An Investigation on the Relationship
between DNA Double Strand Breaks in the
Mammalian Genome and Gene Therapy
Retrovirus Vector Genotoxicity

A Thesis Submitted for the Degree of
Doctor of Philosophy

By
Ataun Nasr Bhatti

Department of Life Sciences, Brunel
University London

gys | —iversity
M London




Abstract

Gene therapy uses viral vectors to transfer therapeutic genes to host cells for permanent
expression. Retroviral vector (RV) integrase causes double-strand-breaks (DSBs) in the
host genome for viral cDNA integration and utilises host repair of these breaks via non-
homologous-end-joining (NHEJ). This thesis hypothesises that cells lacking NHEJ are

susceptible to retrovirus-mediated genotoxicity.

To determine if presence of the retrovirus genome is required for DSBs, cells were infected
with replication defective RV either containing vector genomes or without genomes
(“empty”). DSB frequency was measured using immunocytochemistry of phosphorylated
histone yH2AX, formed when DSBs occur and eliminated post-NHEJ repair. DSBs were
measured in infected cell-lines with NHEJ function (MRC5-SV1) and without (AT5-BIVA
and XP14BRneo017) to determine DSB and repair profiles during infection. This showed
cells competent for NHEJ have rapid DSB repair whilst cells lacking NHEJ pathways have
DSBs remaining high.

Insertional mutagenesis was measured using the hypoxanthine-phosphoribosyl-
transferase (HPRT) mutagenesis assay for RV carrying genomes versus empty RV. This
analysis relies on HPRT knock-out using male V79 and MRC5-SV1 cell lines, carrying one
X chromosome, as the HPRT gene resides on this chromosome. In each cell-line, empty
vectors showed little genotoxic readout compared to the genome carrying particles.
However, expression of the viral integrase alone in these cells exhibited the highest

mutagenesis.

The potential for genotoxicity by RV due to packaging human-endogenous-retroviruses
(HERVSs) was evaluated in empty vectors by PCR for HERV-K113 (known to be full length
and packaged by retroviruses). Primers designed to amplify a 7.5 kb portion of HERV-
K113 gave positive bands, corroborated by restriction digests, and presence in 293T
human cells, but not in hamster V79 or mouse 3T3 cells. Further work to determine
whether HERV sequence are transferred to infected cells sensitively was not completed

in this thesis but discussed as future investigation.
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Chapter 1 - Literature Review

1.1 Overview and History of Gene Therapy

Gene therapy is a developing medical technology which aims to treat or prevent a
disease caused by a defective or non-functional variant of a gene. This is unlike
pharmacological methods which aim to treat the symptoms of diseases without
addressing the potential root cause of a condition at the genetic level. Gene therapy
functions by inserting the desired version of a gene into cells to overcome the negative
effect of a defective existing variant. Gene therapy can also produce a necessary or
beneficial protein which is not currently being made by the host genome or is non-
functional. The ideal use of gene therapy to treat a condition would allow it to repair or
replace the genetic sequence, conserving the location of the correct gene in its natural
location and not causing any disruptions to the regulatory material around the altered
gene thus preventing any genetic side effects (Crick, 1970; Morange, 2009; Mammen,
Ramakrishnan and Sudhakar, 2007; Medline, 2022).

Over several decades, gene therapy has been steadily improving as a viable treatment
for various conditions. Gene therapy has been advancing from preclinical studies for
various conditions such as haemophilia, cardiovascular disease, HIV and cancer
(Fischer and Cavazzana-Calvo, 2007, Crystal and O'Connor, 2006; Levine et al., 2006;
Lundstrom, 2023).

Three general types of diseases are targeted for with gene therapy.

e Monogenic conditions which are only affected by one gene being the cause of the
disease; for example, cystic fibrosis (CF), which is caused by a mutation in the
gene for the CF transmembrane conductance regulator (CFTR) protein. CFTR is
utilised in secretions such as sweat, digestive fluids and mucus. The
dysfunctional CFTR protein leads to these secretions being much thicker in the
lungs, being very difficult to cough out and therefore increasing the frequency of
lung infections. The condition is caused by the dysfunction of the CFTR gene.
The condition is autosomal recessive, meaning both copies of the gene must be
defective in order to cause the condition (O’Sullivan and Freedman, 2009). Since
a single gene is causing the condition along with the autosomal recessive nature
of the condition, theoretically, the introduction of a functional copy of the

transgene coding for CFTR could improve conditions in a CF patient. However in



practice, the topical application of the CFTR transgene in vector constructs
directly into the maxillary sinus of patients showed poor efficacy where patients
conditions were not significantly improved (Wagner et al., 2002). However, trials
have continued try and improve the efficacy of CF treatment via gene therapy;
the targeting of around 20-30% of sinus epithelial cells in pig models with CF with
adenoviral vectors showed a 7% increase in functional CFTR protein production
(potash et al., 2013). Thus monogenic autosomal recessive diseases present a
seemingly obvious target for gene therapy, however, the targeting of cells to

improve expression may be the greatest hurdle.

Polygenic conditions which are affected by multiple genes leading to the disease.
These diseases are more complex to deal with since the repair of one gene may
not be enough to fully treat the condition and thus multiple genes have to be
targeted. These conditions are also influenced by external factors such as
lifestyle and the environment. This can make it more difficult to treat these
conditions as genetics may not be the primary factor affecting the host. Attempts
have been made to treat conditions such as cancer and type 1 diabetes using
gene therapy. Cancer has been targeted by attempting to introduce transgenes
which induce cell death in rapidly growing cells, a strategy similar to
chemotherapy (Fung and Gerson, 2004). Type 1 diabetes has been targeted by
introducing minicircle DNA preparations with transgenes into hepatocytes that
improve gene transcription, mMRNA processing and translation. This allowed for
increased insulin production upon an increase in glucose concentration (Alam et
al., 2013).

Infectious diseases which are caused by microorganisms directly altering the
genome of the host. For example, the human immunodeficiency virus (HIV),
which functions by infecting cells and incorporating genetic information into the
host’s genome. This will allow the virus to hijack the cell machinery when needed
for replication (Chan and Kim, 1998). In these cases, gene therapy could be used
in multiple ways to prevent infection, for instance, by altering the receptors
utilised by the virus, by introducing antisense elements which bind to the viral
RNA and disrupts the virus, or by targeting peptides which are involved in fusing

during the entry of the virus into the host cell (Conrnu et al., 2021).



Two methods are used for the delivery of genetic material, in vivo and ex vivo. In vivo
involves the direct delivery of DNA into the host body. This can be done through
injection of DNA into the body or infusion via an IV bag. One of the major in vivo
methods discussed in this thesis utilising a vector (most commonly viral). This requires
for the target cells to be easily accessible by the vector and that the vector will
specifically cause expression of the gene in the required cells at the required and safe
levels for the correct amount of time without being expressed in non-target cells.
Adenoviral vectors are primarily used for these due to their high transfection rates, but
the virus has drawbacks of causing an immune response and only allowing short term
transgene expression since there is no integration of the material into the host DNA
(Mitani and Kubo, 2002; Crystal and O'Connor, 2006; Byrnes et al., 1995).

Ex vivo involves the removal of host cells from the patient, their grown in vitro (in
culture), their alteration with the therapeutic gene being inserted into them and finally the
reinsertion of the cells back to the host's target tissue. This allows for long term
expression since the cells act as engineered secretory tissue which can constantly

produce the correct protein to the local environment of the cells (Selkirk, 2004).

In the 1960's, Borenfreund and Bendich showed the incorporation of foreign DNA into
the nuclei of mammalian cells, 6-24 hours following the introduction of the DNA
(Borenfreund and Bendich, 1961). This experiment, along with some others in the
1960’'s, showed the general characterisation and delivery of certain therapeutic genes,
leading to an increased interest in gene therapy (Rieke, 1962; Borenfreund and Bendich,
1961).

The first viral system for gene delivery was developed by the Verma group in 1983.
They were able to use a retrovirus to transfer the human gene for hypoxanthine
phosphoribosyltransferase (HPRT) into mice with low HPRT (Miller et al., 1983). In 1985,
the first in vivo transgene expression in an animal model was done by transferring the
neomycin resistance gene (NeoR) into haematopoietic progenitor cells from the bone
marrow of mice which were immune competent. Retroviral expression vector N2 was
used. These cells were then grafted into lethally irradiated mice and the vector DNA was

detected 10 days following injection (Eglitis et al., 1985).

Gene transfer was done in humans first in 1989 in order to treat patients with advanced
metastatic melanoma. Human tumour infiltrating lymphocytes (TIL) were modified

utilising retrovirus vectors. The cells were then infused into the patients and were



tracked with the neomycin gene. This study was able to demonstrate the transduction of

a gene using a retroviral vector (Rosenberg et al., 1990).

The first gene therapy trial was approved and conducted in 1990 where two children with
adenosine deamninase-deficiency severe combined immunodeficiency (ADA-SCID)
were treated. The normal adenosine deaminase gene was introduced into the patients’
own T cells ex vivo using a retroviral vector. They attempted it on autologous cells to
prevent acute graft versus host disease caused by immune transplants (Aiuti et al.,
2002). The ADA-SCID lymphocyte trial displayed no adverse effects and a significant
expression of ADA was observed in cells recovered from the patients. However, the
treatment was not considered optimal because there was only transient expression of
the transgene. The trial was still considered useful since it displayed that gene therapy
could be utilised for some patients with the disease (Blaese et al., 1995). Despite the
increasing number of clinical gene therapy trials in the 1990’s, a case showing ideal and
lasting clinical benefit was not seen (Scollay, 2001). This was attributed to a number of
obstacles including inadequate gene delivery systems, immune response to the vectors

and the modified cells, and poor transgene expression (Nathwani et al., 2005).

The first gene therapy trial which led to severe adverse effects used a protocol which
utilised an adenoviral vector to treat ornithine transcarbamylase deficiency, a metabolic
liver disorder. The 18 year old patient Jesse Gelsinger reacted strongly to the
adenovirus-5-serotype vector which caused a severe systemic inflammatory response
which led to multiple organ failure and death only days after the vector was administered
(Raper et al., 2003).

