt signalling by increasing expression of PTEN, thus blocking
Akt activation [315]. Thus, a downregulation of miR708 is consistent with an
increase in the activating phosphorylation 5473 on Akt seen in combination-treated
cells (Figure 34A). Although miR708 is known to be downregulated in human
glioblastoma [316; 317], its expression in the U373-MG cells used in this study is
unknown. Therefore, downregulation of miR708 may contribute to the increased
activation of Akt observed upon combination treatment, which could benefit viral
oncotoxicity as discussed above. Indeed, miR708 may also be differentially
regulated by Ledipasvir-H-1PV co-treatment in AsPC-1 PDAC cells, which
remains to be investigated.

In this study, I show that inhibition of mTOR is able to weaken the combinatorial
cytotoxic effect of H-1PV and Ledipasvir (Figure 37, Figure 38). It is crucial to note
that while combination treatment (H-1PV + Ledipasvir) with either Torin or
Rapamycin effectively blocked phosphorylation of RPS6, only Torin could reduce
phosphorylation of 4E-BP1 in both U373-MG and AsPC-1 cells (Figure 37F and G,
Figure 38F and G). Additionally, the oncolytic capabilities of H-1PV alone in these
cells were unaffected by mTOR inhibition (Figure 37A and B, Figure 38A and B).
Therefore, it seems that the mechanism by which Ledipasvir can potentiate H-1PV
oncolysis may signal through 4E-BP1. 4E-BP1 phosphorylation primarily leads to
an increase in cellular translation [287; 291], which aligns well with GSEA analysis
showing a de-repression of translation in combination-treated cells (Figure 35G),
corroborating this hypothesis. It is important to note that shutdown of cellular
translation is a common antiviral response in human cells to limit viral replication
and protein production [146]. Therefore, an increase in cellular translation in
combination-treated cells may signal a reduced ability of these cells to trigger an
antiviral response.

Importantly, inhibition of PI3K or Akt does not lead to the same protection against
the combination treatment (H-1PV + Ledipasvir) as mTOR inhibition (Figure 34).
This implies that there may be a PI3K/Akt-independent activation of mTOR in
combination-treated cells. Indeed, Akt hyperactivation after combination
treatment could well be a consequence of increased mTORC2 activity (Figure 22)
[292]. This hyperactivation could nevertheless serve to improve the cytotoxic
capabilities of NS1, and it would be interesting to examine the activity of Akt in
cells treated with Torin as well as the H-1PV-Ledipasvir combination. Specific
inhibition of mMTORC2 without mTORC1 could also be explored, for example using
RNA interference or an mTORC2-specific inhibitor such as JR-AB2-011 [318], to
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identify whether Akt phosphorylation by mTORC2 plays a role in Ledipasvir-
H-1PV mediated cell death. Given that regulation of 4E-BP1 appears to be a key
nexus in this mechanism, it may also be informative to consider the
phosphorylation levels of 4E-BP1 when cells are treated with the Ledipasvir-
H-1PV combination together with PI3K or Akt inhibitors. Indeed, mMTORC1 can be
activated in a PI3K/Akt-independent way, such as through Ras/MAPK signalling
[319], such that PI3K or Akt inhibition may not influence 4E-BP1 phosphorylation
or activity.

It is noteworthy that Akt inhibition led to an increase in S473 phosphorylation on
Akt, although downstream RPS6 phosphorylation was decreased (Figure 34D),
which is in accordance with previous studies [320]. This is due to a feedback
mechanism by which drug-inhibited Akt is hyperphosphorylated by mTORC2 at
5473, a phenotype which mirrors kinase-dead Akt mutants, indicating that Akt is
nonetheless inhibited by Capivasertib treatment [321]. However, at the dose of
Capivasertib used in this study (1uM), it is possible that some Akt activity remains,
as downstream RPS6 phosphorylation was not completely abrogated (Figure 34D).
A higher dose of Capivasertib was not used due to adverse effects on cell growth
(Figure 34C, lower panel). Thus, it would be prudent to explore other means of
inhibiting Akt to conclusively show whether its activity is involved in the
potentiation of H-1PV oncolysis by Ledipasvir.

Based on these combined results, I propose a tentative model of Ledipasvir-
mediated H-1PV potentiation. This combination may be able to affect Akt activity,
possibly through mTORC2 activation. Akt in turn may be able to directly increase
the cytotoxicity of NS1 by a mechanism which is not yet fully understood.
mTORC2 activation can also lead to PKC activation, which is known to
phosphorylate NS1. Alternatively, Akt activity leads to activation of mTORC1,
which drives cellular cap-dependent translation through phosphorylation and
inhibition of 4E-BP1. This inhibition of 4E-BP1, and presumably the concomitant
increase in translation, may also be able to increase NS1-mediated cytotoxicity by
an as-yet unknown mechanism (Figure 40).
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Figure 40. Tentative model for the potentiation of H-1PV by Ledipasvir. Together, H-1PV and
Ledipasvir can modulate Akt/mammalian target of rapamycin (mTOR) signalling, possibly
through direct activation of Akt, or through activation of mTOR complex 2 (mTORC2). mTORC2
activates Akt, whose activity may be beneficial to NS1 cytotoxicity by an as-yet uncharacterised
mechanism. In addition, mTORC2 can drive activity of the protein kinase C (PKC) family, which
may benefit NS1 oncotoxicity through phosphorylation of NS1. Alternatively, Akt activates mTOR
complex 1 (mTORC1), which increases cellular cap-dependent translation through
phosphorylation and inhibition of 4E-BP1. This derepression of cellular translation may also benefit
NSI1-mediated oncotoxicity by an unknown mechanism. Figure made using BioRender.

8.7 Possible interactions of Ledipasvir-H-1PV with other cellular
pathways

Aside from the PI3K/Akt/mTOR signalling axis, RNA sequencing and GSEA
analysis of U373-MG cells treated with the Ledipasvir-H-1PV combination
identified several other pathways possibly involved in the combinatorial
mechanism of oncolysis. Firstly, there was a downregulation of terms associated
with DNA replication in cells treated with the Ledipasvir-H-1PV combination
compared with H-1PV alone (Figure 35G). It is known that H-1PV induces cell
cycle arrest through the NS1 protein, leading to cell lysis (reviewed in Niiesch,
Lacroix et al. [309]). Putative stronger activity of NSI through Ledipasvir could
then also lead to a stronger cell cycle arrest in combination-treated cells than virus
alone. The downregulation of DNA replication pathways in the combination-
treated cells compared with H-1PV alone would be consistent with this hypothesis
(Figure 35G).
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Secondly, there was a decrease in cell death and senescence-associated pathways
in combination-treated cells compared with virus treatment alone (Figure 35G).
This decrease seems contradictory to the phenotype discussed above of increased
caspase 3/7 activation after combination treatment, and the inference that
combination-mediated cell death is therefore at least partially apoptotic (Figure
27). There are two potential explanations for this discrepancy. Firstly, RNA
sequencing analysis was based on cells in the late stages of viral infection, at 72 and
96 hours post infection. Therefore, there is a possibility that those cells that were
analysed by RNA sequencing were the few cells left able to survive H-1PV or the
combination treatment. It would be instructive to analyse the gene expression of
cells 48 hours after treatment, where cells have not yet died but may show higher
virus-mediated effects than the early 24-hour timepoint (Figure 35A).
Alternatively, this decrease in apoptotic and senescent signalling may indicate an
inability of combination-treated cells to protect themselves against H-1PV-
mediated lysis by triggering standard antiviral pathways leading to apoptosis or
senescence [202; 322].

A further possibility is that Ledipasvir can potentiate H-1PV-mediated oncolysis
through modulation of autophagy. Autophagy (auto = self, phagy = eating) is a
homeostatic process to degrade and recycle cellular components, characterised by
a double-membraned vesicle termed the autophagosome which engulfs
cytoplasmic components. This autophagosome fuses with lysosomes to form an
autolysosome, digesting the cellular components within, and providing
components for protein synthesis and nutrients [323]. Autophagy can represent a
double-edged sword in the cancer setting: on one hand, it can protect cells from
ROS-induced damage by clearing misfolded proteins and hindering cellular
transformation; on the other, autophagy can promote late-stage tumourigenesis by
supplying nutrients and limiting DNA damage to promote cellular survival [324].
Importantly, Torin is a potent inducer of autophagy, whereas Rapamycin is only
poorly able to induce autophagy, particularly in U373-MG cells [302; 325]. Torin
inhibits autophagy through the inhibition of mTORC1-driven phosphorylation of
autophagy-inducing proteins such as ULK1 (Figure 22). In the course of this
project, I saw preliminary evidence that Ledipasvir treatment alone, as well as the
Ledipasvir-H-1PV combination, is able to modulate autophagy (data not shown).
Thus, Torin, but not Rapamycin, may be able to influence Ledipasvir and H-1PV-
mediated modulation of autophagy by counteracting mTORCI1-mediated
autophagy suppression, ultimately activating autophagy.

Importantly, differential regulation of autophagy is a phenomenon that has
already been recognised in the context of oncolytic virotherapy, for example in
glioblastoma [326]. Here again, although the role of autophagy in OV therapy is
well-recognised, it is two-fold and context dependent. Cells can trigger autophagy
as an antiviral mechanism to degrade viral components, whereas hyperactivity of
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autophagy by some OVs such as paramyxoviruses can aid their oncolytic
capabilities [327; 328]. Parvoviruses are known to trigger ER stress through the SAT
protein [210], and H-1PV more specifically is known to cause oxidative stress
through NS1 [192; 202]. These two cellular stresses can both stimulate autophagy
[326]. It therefore seems likely that H-1PV might be able to stimulate autophagy
for its own replication and oncotoxicity, much like other OVs such as NDV and
oncolytic Reovirus [148; 329; 330]. This is then in conflict with the idea that Torin,
a potent inducer of autophagy, should be able to inhibit an autophagy-mediated
increase in H-1PV oncotoxicity. Therefore, the possibility of Ledipasvir enhancing
H-1PV oncotoxicity through autophagy regulation warrants cautious and critical
examination.

8.8 Translational value of combination treatment

In this work, I also tested the capabilities of Ledipasvir to enhance H-1PV oncolysis
in primary PDAC cultures [303]. These cultures represent the broad heterogeneity
of PDAC tumours and recapitulate the histological features of the original patient
tumours from which they were derived. This makes them an excellent resource to
assess the translational value of the Ledipasvir-H-1PV combination in vitro. These
cultures have previously been classified into two molecular phenotypes by Theresa
Schéfer according to their transcriptional signatures. Interestingly, the two cultures
falling into the classical-like phenotype showed a resistance to Ledipasvir-
mediated H-1PV enhancement, in contrast to the three quasi-mesenchymal
cultures (Figure 39A-E). Further examination of these two molecular phenotypes
revealed that the classical-like cultures have markedly lower expression of
PI3K/Akt/mTOR signalling components, including Akt1 (Figure 39F, G). This leads
to the hypothesis that classical-like cultures may not rely on PI3K/Akt/mTOR
signalling for their proliferation, rendering them insensitive to modulation of these
pathways by Ledipasvir in the presence of H-1PV. The levels of PI3K/Akt/mTOR
signalling in these two molecular phenotypes of PDAC cells therefore warrant
further investigation and may even lead to identification of biomarkers predictive
for response to Ledipasvir and H-1PV combination therapy.