The French trial for X-linked severe combined immunodeficiency (X-SCID) conducted in
2000 is considered the first clear successful gene therapy trial (Gaspar et al., 2004). The
trial involved the removal of bone marrow from ten infants followed by selecting the cells
for the CD34 marker to ensure a high amount of haematopoietic progenitors. They were
then modified ex vivo with the retroviral vector with the interleukin-2 receptor common
gamma chain followed by reintroduction into the patients intravenously. The results
showed a recovery to normal T-lymphocyte count within months of treatment along with
antigen specific response to immunisation in all patients except one. The therapy was
successful at repairing the immune system to the point where immunoglobulin therapy
was not required in a majority of the cured patients. A similar trial in Britain showed
similar immune system recovery in ten patients (Hacein-Bey-Abina et al., 2003).

However, the French trial caused T-cell leukaemia-like expansion in four patients, as



well as one in the British trial. This led to the death of one patient in the French trial
(Hacein-Bey-Abina et al., 2003, Howe et al., 2008, Hacein-Bey-Abina et al., 2008). ltis
thought that the insertion of the retrovirus close to proto-onco genes, such as LMO2,
caused the enhancer within the retroviral vector to dysregulate the expression of these

proto onco-genes (Aiuti et al., 2007).

In 2006, T cell receptors genes were successfully incorporated ex vivo in autologous
lymphocytes via retroviral vectors in metastatic melanoma patients. This improved the
engraftment of peripheral blood necessary to improve host lymphocyte levels following

immune-depletion (Morgan et al., 2006).

Adeno associated virus (AAV) vectors were used to infuse the human factor IX (FIX)
gene in patients with haemophilia B via peripheral vein injection. This led to increase FIX
expression allowing for improved bleeding response with minimal side effects (Nathwani
et al., 2011). AAV vectors have also been used to proffer the CHM gene in patients with
choroideremia to partially revert blindness. This gene codes for the Rab escort protein 1
(REP-1), without which the retina is unable to function and slowly degrades and dies off,
leading to blindness (Scholl and Sahel, 2014). A herpes simplex virus, Talimogene
laherparepvec (T-VEC), was modified to act as a vector to replicate selectively in
tumours to produce granulocyte macrophage colony stimulating factor (GM-CSF) to

improve antitumor response in melanoma patients (Andtbacka et al., 2015).

In 2018, gene therapy was used to reverse hypertriglyceridemia in mice which have had
their lipoprotein lipase knocked out in the striated muscle. Human lipoprotein lipase was
transferred into these mice using a retroviral vector. This significantly reduced the
amounts of triglycerides in the blood compared to that of untreated mice (Gadek et al.,
2018).

As of 2018, 2579 gene therapy trials have been undertaken in 38 countries from the
year 1989. This has been a sharp increase as seen from there being 1843 trials in 31
countries in 2012. While a majority of these are still in the earlier phases (I and I/1l), the
number of trials entering the late phases has also been improving. Early phase trials
have provided a better proof of concept for the technique, but most trials have (Ginn et
al., 2013) led to an unsatisfactory quantity of cells being modified for the therapeutic
effect. However, there have also been a few exceptions which have had more desirable
results, for instance the treatment of X-linked adrenoleukodystrophy (X-ALD) (Cartier et

al., 2009). The results so far show that gene therapy is at a definite incline in



advancement (Ginn et al., 2018), and as such it is important to ensure that the

procedure is safe for the host.

1.2 Vectors

A hurdle to gene therapy is the existence of natural barriers in place to prevent DNA

access to the cells.
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Figure 1.1 Extracellular Barriers to DNA Entry. In order to enter the nucleus and to be expressed for

the purposes of gene therapy, DNA must cross extracellular barriers first. These include A) Plasma

Degradation: DNAses present in the plasma can simply break down DNA. B) Reticuloendothelial

system (RES): The RES system can clear out DNA from the blood as a part of the immune system. C)

Microvessel Wall: The physical barrier separating blood from tissue needs to be bypassed for DNA to

approach the cells. D) Extracellular Matrix: Once through the microvessel wall, the DNA must still get

past the extracellular matrix. This is the only barrier which cannot be bypassed via direct intratissue

administration (Wang et al., 2013).

Furthermore, these cells themselves have barriers to prevent the entry of foreign genetic
material. This becomes patrticularly troublesome when high gene transfer into the host

cells is required.
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Figure 1.2 Intracellular Barriers to DNA Entry. lllustration of some of the non-viral entry methods
used to attempt DNA entry into the nucleus and the barriers in place to prevent this. A) Direct entry to
the cell is prevented by 1) the cell membrane itself, a physical barrier. B) The most direct physical
method to allow this entry is to generate transient holes in the cell membrane. C) Cationic lipids and
D) cationic polymers both complex with the cell membrane to form an endosome. This is the most
reliable method of entry, however, it leaves the DNA vulnerable to endosomal maturation into 2)
lysosomes which will fill with lysosymes and break down the DNA. If the DNA manages to leave the
endosome, or if the naked DNA itself enters through a transient hole in the cell membrane, DNA
degradation can still occur due to the presence of 3) nucleases in the cell. If the DNA manages to get
past all these barriers, it must still traverse the 4) nuclear envelope via the nuclear pore complex in
order to be expressed. DNA may also incorporate with the chromatin while the cell is dividing during
mitosis (Adapted from Wang et al., 2013).

The virus has been a crucial factor for getting past the barriers for the purposes of gene
therapy. This is due to their nature as naturally occurring parasites which bypass the
natural barriers of host cells to deliver their genetic material. This ability has been crucial
as a tool for gene therapy; so much so, that vectors are classed into two subsets, non-

viral and viral.




1.2.1 Non-Viral Vectors

Non-viral vectors include naked DNA, particle based vectors and chemical based
vectors (Ramamoorth and Narvekar, 2015). Non-viral vectors lack the natural protection
a virus provides to the genetic material they carry. This makes them potentially more
vulnerable to extracellular barriers. Physical methods attempt to directly bypass the
barriers in place while chemical methods attempt to interact with the cell membrane to

form endosomes to allow DNA entry into the cell.

Examples of physical methods are microinjection, injections directly into tissue, jet
injection and electroporation. Microinjection is a technique that allows direct penetration
of the cell membrane and/or nuclear envelope to introduce the DNA into a single cell at
the microscopic level. This is done with a micropipette with a needle 0.5-5 um in

diameter and a pipette to hold the cell in place via suction.

Injection needle

Holding pipette Suction (—

X Nucleus

-

Host Cell

Figure 1.3 Microinjection. The illustration shows an individual cell being held in place by a pipette via
suction following which a microinjection with a narrow needle directly pierces the host cell nucleus. The
injection then deposits the therapeutic DNA into the cell. This cell can then be reintroduced into the host
body. (Adapted from Sari and Iskender, 2022).

It is an efficient method and allows for a large amount of DNA to be transferred.
However, it requires individual cell manipulation of cells making it poor in terms of cost
efficiency. Transgene expression and persistence are also low (Barber, 1911, Wolf et al.,
1990, Davis et al., 1993; Wang et al., 2013).

Injections function similarly to microinjections, however the therapeutic DNA is injected
into tissue rather than individual cells. This method has been used to administer naked
DNA coding for the Interleukin-12 (IL-12) cytokine and demonstrated transgene
expression. It has also been used to introduce naked DNA into muscles while showing
transgene expression. The injection method is thus more cost effective as it does not

require the formation of vectors. This method can also be used to introduce other
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genetic therapeutic agents such as siRNA and DNA/polycation complexes. However, as
mentioned, this method has the issue of low transgene expression primarily due to the
physical barriers in place listed in Figure 1.1 (Lui et al., 2001; Herweijer and Wolff, 2003;
Thompson and Patel, 2009; Wang et al., 2013). Jet injection is a method that uses a
pressurised gas in place of a needle to target cells. This prevents some of the DNA
being left in the needle (Ren et al., 2002). It also allows the pressure to be adjusted
depending on the tissue being targeted. This method has shown positive results for
cancer therapy (Stein et al., 2008; Walther et al., 2008). There have been minor side
effects seen with their usage including hyperaemia and superficial side effects such as
minor bleeding (Lysakowski et al, 2003; Wang et al., 2013).

Electroporation uses electricity to induce the formation of nano-pores in the cell
membrane allowing negatively charged DNA to enter following injection of DNA into the

tissue surrounding the cells (Neumann et al., 1982).
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Figure 1.4 Electroportation. The illustration shows how electrobortation is used to add therapeutic
DNA into host cells. A) The cells are place between two electrodes and a pulse of electricity is applied
to them. B) Before the pulse is applied, the therapeutic DNA is unable to cross the cell membrane. C)
Once the pulse is applied, it forms pores in the cell membrane, through which the therapeutic DNA can
enter. D) After some time, the cell is able to heal the damage to the cell membrane and reseal the pore,

at which point therapeutic DNA has already entered the cell. (Adapted from Du et al., 2018).

Electroportation has been used to deliver the plasmid IL-12 into tumours of patients with
metastatic melanoma (Daud et al., 2008). The results were safe, reproducible and
efficient (Wang et al., 2013). In this way, the method is useful in treating tumours.
Electroporation does have drawbacks in cases where cell death can occur due to

irreversible electroporation. This prevents the pores formed in the cell membrane from




healing and closing up, allowing material to freely move in and out of the cell preventing

cell homeostasis (Bolhassani, Khavari and Orafa, 2014, Rubinsky, 2007).

Examples of chemical gene delivery methods are cationic lipids and cationic polymers.
Cationic lipids are lipid capsules with hydrophilic heads, hydrophobic tails and linkers to
combine them. They house DNA at their core when used as a DNA delivery vector. The
positive charges on the surface of the lipid interacts with the negatively charged cell
membrane. This interaction causes the lipid to get endocytosed into the cell within an
endosome. The DNA must then escape from the endosome. This is achieved due to the
cationic nature of the cationic lipids, which interact with the anionic lipids of the
endosome and begin to “mix”. This mixing will allow the DNA to escape into the
cytoplasm (Chesnoy and Huang, 2000; Parker et al., 2003; Hashida et al., 2005;

Medina-Kauwe, Xie and Hamm-Alvarez, 2005).
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Figure 1.5 Cationic Lipid Principle. The illustration shows how cationic lipids are used to
introduce therapeutic DNA into cells. The lipids form a spherical shape known as a liposome. The
hydrophilic heads of the lipids face outside and the hydrophobic tails face towards each other to form
a bilayer. Negatively charged DNA can interact with the liposome and be engulfed forming a lipoplex.
The lipoplex can interact with proteoglycan on the host cell membrane which will the lipoplex to be
endocytosed into the cell. The lipoplex is contained in an endosome. The negatively charged lipoplex
can interact with positively charged endosome to cause mixing (figure 1.6), freeing the DNA inside
which can then move towards the nucleus. There is a chance the lipoplex is unable to mix with the
endosome, causing the DNA within to be degraded (Parker et al., 2003). (Adapted from Parker et al.,
2003).
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Figure 1.6 Cationic Lipid Mixing. The illustration shows how cationic lipoplexes (figure 1.5)
containing DNA can interact with the endosome to cause release of the DNA. 1) The cationic lipids of
the lipoplex have a positive charge and the anionic lipids of the endosomes have a negative charge.
2) The cationic lipoplex lipids interact with the endosomal anionic lipids which causes the wall to
destabilize. 3) As the cationic and anionic lipids begin to “mix” into each other, the endosomal wall
breaks down allowing the DNA within to escape (Parker et al., 2003; Medina-Kauwe, Xie and Hamm-
Alvarez, 2005). (Adapted from Medina-Kauwe, Xie and Hamm-Alvarez, 2005).

Cationic lipids are useful since they are inexpensive, easy to prepare and they can be
modified to better target specific cells. However, they have poor transfection efficiency
and can be mildly toxic (Parker et al., 2003; Wang et al., 2013).

Cationic polymers are made using amine groups packed at a high density and can be
charged with protons when at a neutral pH. The positive charge lets them complex with
negatively charged DNA through electrostatic interaction. They are generally more
stable and larger than cationic lipids and function with a similar principle by interaction
with the cell membrane and being endocytosed. The mechanism through which the DNA
escapes the endosome is different. Cationic polymers such as polyethylenemine (PEI),
due to their high density of amino groups, can buffer the acidic pH of the endosome
interior. This causes osmotic swelling of the endosome leading to rupture, allowing the
DNA to escape into the cytoplasm. This is also known as the proton sponge effect (Jin et
al., 2014).

The primary advantage of non-viral delivery is the ability to be able to delivery very large
DNA molecules into mammalian cells. However, they have also exhibited somewhat
poor transfection efficiency and toxicity (Wang et al., 2013). The use of both cationic
polymers and liposomes together has shown improved transfection efficiency. The

process involves the formation of the cationic polymer which is then complexed with a
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liposome. This provides added protection for the cationic polymer within the liposome
(Tan et al., 2002; Ueno et al., 2002; Wang et al., 2013).

1.2.2 Viral Vectors

Viruses are a very tempting alternative to non-viral vectors due to their innate abilities to
bypass the natural barriers of host cells to deliver their genetic material. However, they
potentially lack the safety aspect concordant with non-viral vectors. Even though both
viral and non-viral vectors have been used for gene delivery in clinical trials, viral vectors
account for around 70% of these. Adenoviral and retroviral vectors have been used
primarily (Kay et al., 2001, Glover et al., 2005; Zhao et al., 2008). Viral vectors are
chosen based on the cell type that is being altered as well as the duration the
expression of the transgene is needed for (Gillet et al., 2009). Viral vectors require
certain characteristics to be effective; these include the ability to be propagated reliably
and reproducibly, to be purified to high titre and to be able to deliver the gene to the host
cell without causing detrimental toxicity (Wanisch and Yafiez—Mufioz, 2009; Yafiez —
Mufioz et al., 2006).

1.2.2.1 Retroviruses

Retroviruses are enveloped RNA viruses of the retroviridae family. They are
characterised by the general life cycle which involves the reverse transcription of their
single stranded RNA genome into double stranded DNA (called the pro virus) which is
then integrated into the host cell genome. Each virus particle (virion) is around 100nm in
size with a small RNA genome of around 7-12 kb. The retroviridae family is categorised
based on differences in genetic structure, size of assembled virion, morphology and
genome complexity and are divided into seven genera. Five of these have simple
structures and oncogenic potential: Alpharetrovirus, Betaretrovirus, Gammaretrovirus,
Deltaretrovirus and Epsilonretrovirus. Two of them are more complex: Lentivirus and
Spumavirus. For the purposes of gene therapy, Gammaretroviruses, Lentiviruses and
Spumaviruses are mainly utilised (Baum et al., 2006). Retroviruses have three major

aspects which make them useful for gene therapy:

e Uptake of genetic information directly into host cells via receptor mediated

mechanisms
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e Conversion of single stranded RNA into double stranded DNA which can be

integrated into host chromatin

e The incorporation of complete retroviral mMRNA being incorporated as a form of

genetic information

Retrovirus Biology

While most viruses involve the transcription of DNA into RNA followed by translation into
proteins, retroviruses function differently where RNA is first reverse transcribed into
DNA, integrated into a host genome, then utilises the host cell machinery to transcribe
and translate its genetic material. The retrovirus functions in two general forms, the
virion and the provirus. Virions are 100 nm diameter enveloped particles which contain
single-stranded RNA. Once the RNA is reverse transcribed and integrated into the host
genome, it is called the provirus and contains the coding and non-coding regulatory cis
acting gene regulatory sequences. The provirus will allow for the expression of the viral
proteins followed by the packaging of the material into a virion via budding at the host
cell membrane (Watts et al., 2009; Weiss, 2006; Ruscetti, 1995).

Coding Sequences

The retrovirus genome consists of four genes gag, pro, pol, and env. While simple
retroviruses only contain these genes, complex viruses contain more regulatory and
accessory genes (Eisenman and Vogt, 1978). The retroviral genome is expressed as a
polyprotein made from all four gag, pro, pol, and env genes. During the assembly of the
virion, the polyprotein is cleaved to form the individual proteins required by the virus. The
gag gene encodes the primary structural proteins of the virion including the matrix (MA),
capsid (CA) and nucleocapsid (NC) proteins. The pol gene forms the enzymes of the
virus including reverse transcriptase (RT) and integrase (IN) which reverse transcribe
the viral RNA into double-stranded DNA and the integration of this DNA into the host
genome, respectively. The env gene encodes the surface (SU) protein and
transmembrane (TM) which form the viral envelope proteins involved in forming the
virion lipid bilayer. The pro gene encodes for the viral protease (PR) which processes

the viral polypeptides formed by the other genes of the retrovirus (Kay et al., 2001).
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Non-Coding Sequences

The flanks of the provirus sequence contain the long terminal repeats (LTR) regions
which are divided into the unique in 3’ (U3) repeat and the unique in 5’ (U5) sequence
(Tipper, Cing6z and Coffin, 2012). The U3 region is around 450 nucleotides and acts as a
promoter for viral transcripts. The R region is around 100 nucleotides long and has a
polyadenylation signal which allows for the processing of viral RNA. The two R regions
require homology to allow transcription of the genome. The U5 region is a guanine and u
uracil (GU) rich region of about 80 nucleotides which improves the polyadenylation
signal in the R region (Huthoff et al., 2003). There are other cis acting regulatory
sequence sites such as the primer-binding site (P-BS), complementary to a region on
the tRNA derived from the host to which it will bind to act as a primer for the minus
strand DNA synthesis in reverse transcription (Verma et al., 1971, Dahlberg et al., 1974).
The encapsidation signal (W) is found downstream of the PBS and allows the
encapsidation of virions. This region is removed during splicing and thus ensures only
unspliced, full length transcripts are packaged into virions (Mann and Baltimore, 1985).
In HIV-1 (a lentivirus), the polypurine tract (PPT) at 16 nucleotides long is upstream of
the U3 and functions as a primer for the plus strand DNA reverse transcription (Smith,
Cywinski and Taylor, 1984; Finston and Champoux, 1984). A second plus strand DNA
reverse transcription region can also be found in the integrase region within lentiviruses

called the central polypurine tract (cPPT) (Charneau et al., 1994).

Virus Structure

The envelope of the retroviral virion is obtained from the host cell membrane during
encapsidation. The envelope is bound with the matrix (MA) protein. The transmembrane
(TM) region spans the lipid bilayer and anchors the surface receptor (SU) which
protrudes outward from the virion as part of the glycoprotein (Perez et al., 1987). The
matrix houses the dense virion core which contains the nucleocapsid (NC) capsid
complex. The virion also contains the reverse transcriptase (RT) and integrase (IN)
proteins. The capsid (CA) proteins are found on the surface of the core and number from
around 2000-4000 copies (Halwani et al., 2004).
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Figure 1.7 General Structure of the HIV-1 Virion. Viral proteins are indicated in the diagram. The
Transmembrane glycoprotein (TM) tethers the surface glycoprotein (SU) to the lipid bilayer matrix (MA).
The SU is involved in virus signaling with host cells to allow virus entry into the host cell. The matrix
(MA) protects the viral genome as well as facilitating viral entry into the host cell. Proteases (PR) are
enzymes which are involved in cleavage of viral polyprotein precursors and host cell proteins. The
capsid (CA) proteins form a protective barrier around the viral genome. The nucleocapsid (NC) will
attach to the viral RNA and will cause condensing for efficient chaperone activity in the host cell. The
single stranded RNA genome (RNA) will code for the viral proteins required for infection and replication
and will be reverse transcribed for integration into the host genome. The integrase (IN) is an enzyme
which will form DSBs in host DNA to allow for integration. Reverse transcriptase (RT) is a DNA
polymerase enzyme which will convert viral RNA to double stranded cDNA which will then be integrated

into the host genome. Image modified from Hutson et al., 2014 (Baum et al., 2006; Halwani et al., 2004).