8.9 Future directions

This work established that the oncolytic capabilities of H-1PV can be enhanced by
concomitant treatment of cells with the antiviral compound Ledipasvir. The exact
molecular mechanism of this enhancement remains elusive; however it appears to
involve mTOR-mediated improvement in H-1PV oncotoxicity, and can be
attributed at least in part to the activity of the viral NS1 protein. Ledipasvir is
already approved for clinical use in the United States and Europe, which may
accelerate clinical translation of these findings. Nevertheless, some aspects of
Ledipasvir-H-1PV combination treatment must be considered before such
translation can occur.
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The exact mode(s) of cell death induced by the Ledipasvir-H-1PV combination
remain to be fully elucidated. Here, I could show an involvement of caspase-
mediated apoptosis in this improved cell killing (Figure 27); however, other modes
of cell death caused by H-1PV have also been described. Apoptosis is not an
unlikely mediator of combination-induced cell death, as I showed that Ledipasvir
can synergise with NS1 alone to kill cells (Figure 30), and NS1-mediated cell death
is known to be apoptotic due to the accumulation of ROS and DNA damage
markers [202]. However, H-1PV has also been described to cause necrosis [245],
lysosomal cell death [203], and ICD [158; 236]; all of which may be components of
Ledipasvir-H-1PV-mediated cell death. Of particular interest would be whether
Ledipasvir is able to augment the immunogenicity of cell death in combination-
treated cells, for example by considering markers of ICD such as externalised
HMGB1, ATP, and ecto-calreticulin. As a secondary effect, the stimulation of
immune cells such as dendritic cells and T cells after cancer cell lysis using the
Ledipasvir-H-1PV combination could be examined. An increase in ICD would be
a highly desirable feature in combination treatment, as has been demonstrated for
other OVs [123].

One crucial aspect to consider in combination treatment is safety. While H-1PV has
been proven to be safe and well tolerated in patients [257; 263], its oncotropism
when combined with Ledipasvir has not been examined here. Preliminary data
suggests that neither H-1PV or Ledipasvir alone, nor the combination of the two
pose significant toxicity to normal human foetal lung fibroblasts or umbilical vein
endothelial cells in a 2D model (data not shown). Nevertheless, it is important to
rigorously test the safety of the Ledipasvir-H-1PV combination to ensure that this
is non-toxic to normal, untransformed cells.

Finally, all work done in this study was conducted using cell cultures in vitro. Aside
from cell lines, primary cultures of PDAC tumours were also tested to increase the
translational value of these findings. While these PDAC cultures do closely
resemble the tumour histology of patients from which they were derived in
xenograft models [303], they still represent a different setting to an entire organism
with a tumour microenvironment and interactions with its surroundings. Thus, it
is crucial to conduct rigorous pre-clinical testing of the H-1PV-Ledipasvir
combination before translation into the clinics. This could be achieved using a
tumour xenograft mouse model to look for a first-line combinatorial effect of
H-1PV and Ledipasvir treatment. However, given the immune-stimulatory
properties of H-1PV, in particular in the context of combination therapies [236;
247], it would also be interesting to test this combination in an immune-competent
model. Given that H-1PV is unable to replicate in mouse cells [183], rat models
such as RG2 rat glioma cells have previously been used in pre-clinical testing of
H-1PV [254]. Such a model could be used to determine whether Ledipasvir is able
to modulate the oncolytic activity, as well as the immune-stimulatory properties
of H-1PV.
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CHAPTER 2

9 Supplementary figures
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Supplementary Figure 3. Microarray analysis of PI3K/Akt and mTOR signalling pathways in
primary PDAC cultures. Genes belonging to the indicated GO terms or KEGG pathways were
extracted from global microarrays on 14 primary PDAC cultures (performed by Theresa Schifer).
Genes with significant (p<0.05) differences between the classical-like and the quasi-mesenchymal
group were filtered and clustered into heatmaps using Pearson clustering. Expression values for
the full dataset of 13 cultures are shown on the left, and for the 5 cultures used in this study on the
right. Significance was measured using the Empirical Bayes method with Benjamini-Hochberg
adjustment.
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10 Materials

10.1 General materials
Table 3. List of general materials used in this study.

Material Description Company ‘
Cell culture J6/10/15cm greiner bio-one
dishes
Cell culture flasks 25/ 75 /175 cm? greiner bio-one
Cell culture 6 /12 /24/ 96 well greiner bio-one /
multidishes nunc
Cell scraper 28 cm length greiner bio-one
Combitips 0.5ml/1ml/5ml Eppendorf
Nalgene 25 sterile tubes Thermo Fisher
cryogenic vials Scientific/Nalgene
Falcon tubes 15 and 50ml Falcon
Filtered tips 10, 20, 100, 200 and 10001 Nerbe
Filter unit 0.22 pm GE
Healthcare/Whatman

iBlot 2 Transfer Dry blotting system, 0.2um pore Life Technologies
Stacks, PVDF polyvinylidene difluoride

membrane
PCR plate 96-well Eppendorf

LUNA cell
counting slides

disposable precision slides for
Trypan blue and fluorescence cell
counting

Logos Biosystems

Mini-PROTEAN  4-20% precast polyacrylamide gel, Bio-Rad
Gels 4-20% 8.6 x 6.7 cm (W x L), for use with
Mini-PROTEAN Electrophoresis
Cells. Separation of polypeptides
~2-400 kDa
Reagent reservoir  50ml deposits, sterile, polystyrene = Corning
Incorporated
Transferpette 200ul Brand
multichannel
Multipette M4 multistep pipette with a range Eppendorf
from 1pul to 10ml
Nitrocellulose PROTAN® Whatman
membrane (Maidstone, UK)
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Materials

Material Description Company
Pasteur pipettes 9 inch, 5.5mm, Disposable, Bulk Corning
Pack, Non-Sterile, Unplugged Incorporated
PCR strips Neolab
Plastic pipettes 5,10, 25 and 50ml Corning/Costar
(sterile)
Safelock tubes 1.5/2.0/5.0ml Eppendorf
Sterile filter unit ~ Stericup E, 45mm thread, 0.22 um, MERCK Millipore
500ml
Syringes 3/5/10/50 ml BD Biosciences
Whatman paper 3 mm Whatman
p-Plate 96 Well p-Plate 96 Well ibiTreat: #1.5 ibidi
polymer coverslip, tissue culture
treated, sterilised, black
Scalpels Disposable stainless steel blade feather
with plastic handle
Bacterial individually wrapped, sterile VWR
spreaders
Cuvettes Gene 0.1cm gap (brown lid) Bio-Rad
Pulser

10.2 Equipment
Table 4. List of equipment used in this study.

Device Company

Multiskan Ex Thermo Labsystems
Fluoroskan Ascent FL Thermo Labsystems
Amaxa II Nucleofector Lonza
BD FACSAria II cell sorter BD Biosciences
Cell culture hood Safe2020 Thermo Fisher
Scientific
Centrifuge 5430R Eppendorf
Centrifuge 5424R Eppendorf
Centrifuge 5810 Eppendorf
Centrifuge rotor F10-6x-500y FiberLite Thermo Fisher
Scientific
Centrifuge Sorvall RC6+ Thermo Fisher
Scientific
Electroporator MicroPulser Bio-Rad
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Device Company

Gel basic power supply PowerPac™ Bio-Rad
Gel chambers PerfectBlue Wide Gel System ExM Peqlab
iBlot 2 Invitrogen
Trans-Blot SD Bio-Rad
ECL ChemoCam imager Intas

Fusion SL gel documentation system

Vilber Lourmat

LUNA automated cell counter

Logos Biosystems

Microscope Eclipse Ti/X-Cite120Led

Nikon

Microscope phase contrast CK40

Olympus

Microscope phase contrast EVOS XL Core

Thermo Fisher

Scientific
Microscope Stellaris 5 confocal Leica
Live cell imager Incucyte SX5 Sartorius
Scanner Perfection V500 Epson
Microwave oven Siemens
Mini-PROTEAN® Tetra Vertical Electrophoresis Cell ~ Bio-Rad
MS2 minishaker (vortex) IKA
Nanodrop 2000C Thermo Fisher
Scientific
PCR thermocycler peqSTAR 2X/96X Universal VWR Peqglab
Gradient
PCR thermocycler 51000 Thermal Cycler Bio-Rad
Realplex2 Mastercycler qPCR cycler Eppendorf
CFX384 Real-Time PCR Detection System Bio-Rad
UV transilluminator N90 LW366 Konrad Benda
Mr Frosty freezing container Thermo Fisher
Scientific
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10.3 Software

Table 5. List of software used in this study.

Name Description Source/Company ‘

Affinity Graphics design package Pantone

Designer

Fiji (Image]) Image processing package Schindelin, Arganda-
including plugins and macros Carreras et al. [331]

FlowJo 10 Flow cytometry analysis software BD

SnapGene 4.0.1  Molecular biology tool for Dotmatics
visualisation and cloning of DNA

Endnote 21 Citation manager Clarivate

Rstudio Coding environment for statistical =~ Posit team (2023)
computing and graphics language R

R Coding language for statistical R Core Team (2023)
computing and graphics

dplyr R package for data manipulation Wickham, Frangois et
and analysis al. [332]

ggplot2 R package for graphical output Wickham [333]

ggforce R package to add functionality to Pedersen [334]
ggplot2

reshape R package for reshaping data Wickham [335]

scales R package for scaling data in Wickham and Seidel
ggplot2 [336]

afty R package for analysis of Affymetrix Gautier, Cope et al.
microarray data [337]

limma R package for statistical testing Smyth [338]

amap R package for clustering and Lucas [339]
heatmap generation

GraphPad Prism  Graphical analysis and statistics Dotmatics

10 package

BioRender Online web tool for biological BioRender
cartoon generation

Incucyte 2020B  User interface software for Sartorius
recording and analysing Incucyte
images

Gene Set Computational software for analysis Subramanian,

Enrichment of large sets of genomic data (used = Tamayo et al. [340]

Analysis for RNA sequencing analysis)

Chipster Analysis software for high- Kallio, Tuimala et al.
throughput data (used for [341]
microarray analysis)
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Name Description Source/Company ‘

CFX Maestro qPCR cycler software for calling CTs Bio-Rad

Leica Microscope software for SP5 Leica

Application confocal microscope

Suite - Advanced

Fluorescence

NIS-Elements Microscope software for Eclipse Ti ~ Nikon
widefield microscope

Phenogram Plot ~ Web-based plotting tool for Wolfe, Dudek et al.
genomic visualisation [342]

DeepL translator Al-based translation software used  https://www.deepl.co
to translate abstract m/translator

10.4 Bacteria

Table 6. List of bacterial strains used in this study.

Name Description Reference/origin ‘
MAX Effici ®
crency Chemically competent E. coli Life Technologies, 18258-
DH5a™ Competent . .
used for routine subcloning 012
Cells
Technol
NTC1050811-HF Electrocompetent bacteria Nature echino gy
. Corporation, NTC-NP-
[dem-] for nanovector cloning CCl1
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10.5 DNA vectors
Table 7. List of DNA vectors used in this study.

Number Vec.tor Name Description Reference/Origin
series
pPMAX backbone with
pMAX-GFP CMV promoter driving  Lonza
expression of GFP
PSMARt backbone with
the CAG promoter
p73 SMAR pSMARt-hSK  driving expression of Roig-Merino [54]
human Sox2-2A-Klf4,
IFN3 SMAR
PSMARt backbone with
the CAG promoter
p74 SMAR pSMARt-hUL driving expression of Roig-Merino [54]
human L-Myc-2A-Lin28,
IFN3 SMAR
PSMARt backbone with
the CAG promoter
SMARt-hO-  driving expression of , ,
P75 SMAR Is)hP53 humaf 0cl:4, IFNB SMAR ~Cig-Merino [54]
and U6 driving shRNA
for p53
PSMARt backbone with
the CAG promoter
p76 SMAR pSMARt-shP53 driving GFP-2A-Puro- Roig-Merino [54]
IFNPB SMAR and U6
driving shRNA for p53
HCXWB- Inte.gration-free . Kind gif.t from
p77 EBNA EBNA1 (episomal) expression of ~Prof. Tristan
EBNA-1 McKay (MMU) [76]
Integration-free . .
pCXLE-hOct4- (episgomal) expression of Kind glf,t from
p78 EBNA Prof. Tristan
shPP53 human OCT3/4 and McKay (MMU) [21]
shRNA against p53
Integration-free Kind gift from
P79 EBNA pCXLE-hSK (episomal) expression of Prof. Tristan
human SOX2 and KLF4 McKay (MMU) [21]
Inte.gratlon-free . Kind gift from
p80  EBNA pCXLE-hup ~(CPisomal)expressionof p, o opiop

human L-MYC and
LIN28

McKay (MMU) [21]
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Vector

Number . Name Description Reference/Origin
series
pCXLE backbone
XLE- -
p101 EBNA E(;PFZZFI? lj? expressing EBNA and Roig-Merino [54]
" GFP-2A-Puro
nl nano nCAG_hO_sp f}iféjﬁ?;%gﬁi;::? Cloned in this
SMAR SMAR_shp53 Ub-driven shp53 study
w2 nano nCAG_hSK_sp Eﬁf‘:\iﬁ;v:;i(:;zig;aé Cloned in this
SMAR SMAR SMAR study
n3 nano nCAG_hML_sp Eﬁ;ti:ﬁg;;gggi?ég- Cloned in this
SMAR SMAR SMAR study
PSMARt backbone with
nano-hOctd- th? (?AG promo.ter Cl(?ned by Alicia
nl21 nano o oo driving expression of Roig-Merino (DNA
human Oct4 and U6 Vector Lab)
driving shRNA for p53
fhselvéilg bi:)il:;r; with Cloned by Alicia
n122 nano  nano-hSK .. p . Roig-Merino (DNA
driving expression of Vector Lab)
human Sox2-2A-KIf4
fhsiv(ljilg bigl::;:; with Cloned by Alicia
n123 nano  nano-hUL .. P . Roig-Merino (DNA
driving expression of Vector Lab)
human L-Myc-2A-Lin28
10.6 Viruses
Table 8. List of viruses used in this study.
Name Description Reference/Origin ‘
Produced as part of
H-1PV Wild-type H-1 parvovirus this study by Tiina
Marttila
H-1PV-  Recombinant H-1PV expressing GFP in El-Andaloussi, Leuchs
rEGFP place of VP1/2 genes et al. [343]
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10.7 Buffers
Table 9. List of buffers used in this study.
. . Company/
Application Buffers Reagents Amount axdlzn
Phosphate- Life
General use buffered saline 500mL Technologies,
(PBS), pH 7.4 10010-015
Tris (pH 7,8) 484.6g (2M)
Sodium Acetate 41g (0.25M)
DNA Electro- 2~
horesis Electrophoresis EDTA 37.2g (0.05M) home-made
P Buffer (EP,21)  dH20 1L (+1L)
pH to 7,8 with
acetic acid (approx 160ml)
10x Tris- .
Glycine/SDS 1L 11323;3;1'
running buffer
4x Laemmli Bio-Rad,
Buffer 10mL 1610747
, Cell Signaling
Cell Lysis Buffer 15mL Technology,
(10%) 9803
HALT Protease Thermo
and Phosphatase 100uL Scientific,
Inhibitor Cocktail 78440
(100X)
| Tris 36.3g (300mM)
Western Blot
Transfer buffer ~ dH20 800mL home-made
SD1 (1L) Methanol 200mL (20%)
pH to 10.4 with NaOH
Tris 3.025g (25mM)
Transfer buffer ~ dH20 700mL home-made
SD2 (1L) Methanol 200mL (20%)
pH to 10.4 with NaOH
Norleucine 5.24¢g (40mM)
Transfer buffer  Tris 3.025g (25mM) home-made
SD3 (1L) dH20 1L
pH to 9.4 with NaOH
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Application Buffers Reagents Amount C(?nTpany/
origin
1M Tris Base 500 ml
10x Tris-buffered (PH 7,6) home-made
saline (TBS) (1L) 5M NaCl 300 ml
dH20 200 ml
1X TBS 100 ml
Western Blot
1x TBS(T) dH20 900 ml home-made
(Tween 20) 1ml
5% milk Milk 20
BSOAn/nll“BS?fr(w/v) powder/BSA i home-made
1x TBST 400mL
Fixation Solution 100% Methanol home-made
Permeabilisation Triton-X100 0.1%
) home-made
solution PBS
BSA 3%
Immuno-
fluorescence Blocking solution Tween20 0.1% home-made
PBS
) ) ) Vector
, Vectashield Mounting Medium .
Storage solution with DADI Laboratories,
H-1200-10
Flow FACS buffer PBS 98mL
home-made
Cytometry  (100mL) FBS 2mL (2%)
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10.8 Cell culture components

Table 10. List of cell culture components used in this study.

Reagent Company Cat. No. ‘
Dimethyl Sulfoxide (DMSO) Carl Roth 4720.1
Dulbecc.o s Phosphate-B.uffered Saline (DPBS) Cibco 14190094
(no calcium, no magnesium)
Dulbecco’s Modified Eagle’s Medium
(DMEM) - high glucose, with 4500 mg/L . . D5796-
-Aldrich
glucose, L-glutamine, and sodium Sigma He 6X500ML
bicarbonate, without sodium pyruvate
Dulbecco's Modified Eagle's Medium - high
glucose, with 4500 mg/L glucose and sodium . i . D1145-
bicarbonate, without L-glutamine, sodium Sigma-Aldrich 500mL
pyruvate, and phenol red
DMEM Advanced F12+ bite 12634-010
Technologies
RPMI-1640 Medium, with L-glutamine and R8758
sodium bicarbonate, liquid, sterile-filtered, cell Sigma-Aldrich
6X500ML
culture tested
StemFit Basic04 Complete Type with bFGF Ajinomoto SFB-504-CT
Fetal Bovine Serum (FBS), lot 42Q0682K Gibco 10270106
FBS, tetracycline free Takara Bio 631106
B27 Supplement (50x) minus vitamin A Gibco 12587-010
L-Glutamine Gibco 25030-024
MEM Non-essential Amino Acid Solution
Gib 11140-035
(NEAA) ibco 0-0
. . . HO0887-
HEPES solution 1M Sigma-Aldrich 100ML
Heparin sodium salt R&D Systems ~ 2812/100
Penicillin-Streptomycin (P/S) Gibco 15140-122
Gelatin from porcine skin Sigma-Aldrich ~ G1890-100G
Recombinant Laminin iMatrix-511 silk E8 Amsbio OA21\148'892
Matrigel Corning 354234
Glucose Gibco 15023021
Fibroblast Growth Factor (FGF) basic R&D Systems ~ 233-FB-025
FGF-10 R&D Systems ~ 345-FG-250
Nodal R&D Systems 32;8-1\”}
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Materials

Reagent Company Cat. No. ‘
Y-27632 dihydrochloride (rho-associated
protein kinase (ROCK) inhibitor) PeproTech 1295825
- 0 : . T4049-
Trypsin-EDTA 0,25% Sigma-Aldrich 100ML
. . A6964-
Accutase Sigma-Aldrich 100ML
StemPro Accutase Cell Dissociation Reagent TberrrTQ Fisher A1110501
Scientific
: : StemCell
ReLeSR enzyme-free hiPSC passaging reagent Technologies 05872
TrypLE Express Enzyme Gibco 12605010
DMSO Sigma-Aldrich  D2438
Trypan Blue solution 0.4%, liquid, sterile- Logos
. . . T13001
filtered, suitable for cell culture biosystems
10.9 Cells

Table 11. List of cell cultures used in this study.

Name Description Reference/origin

Human embryonic kidney cells expressing
HEK-293T adenoviral E1A and E1B and the simian [344]
virus 40 (SV40) large T antigen
HEK-293T-Rex Flp-In cells (Invitrogen)
HEK-NS1 expressing doxycycline-inducible H-1PV [202]
NS1 protein

HeLa T-Rex cells (Invitrogen) expressing

HeLa-NS1
eLa-NS doxycycline-inducible H-1PV NS1 protein

[202]

U373-MG  Glioblastoma cell line Iris Augustin,

DKFZ
AsPC-1 Pancreatic adenocarcinoma call line ATCC, CRL-1682
PCO3 Patient-derived pancreatic Kind gift from
adenocarcinoma culture Claudia Ball [303]
PCO6 Patient-derived pancreatic Kind gift from
adenocarcinoma culture Claudia Ball [303]
PC09 Patient-derived pancreatic Kind gift from
adenocarcinoma culture Claudia Ball [303]
PC20 Patient-derived pancreatic Kind gift from
adenocarcinoma culture Claudia Ball [303]
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Name Description Reference/origin

PC31 Patient-derived pancreatic Kind gift from
adenocarcinoma culture Claudia Ball [303]

NHDF Neonatal Human Dermal Fibroblasts, lot Invitrogen, C-004-
no. 2456041 5C

SMARI1 iPSCs derived from NHDF using SMAR Generated in this

iPSC vectors study

EBNA1 iPSCs derived from NHDF using EBNA Generated in this

iPSC vectors study

EBNA2 iPSCs derived from NHDF using EBNA Generated in this

iPSC vectors study

EBNA3 iPSCs derived from NHDF using EBNA Generated in this

iPSC vectors study

SMAR5x.1  iPSCs derived from NHDF using SMAR Generated in this

iPSC vectors study

SMARb5x.2  iPSCs derived from NHDF using SMAR Generated in this

iPSC vectors study

SMARS5x.5  iPSCs derived from NHDF using SMAR Generated in this

iPSC vectors study

SMARb5x.7  iPSCs derived from NHDF using SMAR Generated in this

iPSC vectors study

SMAR5x.8  iPSCs derived from NHDF using SMAR Generated in this

iPSC vectors study

SMAR5x.10  iPSCs derived from NHDF using SMAR Generated in this

iPSC vectors study

10.10 Media composition

Table 12. Composition of cell culture media used in this study.

Cells

HEK-293T
U373-MG

Media components Amount
DMEM (With 4500 mg/L glucose, L-glutamine, and

sodium bicarbonate, without sodium pyruvate)

FBS 10%
Penicillin-Streptomycin 1%
L-Glutamine 2mM
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Cells Media components Amount ‘
RPMI-1640 Medium, with L-glutamine and sodium
bicarbonate
AsPC-1 FBS 10%
Penicillin-Streptomycin 1%
L-Glutamine 2mM
DMEM (with 4500 mg/L glucose, L-glutamine, and
sodium bicarbonate, without sodium pyruvate)
FBS, tetracycline free 10%
HEK-NS1 Penicillin-Streptomycin 1%
Blasticidin 15ug/mL
Hygromycin 50ugmL
Doxycycline, for NS1 induction lug/mL
DMEM (with 4500 mg/L glucose, L-glutamine, and
sodium bicarbonate, without sodium pyruvate)
FBS, tetracycline free 10%
HeLa-NS1 Penicillin-Streptomycin 1%
Blasticidin oug/mL
Zeocin 200ug/mL
Doxycycline, for NS1 induction lug/mL
DMEM Advanced F12+
PC31 Glucose 0.6%
PCO3 L-Glutamine 2mM
PC20 HEPES solution 1M 12ug/mL
PC09 Heparin sodium salt 5mM
PCo6 B27 Supplement (50x) minus vitamin A 1x
(CS(.:N FGF basic (add fresh) 10ng/mL
D FGF-10 (add fresh) 20ng/mL
Nodal (add fresh) 20ng/mL
DMEM (With 4500 mg/L glucose, L-glutamine, and
sodium bicarbonate, without sodium pyruvate)
FBS 10%
NHDF Penicillin-Streptomycin 1%
MEM Non-essential Amino Acid Solution (NEAA) 1%
L-Glutamine 2mM
) StemFit Basic04 Complete Type with bFGF
hiPSCs
Penicillin-Streptomycin 1%
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10.11 Assay seeding densities

Table 13. List of assay seeding densities for cultured cells used in this study.