1.2.2.2 Lentiviruses

Lentiviruses are able to deliver large and complex transgenes of up to 10 kb to target
cells and as such are ideal for gene therapy (Verma and Weitzman, 2005). In addition to
the gag, pol and env genes, lentiviruses carry regulatory genes, tat and rev, and
auxiliary genes, vpr, nef, vpu and vif, and are involved in regulating the synthesis and
processing of the viral DNA while allowing viral replication (Das and Jameel, 2005;
Pfeifer and Verma, 2001; Coffin, 1996).
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Figure 1.8 The HIV Genome. An example of a lentivirus, HIV has the major retrovirus genes (gag, pol,
env) as well as non-structural and accessory genes specific to HIV. There are two LTR regions at the
3" and 5 end of the genome. The LTR regions are involved in virus replication, integration and
expression. The Gag region encodes the viral proteins MA, CA and NC which are described in figure
1.7. It also encodes for proteins pl, p2 and p6, the former two being spacer peptides and the latter
being a membrane interaction protein which acts as a docking site for several viral binding targets. The
Pol region encodes for the viral proteins PR, RT and IN which are described in figure 1.7. The env
region encodes for the proteins gp41 and gp120 also known as TM and SU and are described in figure
1.7. Vif (virion infectivity factor) is an essential protein for viral replication. Tat (Trans-activator of
transcription) and nef (negative factor) are regulatory proteins involved in initiating viral transcription
and viral replication respectively. Vpr (viral protein R) is involved in several functions including host cell
cycle arrest, viral preintegration complex nuclear import and apoptosis of the host cell. Vpu (viral protein
U) enhances the release of virions from host cells through their plasma membranes. The rev protein
improves viral expression by inducing nuclear export of viral mMRNA into the host cell cytoplasm. Image
modified from Cervera et al., 2019 (Gouvarchin et al., 2020; Cervera et al., 2019; Solbak et al., 2013;
Gonzéalez, 2015; Romani et al., 2010; Andersen and Planelles, 2005; Chang, Liu and He, 2005; Zhang
et al., 2000; Aiken and Trono, 1995; Arrigo et al., 1989).

Lentiviruses require transport of a preintegration complex through the nucleopore of the
host cell utilising its own nuclear import mechanism. This allows for the targeting of non-
dividing cells which makes them an ideal candidate to use as a gene therapy vector
(Vigna and Naldini, 2000). The HIV-1 life cycle can be categorised into two distinct
phases, infection and replication. Infection involves the incorporation of the viral genetic
information into the host genome; the extensive latent period during this is considered a
unique aspect of lentiviruses. The production of regulatory products required for
replication is seen early in the life cycle and is followed by structural gene expression
later on, closer to the replication phase. Replication involves the final part of the life

cycle involving the production of virus particles (Kay et al., 2001).
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Figure 1.9 The Lentiviral Life Cycle. 1) Binding of the HIV receptor and the host cell membrane
CCR5/CXCR4. 2) Fusion of the virion transmembrane and host cell membrane allows entry of viral
material into the host. 3) Delivery to the host nucleus begins along with the uncoating process. 4)
Reverse transcription begins and the viral RNA is converted to DNA. 5) Viral material enters the
nucleus. 6) Uncoating and Reverse transcription both complete. 7) Viral DNA integrates into host
genome. 8) Transcription of viral DNA occurs using host mechanisms to form viral mRNA. 9) Viral
MRNA is translated to form viral proteins. 10) Viral proteins are assembled to form a viral particle. 11)
Budding occurs to allow the virions to exit the cell and form their own virion transmembranes from the
host cell membrane. 12) The virions are released and completely mature, ready to infect more host

cells. Image modified from Ramdas et al., 2020.

Entry and Uncoating

The retroviral life cycle is initiated upon the entry of the virion into the cell via the env
detecting a specific host cell surface receptor; the main one for HIV-1 being CD4 and co
receptors CCR5 and CXCR4 (Dragic et al., 1996, Choe et al., 1996, Ramdas et al.,
2020). Upon this interaction, the surface glycoprotein (SU) will change in conformation to

expose a coreceptor binding domain which will then allow the transmembrane
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glycoprotein (TM) to become exposed. The hydrophobic nature of TM will cause it to
fuse with the host cell membrane, allowing the virion to become engulfed (Bosch et al.,
1989). The virion will then uncoat by dissociating its capsid proteins while the proteins
within will form the reverse transcription complex (RTC) (required for reverse
transcription) and the preintegration complex (PIC) (allows entry into the nucleus for
integration). The RTC contains the reverse transcriptase (RT), integrase (IN),
nucleocapsid (NC), the phosphorylated matrix protein (MA) and the Vpr (Bukrinsky et al.,
1993; Miller, Farnet and Bushman, 1997; Gorman et al., 1998).

Reverse Transcription

Reverse transcription will initiate before nuclear entry. The process utilises the tRNA
(tRNAlys3) from the host cell as a primer which binds to the complementary binding site
on the viral RNA strand which will initiate the DNA reverse transcription. The DNA
synthesis will continue towards the 5’ end of the genome encoding the U5 and R regions
as the (-)ssDNA is formed. This will cause the formation of a RNA-DNA duplex while the
RNA template strand is degraded by RT utilising RNase activity. The (-)ssDNA will then
be transferred to the 3’ end of the RNA via the homology between the 5’ and 3' R
sequences in a process called minus strand transfer. The DNA strand will be extended.
Upon completion of extension, the complementary strand will then begin synthesis from
the polypurine tract (PPT). During the formation of the strand, the viral RNA will continue
to be degraded, except for the central polypurine tract (cPPT) which will act as primers
for the (+)ssDNA which begins after the (-)ssDNA synthesis and will continue up to the
tRNA primer, creating an region of homology at the PBS of 18 nucleotides which allows
(+)ssDNA transfer. Synthesis will continue from the transferred part of the (+)ssDNA up
to the cPPT where it will displace prior DNA synthesis which had been initiated from the
cPPT forming a 99 nucleotide ‘flap’ between a central termination sequence (CTS)
(involved in nuclear entry) and the cPPT. DNA synthesis continues after plus strand
transfer in both directions towards the ends of the LTRs after which, the DNA can be
integrated into the host genome. During the reverse transcription process, the entire
complex will move toward the nucleus. Once at the nucleus, the RT will split forming the
PIC and the DNA is translocated through the nuclear pore into the host nucleus.
Gammaretroviruses require the host nuclear membrane to break down from mitosis as
they are unable to cross the nuclear membrane. Lentiviruses are useful for gene therapy
since they have a mechanism to enter non-dividing cells, making them more versatile
(Rosonina et al. 2005; Charneau et al., 1994).
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Integration

This process is carried out primarily by a retroviral recombinase protein called integrase.
The integrase will bind to specific attachment sites in the U3 and U5 LTRs to allow
integration in two steps. The first is called 3’ processing and involves the removal of the
3’ terminal dinucleotide one each end of the viral cDNA resulting in a preintegration
complex (PIC). This will result in 3' OH groups at the ends of the viral cDNA which act as
a viral genome attachment for the host DNA (Skalka and Katz, 2005; Miller, Farnet and
Bushman, 1997). In the second step, integrase will arbitrate a nucleophilic attack
between the viral 3' OH groups and the phosphodiester bonds in the complementary
strands of the host DNA chromosomes. The energy released by the broken
phosphodiester bonds is utilised to join the 3’ viral DNA to the host DNA at one end
(Engelman, Mizuuchi and Craigie, 1991). The process creates a double strand break in
the host DNA which is then held together by the single strand links of the viral DNA
(Skalka and Katz, 2005). This will lead to around five base pairs on the 5’ end of the viral
DNA being unpaired thus leading to two short single stranded gaps in the host DNA
flanking the integration site. These unpaired dinucleotides of the viral DNA 5’ ends will
then be removed and the single strand gaps between the 5’ and host DNA are filled
leading to the same five base pairs flanking the integrated DNA (Craigie, 2001). In order
to allow the DNA to remain stable and remain heritable, post-integration repair is carried

out via non homologous end joining (NHEJ) (Skalka and Katz, 2005).
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Figure 1.10 Retroviral Integration. (a) The ends of the viral DNA will be housed inside the integrase
molecule represented as a grey dumbbell shape (the integrase is part of an integrase multimer, “(IN)n”).
Me?* is either Mg?®* or Mn?* which act as a divalent metal cofactor and initiates the processing

mechanism. During processing, the integrase will engulf the host strand at the integration point. This is
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followed by joining (utilising more Me?*) which will initiate a cleavage-ligation reaction to break the host
DNA strands and ligate the 3’ ends of the viral DNA to the 5’ ends of the host DNA. (b) Postintegration
repair of the strand will be carried out by host cell machinery through NHEJ. Image adapted from Skalka
and Katz, 2005.

The whole process creates by products called DNA episomes which are circular viral
coding regions with either one LTR (formed as a result of homologous recombination
between two LTRS), or via two LTRs (created by non-homologous end joining (NHEJ))
(Cara and Reitz, 1997). This non-integrated DNA can support transcription and as such
allow even defective lentiviral vectors to allow expression (Wu and Marsh, 2001; Philippe
et al., 2006, Yafiez-Mufoz et al., 2006).

NHEJ Necessity in Integration

Prior to post-integration repair, if a host cell replication fork collides with the unrepaired
viral DNA — host DNA complex, it can create DSBs with the free ends at the integration
site. These unintegrated molecules can also appear as chromosomal fragments to the
host DNA damage sensing repair pathways leading to self-ligation via homologous
recombination and the removal of the viral DNA (which may become episomes). As
such, for the successful integration of a provirus or for the use of gene therapy, NHEJ

must be used in post-integration repair (Skalka and Katz, 2005; Li et al., 2002).

A series of studies showed that in NHEJ-deficient cells, successful retroviral infection
only occurred in 10-20% of cells. The remaining 80-90% of cells would undergo cell
cycle arrest and apoptosis in the presence of an active integrase molecule. (Daniel, Katz
and Skalka, 1999; Daniel et al., 2001; Daniel et al., 2004). Thus, without NHEJ
capabilities, the DNA integration process is most likely detected by the host cells as DNA
damage. So, a lack of NHEJ would prevent the post-integration repair necessary for
successful integration leading to cell cycle arrest and apoptosis. It is possible the cells
can still undergo repair through homologous recombination (HR) at a lower rate, which
may account for the 10-20% of successful retroviral infections (Skalka and Katz, 2005; Li
et al., 2001).
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Figure 1.11 DNA Damage Sense. DSB formation during viral integration will be perceived as DNA
damage by the host cell. NHEJ competent cells will repair the damage leading to stable integration.
Only 10-20% of cells lacking NHEJ will be able to achieve stable integration, possibly via homologous
recombination (HR), while the majority of cells will undergo cell cycle arrest and apoptosis. Thus it can
be understood that NHEJ is crucial for successful retroviral infection. Image adapted from Skalka and
Katz, 2005 (Skalka and Katz, 2005; Li et al., 2001).

The impairment of NHEJ can lead to a multitude of conditions related to cell cycle

checkpoints such as Artemis-dependent SCID (Moshous et al., 2001; Kerzendorfer and
O'Drriscoll, 2009). Thus, the induction of an increased number of double strand breaks
in DNA in NHEJ impaired cells could potentially lead to serious effects in patients being

treated with gene therapy.

Transcription

The provirus, once formed after integration, will utilise the host cell machinery to
transcribe and translate its genetic information. The cis-acting regulatory sequences in
the LTR and the trans-acting proteins made by the host and the virus interact in order to
allow for transcription. The 5’ end of all mMRNA transcripts will recruit host cell elements
including cyclin T and Cdk9 upon the viral transcription activator (Tat) protein attaching
to the stem loop structure called the trans-activation response (TAR) element at the 5’
end of these transcripts. This will allow for transcription to occur at a much higher rate
(close to 100 times more) than the normal rate acquired by the HIV-1 promoter mediated
RNA polymerase complex (Romano and Giordano, 2008). Unspliced mRNA will be

bound to by Rev, at the Rev responsive element (RRE) allowing this complex to eject

21




from the nucleus where the Rev will stabilise the viral transcripts (Roebuck and
Saifuddin, 1999; Pollard and Malim, 1998, Schneider et al., 1997).

Translation

The Gag and the Gag-Pro-Pol polyproteins are translated from unspliced viral mMRNA at
a ratio of 20:1, after which they associate to the cellular membrane where Gag
multimerisation happens as the viral genome is attached to the nucleocapsid (NC) via
the encapsidation signal present on unspliced mRNA leading to packaging. The env
gene is transcribed as a dull mMRNA and translated to the viral glycoproteins gp120 and
gp41 and inserted into the rough endoplasmic reticulum via the signal recognition

particle (SRP) following which it will be recruited into the virion (Perez et al., 1987).

Virion Assembly and Budding

The virions are then packaged at the cell membrane with host proteins and released
from the cell as immature and non-infectious particles. The polyproteins in the virions will
then be cleaved by the protease (P) to form the IN, RT and the structural proteins, MA,
CA and NC. This will allow the immature spherical gag to be condensed into the mature

cone shaped core, forming a mature virion. (Briggs et al., 2003).

1.2.2.3 Lentiviral Vectors

Viral vectors were first used for gene delivery in the early 1980'’s utilising the Moloney
Murine Leukaemia Virus (Mo-MLV). In order to utilise vectors, it is necessary to separate
the viral particle formation proteins, the infection proteins and the cis acing sequences
into different plasmids (Mann et al., 1983). Lentiviruses are characterised by their long
period between the infection and the onset of disease, sometimes lasting months or
years, as well as their ability to infect non-dividing cells (Buchholz et al., 2009). The
infection phase of the lentivirus life cycle, which involves the genome being introduced to
the host cell, is the aspect which allows these lentiviruses to be used as vectors and is

referred to as gene transduction or single cycle infection (Durand and Cimarelli, 2011).

Other aspects which allow lentiviruses to be used as vectors included the fact that the
reverse transcription and integration processes are carried out inside the virion itself,
allowing straightforward access to the viral genes which must be altered before use as a

vector. They also have a large capacity of 8-10 kb aside from the cis-acting sequences
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(Zufferey et al., 1998) and have reduced in vivo immunogenic reactions as compared to
other viral gene therapy vectors (Chirmule et al., 1999). The integration of material into

the host cell genome allows subsequent generations to have the transgene.

Early HIV-1 Vectors

The very first lentiviral vectors were able to replicate and were used as a tool to detect
viral replication in vitro and in vivo to screen for anti-HIV-1 drugs. Subsequently, to
improve safety of these HIV vectors, they were modified to separate the viral sequences
required for packaging and those needed to form the viral proteins with the first
prototypes separating the information into two plasmids (Helseth et al., 1990, Page et
al., 1990). The first plasmid contained the HIV-1 proviral DNA without the env gene while
the second only expressed the env. The viruses would undergo one cycle of infection
since they lacked the env and instead had the transgenes inserted instead of the nef or
env; expression controlled by the 5’ LTR (Page et al., 1990, Landau et al., 1991, Helseth
et al., 1990).

Other HIV-1 vectors were formed which carried the cis-acting elements for genome
packaging, reverse transcription and integration while lacking the viral proteins with a
heterologous internal promoter diving the expression (Richardson, Child and Lever,
1993).

CD4 Specificity and VSV-G

Early HIV vectors required human cells with CD4 to be able to express them as this was
the primary HIV-1 Env receptor. However, a pseudotyped murine leukaemia virus based
retroviral vector (MLV) was produced by replacing the Env glycoprotein with the
vesicular stomatitis virus-G (VSV-G) viral attachment protein. The advantages of these
vectors was that they were more stable and allowed higher concentration titre production
via ultracentrifugation (Burns et al., 1993) and the fact that VSV-G could attach to
ubiquitous receptors allowing a larger variety of host cells to be infected, including non-
mammalian (Coil and Miller, 2004). This allowed Akkina et al. to show the VSV-G HIV-1

vector was able to infect CD34+ haematopoietic stem cells (Akkina et al., 1996).
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HIV-1-Based Lentiviral Vectors with Three Plasmids

To further improve safety, three plasmids were used in the first generation HIV-1 vectors
to prevent the formation of replication competent lentiviruses (RCLs) (Naldini et al.,
1996). The three plasmids contained the packaging construct, the env plasmid (coding
for viral glycoproteins) and the transfer vector genome construct. The packaging
construct contained the gag, pol and regulatory proteins necessary to make a
mammalian promoter to allow viral particle generation. The env plasmid coded for the
viral glycoprotein, such as VSV-G, to allow the vectors to bind to receptors on the host
cell. These two plasmids were formed lacking the packaging signal and the LTRs to
prevent the formation of RCLs. The transfer vector contained the cis-acting elements
required for packaging, reverse transcription and integration, while lacking HIV

proteins. The transfer genome required the use of an internal promoter due to the lack of
the transactivator (Tat) not being encoded by it. Safety was improved with this system by
the necessity of at least two recombination events occurring to produce RCLs (Durand
and Cimarelli, 2011).

Second Generation Lentiviral Vectors

To improve safety, accessory genes were modified to attempt to improve these vectors.
By removing the accessory HIV-1 genes, Vif, Vfu, Vpr and Nef, certain human lymphoid
cells could still be infected without altering viral replication. These are necessary for HIV-

1 infection in primary cells or in vivo (Fouchier et al., 1996).

Nef degrades host proteins such as CD4 and MHC class | to increase virus production
and to evade the immune system. Vif and Vpu are involved in the inactivation of host
antiviral factor, apolipoprotein B mRNA editing enzyme-catalytic polypeptide-like 3G
(APOBEC3G) (Harris et al., 2003) and the antiviral factor tetherin, respectively (Neil et
al., 2008, Sakuma, Barry and Ikeda, 2012). While important for viral pathogenicity, they
could be deleted in second generation lentiviral vectors. A further replacement of the
Env with VSV-G leads to the virus only containing four of the nine HIV genes: gag, pol,
tat and rev (Zufferey et al., 1997).

Self-Inactivating (SIN) Vectors with a U3 Deletion

If replication-competent recombinant lentiviruses are produced, or if wild-type lentiviral
infection occurs following vector transduction, then the virus can spread the transduction

of material to non-target cells. LTRs also contain enhancers which allow for host
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transcription factor binding, and thus if integration occurs near proto-oncogenes, these
enhancers could cause oncogenesis. These aspects have required the production of
self-inactivating (SIN) lentivectors. The two LTR regions flanking the vector genome in
standard vectors contain the U3 which acts as a viral enhancer/promoter while the R
acts as the polyadenylation signal. Generally, the U3 and U5 regions are not present in
the proviral mMRNA, with the R region capping it at both ends instead. During reverse
transcription, the U3 in the 3' LTR is copied to the 5’ LTR thus leading to duplication of
the LTR. If part of the U3 in the 3' LTR is removed, the duplication will result in the same
deletion being transferred to the 5’ LTR enhancer/promoter region thus preventing the
transcription of viral genomes which could be packaged into replication-competent
lentiviruses (RCLs) (Yu et al., 1986). The SIN method was utilised with HIV vectors by
deleting the 3' LTR sequences such as the TATA-box, specificity protein 1 (Spl), and
nuclear factor of activated T-cells (NFAT) binding sites (Miyoshi et al., 1998, Zufferey et
al., 1998, Iwakuma, Cui and Chang, 1999). This reduced the chance of spontaneous
production of RCLs, activation of proto-oncogenes by the LTRs, wild type virus infections
utilising integrated vector proviruses and the transcriptional interference and

suppression of genes adjacent to the vector provirus by the LTRs.

Third Generation Four Plasmid Tat-Independent Vectors

Tat and Rev are necessary for HIV-1 replication and thus cannot simply be deleted.
They are required for transcription of the provirus and the nuclear export of transcripts
containing the introns (Laspia et al., 1989, Terwilliger et al., 1988). To improve safety,
the Rev was provided from a separate plasmid and producing a Tat-independent vector
by replacing the U3 promoter region of the 5’ LTR with viral promoters from
cytomegalovirus (CMV) or the Rous Sarcoma Virus (RSV) (Dull et al., 1998, Kim et al.,
1998). The four plasmids utilised were the packaging construct, the Rev plasmid, the

Env or VSV-G plasmid and the transgene plasmid with a strong promoter.