Cell culture Cells per cm? ‘
AsPC-1 1.25x 10* - 4.2 x 104, 1 x 10* for 7 day incubation

U373-MG 1x10*-1.6 x 104 5 x 10° for 7 day incubation

HeLa-NS1 9.5x10°-2.3 x 10*

HEK-NS1 4.69 x 104

PCO03 1.25 x 10*

PCO06 2.50 x 10*

PC09 2.50 x 10*

PC20 3.13 x 104

PC31 3.13 x 104

10.12 Compounds
Table 14. List of compounds used in this study.

Name Concentration(s) used =~ Company ‘ Cat. No. ‘
Ledipasvir 1-10pM Selleck Chemicals 57579
LY294002 10uM Cayman Chemical =,
Company
Capivasertib 1uM MedChem Express  HY-15431
Torin 1 50nM Tocris Bioscience 4247
Rapamycin 20nM Tocris Bioscience 1292
zVAD-FMK up to 100uM Selleck Chemicals 57023
TUDCA 200uM Selleck Chemicals 53654
A23187 3uM Sigma-Aldrich C7522-1IMG
Vitamin C 500uM Sigma-Aldrich 255564-5G
Phenytoin 500uM Sigma-Aldrich D4505-25G

-124 -



10.13 Kits
Table 15. List of kits used in this study.

Name Company Cat. No. ‘

Molecular biology kits

QIAprep Spin Miniprep Kit QIAGEN 27106

QIAquick PCR purification kit QIAGEN 28106

QIAGEN EndoFree Plasmid Maxi Kit QIAGEN 12362

QIAquick Gel Extraction kit QIAGEN 28704

Qubit dsDNA BR assay Invitrogen Q32850

Phire Tissue Direct PCR Master Mix om0 Fisher F170S
Scientific

Pierce™ BCA Protein Assay Kit Thermo Fisher 23227
Scientific

Alkaline Phosphatase Staining Kit II ~ Stemgent 00-0055

ReliaPrep RNA Miniprep from cells =~ Promega 76010

X\iftlzard Genomic DNA purification Promega A1120

QIAamp MinElute Virus Spin kit QIAGEN 57704

”2F§1(qMan Universal PCR Master Mix Applied Biosystems 4304437
Thermo Fisher

i 1

Platinum Taq DNA polymerase Scientific 0966083

Cell culture kits

NHDF Nucleofection Kit Lonza VPD-1001

jetPEI Polyplus 101-10N

. 1 . .

18(;1;EMd1ff Trilineage Differentiation StemCell Technologies 05230

CytoTo>f ?6 Non-Radioactive Promega G1780

Cytotoxicity Assay

CellTiter-Glo 3D Cell Viability Assay =~ Promega G9681
Th Fish

PrestoBlue Cell Viability Reagent ermo HSher A13261

Scientific
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10.14 Dyes
Table 16. List of dyes used in this study.
Catalogue

Name Company Numbgr
Incucyte Caspase 3/7 Green Dye  Sartorius 4440
Crystal Violet Sigma Chemical Company C-3886
DAPI BD Pharmingen 564907
SYBR Green I Sigma-Aldrich 59430
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10.15 Primary antibodies
Table 17. List of primary antibodies used in this study.

Materials

Target Species Clone Use Dilution Company/
Source
. Cell Signaling
AE-BP1 Rabbit 53H11 WB 1:2500 Technology 9644 15-20
. Cell Signaling
p4E-BP11¥4 Rabbit 236B4 WB 1:750 Technology 2855 15-20
Akt Rabbit WB 1:1000 Cell Signaling .., 60
Technology
. Cell Signaling
pAktS”  Rabbit WB 1:1000 Technology 9271 60
. Cell Signaling
RPS6 Rabbit 5G10 WB 1:2500 2217 32
Technology
. Cell Signaling
pRPS6%4024 Rabbit D68F8 WB 1:10,000 Technology 5364 32
. WB/ 1:50 (IF)/
NS1 Rabbit SP8 .= " (WB) [185] 83
1
VP1/2 Rabbit WB 1:4000 [345] 25/
Oct3/4 Goat n-19 WB 1:100 Santa Cruz sc-8628 48
Biotech
KIf4 Rabbit H-180 WB 1:500 Santa Cruz 5c-20691 54-65
Biotech
Sox2 Rabbit WB 1:1000 Merck AB5603 35
Lin28 Mouse C-9 WB 1:200 Santa Cruz 5c-374460 28
Biotech
Th Fish
a-tubulin Mouse DMIA WB 1:5000 WCIMOTISHET o004 55
Scientific
) . Santa Cruz
Vinculin Mouse H-10 WB 1:1000 ] sc-25336 117
Biotech
GAPDH  Mouse G-9 WB 1:1000 Santa Cruz sc-365062 37
Biotech
Tra-160 Mouse IF  1:50 Santa Cruz s¢-21705
Biotech
Oct3/4 Rabbit IF  1:300 Abcam ab19857
Santa C
Nanog Mouse IF  1:50 anta -z sc-134218
Biotech
Nanog Rabbit IF  1:100 Abcam ab21324
Lin28 Mouse IF  1:50 Santa Cruz sc-374460
Biotech
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Target Species Clone Use Dilution ggﬁf:nw Catno. kDa
Sox17 Goat IF  1:100 R&D Systems ~ AF1924
1(\(2%22/)1 Goat IF  1:100 R&D Systems ~ AF2408
B-tubulin ~ Mouse IF  1:1000 Sigma-Aldrich  T8660

SSEA-4 Mouse IF 1.75 Abcam ab16287
Tra-1-81 Mouse IF  1:150 Abcam ab16289

10.16 Secondary antibodies
Table 18. List of secondary antibodies used in this study.

Target Species Conjugation Use Dilution Company

i\g?;u(sl—em) Goat ?igxa MMOTIE 1500 Tvitrogen A11003
E;EE;t IgG Goat iglgxa Fluor F 1500 Invitrogen 11008
g;’fi)IgG Donkey g;xa Fluor “1p 1500 Invitrogen A11055
i\g?;u(sl_em) Donkey fg;xa Fluor 1k 11000 Abcam ab150105
g{()fi)lg(; Donkey ?i;xa Fluor 1k 11000 Abcam ab150131
Mouse ~ Goat  HRP WB  1:5000 E:::;Emmum' (1)12'035'
Rabbit Donkey HRP WB  1:10,000 Life Technologies A16023
Goat Donkey HRP WB  1:10,000 Life Technologies A15999

10.17 PCR primers
Table 19. List of PCR primers used in this study.

Sequence (5' -> 3')

Ori_fwd TTTCCATAGGCTCCGCCCCC Bacterial )
= . iPSC vector
_ originof 589 bp .
Ori_rev TTGAGATCCTTTTTTTCTGCGCGTAATCTGC .. retention
- replication
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Product
Name Sequence (5' -> 3') Target size Purpose
nanoSMAR_ CTCTGGGCTCTCCCATGCATTCAAACTGAG Cloni
Oct fwd TCGACATGCATGCAGAAGTTG IFNpB oning
~ 2381 bp nanoSMAR
nanoSMAR_ CGGATCCTAGCGGCCGCACATGTAAGATAC SMAR hO-shp53
Oct_rev ATTGATGAGTTTGGACAAACCACAAC - p
nanoSMAR_ AAAGGGCGAATTGCCTGCAGGGTCGACAT Cloning
SKML,_fwd GCATGCAGAAGTTG IFNB nanoSMAR
2841 b
nanoSMAR GTGGATCCGAGCTCGGTACCACTAGTCCTA g ra p _hSK and
ATGATTTTTATCAAAATCATTAAGTTAAGGT
SKML_rev  scatac hUL

10.18 q(RT)-PCR primers
Table 20. List of q(RT)-PCR primers used in this study.

Target Product

Name Sequence (5' -> 3) . Purpose Source
gene size
H1-fwd ig?CGGCAGAATTCAA Py
H-IPVNS1 141bp . 81OM€ ogy
H1 CCACCTGGTTGAGCCA quantification
rev TCAT
6-FAM-
H-1P
H1-probe ATGCAGCCAGACAGTT H-1PV NS1 V genome 1,
A-MGB quantification
SOX17_fwd GCTTTCATGGTGTGGG tr.111neag(.e .
CTAA Human differentiation
105 bp : [346]
CGCCTTCCACGACTTG SOX17 of iPSCs,
SOX17_rev
C endoderm
TACAGGCGCAGCTACA trilineage
FOXA2 fwd
- CGCACGCAAAG Human differentiation
216bp .. [346]
FOXA2 GCGGGGCACCTTCAG FOXA2 of iPSCs,
_rev GAAACAGTCGT endoderm
KDR_fwd CTGGCATGGTCTTCTG tr.111neag(.e .
TGAAGCA Human differentiation
790 bp ) [347]
KDR AATACCAGTGGATGTG KDR of iPSCs,
—fev ATGGCGG mesoderm
Brachyury_fw d GGATGAAGGCTCCCGT tr.111neag? .
gle Human 2081 differentiation [346]
Brach GCTGTGATCTCCTCGTT TBXT Poof iPSCs,
rachyury_rev - o\ mesoderm
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T t P t
Name Sequence (5' -> 3) arge .roduc Purpose Source
gene size
Sox1_fwd GGTCAAACGGCCCATG U?hneag? .
AACGC Human 249 b differentiation [3 4 6]
Soxd TCCTTCTTGAGCAGCG SOX1 Poof iPSCs,
OX1_tev TCTTGGTCTT ectoderm
PAX6-fwd TTTGCCCGAGAAAGAC tr}llneag? |
TAGC Human differentiation
83 bp : [348]
CATTTGGCCCTTCGATT PAX6 of iPSCs,
PAX6-rev
AGA ectoderm
TGATTGTAGTGCTTTCT
KLF4-fwd GGCTGGGCTCC Human iPSC
397 bp _ [4]
KLF4 ACGATCGTGGCCCCGG KLF4 phenotyping
Tev AAAAGGACC
GCGTCCTGGGAAGGG
MYCfwd ) crrecaeace Human iPSC
325 bp . [4]
MYC TTGAGGGGCATCGTCG MYC phenotyping
c rev CGGGAGGCTG
GACAGGGGGAGGGG
OCT3/4-S1165 AGGAGCTAGG Human iPSC
CTTCCCTCCAACCAGTT POUS5SF1 144 bp phenotyping 4]
OCT3/4-AS1283 GCCCCAAAC
GGGAAATGGGAGGGG
SOX2-51430 TGCAAAAGAGG Human iPSC
TTGCGTGAGTGTGGAT SOX2 151 bp phenotyping 4]
SOX2-AS1555 GGGATTGGTG
CAGCCCTGATTCTTCC
NANOG-5 ACCAGTCCC Human iPSC
CGGAAGATTCCCAGTC NANOG 309bp phenotyping 4]
NANOG-AS GGGTTCACC
CTTATGCTACGTAAAG
GDF3-5243 GAGCTGGG Human iPSC
GTGCCAACCCAGGTCC GDF3 631 bp phenotyping 4]
GDF3-AS850 CGGAAGTT
CAGATCCTAAACAGCT
REXI-RT-5 - geaganr Human iPSC
GCGTACGCAAATTAAA ZFP42 305bp phenotyping 4]
REX1-RT-AS GTCCAGA
CTACAACGCCTACGAG
FGFART-S  ecaca Human iPSC
GTTGCACCAGAAAAGT FGF4 371bp phenotyping 4]
FGF4-RT-AS CAGAGTTG
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Target Product