The SIN method was also used with this to produce a vector with only three of the nine
HIV genes improving the safety of the vector since three recombination events would be
required to make a seemingly replication competent HIV-1, and even if these occurred,

no LTRs, Tat or accessory proteins would be present (Escarpe et al., 2003).
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Cis-acting cPPT for Increased Vector Transduction Efficiency

The plus strand DNA is synthesised from the PPT and the cPPT leading to the formation
of the triple helical central DNA ‘flap’ (Charneau et al., 1992). This flap is thought to
improve HIV-1 proviral DNA nuclear import (Zennou et al., 2000). The introduction of the
cPPT in HIV vectors improves transduction efficiency in vitro and in vivo (Zennou et al.,
2001, Van Maele et al., 2003, Demaison et al., 2002).

WPRE Introduction for Increased Transgene Expression

WPRE (WHYV [woodchuck hepatitis virus] post-transcriptional regulatory element) is a
cis-acting element which improves expression of lentiviral vectors by improving the
amount of unspliced RNA in the nucleus and the cytoplasm (Donello et al., 1998,
Zufferey et al., 1999). Adding WPRE to lentivectors improves transgene expression in
target cells (Zufferey et al., 1999, Brun et al., 2003). However, WPRE contains the WHV
X gene which is thought to be involved in animal liver cancer (Kingsman, Mitrophanous,
and Olsen, 2005). To overcome this problem, the X gene open reading frame can be
mutated to improve the safety of the vector (Zanta-Boussif et al., 2009; Rémy et al.,
2009).

SFFV LTR Promoters

Promoters are regions upstream of genes which are cis-acting regulatory regions which
control transcription. They work by providing binding sites for RNA polymerase Il
(transcribes DNA to mRNA) and transcription factors. They can work in conjunction with
regulatory elements like enhancers and silencers to control the level of a gene’s
expression (Frecha et al., 2008). In vivo gene therapy functions by expression the
transgene at the required amount, at the correct developmental stage, without inducing
toxicity and without being targeted by the immune system. Without controlling the
expression, depending on the condition being treated, over or under expression of the
transgene can have undesired effects. Naturally existing promoters have been studied to
see the possibility of utilising them in order to improve transgene expression (Frecha et
al., 2008).

One promoter which has been studied and utilised is the Spleen focus forming virus LTR
(SFFV) promoter. The U3 region in the LTR contains the enhancer/promoter with cis-
acting elements. The 5’ end is flanked by a binding site for the transcription factor, Sp1,
and the 3’ end is flanked by the Friend Virus factor ¢ (FVc) (Baum et al., 1997). The
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promoter contains a region allowing the CCAAT/enhancer binding protein to attach
which allows for liver specific transgene expression. It also contains the core binding

factor which regulates retroviral gene expression (Baum et al., 1998).

Utilising this gene in a lentivector showed high transgene expression in haematopoietic
cells (Tsuiji et al., 2000), spermatogenic cells (Danno et al., 1999) and hepatocytes in
vivo (Yamaguchi et al., 2003) indicating the viability and use of these promoters to

enhance transgene expression.

1.2.3 DNA DSB Repair

Double strand breaks (DSBs) are repaired by all eukaryotic cells via two main
mechanisms, homologous recombination (HR) and non-homologous end joining (NHEJ).
HR will form an exact copy of the DNA region and use it as a template to resynthesise
the DSB. It involves the use of a sister chromatid and is only done within the S phase of
the cell cycle. If the replication fork is interrupted, the HR mechanism will reinitiate the
replication thus providing a very accurate repair mechanism. NHEJ is less accurate but
provides a quicker method by simply refusing the DSB. The drawback is the fact that the
removal or addition of some nucleotides may be necessary, possibly leading to errors.
The NHEJ repair mechanism is done throughout the cell cycle, but primarily at the G1
phase (Mohiuddin and Kang, 2019; Shrivastav, De Haro and Nickoloff, 2008; Jeggo and
Lobrich, 2007; Essers et al., 2000).

1.2.3.1 DNA Repair by Homologous Recombination (HR)

An MRN complex consisting of Mrellp, Rad51p and NBS1 will process the broken ends
in the 5’ to 3’ direction (Shin et al., 2004). The replication protein A (RPA) will bind the 3’
ends of the single stranded DNA. RPA will then be phosphorylated and detach allowing
Rad52 to bind, allowing Rad51 to bind next. The homologous sequence which is
complementary to the DSB region will be bound by the Rad51 to form a nucleoprotein.
Rad51 will detach and normal base pairing by DNA polymerase will occur, extending the
ssDNA strand based on the complementary DNA sequence. Synthesis-dependent
strand annealing occurs at this point where the extended ssDNA is annealed with the
non-invading DNA strand to produce a double Holiday junction which is then resolved by
crossover or non-crossover recombination. DNA polymerase and ligase will then repair
the nicks and gaps formed during the ligation of the two ends (Shrivastav, De Haro and
Nickoloff, 2008; Shin et al., 2004; van Gent, Hoeijmakers and Kanaar, 2001).
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1.2.3.2 DNA Repair by Non-Homologous End Joining (NHEJ)

The Ku70 and Ku80 subunits forming the Ku protein detect the overhanging ends of the
DSB and will attach to the DNA to prevent further damage and to allow repair proteins
including DNA-dependent kinase catalytic subunit (DNA-PKcs) access (DS, 2005). The
non-ligatable end groups will then be removed utilising a variation of enzymes
depending on the properties of the break such as DNA polymerases, MRN complexes,
RPA and WRN. The XLF (XRCC4-like Factor) will then induce the XRCC4/DNA ligase
IV to join the ends (Summers et al., 2011; Shrivastav, De Haro and Nickoloff, 2008).

NHEJ is inaccurate due to the trimming which occurs at the ends. In cases where two
breaks occur, the ends can become mixed up and cause translocation of materials
leading to conditions such as Burkitt's lymphoma which is caused by moving inactive c-
myc genes to a promoter heavy region causing uncontrolled cell growth due to over

expression of the gene (Rowh et al., 2011).
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Figure 1.12 Differences between NHEJ and HR. NHEJ: DSBs are first detected by the Ku 70/80
heterodimers which will then direct DNA-PKcs to the DSB to allow kinase activity and processing of the
DSB. The nuclease Artemis will remove any nucleotides that prevent complementation between the
two strands. The XFL-XRCC4-DNA Ligase IV complex will then anneal the broken ends of the DSB
together. HR: The MRN-CtIP complexes will detect and bind to the ends of the DSB and begin to form
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ssDNA. RPA will coat the ssDNA portion which will them be replaced by Rad51 which allows ssDNA to
invade the sister chromatid where the ssDNA will align with the complementary sequence via the
formation of a D-loop. Homologous repair can then occur (Mohiuddin and Kang, 2019). Image adapted

from Brandsma and Gent, 2012.

1.2.3.3 Determining the Presence of DSBs using yH2AX

H2AX is a histone protein found in chromatin and at DNA DSB sites (McKinnon and
Caldecott, 2007; Rogakou et al., 1998). It contains a serine residue which is readily
phosphorylated into yYH2AX by the protein kinase family ATM in the case of DSBs
(Bassing et al., 2003; Rogakou et al., 1998). It does not diffuse into the cell freely,
suggesting the phosphorylation is important for repair and not for cell cycle arrest
(Zgheib et al., 2005). It also causes the accumulation of DNA damage repair factors
(DDR) at DSBs. Thus, detection of yH2AX via the use of antibody directed fluorescence

is a very straightforward method of detecting DSBs.

1.3 Genotoxicity

Genotoxicity is a property of a chemical agent to induce an uncontrolled change in the
genetic material of a cell and leads to a mutagenic change in phenotype such as cancer
(Ramezani, Hawley and Hawley, 2008). Retroviral vectors directly alter the genes of a

host cell and as such must not be genotoxic as a side effect.

One key feature of the retroviral vector which can cause genotoxicity is integration. As
described earlier, the process involves the formation of double strand breaks in a semi-
random manner within open chromatin regions which are actively being transcribed
(Albanese et al., 2008; Baum et al., 2004; Mitchell et al., 2004; Wu et al., 2003; Schroder
et al., 2002). The semi-random nature of the retroviral integration process can disrupt
the genome of the host cell and cause certain genes to become active or inactive
resulting in genotoxicity (Nienhuis, Dunbar and Sorrentino, 2006). Wild-type viruses
have been known to cause insertional mutagenesis leading to tumorigenesis by either
altering the expression of an oncogene in the host genome by integrating near it or by
carrying part of an oncogene which is then expressed uncontrollably. The ability of
retroviruses to cause these mutagenic changes has even been used to study cellular
mechanisms by altering the normal behaviour of the cell (Varmus, 1982; King et al.,
1985).
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There have not been many studies on the genotoxic effects of retroviral vectors as the
chances of this happening has been considered remote at around 10 for a haploid
locus (Stocking et al., 1993).

1.3.1 Insertional Mutagenesis

While most DNA sequences will allow for retroviral integration, once a site has used as
an integration site, it will induce the formation of insertion site “hot spots” as seen in
cases where DNA is placed into nucleosomes in vitro. This is thought to be caused by
the insertion sites being distorted when DNA wraps around nucleosomes due to a prior
insertion; this, in turn, will lead to different areas of the host DNA becoming accessible
for integration (Pruss et al., 1994). Retroviral insertion site analysis can be done using
molecular methods which can retrieve the DNA at the spot where integration has
occurred allowing for the analysis of several thousand integrations (Mitchell et al., 2004;
Schmidt et al., 2002; Schroder et al., 2002). Analyses done with MLVs have shown that
open chromatin is preferred as seen with the correlation between DNase I-
hypersensitive sites and integration spots (Rohdewohld et al., 1987; Vijaya, Steffen and
Robinson, 1986). Thus, because integration leads to more sites forming open chromatin,
an integration will lead to a cascade of integrations as more open chromatin becomes

available for the viruses.

A comparison of lentiviral vectors such as HIV-1 and EIAV to MLVs showed that the
lentiviral vectors were less genotoxic, preferring insertion in gene transcription units.
MLVs preferred insertion in areas near promoters and genes involved in oncogenesis
(Montini et al., 2009; Cherepanov, 2007; Bushman et al., 2005; Schroder et al., 2002).
Studies have shown that viruses can also deform the proteins produced by genes due to
aberrant splicing of the viral and host DNA. Should these affected genes be involved in
tumour suppression and are inactivated, or involved in proto-oncogenesis and are
activated, this can lead to uncontrolled cell division and tumour formation (Modlich and
Baum, 2009; Uren et al., 2005; Baum et al., 2004).

1.3.2 Insertional Mutagenesis History

1.3.2.1 X-SCID

X-SCID is a monogenic X-linked disorder caused by mutations in the cytokine IL2
receptor gamma-chain (IL2RG) (Howe et al., 2008; Thomas, Ehrhardt and Kay, 2003;
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Cavazzana-Calvo et al., 2000). IL2RG forms part of a cell surface receptor in developing
immune cells for cytokines to allow for growth. The absence of the subunit will prevent
the development of mature T lymphocytes, thus causing an additional effect of B
lymphocytes to be unable to produce antibodies (Hacein-Bey-Abina et al., 2008;
Thrasher et al., 2006). The condition will cause a very low amount of T, B and natural
killer (NK) cells thus putting very young patients at fatal risk to recurrent infections as

they have a low amount of immunoglobulin early in life (Thrasher et al., 2006).

One treatment for this condition is via bone marrow transplant from HLA-matched
donors. However, it is difficult to avoid immune rejection due to mismatch. Gene therapy
was sought as an alternative method. In the year 2000, gene therapy was used to
restore T, B and NK cells in gamma-C deficient mice using a retroviral vector with the
gamma-C gene (Lo et al., 1999). The major concern at the time was the lack of control

over integration sites and cancer development was under consideration (Check, 2002).

As mentioned in the history of gene therapy section, French and British trials altered
haematopoietic stem cells from children suffering from X-SCID and altered ex vivo with
an MLV virus with the gamma-C receptor gene. These cells were then reintroduced back
into the patients (Cavazzana-Calvo et al., 2000; Hacein-Bey-Abina et al., 2003; Gaspar
et al., 2004). T and NK cell function was seen to be restored after several months but
five patients developed leukaemia three to five years later (Hacein-Bey-Abina et al.,
2010; Qasim, Gaspar and Thrasher, 2009).

LAM-PCR was used to try to identify if insertional mutagenesis was the cause of the
leukaemias. LAM-PCR allows the capture of DNA sequences adjacent to an insertion
site allowing for the analysis of those sequences. This showed that four of the five
patients with leukaemia had integrations near the LIM domain only 2 (LMO2) proto-
oncogene. Elevated LMO2 expression had caused uncontrolled proliferation of mature T
cells (Hacein-Bey-Abina et al., 2010; Qasim, Gaspar and Thrasher, 2009; Nam and
Rabbitts, 2006; Hacein-Bey-Abina et al., 2003). It remained unclear why only 4 of 11
children had this integration; however, a theory pointed towards gene expression
causing insertion site selection (Kaiser, 2003; Coutelle et al., 2003). Transplanting bone
marrow expansions from the transduced bone marrow cells into mice caused them to
develop leukaemia (Li et al., 2002). While the transgene itself was thought to cause
growth promotion, it was suggested that a combination of the vector product along with

the actual MLV integration disrupted a proto-oncogene (Baum et al., 2003). It was also
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seen that the use of a high multiplicity of infection (MOI) would induce leukaemia in mice

and several insertion sites were found near proto-oncogenes (Modlich et al., 2005).

1.3.2.2 Chronic granulomatous (X-CGD) trial

X-linked Chronic Granulomatous Disease (X-CGD) is caused by mutations in the
gp91phox (CYBB) genes in two out of three cases of the condition. Other causes are
abnormalities in the p22phox (CYBA) and P67phox (NCF2) genes. The gp91phox will
code for the NADPH oxidase enzyme which is involved in superoxide production from
oxygen and NADPH (Kang and Malech, 2009; Seger, 2008). The lack of NADPH activity
causes neutrophils, monocytes and other phagocytic cells being unable to produce the
reactive oxygen species needed to destroy bacteria leading to frequent, possibly fatal,
infections (Stein et al., 2010; Malech et al., 1997; Bjorgvinsdottir et al., 1997). X-CGD,
like X-SCID, is also treated with bone marrow transplants and thus faces similar issues
with immune rejection due to mismatch. The genes responsible for X-CGD are known,

and thus gene therapy was attempted to cure the condition.

In 2001, retroviral transduction was successfully utilised on rats with a gp91phox
mutation following which the rats were able to produce reactive oxygen radicals (Dinauer
et al., 2001). Following this, in 2008, bone marrow stem cells from mice with the
transduced MT-gp91phox gene and the mice were monitored for toxicity. While white
blood cell counts increased, there was no toxicity (Lee et al., 2008). Thus, it was seen

that clonal imbalance was not caused by gamma retroviruses unlike the X-SCID trial.

In 2004, gp91phox gene transduced CD34* blood stem cells were infused in X-CGD
patients. The results were initially positive. Follow up analysis showed clonal dominance
of haematopoietic clones with insertions in specific gene loci (Gaspar et al., 2004). Upon
analysing the gene inserts, it was thought that the gene-activating and/or supressing
effects of the integrated viral vector led to the clonal dominance seen (Fehse and
Roeder, 2008; Ott et al., 2006). This result, among others, led to the belief that a low
copy number of vectors will reduce the likelihood of oncogenesis (Ramezani, Hawley
and Hawley, 2008). Other factors seen to affect clonal dominance were seen to be
vector configuration, the specific transgene, host cell proliferation status at the time of
transduction, synergy of the vector transcription status, and mutagenesis potential
(Nowrouzi et al., 2013; Baum et al., 2006). Thus, we see that vector insertion and

genotoxicity needs to be further explored to improve the safety of gene therapy vectors.
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1.3.3 Models of Genotoxicity

To avoid vector-associated adverse side effects of gene therapy, it is important to
understand how exactly these vectors may affect the host in detail. Thus, in vitro and in
vivo models have been established to try and determine the genotoxic effects that can

occur due to the use of these vectors.

1.3.3.1 In Vitro Models of Genotoxicity

An adaptation of the HPRT assay has been used to determine vector-mediated
genotoxicity. The assay utilises the HPRT gene encoding for hypoxanthine-guanine
phoshoribosyltransferase (HPRT) protein, involved in conversion of purines into
monophosphates that are toxic to cells. The V79 Chinese Hamster cell line is used since
it is a male cell line and thus only has one copy of the HPRT gene on the X chromosome
(Zhang et al., 1994). HAT treatment can be used to remove all cells with HPRT mutants
ensuring a complete population of cells only containing the functional HPRT gene.
These cells can then be exposed to a virus which will then cause insertional
mutagenesis. All new HPRT- mutants following this will likely to have be caused by viral
induction. The mutants can be selected using 6-thioguanine or 8-azaguanine, which will
be converted by non-mutated HPRT to toxic monophosphates leaving only cells with

mutated HPRT to survive.

This method was used to determine if retroviral insertional mutagenesis causes loss of
HPRT activity (Themis et al., 2003). While prior predictions placed a single provirus
insertion in a haploid locus of the mammalian genome would occur at one cells per 108
cells (Goff, 1987), experiments showed that this mutagenesis occurred at a rate of one
per 108 provirus insertions (King et al., 1985). It was eventually seen that HPRT
mutagenesis can occur at around one in 3.6 x 108 if a high MOl is used. A 2.3-fold
increase in mutagenesis was also seen if multiple provirus insertions per host genome
occurred (Themis et al., 2003).

The relationship between vector copy number and gene transfer efficiency was done
using K562 leukaemia cells and primary CD34" cells by Kustikova et al. in 2003. It was
seen that insertional mutagenesis frequency was linked to vector copy number. A single
cell transduced with a single vector showed up to 30% gene transfer efficiency. 3 vectors
per cell increased efficiency to 60% and proportionally, 9 per cell led to a 90% transfer

efficiency (Kustikova et al., 2003).
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Clonal dominance leading to malignancy was investigated by growing bone marrow
stem cells ex vivo and then inserting them into primary and then secondary mice. A
database called the insertional dominance database (IDDb) was generated which
showed insertion sites relating to malignancy (Kustikova et al., 2007). The purification of
haematopoietic stem cells was then investigated to see if it had an effect on insertional
mutagenesis. While this was not seen to reduce the genotoxic effect of retroviral
transduction, the reduced number of haematopoietic stem cells did lower the risk of
genotoxicity (Kustikova, Modlich and Fehse, 2009). It was also seen that compared to
gamma-retroviral vectors, lentiviruses reduced the risk of clonal imbalance of provirus

insertion into proto-oncogenes (Kustikova, Modlich and Fehse, 2009).

Other experiments showed that an increase of vector dose was seen to increase
insertional mutagenesis (Modlich et al., 2005). Bone marrow cells from C57BL/6J mice
were treated with retroviral vectors with the MDR1 gene ex vivo. The cells were then
returned and the development of leukaemia appeared to be associated with a high MOI
infection. The cells were seen to have a high number of proto-oncogene and other signal
gene insertions (Modlich et al., 2005). Other factors also contributed to genotoxicity,
including the architecture of the virus. The relocation of strong enhancer regions from
the LTR region showed a reduction in genotoxicity. A correlation was also seen between
Evil gene insertion as well as the MOI used (Josephson and Abshire, 2006; Modlich et
al., 2006; Wang et al., 1999). Thus, the principles observed could be applied to other

viral vectors in order to reduce genotoxicity.