Name Sequence (5' -> 3') . Purpose Source
gene size
ATATCCCGCCGTGGGT
ESGIS40 Gamerte Human iPSC
ACTCAGCCATGGACTG DPPAS 234bp phenotyping 4]
ESG1-AS259 GAGCATCC
CCTGCTCAAGCTGACT
TERT-53234  cGacacceTa Human iPSC
GGAAAAGCTGGCCCT TERT 446 bp phenotyping (4]
TERT-AS3713  gGeeT66AGE
GCCAAAAGGGTCATCA
GAPDH_fwd TCTC Human 117 bp iPSC Self-
GAPDH. rev if_:GGTGCAGGAGGC GAPDH phenotyping made
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11 Methods

11.1 Cloning

nanoSMAR vectors were cloned using In-Fusion cloning (Takara Bio). Briefly, this
method involves in vitro homologous recombination of a 15bp region shared by
both vector and insert(s). In this case, reprogramming vectors from the nano vector
series were linearised by Sbfl/Kpnl double digestion (nanohSK and nanohUL) or
Notl/Nsil double digest (nanohO-shp53) for use as vector backbones. The IFN(
S/MAR flanked by splicing sites was derived by polymerase chain reaction (PCR
from the vector JP4.14 IL2RG flag sEF1-S/MAR IFN -NP, using primers to generate
15bp regions of homology with the vector backbones (see Table 19 for primer
sequences). Digested vector backbones and PCR inserts were both separated by
electrophoresis on a 1% agarose gel (1% agarose in EP buffer) and purified using a
QIAquick Gel Extraction kit (QIAGEN). Digested backbones and PCR inserts were
mixed at a mass ratio of 1:2 together with In-Fusion mix on ice and allowed to
recombine at 50°C for 15 minutes, according to manufacturer’s instructions. As the
In-Fusion reaction is toxic to most bacteria, the resulting DNA was then
precipitated by filling the volume up to 100uL with water and adding 10uL 3M
sodium acetate (pH 5.2), then 250uL of 100% ethanol, and incubating at -20°C
overnight. The next morning, precipitated DNA was pelleted by centrifugation at
16,000g for 30 minutes at 4°C, washed with ice-cold 70% ethanol and centrifuged
again at 16,000g for 10 minutes at 4°C. After removal of as much ethanol as possible
by pipetting, the DNA pellet was dried for 10-30 minutes at 40°C and resuspended
in 3uL of nuclease-free water for electroporation into nanobacteria.

11.2 Electroporation of nanobacteria

Electrocompetent NTC1050811-HF bacteria (Nature Technologies) were thawed on
ice before addition of 2.5uL ethanol purified In-Fusion reaction per 25uL aliquot
of bacteria. The entire reaction was carefully transferred into a cold Gene Pulser
cuvette (Bio-Rad, 165-2089) before electroporation with the Ecl setting of a Micro
Pulser device (Bio-Rad). 970uL of SOC medium was slowly added directly after
electroporation and cells were then transferred to a 2mL Eppendorf tube for
recovery at 30°C for 3 hours with gentle agitation. After this, cells were transferred
to a 15mL Falcon tube to rest overnight at room temperature. The next day, cells
were plated on LB-Agar plates containing sucrose as a selection medium and
incubated overnight at 30°C before colony picking. Importantly, nanobacteria were
never incubated above 30°C until a glycerol stock of bacteria with verified vector
sequence was obtained.
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11.3 Chemical transformation of bacteria

For handling of any vectors with a plasmid backbone, chemically competent DH5a
bacteria (Life Technologies) were used. These were thawed on ice before addition
of a small amount of target DNA (up to 50ng) was added and incubated on ice for
30 minutes. Bacteria were then subjected to heat shock at 42°C for 45 seconds, and
immediately incubated on ice for 10 minutes. If the vector contained an ampicillin
resistance cassette, the bacteria were then immediately plated onto LB-Agar plates
containing ampicillin; if not, ImL of warm LB broth without antibiotics was added
to the cells, which were incubated for 30-60 min at 37°C with gentle shaking to
allow them to recover. After recovery they were then plated on LB-Agar plates
with the appropriate antibiotic.

11.4 Glycerol stocks

Frozen glycerol stocks of bacteria transformed with DNA were prepared for long-
term storage of vectors. For this, equal volumes of overnight liquid cultures of
transformed bacteria and a sterile 40% glycerol solution were mixed in a cryovial
and immediately transferred to -80°C. To recover bacteria, a portion of the frozen
glycerol stock was scraped out of the tube using a sterile Bac-loop and streaked
onto a fresh LB-Agar plate containing the appropriate selection.

11.5 Vector purification

Vectors (nanovectors and plasmids) were purified from bacteria using the
QIAGEN Spin Miniprep kit according to manufacturer’s instructions for small-
scale vector screening and cloning applications. For transfection into cells, vectors
were purified using the QIAGEN EndoFree Plasmid Maxi kit, according to the
manufacturer’s instructions with the following modifications in the case of
nanovectors: the volumes of P1, P2, P3 and ER buffers were doubled to ensure
complete bacterial lysis and endotoxin removal. DNA concentrations for
transfection were measured on a Qubit 4 (QIAGEN) using the dsDNA Broad
Range assay.

11.6 Standard cell culture

All cells in this study were adherent cells and were cultured under 37°C and 5%
CO:z. The media for each cell type is listed in Table 12. Unless otherwise required,
cells were passaged on demand (2-3 times per week). Cells were washed once with
PBS and then trypsinised using 0.25% Trypsin/EDTA for 5 minutes at 37°C. The
culture vessel was tapped gently to release all cells, and they were resuspended in
FBS-containing medium to inactivate the trypsin. Cells were then centrifuged at
250g for 5 minutes to remove the trypsin-containing medium and resuspended in
an appropriate volume of fresh FBS-containing medium. Cells were then re-plated
at the desired density in a new culture vessel. In general, cells were plated at
similar densities for assays, regardless of the culture vessel (see Table 13).
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Specialised cells such as primary NHDFs, patient-derived PDAC cultures, and
iPSCs require specialised culturing conditions, described in detail below.

11.7 Cryopreservation and thawing of mammalian cells

Cells for cryopreservation were trypsinised as above, centrifuged, resuspended in
appropriate medium with 10% FBS and 10% DMSO and transferred to cryovials.
Cryovials were immediately transferred to an isopropanol-based freezing
container (Mr Frosty) and stored at -80°C overnight to facilitate cooling at a rate of
-1°C/minute. Cryovials were then transferred to liquid nitrogen for long-term
storage.

To thaw cryopreserved cells, they were removed from liquid nitrogen and rapidly
thawed in a 37°C water bath. Once only a small ice crystal remained, they were
transferred to a sterile culture hood and disinfected with 80% ethanol. The cell
suspension was transferred to a 50mL Falcon tube, and 10mL of pre-warmed
culture medium (as appropriate for the cell type, see Table 12) was added dropwise
while gently shaking the tube to ensure proper mixing. A small amount of culture
medium was also used to wash out the cryovial, which was added to the cell
suspension. Diluted cells were then centrifuged at 250g for 5 minutes and
resuspended in fresh medium for plating at the desired density.

11.8 Cell culture plate coating

11.8.1 Gelatinisation of cell culture plates

Cell culture vessels for NHDF culture require a coating of gelatine on the vessel
surface, prepared by covering the surface of a vessel with autoclaved 0.1% porcine
gelatine in water and incubating for at least 20 minutes at 37°C and 5% CO2. The
gelatine mixture was then aspirated and ready to use.

11.8.2 Laminin coating of cell culture plates

iPSCs require laminin coating of cell culture vessels for attachment to the culture
surface. For this, 4.8uL iMatrix Laminin-511 silk (Amsbio) per ImL of PBS was
mixed thoroughly and added to the desired culture vessel (2mL per 6-well plate,
ImL per 12-well plate, etc). This was incubated for 1 hour at 37°C and 5% COg,
before aspiration and immediate addition of culture medium. Alternatively,
laminin can be added directly to the culture medium, at half the concentration as
for pre-coating —i.e. 2.4uL laminin per ImL of culture medium. This must be mixed
well, ideally before cells are added to avoid shear stress, and can be left in the
culture medium overnight.
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11.9 Primary cell culture

11.9.1 Neonatal human dermal fibroblasts (NHDFs)

NHDFs were cultured on gelatinised cell culture surfaces described in Section
11.8.1 above. Cells were thawed and cultured as described above (see Table 12 for
medium), with the modification that all centrifugations were carried out at a
maximum of 180g. For expansion, cells were seeded at the manufacturer’s
recommended density of 3500 cells/cm? of gelatinised culture vessel. Cells were
assumed to be in passage 2 after thawing, so they were expanded and passaged
once, before cryopreservation in passage 4 as described above for reprogramming.

11.9.2 Patient-derived PDAC cell cultures

Primary patient-derived PDAC cultures were cultured on standard cell culture
surfaces, with CSCN medium changes every 3-4 days to replace cytokines (see
Table 12 for details). To passage, cells were washed with PBS and released from the
surface using Accutase incubation for at least 15 minutes at 37°C and 5% CO.. The
culture vessel was tapped to ensure complete release of cells, and they were
washed from the surface using fresh CSCN medium (without cytokines). Cells
were then centrifuged at 280g for 5 minutes, and resuspended in fresh CSCN
medium before plating at the desired density (see Table 13). The cytokines FGF
basic, FGF-10, and Nodal were always added fresh to CSCN medium in the
appropriate concentrations when plating cells or exchanging the medium.
Primary PDAC cultures were cryopreserved in 55% RPMI 1640, 30% FBS, and 15%
DMSO, following the procedure in Section 11.7 above. To thaw, freezing medium
was first diluted using 50% unsupplemented CSCN medium and 50% FBS
following the procedure above, before exchange for cytokine-supplemented CSCN
medium for plating.

11.10 Stem cell culture

Human iPSCs were cultured on laminin-coated cell culture vessels (see Section
11.8.2 above), with Basic04 medium changes on a Mon-Wed-Fri schedule (see Table
12 for medium details). Since iPSCs do not survive as single cells, ROCK inhibitor
was added to the medium at a concentration of 10uM at any time in which iPSC
colonies were singularised, such as single-cell splitting or thawing cells [349].
However, prolonged ROCK inhibition also causes metabolic changes and possibly
differentiation of iPSCs [350], so ROCKi-containing medium was always
exchanged for fresh medium within 24 hours of plating.

11.10.1 Clump passaging of iPSCs

For routine passaging, iPSCs were split as clumps using ReLeSR (StemCell
Technologies), or if a specific cell number was required, they were passaged using
StemPro Accutase (Thermo Fisher Scientific). In general, iPSCs were cultured in a
6-well plate format.
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For clump splitting, only 5mL plastic stripettes with a wide bore were used for
pipetting to reduce shear stress on the cell clumps. Cells were washed once with
PBS before addition of ImL ReLeSR to the well for 30 seconds at room temperature.
All ReLeSR was then removed from the well, and the dry plate was then incubated
at 37°C and 5% CO: for 2 minutes. Cells were monitored under a microscope to
ensure that holes had formed in each colony before careful addition of 1mL PBS to
the side of the well. The plate was tapped firmly to dislodge all iPSC clumps, and
an appropriate volume of cells was taken and added dropwise onto a pre-coated
plate with fresh Basic04 medium (see Section 11.8.2 for coating method).

11.10.2 Single-cell passaging of iPSCs

For single-cell splitting, cells were washed once with PBS before addition of 200uL
StemPro Accutase (Thermo Fisher Scientific) and incubation at 37°C and 5% CO:2
for 5-7 minutes. The plate was tapped firmly, and cells were resuspended in the
Accutase solution to ensure complete detachment of cells. 500uL of Basic04
medium with 10uM ROCK inhibitor was added and the cell solution was
transferred to an Eppendorf tube for counting using the LUNA cell counter (Logos
Biosystems) if necessary. Then an appropriate volume of cells was added dropwise
onto a pre-coated plate with fresh Basic04 medium supplemented with 10uM
ROCK inhibitor (see Section 11.8.2 for coating method). The medium was changed
24 hours post plating to fresh Basic04 to remove ROCK inhibitor.

11.10.3 Cryopreservation and thawing of iPSCs

As cryopreservation is a stressful process, iPSCs were cryopreserved and thawed
in medium containing 10uM ROCK inhibitor (Y-27632). In addition, only 5mL
plastic stripettes with a wide bore were used for pipetting to reduce shear stress on
the cells. Cells were passaged either as clumps or single cells as above and the
desired volume of cell suspension for cryopreservation was aliquoted into an
Eppendorf tube and centrifuged at 200g for 2 minutes. The supernatant was
discarded, and ImL of cold freezing medium (Basic04 + 10uM ROCKi + 10%
DMSO) was added to the cell pellet without mixing. Cells were resuspended
simply by transferring the pellet together with freezing media to a cryovial without
pipetting up and down. This was immediately transferred to an isopropanol-based
freezing container (Mr Frosty) and stored at -80°C overnight to facilitate cooling at
a rate of -1°C/minute. Cryovials were then transferred to liquid nitrogen for long-
term storage.

To thaw cryopreserved iPSCs, a fresh cell culture vessel was pre-coated with
laminin and Basic04 medium supplemented with 10uM ROCK inhibitor was
added to pre-warm at 37°C and 5% CO: (see Section 11.8.2 for coating method).
Cryovials were removed from liquid nitrogen and rapidly thawed in a 37°C water
bath. Once only a small ice crystal remained, they were transferred to a sterile
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culture hood and disinfected with 80% ethanol. The cell suspension was
transferred to a 50mL Falcon tube, and 7mL of Basic04 + ROCKi was added
dropwise while gently shaking the tube to ensure proper mixing. A small amount
of culture medium was also used to wash out the cryovial, which was added to the
cell suspension. Diluted cells were then centrifuged at 100g for 5 minutes and
resuspended slowly in fresh Basic04 + ROCKi and added dropwise to the prepared
culture vessel. The medium was exchanged after a maximum of 24 hours to Basic04
without ROCK inhibitor.

11.11 Cell transfection

11.11.1 Nucleofection

Primary NHDFs were nucleofected using the Amaxa II Nucleofector device
(Lonza) with the Human Dermal Fibroblast Nucleofector kit. One 6 well per
transfection was prepared by gelatinising the culture surface (see Section 11.8.1
above) and prewarming 1.5mL of NHDF medium without antibiotics at 37°C and
5% CO¢. Per transfection, 90uL of Nucleofector solution was then mixed with 20uL
supplement, and the appropriate mass of DNA was added. NHDFs growing on
gelatinised culture flasks were harvested according to their culturing conditions
(above) and counted using the LUNA cell counter (Logos Biosystems). 5x10° cells
per transfection were aliquoted into 1.5mL Eppendorf tubes and centrifuged for 7
minutes at 180g to remove all supernatant. Cells were then resuspended with the
appropriate Nucleofector solution/DNA mix and transferred to a nucleofection
cuvette. They were nucleofected with program P-022, and 500uL of pre-warmed
NHDF medium without antibiotics was slowly added to the cells, before dropwise
addition of the cell suspension using an eyedropper to the 6 well plate prepared
earlier. The medium was exchanged one day post transfection to NHDF medium
containing antibiotics, and the transfection efficiency was assessed by microscopy
(see Section 2.2 above).

11.11.2 Chemical transfection

HEK-293T cells were transfected with jetPEI (Polyplus) according to the
manufacturer’s instructions. Cells were harvested by scraping 24 hours post
transfection for Western blotting.

11.12 Virus production

H-1PV used in this study was produced by Tiina Marttila. Briefly, NB-324K cells
were seeded in CellSTACK flasks and infected with an MOI of 0.01 plaque forming
units (PFU) of H-1PV stock in a simultaneous seeding and infection step. Cells
were incubated at 37°C and 5% CO: and observed for 4 days until cytopathic effect
(CPE) was visible. CPE was defined as at least 30% dead or detached cells. Cells
were harvested, and cell pellets were resuspended in Tris/EDTA lysis buffer (0.05M
Tris-HCL, 0.5mM EDTA, pH 8.7). To release viral particles, pellets were subjected
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to 3 freeze-thaw cycles. These crude cell extracts were then digested with 50U/mL
Benzonase nuclease (Sigma) at 37°C for 30 minutes to remove all naked DNA. Viral
particles were purified using iodixanol and Vis-Ringer density step gradients as
previously described [351]. Viral titres were determined by plaque assay in NB-
324K cells according to Daeffler, Horlein et al. [195] (see 11.13 below).

11.13 Titration of viral stocks

H-1PV used in this study was titrated by Tiina Marttila according to Daeffler,
Horlein et al. [195]. Briefly, NB-324K cells were seeded and infected the next day
with serial 10-fold dilutions of virus stocks for one hour at 37°C, 5% CO.. After
infection, the inoculum was removed and cells were covered with Minimal
Essential Medium (MEM, Gibco) containing 0.65% Bacto agar (Becton Dickinson),
5 % FBS, 2 mM L-glutamine, 100 U/ml penicillin, and 100 mg/ml streptomycin.
Cells were incubated at 37°C and 5% CO: for 4 days, and living cells were then
stained for 18 hours with a neural red staining solution (0.2mg/mL neutral red,
0.85% Bacto agar in PBS). Plaques of dead cells were counted from duplicate
experiments and titres calculated in terms of PFU per mL of virus stock.

11.14 Western blot

Whole cell lysates were obtained from cells in culture for Western blotting. Cells
were either washed with PBS and trypsinised for 5 minutes at 37°C, then harvested
in medium and centrifuged for 5 minutes at 350g, room temperature, or washed
with PBS and harvested by scraping in PBS, then centrifuged for 5 minutes at 350g,
room temperature. The supernatant was discarded and cells were lysed using Cell
Lysis Buffer (Cell Signalling Technologies) with HALT protease and phosphatase
inhibitor (Thermo Fisher) on ice for at least 20 minutes. Lysates were centrifuged
for 30 minutes at 16000g, 4°C, and protein-containing supernatant was stored at -
80°C. Protein concentration was measured using the Pierce BCA Protein Assay Kit
(Thermo Fisher) according to the manufacturer’s instructions. 20-30pg protein per
well was mixed with 4x Laemmli (Bio-Rad) and denatured at 95°C for 5 minutes.
Samples were separated on Mini-PROTEAN Gels 4-20% (Bio-Rad) in Tris-Glycine
buffer (Bio-Rad) at 80-120V for 1-2h.

For Western blots analysing total protein, the protein was transferred from the
SDS-PAGE gel to PVDF membrane using the iBlot2 dry blotting system
(Invitrogen) according to the manufacturer’s instructions, transferring with 20V
for 7 minutes. Membranes were placed in deionised water immediately after
transfer, then blocked in 5% milk in TBST (0.1% Tween-20) for 1 hour and
incubated in primary antibody diluted in 5% milk in TBST at 4°C overnight. The
next day, membranes were washed 3x 5 minutes with TBST before incubation in
secondary antibody diluted in 5% milk in TBST for 1 hour. Membranes were
washed a final 3x 5 minutes with TBST before developing using Western Lightning
Plus ECL reagent (Perkin Elmer) in a ECL ChemoCam imager (Intas).
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For Western blots analysing phosphoproteins, proteins were transferred from the
SDS-PAGE gel to nitrocellulose membrane by semi-dry blotting using a Trans-Blot
SD (Bio-Rad). An ionic gradient with three buffers (see Table 9) was set up by
layering 6 filter papers soaked in buffer SD1, then 3 filter papers in buffer SD2
followed by the nitrocellulose membrane and SDS-PAGE gel both soaked in buffer
SD2, and finally 9 filter papers soaked in buffer SD3. Proteins were transferred at
25V/300mA for 90 minutes. Membranes were then blocked in 5% BSA in TBST
(0.1% Tween-20) for 1 hour and incubated in primary antibody diluted in 5% BSA
in TBST at 4°C overnight. The next day, membranes were washed 3x 5 minutes
with TBST before incubation in secondary antibody diluted in 5% BSA in TBST for
1 hour. Membranes were washed a final 3x 5 minutes with TBST before developing
using Western Lightning Plus ECL reagent (Perkin Elmer) in a ECL ChemoCam
imager (Intas). In general, two identical membranes were prepared simultaneously
for analysis of both phospho- and total protein.

11.15 Reprogramming NHDFs

NHDFs were reprogrammed using a protocol established by Manuela Urban [75].
Cells were nucleofected with reprogramming vectors as described above (see
Section 11.11.1 above), using 2ug of each EBNA vector, or 2/5/10ug of each S/MAR
vector (see Section 2.4.1 above). After nucleofection, cells were plated on
gelatinised 6 well plates in medium without antibiotics. Medium was exchanged
for NHDF medium containing antibiotics (DMEM + 10% FBS + 1% NEAA, see
Table 12) one day post nucleofection. Cells were confluent by day 2 post
nucleofection, at which point they were trypsinised with 0.25% trypsin/EDTA at
37°C and 5% CO2 and plated into one gelatinised T75 flask per transfection (one 6
well). Medium was refreshed every 2 to 3 days with fresh NHDF medium. On day
8, fresh culture vessels were coated with laminin (see Section 11.8.2 above). In
general, 6-well plates were used for colony picking, and 12-well plates were used
for AP staining (see Section 11.17 below). The cells were trypsinised as above, and
3x10* cells were plated per well of 6-well plate and 1.09x10* cells were plated per
well of 12-well plate (cell density of 3.125x10° cells/cm?). The remaining cells were
cryopreserved for further assays or continuation of the reprogramming process
later. On day 9, the medium was replaced with iPSC medium (Basic04 + 1% P/S,
see Table 12), and cells were fed every 2-3 days, on a Mon-Wed-Fri schedule. iPSC
colonies appeared around day 20 and could be picked once a large enough colony
size was reached (see 11.16 below). Importantly, only NHDFs younger than 5
passages were used for reprogramming to ensure efficiency of the reprogramming
process. This protocol was partly developed in collaboration with Cornelia Wincek
as part of a Master’s internship.
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11.16 iPSC colony picking

Once iPSC colonies had grown to a sufficient size (at least 100 cells), they were
picked and transferred into fresh wells for further expansion. Per colony to be
picked, one well of a 24-well plate was coated with laminin (see Section 11.8.2
above) and Basic04 medium supplemented with 10um ROCK inhibitor (Y-27632)
was pre-warmed in the coated plate at 37°C and 5% CO.. An EVOS XL Core
microscope (Thermo Fisher Scientific) was disinfected with ethanol, placed into a
Safe2020 culture hood (Thermo Fisher Scientific), and exposed to UV irradiation
for at least 30 minutes to ensure sterility. After this, the culture plate with the iPSC
colony of interest was placed under the microscope, and a p200 pipette tip was
used to carefully scratch an outline around the colony, separating it from the
neighbouring fibroblasts. If the colony was not released from the culture surface
by this, a cross-hatch pattern was scratched into the colony, to break it up into
smaller clumps and release it from the culture surface. The p200 tip was then
attached to a p200 pipette (Gilson), and the floating colony pieces were aspirated
carefully, then transferred into the prepared well with pre-warmed medium. The
medium was refreshed 24 hours post colony picking to fresh Basic04 to remove the
ROCK inhibitor.

11.17 Alkaline phosphatase staining

Reprogrammed cells were stained for alkaline phosphatase (AP) expression as a
marker for pluripotency using the Alkaline Phosphatase Staining Kit II (Stemgent)
according to the manufacturer’s instructions, with the modification that only
300uL of fixing and AP substrate solution was used per well of a 12 well plate.
Plates were scanned using a Perfection V500 Photo scanner (Epson) and images of
colonies were obtained on an EVOS XL Core Imaging System (Thermo Fisher
Scientific).

11.18 Trilineage differentiation

Trilineage differentiation of iPSCs was performed using the STEMdiff Trilineage
Differentiation kit (StemCell Technologies), according to the manufacturer’s
instructions. Briefly, cells were plated on Matrigel (Corning) coating and cultured
using medium for endoderm (5 days), mesoderm (5 days), and ectoderm (7 days)
differentiation with daily medium changes. After differentiation was complete,
cells were either fixed for immunofluorescence, or RNA was harvested for qRT-
PCR (described in Section 11.24 below).

11.19 Immunofluorescence

Cells fixed on culture slides (Sarsted) were treated with ice-cold methanol for 10
minutes and then washed once with PBS for 5 minutes. Cells fixed on glass-bottom
plates (ibidi) were not methanol-treated, but both were then permeabilised in 0.1%
Triton-X100 in PBS for 10 minutes at room temperature, followed by another 5-
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minute PBS wash. Cells were blocked with 3% BSA/0.1% Tween-20 in PBS (filter
sterilised) for 30 minutes, after which primary antibodies (see Table 17) diluted in
blocking buffer were added for an overnight incubation at 4°C. Slides were then
washed 3 times for 5 minutes each with PBS and incubated with a secondary
antibody in blocking buffer (see Table 18) for 1 hour at room temperature.
Following this, excess antibody was removed through a further 3 washes with PBS
for 5 minutes each. Cells were mounted using Vectashield Mounting Medium with
DAPI (Vector Laboratories).

11.20 Microscopy

Brightfield images of cells were taken on an EVOS XL Core Imaging System
(Thermo Fisher Scientific). Fluorescent images of live cells were taken on an Eclipse
Ti/X-Cite120Led microscope (Nikon). Images of immunofluorescence staining
were acquired with a Stellaris 5 confocal microscope (Leica).

11.21 Incucyte imaging

For estimation of NHDF transfection efficiencies, cells were imaged once 24-48
hours post transfection using the Adherent Cell-By-Cell module of an Incucyte SX5
(Sartorius) with 10x objective capturing phase contrast and green fluorescence and
analysed using the software Incucyte 2020B. Segmentation settings to define cells
can be found in Table 21. Green cells were defined by a minimum Green Mean
Intensity (GCU) set according to non-transfected cells.

For live cell imaging time courses, cells were seeded in 96-well plates in 100uL
medium and left to settle overnight (see Table 13 for cell seeding densities). 50uL
of medium was removed, and treatments were added in 50uL of fresh medium —
drugs first, then virus. Plates were then imaged using the Adherent Cell-By-Cell
module of an Incucyte SX5 (Sartorius) with 10x objective capturing phase contrast
and fluorescence (as appropriate) and analysed using the software Incucyte 2020B.
Segmentation settings to define cells can be found in Table 21. After imaging was
complete, cells were used for further assays such as LDH and crystal violet staining
(see Sections 11.27 and 11.28 below).
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Table 21. Segmentation settings for each cell type analysed using Incucyte 2020B software.

NHDF AsPC-1 U373-MG‘

Cell Boundary Segmentation 2 1.1 2
adjustment
Hole Fill (um?) 1000 200 1600
Adjust Size (pixels) -2 -4
Object Seeding Cell Detection 1.5 1 0.7
Sensitivity
Cell Contrast 1 1 2
Cell Morphology 5 2 5
Cell-By-Cell Filters Area min: min:
300pum? 400pum?
Eccentricity min: 0.5

Green Mean

Intensity

Green Integrated

Intensity
Fluorescent Top-Hat No Mask 40 50 50
Background radius (um)

Subtraction

11.22 Image processing

Microscopy images were processed using Fiji, a distribution of Image] [331].
Uneven illumination in images acquired with the EVOS XL Core microscope
(Thermo Fisher Scientific) was corrected by pseudo-flat-field correction. A pseudo-
flat-field image was generated by gaussian blur of the image (sigma = 50 pixels),
and the original image was divided by the flat-field image with the Image
Calculator plus plugin (k1 = mean flat-field intensity). For brightfield images, the
white balance and brightness was adjusted manually. For fluorescent images,
display ranges were normalised across all samples for each marker. Scale bars were
added to images using the Analyze > Tools > Scale Bar function.

11.23 Flow cytometry

Transfection efficiency of NHDFs was estimated by flow cytometry. For this,
5x10° transfected and untransfected NHDFs were harvested as described in
Section 11.6 above and washed once with PBS. Cells were washed in PBS + 2%
FBS (FACS buffer), then centrifuged and resuspended in FACS buffer with DAPI
(1:500). Cells were filtered through a 35um nylon mesh filter before analysis on a
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FACSAria II cell sorter (BD Biosciences). Channels acquired and gating strategy is
shown in Supplementary Figure 1.

11.24 Quantitative reverse-transcription polymerase chain reaction (QRT-
PCR) for stemness markers

RNA was harvested from iPSCs before and after trilineage differentiation to
characterise the gene expression of cells in each state using the ReliaPrep RNA
Miniprep kit (Promega) according to the manufacturer’s instructions. cDNA was
synthesised from 2ug RNA per sample using the Superscript II RT (Invitrogen)
using oligo(dT) primers (Invitrogen) according to the manufacturer’s instructions.
Gene expression was quantified using a SYBR green qPCR. Per reaction, 2uL of
PCR buffer was mixed with 0.6uL 50mM MgClz, 0.4uL dNTPs, 0.4pL forward and
reverse primers (10uM, see Table 20 for primer sequences), 0.6uL SYBR green
(Sigma), 0.08uL Platinum Taq DNA polymerase (Thermo Fisher Scientific), and
9.52uL sterile water. This was mixed with 3uL of the synthesised cDNA in a 364-
well plate and sealed with adhesive transparent cover. qPCR was performed in a
CFX384 qPCR cycler (Bio-Rad); cycling conditions are listed in Table 22.

Table 22. Cycling conditions for qRT-PCRs to assay iPSC pluripotency and differentiation

Cycle step Temperature Time Cycles
Initial denaturation 95°C 3 min 1
Denaturation 95°C 30 sec 40
Annealing 58°C 30 sec

Extension 72°C 30 sec

Final denaturation @ 95°C 1 min 1
Annealing 65°C 1 min 1
Melting curve 65°C - 95°C 0.5°C/sec 1

11.25 Copy number variant (CNV) analysis of iPSCs

For analysis of genomic integrity of iPSCs, cells were scraped off a high-density 6-
well into PBS using a cell scraper and centrifuged at 2000g for 5 minutes. The cell
pellet was stored at -20°C until ready for genomic DNA isolation using the Wizard
Genomic DNA Purification kit (Promega) according to the manufacturer’s
instructions. Genotyping of iPSCs was performed by running 200ng of genomic
DNA per clone on an Infinium Global Screening Array-24 v3.0 BeadChip
(Ilumina) at Erasmus MC, Rotterdam (Genomics Core Facility). Analysis of array
data was performed using GenomeStudio software (Illumina) and R by Lieke Dons
(Erasmus MC, Rotterdam). The genome of each cell line (including original
fibroblasts) was aligned and compared to a reference human genome and copy
number variants were called according to this reference. CNV calls were plotted
with the Phenogram web tool
(https://visualization.ritchielab.org/phenograms/plot) [342].
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11.26 Polymerase chain reaction (PCR) for reprogramming vector
retention

PCR to detect presence of reprogramming vectors was performed on snap-frozen
cell pellets using the Phire Tissue Direct PCR kit (Thermo Fisher Scientific)
according to the manufacturer’s instructions, using kit-supplied internal control
primers against SOX21 and custom primers designed to detect the bacterial origin
of replication (Ori) on plasmid vectors (see Table 19). Briefly, cell pellets were
resuspended in Dilution Buffer with DNA Release Additive and incubated for 2-
5min at room temperature, before boiling at 98°C for 2 minutes. Samples were
diluted 1:50 in water, and 1uL of this was used as input for the PCR according to
kit instructions. Primers were designed for a two-step PCR with
annealing/extension at 72°C, and the PCR was run for 40 cycles (see Table 23 for
cycling conditions). For positive controls, 10ng plasmid DNA was added directly
to the PCR. PCR products were then separated on a 2% agarose gel and imaged
using a Fusion SL gel documentation system (Vilber Lourmat).

Table 23. Cycling conditions for PCR to detect reprogramming vector retention in iPSCs.

Cycle step Temperature Time Cycles
Initial denaturation 98°C 5 min 1
Denaturation 98°C 5 sec 40
Annealing/Extension 72°C 20 sec
Final extension 72°C 1 min 1

4°C hold

11.27 Lactate Dehydrogenase (LDH) assay

Active cell killing by H-1PV was assayed by measurement of free LDH enzyme in
the supernatant, released by the lysis of cells. This was done using the CytoTox 96
Non-Radioactive Cytotoxicity Assay (Promega). For this measurement, it is crucial
that the concentration of FBS in the culture medium is no more than 5%, to avoid
high background signals. Cells were seeded and treated in 6 replicates of 100uL of
5% FBS-containing medium and cultured for the desired length of time (see Figure
41). At the end timepoint, three of six replicates were treated with 10uL of 10x lysis
buffer (100% lysis controls), while 10uL PBS was added to the other three
replicates. Meanwhile, one vial of Substrate Mix powder was dissolved in 12mL of
Assay Buffer. After 30 minutes, the cells were monitored to ensure total lysis of the
100% lysis controls, and 50uL of supernatant from each well was transferred to a
fresh 96-well plate. 50uL of prepared Substrate Mix was added to each well of
supernatant and allowed to incubate in the dark at room temperature for at least
15 minutes, up to 30 minutes, until sufficient colour had developed. 50uL of Stop
Solution was then added to halt the reaction, and absorbance was measured using
a Multiskan Ex (Thermo Fisher Scientific) at 492nm.
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Cell lysis was calculated by:

Abs,qg, sample — medium only

% lysis = - - * 100
Y Abs,e, 100% lysis — medium only
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Figure 41. Schematic of cell plating for LDH assays.

11.28 Crystal violet cell staining

Cells were treated with crystal violet as an endpoint assay to assess how many cells
remained after treatment. For 96-well plates, medium was removed (typically for
measurement of LDH content, see Section 11.27 above), cells were washed once
with PBS, then incubated in 0.2% crystal violet in water (w/v) with gentle agitation
for at least 1 hour at room temperature (equal volumes for all wells). Cells were
then washed with water until the water ran clear, then all liquid was removed, and
the plate was dried overnight. For larger plate formats, cells were washed with
PBS, then fixed using 0.5% glutaraldehyde in water for 1 hour at room
temperature. Fixed cells were washed with distilled water, then all liquid was
removed, and the plate was dried overnight. The next day, cells were incubated in
0.2% crystal violet in water (w/v) with gentle agitation for at least 1 hour at room
temperature (equal volumes for all wells). Cells were washed with water until the
water ran clear, then all liquid was removed, and the plate was dried overnight.
Coloured staining was first imaged using a Perfection V500 Photo scanner (Epson),
and then solubilised with 10% acetic acid in water with agitation for at least 30
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minutes to quantify staining. Absorbance of solubilised crystal violet was
measured using a Multiskan Ex (Thermo Labsystems) at 595nm.

Cell viability was calculated by:

9% viabilit Abscggs sample — medium only 100
= £
o vlasiaty Abssgs mock — medium only

11.29 PrestoBlue viability assay

PrestoBlue is a resazurin-based colourimetric and fluorescent indicator of cell
viability by measuring mitochondrial dehydrogenase activity of intact cells. Cells
were seeded and treated in 100pL of medium and cultured for the desired length
of time. After removal of 50uL of culture medium for LDH assays (see Section 11.27
above), 10uL of PrestoBlue Cell Viability Reagent (Themo Fisher Scientific) was
added to the remaining culture medium per well, including medium-only controls.
The plate was incubated at 37°C for 1 hour before measurement of fluorescent
resorufin using a Fluoroskan FL (Thermo Labsystems) with excitation at 544nm
and emission at 590nm.

Cell viability was calculated by:

Exg44/Emsq, sSample — medium onl
% viability = s44/EMso0 P - Y« 100
Exg44/Emsgy mock — medium only

11.30 Quantitative polymerase chain reaction (QPCR) for viral genome
To measure the viral genome replication in H-1PV infected samples, 2x10* U373-
MG cells were seeded in 24-well plates and allowed to attach overnight at 37°C and
5% COz. Cells were infected with MOI 0.5 of H-1PV with or without 4uM
Ledipasvir and incubated for a further 4 hours at 37°C and 5% CO.. Leftover
infection mix was snap-frozen and stored at -80°C for measurement of input virus.
After 4 hours, cells were washed twice thoroughly with PBS before replacement of
fresh medium, and cells were harvested at 4 hours, 24 hours and 120 hours post
infection. At each timepoint, supernatant was removed from the wells, centrifuged
at 300g for 5 minutes to remove all cellular material, and snap-frozen and stored
at -80°C. Cells were harvested by trypsinisation as described in Section 11.6 above,
and snap-frozen and stored at -80°C. When all samples (input, cells, and
supernatants) were collected, they were subjected to 3 freeze-thaw cycles by
alternating immersion in liquid nitrogen and 37°C with thorough mixing. Viral
DNA was then extracted using the QIAamp MinElute Virus Spin kit (QIAGEN)
according to the manufacturer’s instructions.

Viral genomes were quantified using a parvovirus specific TagMan probe with
reference to a plasmid standard curve. Serial 10-fold dilutions of the plasmid
PMVM+AS800 were prepared (3.5-3.5x107 copies/uL). Per reaction, 10uL of TagMan
Universal PCR Master Mix 2X (Applied Biosystems) was mixed with 5.5uL dH:0,
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0.5uL of NSl-specific probe (10uM), and 0.5uL each of forward and reverse
primers (10uM) (see Table 20 for primer and probe sequences). 17uL of this master
mix was mixed with 3uL of each standard or sample in a 96-well PCR plate and
sealed with adhesive transparent cover (Applied biosystems). The plate was
centrifuged at 2360g for 5 minutes before cycling in a Realplex qPCR cycler
(Eppendorf). Cycling conditions are listed in Table 24.

Table 24. Cycling conditions for NS1-specific qPCR for viral genome quantification.

Cycle step Temperature Time Cycles
UNG incubation 50°C 2 min 1
Polymerase 95°C 10 min 1
activation

Denaturation 95°C 15 sec 40
Annealing/Extension 60°C 1 min

11.31 Cellular Thermal Shift Assay (CETSA)

The CEllular Thermal Shift Assay (CETSA) relies on the principle that ligand-
bound proteins are more thermostable than their unbound counterparts. Thus, the
potential of binding between a putative ligand-protein pair can be evaluated by
assessing the temperature at which protein denaturation occurs when mixed with
the ligand [296]. For this, NS1 expression was induced in HeLa-NS1 or HEK-NS1
cells by addition of 1ug/mL doxycycline to the culture medium, and cells were
harvested by trypsinisation (see Section 11.6 above) 24 hours post induction. Cells
were subjected to 3 freeze-thaw cycles by alternating incubation in liquid nitrogen
and 37°C, and protein concentration of lysates was measured using the Pierce BCA
Protein Assay Kit (Thermo Fisher) according to the manufacturer’s instructions,
and the concentration was adjusted to 2ug/uL. 400uL of this lysate was then
treated with a final concentration of 10mM ATP, 100uM Ledipasvir, or equivalent
volumes of DMSO on ice, and incubated for 15 minutes at room temperature to
allow any ligand-protein interactions to occur without allowing too much
hydrolysation of ATP by NS1. Each solution was divided into 8 50uL aliquots and
heated for 3 minutes at a gradient of 40°C to 70°C in a peqSTAR PCR thermocycler
(VWR Peqglab) to denature protein. Samples were then incubated at room
temperature for 3 minutes before being placed on ice to halt any further protein
denaturation. Samples were centrifuged at 20,000g for 30 minutes to precipitate all
denatured protein, and the supernatants from each sample were assessed using
Western blotting (see Section 11.14 above) using 16ug of protein per sample to
detect all remaining soluble NS1. After data acquisition, relative band intensities
for each treatment and temperature were calculated using Fiji [331] according to
the method by Luke Miller [352]. Band intensity values were normalised between
0% — 100% (lowest intensity — highest intensity) for each treatment. This protocol

- 148 -



was developed in collaboration with Toros Tasgin as part of a Master’s internship,
based on the protocol by Jafari, Almqvist et al. [295].

11.32 Kinase activity profiling (PamGene)

Experimental procedures for kinase profiling were carried out by Valérie Palissot
and Tiina Marttila. 8x10° U373-MG cells were seeded in 75cm? flasks and allowed
to attach overnight at 37°C and 5% CO:.. Cells were infected 24 hours post seeding
with MOI 10 of H-1PV with or without 4uM Ledipasvir and incubated at 37°C and
5% COs. Cells were harvested at each timepoint, and pellets were washed with ice-
cold PBS, before lysis on ice using the Mammalian Protein Extraction Reagent
(Thermo Fisher Scientific) including Protease Inhibitor Cocktail and Phosphatase
Inhibitor Cocktail (Thermo Fisher Scientific) according to the manufacturer’s
recommendations. Lysates were centrifuged at 10,000g, 4°C for 10 minutes, and
protein-containing supernatant was snap-frozen and stored at -80°C. Protein
concentration was measured using the Pierce BCA Protein Assay Kit (Thermo
Fisher) according to the manufacturer’s instructions.

Kinase activity profiling was carried out using the PamChip® 12 serine/threonine
(STK) and phosphotyrosine (PTK) peptide microarray system (PamGene
International B.V.) according to the manufacturer’s instructions. Array chips were
blocked with 2% BSA and cell lysates were input at 1 pg/array for STK assays and
5 pg/array for PTK assays. Data quantification and visualisation was performed by
PamGene using the BioNavigator software (PamGene International B.V). Peptides
were filtered for those with signal above background in at least 80% of arrays in
STK assays, and those with increasing signal over time for PTK assays, and
statistical testing was used to define peptides with significant differential
phosphorylation between conditions. Upstream kinase analysis was performed by
PamGene using proprietary information about STK and PTK peptide chips.

11.33 RNA sequencing

Experimental procedures for RNA sequencing were carried out by Valérie Palissot
and Tiina Marttila. 8x10° U373-MG cells were seeded in 75cm? flasks and allowed
to attach overnight at 37°C and 5% CO:.. Cells were infected 24 hours post seeding
with MOI 10 of H-1PV with or without 4uM Ledipasvir and incubated at 37°C and
5% CQOs.. Cells were harvested at each timepoint, and pellets were washed in cold
PBS, resuspended in TRIzol reagent, and stored at -80°C until RNA extraction.
RNA was extracted in triplicate using the Direct-zol Miniprep extraction kit (Zymo
Research) according to the manufacturer’s protocol. RNA concentration was
measured using the HSRNA kit on a Qubit 2.0 fluorometer (Invitrogen), and
quality was measured with the Fragment Analyzer with the ssRNA kit (Agilent
Technologies). All samples displayed RQN > 8.8. Sequencing libraries were
prepared with 500ng of total RNA, and cytoplasmic and mitochondrial ribosomal
RNA was depleted using the Ribo-Zero Human/Mouse/Rat Gold Kit (Illumina).
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Library cDNA was generated using the TruSeq Stranded Total RNA Library Prep
Gold kit (Illumina) was used following the manufacturer's recommendations and
quantified using the dsDNA kit on a Qubit 2.0 fluorometer (Invitrogen). The size
of each library was estimated using the Fragment Analyzer HS-NGS kit (Agilent
Technologies). Libraries were pooled at 10nM and sequenced on a High and a Mid
Output FlowCell (Illumina) in paired-end mode (75bp) on a Next Seq 550
sequencer (Illumina).

Gene Set Enrichment Analysis (GSEA) of RNA sequencing data was performed in
collaboration with Yunhee Jeong. Genes with raw read counts below 10 were
filtered out, and each sample was normalised by total counts. Afterwards, the
counts were loglp- transformed. Combat correction was used to correct for batch
effects over different samples [353]. GSEA software was used for analysis using
default parameters [340]. Due to the low number of samples, gene sets were
permuted rather than phenotypes. As a result, pathways were typically only
considered significant with a false discovery rate (FDR) of below 5%.

11.34 Microarray expression profiling of PDAC cells

Microarray data for 14 primary PDAC cultures was kindly provided by Theresa
Schéfer and Christine Engeland. This data was generated using an Affymetrix
Human Clariom S assay (Affymetrix/Thermo Fisher Scientific), and analysed using
Chipster [341]. Robust multichip average (RMA) from the affy package was used to
subtract background, normalise, and summarise raw data [337]. All genes within
the microarray data associated with the relevant KEGG pathway or GO term were
extracted, and differential expression values for each gene were compared between
classical and quasi-mesenchymal subgroups using an empirical Bayes test from the
limma package with Benjamini-Hochberg adjustment and a p-value threshold of
0.05 [338]. Heatmaps were drawn using the amap package with Pearson correlation
[339] either using the entire 14-culture dataset, or after extracting the five cultures
used in this study.
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