1.3.3.2 In Vivo Models of Genotoxicity

Genotoxicity studies primarily use the mouse model because of their small stature, rapid
reproductive capabilities while still having biological and behavioural similarities to
humans. Larger models have also been used, including sheep, pigs, monkeys and dogs
(Amsterdam et al., 1999; Tarantal et al., 2001). In vivo methods can make use of the
hepatocellular carcinoma (HCC) phenotype, a valuable marker to determine genes
involved in liver tumorigenesis. The model avoids the use of cell engraftment and
proliferation (as is required in certain ex vivo methods). The method also allows the
identification of molecular pathways which lead to immortalisation and malignant

progression which differ from leukaemia.

In utero studies have been conducted in both large and small animal models (Tarantal et
al., 2005; Themis et al., 2005; Walsh, 1999). A mouse model was developed based on
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gene therapy before birth. The model exhibited multiple genetic disorders in the foetus
before birth and in utero gene therapy is necessary to treat conditions before birth by
targeting stem cells, gene delivery which avoids immune rejection to the vector and
transgene product, tolerance to the vector and permanent correction (Coutelle et al.,
2005).

Human factor IX (FIX) deficiency was corrected in FIX mice utilising HIV-1 lentiviral
vector which allowed FIX levels to increase in the plasma without causing an immune

response (Waddington et al., 2004).

Viral insertion sites are believed to target genes that are actively dividing, as is the case
in rapidly dividing foetal cells, and as such, the risk of insertional mutagenesis was
investigated. A foetal mouse model was used to observe liver cancers in mice treated in
utero (Themis et al., 2005; Nowrouzi et al., 2013). Both primate and non-primate
vectors, HIV and EIAV, were used on the model to increase FIX production. Both
corrected the haemophilia B knockout mice. However, the EIAV treated mice developed
hepatocellular carcinoma (HCC) in 8 out of 10 cases (Themis, 2005). The high level of
FIX expression allowed the prediction of these tumours forming. DNA from these
tumours showed 1 to 10 integrated proviruses per genome. LAM-PCR allowed the
mapping of EIAV insertion sites in relation to genes in the mouse genome. 56% of these
sites were either oncogenes or associated with oncogenes. 99% were reduced in
expression indicative of insertional mutagenesis, 11 of which tagged in the retroviral
tagged cancer gene database (RTCGD) as known genes involved in tumorigenesis in
mice following retroviral infection (Themis et al., 2005; Akagi et al., 2004). The primate
HIV vector was not seen to cause tumour development and as such could be used for

prenatal gene therapy (Waddington et al., 2004).

A foetal model was used to show insertional site preference in actively transcribing
genes and the different insertion site profiles between primate and non-primate vectors
(Nowrouzi et al., 2013).

1.4 HERVs

Human endogenous retroviruses (HERVS) make up approximately 8% of the entire
human genome and are mainly dormant endogenous retroviral sequences. HERVs are
thought to be partial to whole sequences of viruses which had infected humans
ancestrally over millions of years; and over time have evolutionarily lost their infectious

nature due to mutations and internal recombination (Steinhuber et al., 1995; Bushman et
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al., 2005; Feschotte and Gilbert, 2012; Stoye, 2012; Dewannieux and Heidmann, 2013;
Contreras-Galindo et al., 2015; Wildschutte et al., 2016; Gifford et al. 2018; Khalfallah
and Genge, 2021). The HERVs are not seen to have fixed locations. This has been
shown through the analysis of HERV-Ks which have been found in pieces or even in
their entirety at several points within the human genome (Wildschutte et al., 2016). One
KERV-K, known as HERV-K113, has been seen with its entire coding capacity including
the gag, pol and env genes along with the 5’ and 3' LTR regions (van der Kuyl, 2012;
Beimford et al., 2008).

HERV LTR regions have been seen to inhibit or activate promoter and enhancer activity
around their locus in the human genome (Jern and Coffin, 2008). HERVs are also able
to cause the formation of novel splice locations and induce their activation (Cohen, Lock
and Mager, 2009).

HERVs have shown to influence the immune system, causing aggravating effects, such
as inflammation and symptoms related to autoimmune disorders, but also displaying
immunosuppressive properties (Grandi and Tramontano, 2018). HERVs have also been
shown to cause neurotoxic effects by over activating certain genes such as NTRK3 (Nair
et al., 2022). They have also been used as markers for neurodegenerative diseases
such as multiple and lateral sclerosis due to the significant correlation seen between the
diseases and the up-regulation of HERVs (Dolei et al., 2019; Ramussen et al., 1997).
While thought to be dormant, factors such as irradiation and internal cell signalling have
been seen to induce HERV expression (Baier, Morell and O’Carrol, 2022; Min et al.,
2022). This up regulation is thought to be a major part immune responses seen in lupus
erythematosus patients following radiation (Min et al., 2022). HERVs have also been
seen to be transcribed in cancer cell lines, present in cells with pancreatic cancer, breast
cancer, prostate cancer and melanomas (Li et al., 2019; Agoni, Luha and Lenz. 2013;
Bischer, K, 2005; Sauter et al., 1995, Frank et al. 2008; Ishida et al., 2008).

While HERVs can undergo translation and translation, they are thought not to be able to
transfer between cells by themselves. Experiments have shown that a specific HERV
known as HERV-K has been shown to demonstrate expression into complete viral
particles. This was seen when one of the provirus variant, HERV-K113, was packaged
into baculovirus expression vectors, which were then able to synthesise complete
HERV-K113 viral particles (Boller et al., 2007).

HERV-K113 expression has been seen to increase in cells infected by HIV-1. This

expression has even reached levels where HERV-K113 RNA was detected in the
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plasma of patients (Contreras-Galindo, et al., 2007; Contreras-Galindo, et al., 2006).
While HIV and HERVs have been shown to have very little complementation activity
(van der Kuyl, 2012; Ogata et al, 1999), HIV-1 based packaging cell lines were able to
package HERYV transcripts (Zeilfelder et al., 2012; Rulli, et al., 2007; Sakai et al., 1990).

The HERV known as HERV-K (HML2), shortened to HK2, has been found to be intact
enough to form viral particles. These particles, while thought to be non-infectious, have
been seen to be packaged and have been transmitted to other cells. Inside those cells,
the HK2 RNA was reverse-transcribed, but unable to integrate into the host cell. No

replication-competence has been seen (Contreras-Galindo et al., 2015).

Cell lines which have been used to produce RV and LV vectors have been seen to
package HERVs. The batches were also contaminated with exosomes containing HERV
transcript RNAs (Zeilfelder et al., 2006).

There are indications that HERVs could pose a threat when making LV or RV vectors for
gene therapy. The potential side-effects of these HERVs on patients should be
considered and investigated and with methodologies should to developed to filter these

elements from gene therapy vector batches in order to produce safer gene therapy.
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Chapter 2 - Materials and Methods

2.1 Materials
2.1.1 Antibodies and dyes

Alexa Fluor 488 goat anti-rabbit secondary antibody Invitrogen
Alexa Fluor 488 rabbit anti-mouse tertiary antibody Invitrogen
Anti-phospho-Histone H2A.X (Ser139), clone JBW301 Millipore

DRAQ5™ Fluorescent Probe Solution

2.1.2 Chemicals

6-Thioguanine, 98%

8-Azaguanine 98%

Acumax

Blasticidin S

Bovine Serum Albumin (BSA) in PBS (10%)
DAPI (4, 6-diamidino-2-phenylindole)
DEAE Dextran

Dimethyl Sulphoxide (DMSO)

Dulbecco's Modified Eagle Medium (DMEM)
Ethanol

Foetal bovine serum (FBS)

HAT Supplement

HT Supplement

Nail Varnish

Natrium Chloride (NacCl)

Paraformaldehyde Powder

PenStrep
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Biostatus

Thermo Fisher Scientific
Thermo Fisher Scientific
Millipore

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Sigma Aldrich

Life Technologies
Thermo Fisher Scientific
Life Technologies
Thermo Fisher Scientific
Thermo Fisher Scientific
Essence Cosmetics
Thermo Fisher Scientific
Sigma Aldrich

Life Technologies



Phleomycin

Phosphate buffered saline (PBS) in liquid
Phosphate buffered saline (PBS) tablets
Rabbit Serum

SYBR® safe DNA gel stain

TriTrack DNA loading dye
Tris-Borate-EDTA (TBE) base

Triton X-100

Trypan-Blue

Trypsin

2.1.3 Commercial Kits
DNeasy blood & tissue
PureLink™ Quick Gel Extraction and PCR Purification Kit

Long Range PCR Kit

2.1.4 Consumables
1.5 ml reaction tube

10 cm dish

10 ml pipette, sterile
1000 ml glass bottles

15 ml centrifugation tube
175 cm? Tissue Culture flasks with filter cap
25 ml pipette, sterile

45 pm syringe filter

5 ml pipette, sterile

50 ml centrifugation tube

6 well plate
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Thermo Fisher Scientific
Life Technologies
Thermo Fisher Scientific
Millipore

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Sigma-Aldrich

Thermo Fisher Scientific

Life Technologies

Qiagen

Thermo Fisher Scientific

Qiagen

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific

Thermo Fisher Scientific



75 cm? Tissue Culture flasks with filter cap

Countess Cell Counting Chamber Slides

Cryo tubes

Eppendorf tube

Pasteur pipettes

Pipette tip with filter, 10 pl, sterile
Pipette tip with filter, 1000 pl, sterile
Pipette tip with filter, 200 pl, sterile
Poly-L-Lysine coated PolyPrep Slides
Polypropylene Microcentrifuge Tubes
Quick-Load® 1 kb DNA ladder
Quick-Load® 1 kb Plus DNA ladder
Syringe Filters (0.45 pum)

1.8 ml Cryotubes

2.1.5 Equipment and Instruments
Axioscope 2 Imaging Microscope
Countess™ automated cell counter
DM400 microscope

EVOS FLoid Imaging System
Heraeus Biofuge Primo Centrifuge
Image Stream*

Incusafe MCO-17AIC Incubator
Micro Centaur centrifuge
Microscope CK2

Molecular imager gel doc XRS

Mr. Frosty™ Freezing Container
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Thermo Fisher Scientific.
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo 