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Abstract

The use of Lentiviral Vectors (LVV) as tools for gene delivery has gained momentum
in recent years due to successes in clinical trials for rare diseases. Production of
high-titre LVVs is a limiting factor in their wider application in diseases with large
patient populations, such as cancer. LVVs are commonly produced by the transient
transfection of HEK293T cells, however this process is costly and inefficient. An

alternative stable, scalable manufacturing system for LVV production is necessary.

Before the development of a stable cell line can be achieved, it is vital to gain an
understanding of how individual vector components interact with HEK293T cells at a
molecular level. HIV-1 GagPol is the major viral structural protein constituting
approximately 70% of a bona fide virion. It is not known how synthetic GagPol,
utilised during LVV production at GSK, interacts with HEK293T cells. Given that HIV-
1 utilises several host cell systems for its own propagation, it is hypothesised that
synthetic GagPol may have similar effects, potentially stressing the capacity of a
HEK293T cell to carry out typical homeostatic functions. This could be detrimental to
HEK293T cells in terms of causing cellular stress due to the burden of ectopic

protein production, and may also impact negatively on GagPol production.

This thesis therefore aimed to develop an understanding of the interactions between
synthetic GagPol and HEK293T cellular physiology in order to define approaches to
identify and intervene in molecular bottlenecks associated with LVV production. To
do this, plasmid constructs encoding GagPol and fluorescently-tagged GagPol were
generated and used in HEK293T transient transfections, where a maximum GagPol
production titre of over 1250 ng p24/mL was achieved. HEK293T cellular physiology
was examined during high-level GagPol production. Activation of the unfolded
protein response (UPR) and endoplasmic reticulum (ER) stress pathway, in addition
to the induction of apoptosis and autophagy were observed. The effects of chemical
inhibitors of cellular stresses were examined, with chemical inhibitors of apoptosis
leading to a modest increase in GagPol production, in addition to increased cell
viability. These investigations with chemical inhibitors of cellular stress illuminate the
potential for genetic targets of manipulation within HEK293T cells that could enable

increased GagPol production which would, in turn, be beneficial for LVV production.
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11. General Introduction

Gene therapies have been propelled to the forefront of medical research in recent
decades. The treatment of genetic disease by use of gene-modifying technologies to
replace, repair, or correct genes in the body existed only in concept until the 1990s.
As of May 2021, 1,745 gene therapies are in development, ranging from pre-clinical
studies through to pre-registration (ASCGT 2021). These trials cover a broad
spectrum of genetic diseases, many of which have no other cures, or require chronic

treatment.

In the 1990s, the first fully-regulated gene therapy trial approved by the US Food and
Drug Administration (FDA) took place, involving the use of a retroviral vector for the
treatment of severe combined immunodeficiency (SCID) due to a lack of adenosine
deaminase (ADA) enzyme (Bordignon et al., 1995). This trial saw significant
expression of ADA in genetically-modified cells with no adverse effects for the
patients. Despite clear clinical benefit, regular infusions of genetically modified cells

were required due to use of a transient system for gene expression.

Recent successes in cell and gene therapy have enabled the development and
approval of several products in the last five years with two in vivo gene therapies
(Luxturna and Zolgensma) and three cell therapies (Kymriah, Tescartus, Yescarta)
presenting highly visible exemplars of what can be possible (Yip and Webster,
2018). These therapies are unquestionably life-changing for patients, in addition to
having a much broader impact for development of the foundations for treatments of

other conditions.

Whilst presenting a truly exciting frontier for treatment, gene therapy products come
with a shocking price-tag. Kymriah, a chimeric antigen receptor T-cell (CAR-T)
therapy for the treatment of B-cell acute lymphoblastic leukaemia (ALL) in
paediatrics and young adults, costs $475,000 per dose (Galluzzi and Martin, 2017).
Even more striking is the cost of Zolgensma, a single-dose gene therapy treatment
for patients with spinal muscular atrophy (SMA). This medicine, dubbed the most

expensive medicine in the world, costs £1.79 million per dose (Dean et al., 2021).
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This raises the question, how can a drug cost so much? The high cost of gene

therapies is one of many significant challenges faced in gene therapy manufacture.

Rare diseases remain one of the top therapeutic targets for gene therapies. Current
gene therapy vector production is sufficient to enable treatment of rare diseases as
these come with small patient populations. Before gene therapies can be employed
to treat disease with larger patient populations, such as cancer, it is essential that a
more economically viable production platform is developed to enable large-scale

GMP-grade vector manufacturing.

1.2.  Vectors in Gene Therapy

Delivery of genetic material to a cell is achieved using a vector delivery system
(Figure 1.1). The approaches to this can be broadly categorised as viral or non-viral.
The non-viral vector space includes various methods for physical gene delivery
(microinjection and electroporation), and methods for chemical gene delivery (such
as polymer-based and lipid-based vectors) (Gantenbein et al., 2020). Although these
approaches are generally safer than viral gene delivery, there are various limitations,
with low transfection efficiency being a key issue with currently available
technologies (Schalk et al., 2006). Low plasmid DNA production yields must also be

increased before non-viral methods are considered as commercially-viable.

Due to their high level of efficiency at delivering nucleic acids to various cell types,
viral vectors are attractive tools for therapeutic gene delivery for a range of
applications, including cell and gene therapies and vaccine development. Next-
generation platforms for the development of vaccines against COVID-19 include viral
vector systems, which have been shown to have long-term stability, enable high-
level endogenous antigen production, and are capable of inducing a strong cellular

and humoral immune response as a result (Le et al., 2020; van Riel and Wit, 2020).

The use of viral vectors for gene delivery has dominated clinical trials recently, with
89% of gene therapies currently in development using a viral delivery method

(ASCGT 2021). Viral vectors offer a plethora of advantages over non-viral methods,
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which include highly efficient gene transduction processes, specific delivery of
genetic information to target cells, and an ability to robustly induce an immune

response.

Despite these benefits, challenges with viral vector use do exist, include cytotoxicity,
immunogenicity, and insertional mutagenesis (Bushman 2020). Insertional
mutagenesis, caused by ectopic integration of viral DNA, is a major concern as it has
the potential to activate oncogenes or disrupt tumour suppression genes. This could
cause malignant cell transformation and in turn lead to cancer. It must be noted that
the first fatality during clinical trials for gene therapy was related to complications
through use of a recombinant Adenoviral vector, which caused a severe immune
reaction and subsequent death (Sibbald 2001).

Viral vector platforms currently available include Adenoviruses, Adeno-associated

viruses (AAV), Retroviruses (RV), and Lentiviruses (LV), whose properties are

summarised in Table 1.1.
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Figure 1.1 Schematic diagram of In vivo and Ex vivo gene therapy. Therapeutic
genetic information is packaged in a vector and is directly administered into a patient
in In vivo gene therapy, either locally to the target organ, or intravenously through
use of an IV. Common targets for In vivo gene therapy include the eye, liver, brain,
and skeletal muscle (Keeler et al., 2017). Delivery of therapeutic genetic information
can be carried out using physical, chemical, or viral methods, as described in
Section 1.2. In Ex vivo gene therapy, patients’ cells must first be extracted. Vector
carrying the therapeutic genetic information is used to modify these cells. Cells then
undergo selection and expansion, and are finally infused back into the patient
(Bulcha et al., 2021). Hematopoietic stem cells (HSCs) are a common target for ex
vivo gene therapy to treat immunological diseases, blood diseases, and various

genetic diseases (Tajer et al., 2019). Created in BioRender.
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Table 1.1 Properties of most popular viral vectors used for gene therapy

Adeno-
Retrovirus Lentivirus _ _ Adenovirus
associated virus
Coat Enveloped Enveloped Non-Enveloped | Non-Enveloped
Packaging
_ 8kb 8kb Approx. 4.5kb 7.5kb
capacity (kb)
Diameter of Approx. 80- Approx. 80- Approx. 90-
Approx. 25nm
vector 100nm 100nm 100nm
Broad (dividing | Broad (not
Tropism Dividing cells and non- Hematopoietic Broad
dividing cells) stem cells)
Inflammatory .
. Reduced Reduced Reduced High
potential
Host genome . . Integrating/Non- | Integrating/Non-
_ _ Integrating Integrating _ _
interaction Integrating Integrating
Efficiency of .
. Moderate Moderate Moderate High
transduction
Transgene Long-lasting Long-lasting Potentially long- | Depends on
expression (stable) (stable) lasting immunogenicity
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1.2.1 Lentiviral vectors

Lentiviruses (LV) are a genus within the Retroviridae family. These enveloped
viruses are approximately 80-120nm in diameter, and comprise two copies of
positive-sense single-stranded RNA (Segura et al., 2006) (Figure 1.2). LV RNA is
positive-sense, meaning viral mMRNA can be directly translated into viral proteins by

ribosomes within the host cell.

The replication cycle of the LV HIV-1 can be broadly categorised into early phase
and late phase (Freed 2015). The early phase involves binding and entry into the
host cell, and the integration of viral DNA into the genome of the host cell. The late
phase encompasses all stages from expression of viral genes to the release of
virions (Figure 1.3). This includes the transcription of viral genes, nuclear export of
viral RNA into the cytoplasm, translation of viral RNA for the production of the viral
envelope glycoprotein (Env), Gag and GagPol polyprotein precursors, and other viral
proteins, following which Gag, GagPol and Env are trafficked via different pathways
to the plasma membrane for assembly. The assembling Gag lattice encapsidates
viral RNA and new virions bud off from the cell. Like all other viruses, LVs are
proficient at exploiting the host synthetic systems for the production of replicant virus

copies, and this presents a major advantage for their use in gene therapy.

Lentiviral vectors (LVV) are effective tools for gene delivery into mammalian cells
and their use has gained momentum over recent years (Elegheert et al., 2018).
These vectors have many advantages over other viral vectors, including increased
patient safety, ability to infect both dividing and non-dividing cells, large transgene
capacity and integration into the host genome of target cells, with long-term stable
expression of transgenes (Biffi et al., 2011; Lewinski et al., 2006). In addition, LVVs
have a lower rate of insertional mutagenesis compared to other RV vectors, and
have been shown to preferentially integrate near active transcriptional loci (Ustek et
al., 2012; Roth et al., 2011). Due to these advantages, the development of LVVs has

been a key focus of research for gene therapy applications.
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TM (transmembrane, GP41)
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RT (reverse transcriptase)
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) ssRNA
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Figure 1.2 HIV-1 Lentivirus structure. HIV-1 is composed of two single-stranded
copies of positive-sense RNA, enclosed by a viral core consisting of Matrix (MA),
Capsid (CA), Nucleocapsid (NC). The HIV-1 genome contains enzymes essential for
replication (Protease (PR), Reverse transcriptase (RT), and Integrase (IN)). Upon
maturation, the viral surface glycoprotein gp160 is cleaved, forming gp120 (SU) and
gp41 transmembrane protein (TM). Other accessory genes (vif, vpu, vpr, and nef)
and regulatory genes (tat and rev) are included in the HIV-1 genome. (Pluta and
Kacprzak 2009). Created in BioRender.
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Figure 1.3 Late events in HIV-1 replication. Gag and GagPol polyprotein
precursors are synthesised in the cytosol and are targeted to the plasma membrane
(PM). Gag multimerises and recruits viral genomic RNA, and traffics to the PM by a
pathway that is still unknown. The Matrix (MA) domain of Gag interacts with
phosphatidylinositol-4,5-bisphosphate (PI[4,5]P2) on the inner leaflet of the PM
(Murphy and Saad 2020; Floderer et al., 2018). Gag has been shown to specifically
target lipid raft microdomains on the PM (Freed 2015). Gag has also been observed
to co-localise with LC3 on autophagosomal membranes, including the isolation
membrane (Killian 2012). The viral Env glycoprotein is synthesised in the rough
endoplasmic reticulum (RER) and traffics via the Golgi/secretory pathway to the PM
(Checkley et al., 2012). Endosomal sorting complex required for transport | (ESCRT-
) is recruited along with vacuolar sorting protein 4 (VPS4) and ESCRT-associated
factor ALG2-interacting protein X (ALIX), which drives particle release by membrane
scissions (Sette et al., 2010). Finally, maturation triggered by cleavage of Gag and
GagPol by virally-encoded protease (PR) occurs, forming the conical capsid core.

Created in BioRender.
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1.2.2 Development of Lentiviral Vectors

LVVs were initially developed based on an understanding of the genome of HIV-1
virus, which consists of nine genes, flanked by long terminal repeats (LTR). There
are three open-reading frames (ORF) coding for viral structural proteins and
enzymes essential for replication of the 9.7kb HIV-1 genome (Petropoulos et al.,
1997). Several different generations of LVV have been developed through the years,

with each generation having modifications for increased safety (Figure 1.4).

First generation LVV expression systems split the HIV-1 genome across three
separate plasmids; a packaging plasmid, an envelope plasmid, and a transfer
plasmid. The packaging plasmid contains the Gag gene (encoding Matrix (MA),
Capsid (CA), Nucleocapsid (NC) and p6), and the Pol gene (encoding Protease
(PR), Reverse transcriptase (RT), and Integrase (IN)). Tat and Rev are expressed

from a viral promoter (Briggs and Krausslich, 2011).

The envelope plasmid typically contains the Vesicular Stomatitis Virus G (VSV-G)
protein, replacing the HIV-1 gp120 envelope protein (Ikeda et al., 2003).
Pseudotyping with VSV-G allows LVVs to transduce a broad range of cell types due
to its ability to recognise the low-density lipoprotein (LDL) ubiquitously expressed
receptor (DePolo et al., 2000).

The transfer plasmid encodes two long terminal repeats (LTR) which facilitate
integration of the gene of interest (GOI) into the host genome. The LTRs can be
divided into three regions (U3, R, and US5). Viral transcription is driven by enhancer
and promoter sequences contained in U3. A 5’ capping sequence and
polyadenylation (polyA) signal sequence is encoded in R. The U5 region contains a
unique regulatory sequence that aids transcription. This plasmid also contains a Psi
packaging signal (¥), a 150-250 base highly-structures sequence that facilitates
selective packaging of VRNA and efficient viral replication (Ding et al., 2020), and the
Rev-Response Element (RRE). The RRE is present on all unspliced and partially
spliced viral mMRNAs and acts as a framework with which multiple Rev molecules are
able to assemble (Rev is an RNA-binding protein that shuttles RNA between the

nucleus and cytoplasm) (Fernandes et al., 2012). The Rev-RRE complex is then
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able to mediate the export of mMRNAs from the nucleus to the cytoplasm for

translation into proteins.

The packaging plasmid also contains a central polypurine tract (cPPT) upstream of
the transgene expression cassette, which has been shown to increase the efficiency
of transduction and also increase expression of the transgene (Barry et al., 2001;
Follenzi et al., 2000). It does this by initiating the synthesis of a downstream plus

strand of viral cDNA, creating a ‘flap’ which enables increase nuclear import.

The woodchuck hepatitis virus post-transcriptional regulatory element (WPRE)
present in the packaging plasmid is able to increase transgene expression (Zufferey
et al., 1999). This element is inserted at the 3’ end of the transfer vector, and
increases the amount of mMRNA in cells by promoting nuclear export of transcripts by

increasing the efficiency of transcript polyadenylation (Higashimoto et al., 2007).

In second generation LVVs, accessory genes that are not necessary for LVV
production are deleted from the packaging plasmid, including Nef, Vif, Vpr, and Vpu
(Kim et al., 1998; Zufferey et al., 1997). Interestingly, some of these accessory
genes have been associated with disease. HIV-1 Vpr has been shown to trigger cell
cycle arrest and apoptosis, which is thought to cause T-cell dysfunction in patients
with Acquired Immune Deficiency Syndrome (AIDS). As a result of the removal of
these accessory genes, second generation LVVs are much safer than first
generation LVVs, as they contain a considerably smaller portion of the HIV-1

genome.

Third generation LVVs further split the viral genome. Gag and Pol are encoded on a
plasmid separate to the accessory protein Rev, improving the safety of the virus.
This physical separation of viral genes reduces the risk of generating replication-
competent viruses (RCV) by recombination events more unlikely, and it would mean
multiple recombination events are required to generate a virus that is able to
replicate (Kim et al., 1998; Dull et al., 1998). It must be noted here that prior to use in
patients, all cell-based therapeutics that have been modified by LVVs must be tested

to ensure they are not RCV.
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The Tat gene, used to drive gene expression from the LTRs, is also removed from
the packaging construct in third generation LVVs. This is possible when a
constitutively active promoter sequence, often the CMV promoter, is put in place of
the U3 region of the 5’ LTR. Further safety modifications include deletions in the U3
region of the 3’ LTR, including transcription-factor binding sites and the TATA box.
This deletion is transferred to the 5’ LTR following reverse transcription, and as a
result, leads to transcriptional inactivation of the LTR. These self-inactivating (SIN)
vectors maintain high levels of expression without a significant decrease in vector
titre (Zufferey et al., 1998).

Usually, the expression of Gag, Pol, and Env genes in HIV-1 is reliant on the
presence of Rev and the RRE due to sequences of RNA instability in the coding
regions for these genes. A codon-optimised synthetic GagPol (SYNGP) sequence
has been developed to enable Rev-independent production of LVVs, whilst not
significantly affecting vector titre (Kotsopoulou et al., 2000). In SYNGP, the majority
of codons has been altered to suit the favourable codon usage of human cells (by
eliminating AU-rich sequences), in addition to retaining the primary amino acid
sequence. This synthetic sequence does not contain any extensive regions of
homology with WT HIV-1 GagPol, meaning the possibility for recombination events
with Gag sequences in the genome of the transfer vector is non-existent. This Rev-
independence allows the RRE to be removed from the packaging plasmid. This is a

key example of how LVVs are continuing to develop past third generation LVVs.
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Figure 1.4 First, Second and Third generation Lentiviral Vectors. (A) Genome of

HIV-1 with 9 genes encoding 15 viral proteins. (B) First generation LVVs consist of

three plasmids. The packaging plasmid contains Gag, Pol, Tat, Rev, and a
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polyadenylation (poly(A)) signal. The envelope plasmid contains VSV-G (Briggs and
Krausslich, 2011; lkeda et al., 2003). The transfer plasmid encodes two long terminal
repeats (LTR), a packaging signal (\V'), the rev-response element (RRE), a central
polypurine tract (cPPT), the gene of interest (GOI), and the woodchuck hepatitis
virus post-transcriptional regulatory element (WPRE). (C) Accessory genes Nef, Vif,
Vpr, and Vpu are deleted from the packaging plasmid in second generation LVVs
(Kim et al., 1998; Zufferey et al., 1997). (D) Third generation LVVs split the viral
genome over at least four plasmids, with Gag and Pol being encoded on a plasmid
separate to the accessory protein Rev. Tat is also removed. A constitutively active
promoter sequence is put in place of the U3 region of the 5’ LTR. Third generation
LVVs are self-inactivating (SIN) due to deletions in the U3 region of the 3’ LTR
(Zufferey et al., 1998). Created in BioRender
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1.3. Production of Lentiviral Vectors in HEK293T cells

HEK293T cells are the ‘gold standard’ cell for producing LVVs for a plethora of
reasons. The Human Embryonic Kidney (HEK) 293 cell line is epithelial in origin and
adherent in nature. It was initially generated in 1973 in the Netherlands in the Alex
van der Eb lab. These cells were produced by transfection with sheared adenovirus
5 DNA, which resulted in some of the adenoviral genome being incorporated into
human chromosome 19 of the HEK cell genome. One of Alex van der Eb’s post
docs, Frank Graham, had the original idea of naming these cells ‘HEK293’ due to it
being his 293" experiment. HEK293T cells are a derivative of HEK293 cells that
stably express a mutant form of the Simian Virus 40 (SV40) large T antigen, which
can bind to the SV40 enhancer of expression, in turn increasing protein production.
HEK293T cells are highly transfectable and have increased cell growth profiles
compared to HEK293 cells. From a practical view, HEK293T cells are easy to grow

and maintain, and can be adherent or suspension-adapted.

Although there is no defined standard process for vector manufacturing, generic LVV
production processes are generally split into upstream and downstream workflows.
Upstream manufacturing has a focus on mass-producing LVVs, and involves the
development and large-scale production of plasmids, cell expansion, and
transfection for LVV production (Perry and Rayat, 2021). Downstream manufacturing
involves harvesting and purification of the LVV, followed by various steps for the
clarification, concentration, purification, and characterisation of the LVV (Valkama et
al., 2020). Optimisation of these steps is key to ensure that vector recovery is
maximised. There is much to be learned from the manufacturing processes of other
therapeutics; for example, the production of monoclonal antibodies (mAbs) in CHO
cells is well-established, with current production of mAbs occurring continuously at
large-scale, as discussed in Section 1.3.1 (Tihanyi et al., 2021). Various obstacles
including vector cytotoxicity must first be overcome before LVVs can be continuously

produced at large-scale.

Two strategies exist for the production of LVVs in HEK293T cells, through the use of

either transient gene expression or stable gene expression. Transient production of
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LVVs involves the temporary expression of viral genes following introduction of
plasmid DNA into HEK293T cells. Stable expression involves the stable integration
of DNA into the HEK293T host cell genome following selection and amplification of
transfected cells. In the case of LVVs, a stable packaging cell line provides all
necessary packaging components (Gag, Pol, and Env) needed to package the gene
of interest. Following stable transfection of packaging cells with a therapeutic
transgene, producer cells are generated. Transient and stable production of LVVs
will be discussed in detail in Sections 1.3.1 and 1.3.2 respectively, however a broad

summary of these processes can be found in Figure 1.5.
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Figure 1.5 Schematic diagram of transient and stable gene expression
processes. Top: Transient LVV production involves the introduction of plasmid DNA
into HEK293T cells with subsequent harvest approximately 48 hours post-
transfection. Expression of plasmid DNA is transient. Bottom: Stable LVV production
involves introduction of plasmid DNA into HEK293T cells using a transfection agent,
for example polyethylenimine (PEI). Plasmid DNA contains a selection marker, often
based on antibiotic resistance. Following transfection, the appropriate selection
marker is added to culture medium, generating a stable cell pool enriched in
producer cells. Single cells will then be separated to produce a clonal cell line, which
are expanded and screened to analyse productivity and cell growth. Created in

BioRender.
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1.3.1 Transient production of Lentiviral Vectors

Current standard production of clinical-grade LVVs by delivery of packaging,
envelope, and transfer plasmids is based on the transient transfection of adherent
HEK293T cells, resulting in the temporary expression of viral genes following
transfection. This approach is useful for when small quantities of LVV need be
generated in a short length of time, which can be used in pre-clinical analyses for

example (Merten et al., 2014).

Transient production of LVVs can be performed using various physical or chemical
methods. Physical gene delivery methods include electroporation. Electroporation
has reported high transfection efficiency and yields when used at small scale,
however this process is rather complex as various buffers are required, in addition to
high cell concentrations (Gutierres-Granados et al., 2018). Several methods for
chemical gene delivery exist such as the use of polymer-based and lipid-based
vectors (Gantenbein et al., 2020). A popular method is Calcium Phosphate
transfection which gives a high transfection efficiency, however this method remains
incompatible with serum-free medium (Batard et al., 2001). Polyethylenimine (PEI) is
another popular chemical agent used to enable efficient transient gene expression
(Carpentier et al., 2007).

Vector titres of approximately 107 TU/mL are achieved using transient transfection,
with this increasing to 10° TU/mL following concentration of vector by
ultracentrifugation (vector titres are most commonly expressed as transducing unit
(TU), whereby a TU represents the number of viral particles in a solution that are
functionally capable of transducing a target cell and expressing a transgene).
Ultracentrifugation is a necessary step in LVV preparation as it allows for production
of highly concentrated viral vector stocks, which in turn permits high multiplicities of
infection (MOI) to be achieved in a transduction which is important for clinical
applications to ensure therapeutic benefit to the patient (Reiser 2000; Sena-Esteves
et al., 2004). Considering that LVV titres of over 1-5 x 10° TU/mL are required for
some clinical applications, it is vital that titres are vastly improved in order to treat
more patients and lower the cost of production (Biffi et al., 2013; Aiuti et al., 2013;
Humbert et al., 2016; Alton et al., 2017).
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Use of adherent cells means that there is limited scale-out capacity for LVV
generation due to space constraints. A cell factory of 10 layers (equivalent of 170
T150 flasks) would enable a harvest of 50 L of vector stock per transfection batch.
Following purification, 6 x 10" TU can be obtained from such a multilayer cell factory
(Merten et al., 2011).

There is a current focus in shifting LVV production from adherent cells to suspension
cells, in order to overcome the requirement for expensive reagents, labour-intensive
production, and the need for large surface-areas involved with the scale-out of
adherent cells. This is discussed in detail in Section 1.4.1.1. Suspension cells are
easy to maintain, do not need mechanical or enzymatic dissociation, are animal
serum-free, and have proven scalability (Lesch et al., 2011). In 2006, suspension
HEK293E cells, a derivative of the HEK293 cell line that expresses the Epstein-Barr
Virus (EBV) nuclear antigen 1 (EBNA1) which allows episomal replication of oriP-
harbouring plasmids (Backliwal et al., 2008; Rajendra et al., 2012), were used by
Segura et al. (2006). These cells produced good yields of LVVs, and these authors
illustrated the potential to scale up providing data for use in a 3L bioreactor (Segura
et al., 2006). A similar approach was taken by Kamen et al. using HEK293SF-3F6
cells, a cell line originally developed for AAV production but adapted for LVV
production (Kamen et al., 2007). HEK293SF-3F6 cells are HEK293-derived cells that
were adapted in a step-wise manner to serum-free culture. Here, titres of up to 8 x
107 TU/mL and a total 3.5 x 10" transducing units were achieved. Given the
potential advantages of a suspension format, enhancing the production capacity of

suspension cells is currently a key focus of development in the LVV space.

There are many other challenges with transient LVV production systems, with a key
issue being that the expression of viral genes following introduction of DNA into
HEK23T cell is only temporary. Transient transfection also requires large amounts of
plasmid DNA. For example, 2.5 ug per 108 HEK293T cells was reported to be
required by Marceau et al. to reach high a transfection efficiency, which equates to
750 mg of plasmid DNA for transfection in a 200L bioreactor (Marceau et al., 2013).
Sourcing clinical-grade DNA plasmids is expensive and involves long lead-times
which can directly impact the patient (Praeres and Monteiro 2014). Batch-to-batch

variability can often be difficult to control when using transient production.
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It is clear that an alternative manufacturing model is required to enable high LVV
titres. Achieving high-titre production of LVV would enable this field of research to
move from treating rare diseases to other conditions which have much larger patient
populations, such as cancer. A way to accomplish this would be to develop a stable
producer cell line. Historically, the development of stable cell lines has allowed rapid
and efficient production of other therapeutics such as mAbs in Chinese Hamster
Ovary (CHO) cell lines (Tihanyi et al., 2021). It would be wise to utilise existing
knowledge learned from over 40 years of development of CHO cell platforms and
apply this to HEK manufacturing platforms for production of LVVs at large scale. This

will be discussed in detail in the following Sections.

1.3.2 Stable production of Lentiviral Vectors

The development of a high-yield stable cell line remains a key target for gene
therapy manufacturers. One way to achieve this involves the development of a
packaging cell line stably expressing packaging and envelope genes (Gag, Pol, and
Env), which would then become the producer cell line once the transfer vector is
provided, enabling production of a completely packaged LVV. This approach would
enable multiple vector batches to be harvested from a single culture, in turn reducing
batch-to-batch variability (LaGory et al., 2015). In addition, the cost of large-scale
LVV production would be reduced, the whole process would be less labour-intensive,
costs would decrease as additional transfection reagents and plasmids are not
required, and overall the upstream process would be simplified (Tandon et al., 2018).

Several groups have attempted to create stable cell lines (summarised in Table 1.2).

The generation of stable cell lines can be time-consuming with development taking
several months from initial cloning until cell banking and it can be a very costly and
monotonous process from a practical point of view at the beginning of the drug
development campaign. A further difficulty with stable cell line generation is the
cytotoxicity associated with the continuous expression of certain toxic vector
components; cytotoxicity to host cells has been observed with the expression of
GagPol (Figure 1.7) (Krausslich 1992), Rev (Miyazaki et al. 1995), and VSV-G
(Burns et al. 1993). Currently, there are two methods that enable stable LVV
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production (constitutive and inducible), which will be discussed in Sections 1.3.2.1
and 1.3.2.2.

1.3.2.1 Constitutive cell lines

Constitutive packaging cell lines involve the continuous expression of vector
components. These cell lines can be difficult to produce, as they require the
development of non-toxic alternatives to the components expressed from some
vector components, mainly VSV-G and certain domains within GagPol such as
Protease (PR) (Korant et al., 1998; Nie et al., 2002; Rumlova et al., 2014).

The first constitutive packaging cell line (‘STAR’ cells), developed by lkeda et al. in
2003, attempted to introduce several novel aspects; (i) the use of HEK293T, Hela,
and HT1080 as starting cells (ii) the use of three envelope proteins in place of VSV-
G, including a protein derived from the Feline Endogenous GRV RD114 non-toxic
envelope with an additional protease cleavage site, a derivative of the Gibbon Ape
Leukaemia Virus envelope protein, and the MLV-4070A Amphotropic envelope; and
(iif) introducing the packaging genes (Gag and Pol) by transduction with a MLV-
integrating vector, rather than traditional stable transfection (Cosset et al., 1995;
Marandin et al., 1998; Demaison et al., 2002). This cell line enabled continuous LVV
production with titres of approximately 1 x 107 TU/mL following 3 months of culture
(Ikeda et al., 2003). Despite this promising result, STAR producers were not put
forward for clinical application due to the risk of recombination between the MLV
genome and LVV particles during transduction, which poses considerable risk as

these vectors were not self-inactivating (Ikeda et al., 2003).

Further attempts at creating a constitutive packaging cell line include the
development of WinPac cells (Sanber et al., 2015). This cell line was developed
using a modular approach whereby Recombinase Mediated Cassette Exchange
(RMCE) was used for targeted delivery/exchange of viral components during
transduction (Coroadinha et al., 2006). In this system, the non-toxic envelope
RD114-PR, rev, and the vector genome were sequentially transfected, and antibiotic
selection was used to screen producer clones. Titres of approximately 1 x 108 TU/mL

were achieved (following ultracentrifugation), which is considerably lower than
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desired for a stable cell line, when considering transient systems are capable of

similar titres.

1.3.2.2 Inducible cell lines

Inducible packaging cell lines mitigate the cytotoxic effects of continuous expression
of toxic vector components. The expression of vector components can be
transcriptionally controlled using regulatory systems such as the Tet-On and Tet-Off
gene expression systems (Figure 1.6). Here, the presence of the antibiotic
tetracycline (or a derivate such as doxycycline) is able to reversibly turn the
expression of certain genes on or off. These systems are able to tightly control gene

expression, with examples of inducible cell lines given in Table 1.2.

The Tet-Off inducible expression system was developed by Hermann Bujard and
Manfred Gossen in 1992, and involves inhibition of gene expression in the presence
of tetracycline, where gene expression is under the control of a tetracycline-response
element (TRE) (Gossen and Bujard, 1992). A benefit of using the Tet-Off system is
that tetracycline does not need to be present during vector production, which is
advantageous for downstream processing. A drawback of this is that a complete
medium exchange is required to remove tetracycline entirely, as well as needing
extended culture periods in order for expression to peak, both of which are

problematic for large-scale vector production.

The Tet-On inducible expression systems was developed in 1995 (Gossen et al.,
1995). An issue with the Tet-On system is that it requires tetracycline addition to the
growth medium and this needs to be removed from harvested supernatant and

therefore adds further steps to downstream purification processes.

GlaxoSmithKline (GSK) recently developed a novel inducible system allowing the
rapid generation of a LVV producer cell line using a single large DNA construct, a
bacterial artificial chromosome (BAC) (Vink et al., 2020). In this system, all vector
components are encoded on a single construct, each with their own separate
transcription units. To avoid the generation of replication-competent LVV, each

component is flanked by its own promoter and polyadenylation signal. This construct
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contains a CMV promoter with two TetO sequences, enabling inducible transcription,
and therefore avoiding cytotoxicity from certain vector components. Transcription is
activated by the presence of doxycycline, typical of a Tet-On system. This platform
enables a high degree of flexibility in terms of allowing further development of
individual vector components. A single cloning step would be sufficient to replace
each component if, for example, an improved GagPol or Rev was developed, or the
pseudotype needed alteration. Depending on the transgene, these constructs are
approximately 45kb in size, which is advantageous as this means gene synthesis
technologies could comfortably generate these constructs. Functional titres achieved
in this system achieved over 107 TU/mL unconcentrated, which is similar to the titres
obtained with routine transient transfection of HEK293T cells (Segura et al., 2013;
McCarron et al., 2016; Milani et al., 2017).
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Table 1.2 Examples of Constitutive and Inducible stable cell lines for Lentiviral Vector production.

Name Parental cell | Mode of Pseudotype | SIN | Information Titre Reference
line expression
PS5.8 HEK293T Inducible, VSV-G Yes | Sequential transfection of vector | < 10® TU/mL Stewart et al.,
PS46.2 Tet-On components 2009
HEK293SF- | HEK293SF Inducible, VSV-G Yes | 3 plasmid transfection with 3.4 x 10" TU/mL Broussau et al.,
PacLV Cumate GagPol, rev, VSV-G followed by 2008
switch, Tet- transfection with transfer vector
On
No name PVG3 Inducible, VSV-G Yes | tTa is constitutively expressed, 1 x 10" Infectious | Hu et al., 2015
(HEK293T) Tet-Off VSV-G is under inducible units/mL
expression, GagPol, tat, and rev | (concentrated)
are stably transfected
SODK1 HEK293T.tTA | Inducible, VSV-G Yes | Introduction of transfer vector by | 2 x 10° Infection Xu et al., 2001
cSCG Tet-Off transduction, followed by co- units/mL
transfection of GagPol, tat, rev,
and VSV-G
STAR HEK293T Constitutive | MLV No | Transduction of GagPol followed | 1 x10” infection Ikeda et al.,
4070A, by transfection of RD114 env units/mL 2003
GalLV, and rev
RD114-PR
WinPac HEK293FT Constitutive | RD114-PR | Yes | GagPol constitutively expressed | 1 x 108 TU/mL Sanber et al.,
in 293T by Cre recombinase- (concentrated) 2015
mediated cassette exchange,
followed by serial transfection of
rev, env, and vector genome
LentiPro26- | HEK293T Constitutive | VSV-G Yes | Producer cell line with less active | 1 x 10° Tomas et al.,
A59 viral PR TU/mL/day 2018
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Figure 1.6 Tetracycline-inducible expression systems. In the Tetracycline (Tet)-
Off system, fusion of the tetracycline repressor (TetR) in E. coli to the activation
domain of HSV VP16 results in the formation of the tetracycline transactivator (tTa)
protein (Kim et al., 1995). The Tet-responsive element (TRE) often consists of
several repeats of TetO operator sequences upstream of a promoter (e.g. the CMV
promoter). The expression of TRE-controlled genes can be suppressed in the
presence of tetracycline in a Tet-Off system. Tetracycline binds to tTa which in turn
cannot bind to the TRE sequence, so transcription cannot occur. In the Tet-On
system, gene expression is activated by the addition of tetracycline. Reverse-TetR
(rTetR) in Tet-On systems has only 4 amino acids different to the TetR in Tet-Off
systems, and was identified through random mutation and phenotype screening
(Urlinger et al., 2000). Fusion of rTetR to the activation domain of HSV VP16 leads
to the formation of the reverse tetracycline transactivator (rtTA) protein. There is a
conformational change to rtTA upon binding to tetracycline, which subsequently
promotes TetO binding, in turn driving the expression of the downstream gene.

Created in BioRender.
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1.4.  Improving Lentiviral Vector production

A clear objective for large-scale LVV production is to make the process more

economically viable. To do this, each stage of the manufacturing process must be
examined to identify strategies for improvement. A more economically viable

production platform would involve increasing vector titres in any given system, and
therefore lowering the cost of vector production. Approaches for improving culture
performance and protein expression can be broadly categorised as optimising the
bioprocessing conditions for LVV production, optimising the vector, and optimising

the cell factory via targeted cell engineering, all of which will be discussed in detail.

1.4.1 Optimising HEK293T bioprocessing conditions

1.4.1.1 Adherent vs. Suspension

LVV titres can be increased through packaging cell expansion and improving cell
culture conditions (Soldi et al., 2020). High quantities of cells are required to produce
high titres of LVVs and there are several strategies for packaging cell expansion in
different culture vessels. As discussed previously, adherent cells are typically used
to produce vector by transient transfection. Corning CellISTACKS provide up to 40
layers for cell attachment, and Corning HYPERflasks and HYPERstacks offer multi-
layer attachment surfaces with the advantage of using gas-permeable plastic
(Segura et al., 2013; Spier et al., 1985; Merten et al., 2011 Kutner et al., 2009).
Despite the common use of adherent culture vessels during development stages,
they have limited scale-up potential, and require scaling-out to increase the surface
area for attachment. Handling such large cell factories increases the risk of

contamination when pooling batches for downstream processing.

Microcarriers offer another potential option to allow packaging cell expansion. These
are small spheres approximately 150-200 microns in diameter to which adherent
cells can attach (Barrett et al., 2009). Microcarriers are able to reduce labour
intensity and process complexity when compared with multi-layer cell culture

vessels. Drawbacks to the use of microcarriers include cell clumping and
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detachment from surfaces, in addition to the occurrence of microenvironments within
the centre of the microcarriers which may impact on nutrient transfer, oxygen

transfer, and release of CO2 and other toxic metabolites (Li et al., 2015).

Fixed bed bioreactors are a common alternative to flask-based adherent cell culture,
providing efficient scale-up for LVV production (Wang et al., 2015). An example of
this is the iCELLis™ marketed by Pall Life Sciences. In this system, many hundreds
(sometimes thousands) of roller bottles are replaced with a fixed-bed bioreactor, with
the surface area increased by use of microfiber microcarriers. In the iCELLis™
system, polyethylene terephthalate (PET) fibres are used. The process of LVV
production becomes more economically viable when considering (i) the minimised
need for space to accommodate bulky cell factories, (ii) the reduced man power
needed to operate the fixed-bed bioreactor system, and (iii) the overall decreased
waste as the risk of contamination is drastically reduced, meaning lower risk of
having to scrap big batches (Lennaertz et al., 2013). Advantages of this system
include recording pH, O2, and CO: levels, coupled with replenishment of cell culture
medium and removal of toxic metabolites. In a transient system, the iCELLis™ Nano
has been shown to obtain LVV titres of 1.3 x 10'° TU from a 2.67 m? surface, and the
iCELLis™ 500+ has achieved 1.12 x 10" TU from a 333 m? surface (Valkama et al.,
2018; Lennaertz et al., 2013).

Moving from adherent to suspension cell culture enables scale-up of LVV production
and offers various advantages where (i) cell growth is no longer limited by surface
area as with adherent culture, (ii) manual handling is minimised in that cell passaging
is easier and cells do not require enzymatic dissociation, (iii) perfusion culture is
possible, therefore waste productions can be removed, nutrients can be maintained
as necessary, and vector can be continually harvested, (iv) cultures can be
automated, (v) addition of transfection reagents is much simpler, and (vi) suspension
cells do not require serum in media, meaning a lower risk of contamination, simpler
downstream processing, and an extra reduction in cost (Bauler et al., 2019). Stable
LVV producer cells that are suspension-adapted are therefore key in the future of

LVV production at large scales (Segura et al., 2007).
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Several successful strategies for adapting adherent cells to suspension culture have
been described, with several in detail in Table 1.2, with stirred tank bioreactors
providing a straight-forward scale-up approach. HEK293T cells can be grown in an
Ambr bioreactor up to a scale of 10,000L, with Allegro™ single-use system (Pall Life
Sciences) achieving titres of 1.1 x 10'° TU/L (Sena-Esteves et al., 2018). Rocking
bioreactors offer an alternative approach for producer cell expansion, whereby
suspension cells are rocked on a platform in single-use inflatable bag at scales of up
to 200L. An advantage of this system is that this environment favours a decreased
risk of shear damage to cells because of a lack of impellers. GMP-compliant stable
producer systems have been able to produce LVV at clinical scale using rocking

bioreactors (Sorrentino et al., 2012).

1.4.1.2 Cell culture media supplementation

Medium supplements aid mammalian cells in producing proteins by improving cell
growth and viability (Ritacco et al., 2018; Perez-Rodriguez et al., 2020).
Supplementation of medium has been shown to increase recombinant protein
productivity in CHO cells (Reinhart et al., 2015; Blondeel et al., 2016). Developments
in this area enabled improved product titres through optimisation of culture media.
Fed-batch CHO cell cultures often have basal mediums containing essential
nutrients that cells require for proliferation and protein production, with feeds that
tend to be much more concentrated in order to maximise volumetric productivity and
recombinant protein product titre (Huang et al., 2010; Martens et al., 2017; Fan et al.,
2018). Culture composition has been shown to influence not only protein productivity
and cell growth, but also gene expression, the quality of the product, and certain
metabolic profiles including lactate and ammonia (Pan et al., 2017). During LVV
production, medium formulation has been shown to have a direct correlation with

producer cell expansion, cell viability, and vector stability (Ballas et al., 2005).

As discussed previously, the removal of animal serum is a focus of development in
LVV production. To remove serum in culture, it must be gradually removed for cells
to become adapted to low concentrations (Caron et al., 2018). Despite serum
assisting cell growth and vector stability, it poses issues for downstream processing

as removal of serum contaminants is difficult. There is also the risk of serum
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shortage in the event of bovine-related disease outbreaks. Supplementing medium
with albumin may act as a substitute for animal serum as this has shown to aid
vector stabilisation during downstream processing (Mekkaoui et al., 2018). The
continued development of serum-free media has led to LV titres that are comparable
with serum-containing media. This has been clearly shown, for example, with the
commercially available chemically-defined GMP-grade FreeStyle 293 medium (Do
Minh et al., 2020).

Optimised cell culture medium has been demonstrated to support efficient and high-
yielding protein production (Cervera et al., 2011; Liste-Calleja et al., 2014). The
addition of supplements to cell culture medium has been shown to improve LVV titre,
such as sodium butyrate (Jaalouk et al., 2006). This has been linked to improved
production of recombinant proteins by inhibiting histone deacetylate, which enabled
improved transcription factor function (Davie 2003; Steliou et al., 2012). As a result,
RNA copies are increased from viral LTRs, and ultimately LVV titres are improved.

A combination of decitabine and sodium butyrate has been shown to promote the
expression of transgenes, improve specific productivity, and inhibit apoptosis in CHO
cells (Li et al., 2022). Further examples include the addition of Cholesterol, which is
known to be involved with lipid raft formation on cell surfaces, in turn facilitating
budding of virions (Campbell et al., 2001; Pipik et al., 2002; Kamiyama et al., 2009).
Other supplements benefitting suspension culture include non-ionic surfactants such
as Pluronic, which enhances cell yields and reduces clumping (Tharmalingam et al.,
2008).

1.4.2 Optimisation of the vector

Optimisation of vector plasmids is an important consideration when aiming to
enhance LVV production, from both a safety aspect but also to improve vector titres,
as discussed in Section 1.3.2. Improving packaging and transfer plasmids has been
shown to give increased LVV production (Maruggi et al., 2009; Cesana et al., 2014).
Promoter choice is an important consideration, with the following characteristics
being important (i) use of strong promoters (the CMV promoter is often used in LVV
production as it is strong and provides robust gene expression, as is the Elongation

factor 1a (EF1a) promoter, and the Spleen focus-forming virus (SFFV) promoter), (ii)
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use of promoters that are induced by external stimuli including small molecules
(antibiotics including tetracycline and doxycycline), temperature variations, or other
endogenous molecules (such as pro-inflammatory cytokines), and ideally which
exhibit no leakage, and (iii) potential use of synthetic promoters that are stronger and
smaller in size by determining the minimal promoter length that is capable of
achieving good gene expression levels (Suzuki et al., 2018; Li et al., 2010; Merten et
al., 2016).

Manufacturing and characterisation of plasmid DNA is also key in improving LVV
production. As plasmid DNA is the starting material for gene therapies, it is important
that it is high-quality in order to meet the requirements for clinical trials as discussed
in Section 1.3.2. The term ‘high-quality’ in terms of plasmid manufacturing denotes a
high percentage of supercoiled plasmid (>80%), with low endotoxin contamination
levels due to endotoxin presence causing decreased transfection efficiency and

protein expression (Merten et al., 2016).

Optimising packaging plasmid ratios during transfection and quantities of plasmid per
cell can have a positive influence on transfection and therefore vector titre (Bauler et
al., 2020). Adjusting the ratio of transfer, envelope, and packaging plasmid is
important for obtaining optimum LVV titres. It is also key in keeping costs low, as for
example, transfection with too much packaging plasmid could result in production of

empty viral particles, which is disadvantageous.

It is also possible to improve transfection efficiency by reducing extraneous vector
sequences which are not necessary for LVV production. For example, eliminating the
HIV-1 viral accessory genes Nef, Vif, Vpr, and Vpu creates a reduced vector length
and in turn superior vector titres. Deletion of these genes is demonstrated in Figure
1.4 (Zufferey et al., 1997; Naldini et. Al., 1996; Kim et al., 1998). It has been shown
that it is possible to substantially reduce HIV-1 sequences in LVV without
compromising the efficiency of transduction. Sertkaya et al. showed that LV
genomes can be decreased in length by deletion of regions in Gag and Env that are
not essential for vector production, in addition to repositioning the RRE (Sertkaya et
al., 2021). By doing this, the potential for RCV formation is reduced, and transgene

capacity is increased.
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1.4.3 Optimising HEK293T cells via targeted cell
engineering

The most important characteristic of a HEK293T cell is arguably its human origin,
given that the biologics these cells produce are for human use. These cells produce
protein with human post-translational modifications, which is an advantage over
other non-human cell lines such as CHO cells (Dumont et al., 2016). However, at
present, HEK293 (and cell lines derived from HEK293) cell growth and productivity is
inferior to that of CHO cells.

For example (i) maximum growth capacity of CHO cell is 1-2 x 107 cells/mL, whereas
for HEK293 cells it is only 3-5 x 108 cells/mL (Chin et al., 2019) (ii) doubling time of
CHO cells is 14-17 h in comparison to approximately 33 h for HEK293 cells and (iii)
recombinant protein product yields for CHO cells are about 4 g/L compared to a
maximum of 600 mg/L for HEK293 antibody production (Frenzel et al., 2013).
Studies have shown that modifying genes implicated in key cellular processes such
as apoptosis, cell proliferation, glycosylation, metabolism, protein folding, and
secretion are able to vastly improve CHO cell performance (Kim et al., 2012; Lai et
al., 2013; Fischer et al., 2015; Kuriakose et al., 2016; Orellana et al., 2017; ). Similar
cell engineering approaches in HEK293 cells are limited in comparison and must be
expanded upon, given that the use of HEK293 cells in gene therapy vector
production is increasing due to successful clinical trials. The paradigms developed
over the past 20 years for enhancements of CHO cell factory system performance
serve as exemplars upon which to build future directions to enhance LVV production

in HEK cell factory systems.

The quantity of recombinant protein that a HEK293T cell can produce is ultimately
limited by the cell’s biology, even if bioprocessing conditions and vector sequences
have been optimised. Genetic engineering strategies that target bottlenecks in cell
proliferation, carbon metabolism, secretion, and protein folding have the potential to

improve LVV titres, and will be discussed in more detail below.

The objective of genetically engineering cell proliferation is to enhance maximum cell

density and culture longevity, whilst maintaining protein production per cell, thus
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enhancing LVV titres. This can be accomplished by modifying the cell growth rate.
Recombinant protein expression can be enhanced by increasing cell growth,
particularly by over-expressing genes involved in the G1/S transition such as
eukaryotic initiation factor 3 complexes EIF3] and EIF3C, cytochrome-C oxidase
subunit 15 (COX15), and cyclin-dependent kinase-like 3 protein (CDKL3) (Jaluria et
al., 2007; Roobol et al., 2020). Cells are commonly larger in size and more active
metabolically during transition between phases G0/G1 and G2/M and slowing the
growth rate by over-expressing cyclin-dependent kinase inhibitors (CDKN) 1A, 1B,
and 2C at these points has the potential to improve recombinant protein production
by approximately 6-fold in HEK293 cells (Backliwal et al., 2008; Wemer et al., 2007).
Looking specifically at recombinant IgG expression, coupling these strategies with
optimised vector design and treatment with valproic acid has achieved 27-fold
increase in a transient expression system (40 mg/L up to 1.1 g/L) (Backliwal et al.,
2008). Despite clear benefits of modifying cell growth, it must be done very carefully
as vital cellular resources may be directed towards cell proliferation and away from

LVV production.

Apoptosis is a genetically-regulated form of programmed cell death, defined by
membrane blebbing, shrinkage of cells, chromatin condensation and DNA
fragmentation (Kerr et al. 1972). Generating a cell that is resistant to apoptosis would
enable increased viable cell numbers, improved culture longevity, and support higher
LVV titres (Tey et al., 2000; Mastrangelo et al.; 2000 Kim and Lee 2002; Figueroa et
al., 2007). Apoptosis is tightly controlled by a number of anti-apoptotic and pro-
apoptotic genes which are activated by stimuli such as DNA damage, deprivation of
nutrients, insufficient oxygen levels and high osmolarity (Elmore 2007). Up-regulation
of anti-apoptotic genes also has the ability to delay apoptosis as exhibited with the
anti-apoptotic B-cell lymphoma 2 (BCL2) gene (Formas-Oliveira et al., 2020; Sandhu
et al., 2009), and over-expression of X-linked inhibitor of apoptosis (XIAP)
(Sauerwald et al., 2002; Sandhu et al., 2009, Sauerwald et al., 2002). Alternatively,
down-regulation of pro-apoptotic genes has been shown to delay the onset of
apoptosis in HEK293 cells as exhibited with the double knock-out of BAX and BAK
which resulted in volumetric production of a recombinant protein to increase by 53%
(Arena et al., 2019), and the quadruple knock-out of AlF1, and Caspases 3, 6, and 7

which has led to an 8-fold increase in viable cell numbers (Zhang et al., 2017).
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The effect of autophagy on ectopic protein production is not yet fully defined in both
CHO and HEK cells (Baek et al., 2016). Autophagy, a pathway for programmed cell
death, is a highly-conserved homeostatic mechanism characterised by delivery of
cytosolic components in a double-membraned vesicle to the lysosome for
subsequent degradation and recycling (Ohsumi et al., 2001). This pathway is
induced through a number of stimuli including but not limited to nutrient starvation,
hyperosmolality, and the presence of misfolded proteins (Musiwaro et al., 2013).
Autophagy has also been shown to function in both a pro-viral and anti-viral manner
(Choi et al., 2018). This is of particular interest when looking at LV production, given
that LVs are designed based on HIV-1. HIV-1 has previously been demonstrated to
utilise autophagic organelles as sites of packaging in macrophages, with Gag-
derived proteins co-localising with microtubule-associated protein light chain 3 (LC3)
on autophagosomal membranes (Kyei et al., 2009). HIV-1 is able to hijack the earlier
stages of autophagy in order to improve viral yields, whilst also preventing its own
degradation by inhibiting the later stages of autophagy (Kyei et al., 2009). Because
of this, autophagy is a very interesting target for cell engineering when producing
LVVs. Engineering the autophagy pathway has been shown to have a positive
impact on monoclonal antibody production (Braasch et al., 2021), and CHO cell
survival (Lee et al., 2013). The inhibition of autophagy through use of chemicals such
as 3-Methyladenine (3-MA) has also been shown to result in an increase the specific
protein productivity of a recombinant CHO cell line, however the mechanism linking
autophagy and protein production has not yet been established (Jardon et al., 2012;
Braasch et al., 2021).

Subversion of the normal protein synthetic processes of cells e.g. unnaturally high
production quantities of recombinant or non-natural protein places strain on the
protein folding machinery of producer cell lines. When misfolded proteins accumulate
in the endoplasmic reticulum (ER), the unfolded protein response (UPR) may be
triggered, which in turn initiates apoptosis (Nakatsukasa et al., 2008; Ron et al.,
2007). This can be prevented through strategies to engineer protein folding. For
example, X-box binding protein 1 (XBP1) is a key target for engineering because of
its role in inducing UPR-related genes (He et al., 2010). The over-expression of
XBP1, along with protein disulphide isomerase family A member 2 (PDIA2) and
chaperone heat shock protein family (Hsp70) member 5 (HSPAS), has been
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demonstrated to improve GRV production in HEK293 cells by 92% (Formas-Oliveira
et al., 2020; Tigges et al., 2006).

A common limitation with high-producing cell lines lies with inefficient secretory
systems and vesicle trafficking. Several genes have been engineered in order to
enhance the secretory capacity of mammalian cells. Tetraspanin CD9 plays a role in
various cellular processes such as exosome biogenesis, and a 26% increase in AAV
production was reported upon its over-expression in HEK293FT cells (Oka et al.,
2010; Schiller et al., 2018). In CHO cells, over-expression of Sec1/Munc18 (SM)
protein-coding genes and soluble N-ethylmaleimide-sensitive factor receptor
(SNARE) protein-coding genes has been shown to improve recombinant protein

expression (Peng et al., 2009).

Optimising central carbon metabolism (CCM) is a key aim in metabolic engineering
in HEK293 cells, with a specific focus on the accumulation of certain by-products.
For example, HEK293 cells consume high quantities of glutamine for energy
production, leading to by-products lactate and ammonia (Newland et al., 1990;
Goochee et al., 1991, Grammatikos et al., 1998; Gawlitzek et al., 1998; Rajendra et
al., 2011; Rodrigues et al., 2016). This can cause premature cell death, low protein
titres, and may also have a negative impact on protein glycosylation (Karengera et
al., 2017). Recent studies with HEK293 cells attempted to optimise CCM by over-
expressing pyruvate carboxylate (PC) and knocking-down pyruvate dehydrogenase
kinase (PDK) and its activator, hypoxia inducible factor 1 (HIF1) (Karangera et al.,
2017 Elias et al., 2003; Vallee et al., 2014, Henry et al., 2011, Rodrigues et al.,
2016). Because of this, the link between the tricarboxylic acid cycle and glycolysis
can be restored, leading to up to 30-fold increase in the specific productivity of
infectious viral particles. Optimising bioprocessing conditions such as maintaining
glucose concentration during culture and substituting glutamine with other substrates
(glutamate, alpha-ketoglutarate, pyruvate) has enhanced over-expression of PC

even further (Karengera et al., 2017).

Novel target molecules that influence LVV production can be identified by employing
techniques such as; transcriptomic analyses, proteomic analyses, metabolomic

analyses, RNA interference screens, random mutagenesis, and other whole genome
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analytical tools (Martinez-Molina et al., 2020). Once identified, these targets can be
specifically modified by gene editing systems such as CRISPR-Cas9, Zinc Finger
Nucleases (ZFNs), and RNA interference (RNAI).

1.5. GagPol as a potential target for HEK293T caell

engineering

A single HIV-1 infected CD4+ T-cell is able to generate approximately 5 x 10* virions
per day (Chen et al., 2007). This virus is remarkably efficient at propagating itself,
with events late in the HIV-1 life cycle being particularly efficient. The ‘late events’
mentioned here can be categorised broadly into four different stages. These include
the assembly of Gag and GagPol polyprotein precursors, budding of the immature
capsid from an infected cell, release of the immature viral particle, and finally,
cleavage of Gag and GagPol precursor proteins by PR leading to maturation of the
virus (Lingappa et ., 2014). The fact that HIV-1-infected CD4+ T-cells are able to
produce 5 x 10* virions per day shows why it is important to gain an understanding of
how, at the molecular and cellular level, the late events of the HIV-1 viral life cycle
are as efficient as they are. This could aid in gaining an understanding of why there

is such a disparity in HIV-1 production compared with LVV production.

Gag and GagPol play key roles in the late-stages of the HIV-1 virus life-cycle,
including virus assembly and release (Figure 1.7). From the perspective of LVV
production, there is very little known about how Gag and GagPol (from SYNGP,
Kotsopoulou et al., 2000) interact with HEK293T cells. Understanding this in greater
depth would allow identification of areas where LVV titres can be improved by
targeted cell engineering, as the converse option of re-introducing HIV-1 genes to
make LVV production more efficient is not attractive due to vector safety concerns,

which have been discussed in detail in Section 1.2.2.
The Gag and Pol polyproteins are encoded by overlapping ORFs, which means that

several proteins are translated from the same sequence, meaning genetic storage

capacity is maximised (Figure 1.7). The 55kDa protein Gag possesses its own start
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and stop codons, whereas the synthesis of the 160 kDa GagPol precursor occurs
from a -1 frameshift event, the site of which is at the 3’ end of the nucleocapsid
coding region (Kobayashi et al., 2010). This frameshifting event occurs at a
frequency of approximately 5-10% during translation (Jacks et al., 1988). This 20:1
ratio of Gag/GagPol is key for formation of infectious virus particles, is important for
RNA stability, and ensures that more structural Gag protein is synthesised relative to

the enzymatic Pol protein (Shehu-Xhilaga et al., 2001).

Gag and GagPol precursor polyproteins are cleaved by its own viral protease during
assembly and release of the virus (Hunter et al., 1994; Swanstrom et al., 1997,
Garnier et al., 1998; Freed et al., 1998). This forms the mature structural proteins
matrix (MA), capsid (CA), nucleocapsid (NC), and p6 domain, with the spacer
peptides SPI and SPII, and the enzymatic proteins protease (PR), reverse
transcriptase (RT), and integrase (IN). The domains of GagPol each have unique

functions which will be discussed below.

At the N-terminus of Gag, the 17 kDa MA protein is structurally responsible for
targeting Gag to lipid raft-rich domains within the plasma membrane during particle
assembly (Ono and Freed 2005). A myristoyl moiety within MA interacts with
phosphatidyl-inositol-4,5-bisphosphate [PI(4,5)P2] on the inner leaflet of the plasma
membrane (Hermida-Matsumoto et al., 2000; Ono et al., 2004). Recent studies have
shown that the binding of tRNA to MA helps to prevent the non-specific binding of
Gag to other cellular membranes (Gaines et al., 2018; Thornhill et al., 2019).
However, Gag has also been reported localise at late-endosomal membranes and
autophagosomal membranes, providing evidence for vesicular movement towards
the plasma membrane for assembly (Pelchen-Matthews et a., 2003; Kyei et al.,
2009).
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Figure 1.7 Schematic representation of HIV-1 Gag (Pr55Gag) and GagPol
(Pr160GagPol) precursor and the role of each domain. (A) Functional domains of
HIV-1 Pr160 GagPol. MA: Matrix, CA: Capsid, p2: Spacer peptide 1, NC:
Nucleocapsid, p1: Spacer peptide 2, PR: Protease, RT: Reverse transcriptase, IN:
Integrase. (B) A description of the roles of the functional domains of HIV-1 Pr&5 Gag.
Pr55Gag has an N-terminal myristoylated Glycine 2, and a highly-basic region on the
surface of MA. MA is responsible for various roles in the viral life-cycle including
trafficking and interaction of Gag to the plasma membrane, Interaction of Gag with
VRNA, in addition to the recruitment of Env. CA is responsible for driving the
multimerisation of GagPol, leading to viral core formation. NC interacts with gRNA
and tRNA, the latter of which is a primer for reverse transcription. Spacer peptides
p1 and p1 regulate viral maturation. p6 is involved in the recruitment of the
Endosomal Sorting Complex Required for Transport (ESCRT) host cell machinery
that aids budding of the viral particle (Bussienne et al., 2021). Created in BioRender.
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The 24 kDa CA protein is the most abundant of the viral proteins. It forms a
protective shell around the genomic RNA; 1,000-1,500 molecules of CA form a
conical capsid core made from 12 pentameric rings and over 100 hexameric rings
(Zhao et al., 2013). There are approximately 1,500 - 3,000 p24 molecules per virion
(Vogt and Simon, 1999; Summers et al., 1992). CA has been shown to interact with
cyclophilin A (CypA), cleavage and polyadenylation specific factor 6 (CPSF6), and
peptidyl-propyl cis-trans isomerase NIMA-interacting 1 (PIN1) (Braaten and Luban,
2001; Dochi et al., 2014). It has also been shown to interact with nucleoporin 358
(NUP358) and nucleoporin 153 (NUP153) which mediates trafficking of CA across

the nuclear envelope (Dharan et al., 2016).

The 7 kDa NC protein is a nucleic acid chaperone that has essential roles in
mediating reverse transcription and in specific gRNA interactions, whilst also
promoting viral assembly through contributing to Gag multimerization (Cimarelli et
al., 2000; Ott et al., 2009; EI Meshri et al., 2015; Levin et al., 2010; Ott et al., 2005).
This domain has two zinc finger motifs (CCHC) that are able to bind specifically with
Psi (Dannull et al., 1994; Webb et al., 2013). NC interacts with several host factors in
order to promote assembly and budding of virions, including staufen double-stranded
RNA binding protein 1 (STAU1), ATP-binding cassette sub-family E member 1
(ABCEN1), apoptosis-linked gene (ALG) interacting protein X (ALIX), and the
endosomal sorting complex required for transport (ESCRT)-Il subunit EAP30
(Chatel-Chaix et al., 2004; Mouland et al., 2000; Klein et al., 2010; Sette et al., 2012;
Ghouijal et al., 2012). The spacer peptides, SPI and SPII, that flank the NC domain,

are essential for virus assembly (Krausslich et al., 1995).

At the C-terminus of Gag is the 6 kDa p6 domain, which is responsible for binding to
gRNA (Dubois et al., 2018). This domain has a role in recruiting ESCRT machinery,
which helps to regulate budding of viral particles. p6 has been reported to play a key
role in modulating the activation of PR, and hence modulating virus maturation (Yu et
al., 2015). Recent studies have shown that extensive mutations to the central region

of p6 do not abolish virus replication or infectivity in vivo (Leiherer et al., 2020).

One of the three viral enzymes, PR, is embedded within Pol is responsible for the

processing of Gag and GagPol polyprotein precursor proteins (Huang and Chen,
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2014). The mature 22 kDa is an aspartic protease, comprising of two 99-amino acid
identical subunits which can only function when in dimer form (Navia et al., 1989;
Wilodawer et al., 1989). The auto-processing of PR, whereby PR is able to catalyse
and cleave other PR precursors, is necessary for maturation of the virus, however

the mechanism in which PR becomes activated remains largely unknown.

The reverse transcription of viral RNA into DNA is performed by RT, which exists as
a heterodimer comprised of two subunits, p66 (66 kDa) and p51 (51 kDa) (Davis et
al., 2008). RT has two enzymatic functions, first being a DNA polymerase that can
copy an RNA/DNA template, and second an RNAse H that is able to cleave RNA
when it is in a DNA/RNA complex (Sarafianos et al., 2010). This activity allows RT to
convert viral RNA into linear dsDNA in the cytoplasm. The viral dsDNA is then
integrated into the host genome following translocation into the nucleus, creating a

provirus DNA copy.

At the C-terminus of Pol is the 32 kDa viral enzyme IN, which is responsible for the
integration or viral dsDNA into the host genome (Schroder et al., 2002). Following
this, viral DNA is maintained and replicated alongside host cell DNA following
integration into a host chromosome. There are certain regions within the genome
where viral DNA is preferentially integrated, which tend to be in active gene-rich
regions (Ciuffi et al., 2008). It is thought that the favoured integration at
transcriptionally active regions aids in promoting the expression of viral genes

following integration.

Despite the structure and function of each domain of GagPol being relatively well-
defined, interactions with and impact on the host cell are still not fully known. Some
of the key known interactions between domains of HIV-1 Gag and HIV-1-infected

cells are summarised in Table 1.3.
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Table 1.3 Interactions between cellular proteins and structural domains of Gag

homolog HO3 (HARS2)

An aminoacyl-tRNA synthetase that increases infectivity

Domain | Host cell protein that . .
of Gag | interacts with Gag Interaction/role with Gag Reference
Actin Component of cytoskeleton that is involved in correct Bukrinskaya et al.,
localisation and activation of RT 2007
Clathrin-associated Transports Gag to budding sites and facilitates interaction of Camus et at. 2007
adaptor protein 1 (AP-1) Gag with other host cell proteins "
Clathrin-associated _— . .
adaptor protein 3 (AP-3) Trafficking of Gag to MVBs and involved in assembly Dong et al., 2005
Adgnoma_tous polyposis Multimerisation of Gag at PM, incorporation of vRNA Miyakawa et al., 2017
coli protein (APC)
. . . - . Ghanam et al., 2010
Camocuin Ca) | AMULLClore cacbindng messenger enabing MA | Samaletal. 2011
y b 9 9 Taylor et al., 2012
Eukaryotic elongation A translation elongation factor involved in tRNA incorporation Cimarelli et al., 1999
factor 1-alpha (eEF1a) into virions, viral uncoating, RT interactions Lietal., 2015
MA Histidyl-tRNA synthetase

Lama et al., 1998

Intracellular adhesion
molecule A (ICAM-1)

Immunoglobulin that enhances formation of syncytia, promotes
entry into cells

Beausejour et al., 2004
Jalaguier et al., 2015

Kinesin superfamily protein
(KIF4)

A microtubule-stimulated ATPase that regulates trafficking and
stability of Gag

Martinez et al., 2008
Sabo et al., 2013
Tang et al., 1999

RuvB-like 2 (RVB-2)

Involved in controlling expression of viral proteins (Env and
Gag)

Le Sage et al.,, 2015
Mu et al., 2015

Suppressor of cytokine
signalling protein 1
(SOCS1)

Facilitates Gag trafficking to PM, increases stability via network
of microtubules, potential role in enhancing ubiquitination of
Gag

Nishi et al., 2009
Ryo et al., 2008

Virion-associated nuclear
shuttling protein (VAN)

A nuclear/cytoplasm shuttling protein that aids in facilitating
import into nucleus and retention of pre-integration complex

Bishop et al., 2008
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Clathrin-associated
adaptor protein 2 (AP-2)

Involved in regulation of virus assembly/release

Batonick et al., 2005

Cyclophilin A and B (CypA
and CypB respectively)

Aids in protecting virions from TRIM5a (a restriction factor)

Kim et al., 2019
DeBoet et al., 2016

Filamin A

Trafficking of Gag to PM

Cooper et al., 2011

Lysyl-tRNA synthetase
(LysRS)

tRNA packaging into virions

Javanbakht et al.,
2003
Na Nakorn et al., 2011

Microtubule-associated

CA proteins (MAP1A and Aids tethering of viral CA to microtubules Fernandes et al., 2015
MAP1S)
Mitogen-activated protein
kinase . . . s . .
(MAPK)/Extracellular A serlne-.threonlne kinase that aids incorporation of Gag into Gupta et al., 2011
. . viral particle
signal-regulated kinase 2
(ERK-2)
Tripartite motif-containing - . . Luban et al., 2012
protein 5 (TRIM5a) Restriction factor that actively degrades Gag polyproteins Sakuma et al.. 2007
ATP-binding cassette sub- .
family E member 1 ATPase essential for CA assembly Smlrnova etal., 2008
Wilk et al., 1999
(ABCE1)
Strack et al., 2003
Apoptosis-linked gene 2- An adaptor protein involved in recruitment of ESCRT proteins Usami et al., 2007
NC interacting protein X (ALIX) | for budding and release of virus particles Sette et al., 2016

Sette et al., 2012

Discs large homolog 1
(DLG1)

Scaffold and anchor protein at PM involved in modulating
cellular distribution of Gag

Perugi et al., 2009

Eukaryotic elongation
factor 1-alpha (eEF1a)

tRNA incorporation into virions, viral uncoating, RT interactions

Cimarelli et al., 1999
Li et al., 2015
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Insulin-like growth factor Il
MRNA-binding protein 1
(IMP1)

RNA binding factor that blocks virus particle formation

Zhou et al., 2008

IQ motif-containing
GTPase activating protein
(IQGAP1)

Scaffold protein that prevents Gag accumulation at PM, hence
inhibits budding and release of virus

Sabo et al., 2020

Neural precursor cell
expressed
developmentally down-
regulated protein 4
(Nedd4-1 and Nedd4-2)

E3 ubiquitin ligase that ubiquitinates Gag and subsequently
leads to ESCRT complex recruitment

Weiss et al., 2010

Nucleolin

An RNA-binding protein that enhances assembly and release
of virions

Gao et al., 2014
Bacharach et al., 2000

Soluble N-ethylmaleimide-
sensitive factor attachment
protein receptor (SNARE)

Usually mediates vesicle function, also interrupts trafficking
pathways within the cell required for transport of Gag to PM

Joshi et al., 2011

Suppressor of cytokine
signalling protein 1
(SOCS1)

Facilitates Gag trafficking to PM, increases stability via network
of microtubules, potential role in enhancing ubiquitination of
Gag

Nishi et al., 2009
Ryo et al., 2008

dsRNA-binding Staufen
homolog 1 (Staufen-1)

Involved in Gag multimerisation and Gag trafficking to PM, also
has role during cellular stress

Ghoujal et al., 2012
Rao et al., 2018

Tumour-susceptibility gene
101 (Tsg101)

A member of the vacuolar protein sorting (VSP) family and a
component of the ESCRT | complex involved in ESCRT
complex recruitment and viral release

Garrus et al., 2001
VerPlank et al., 2001
Dussupt et al., 2011
El Meshri et al., 2018
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P6

Apoptosis-linked gene 2-
interacting protein X (ALIX)

Involved in recruitment of ESCRT proteins for budding and
release of virus particles

Bendjennat et al., 2016
Sette et al., 2016

IQ motif-containing
GTPase activating protein
(IQGAP1)

Scaffold protein that prevents Gag accumulation at PM, hence
inhibits budding and release of virus

Sabo et al., 2020

Neural

precursor cell expressed
developmentally
down-regulated

protein 4 (Nedd4-1 and
Nedd4-2)

E3 ubiquitin ligase that ubiquitinates Gag and subsequently
leads to ESCRT complex recruitment

Weiss et al., 2010

Protein kinase C and
casein kinase substrate in
neurons 2 (PACSIN2)

Potential role in connecting actin to Gag but not defined

Popov et al., 2014

Tumour-susceptibility gene
101 (Tsg101)

A member of the vacuolar protein sorting (VSP) family and a
component of the ESCRT | complex involved in ESCRT
complex recruitment and viral release

El Meshri et al., 2018
Dussupt et al., 2011
VerPlank et al., 2001
Garrus et al., 2001
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1.6. Aims and Objectives

Given that the GagPol utilised by GSK (SYNGP) in LVV production is based on HIV-
1 GagPol, which itself hijacks several host cellular systems for packaging budding
and release of virus, it is logical to hypothesise that the expression of SYNGP may
potentially stress the capacity of HEK293T cells to carry out “normal” cell
maintenance functions, which in turn impacts on the maximum recombinant LVV
productivity. This project therefore aims to understand and elucidate interactions
between synthetic GagPol and HEK293T cellular physiology in order to define
approaches to identify, and subsequently intervene in, molecular bottlenecks in LVV

production.

In order to address this aim, the following specific objectives were outlined and

developed within the context of this project:

1. Develop an appropriate GagPol over-expression cassette in addition to a
fluorescently-tagged GagPol construct to allow for the detection and tracking
of GagPol in live and fixed HEK293T cells

2. Perform transient over-expression of HEK293T cells with GagPol and
GagPol-EGFP expression cassettes, characterising the output of
transductions through various titration assays including p24 ELISA, PERT

assay, and ddPCR copy number assay

3. Assess the impact of GagPol over-expression on HEK293T host cell
physiology and function, with a specific focus on cell viability and key cellular

stresses including apoptosis, autophagy, ER stress, and UPR activation

4. Determine the effects of cellular stress inhibitors on (i) HEK293T cell viability
and (ii) the production of GagPol following transductions at various MOls, in
order to identify and define potential genetic targets for improvement of LVV

production
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2. Materials and Methods
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2.1. Materials

2.1.1 General chemicals and reagents

A full list of chemicals, reagents and enzymes can be found in Appendix Section 8.1

2.1.2 Equipment and Software

A full list of equipment and software used can be found in Appendix Section 8.2.

2.1.3 Preparation of solutions

All reagents were prepared by dissolving in double distilled H-O and stored at room

temperature, unless otherwise stated.
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2.2 Methods

2.21 Generation and purification of plasmids

2.2.1.1 PCR amplification of DNA fragments

For each DNA fragment to be amplified, 25 yL Q5 Hot Start High-Fidelity DNA
Polymerase, 2.5 yL 10 uyM forward primer, 2.5 uL 10 pyM reverse primer, 19 pL
nuclease-free water, and 1 uL template DNA or 1 uL water were prepared in a 0.2
mL tube. Amplicons were produced by PCR using the conditions in Table 2.1.

Details of primers are given in Appendix Section 8.3.

Table 2.1. PCR conditions used to generate DNA fragments.

Temperature (°C) | Duration Number of cycles
95 2 minutes 1

95 30 seconds 30

See Appendix 30 seconds

Table 8.3 and 8.4

72 1 minute per kb 1

4 o0 1

2.2.1.2 Agarose gel electrophoresis

1.5% [w/v] agarose powder was added to 1X TAE buffer (40 mM TRIS acetate, 5mM
EDTA pH 8.0) and heated until the agarose was dissolved completely. 0.1 pL
SafeView™ nucleic acid stain per 1mL gel was added once cooled to approximately
50°C. This was poured into a casting mould with a comb in place and left to set. The
gel was placed in an electrophoresis tank filled with 1X TAE buffer). 5 uL 100bp or
1kb DNA ladder was loaded as a molecular weight marker. 6X Gel Loading Buffer
was added to each sample to give a 1X final concentration. 30 pyL sample with
loading buffer was loaded into each well. Electrophoresis was performed at 90 V
until the loading dye had migrated a suitable distance. DNA bands were visualised

with a BioRad ChemiDoc UV-gel imaging system.
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2.2.1.3 Fragment extraction and purification

DNA Fragments were extracted from the gel and purified using a QiaQuik Gel
Extraction Kit following the protocol provided by the manufacturer. In brief, this
involved binding of DNA to a silica membrane in a high-salt buffer, followed by
eluting DNA into water. DNA samples were purified to remove impurities (such as

primers, nucleotides, agarose and enzymes).

2.2.1.4 Determining DNA concentration and purity

The concentration and purity of purified DNA fragments were analysed using a
NanoDrop™ spectrophotometer. The spectrophotometer was blanked using 1 uL
water to measure the background absorbance. 1 uL purified DNA was pipetted onto
the NanoDrop™ pedestal. DNA concentration was determined by measuring at an
absorbance of 260nm (A260). To evaluate DNA purity, the ratio of absorbance at
260nm and 280nm was measured. DNA was considered of good quality when the
A260/A280 ratio was between 1.8-2.0. Measurements were taken in triplicate for

each sample.

2.2.1.5 Gibson assembly reaction

Purified DNA fragments were assembled in a Gibson Assembly reaction using a
Gibson Assembly ® cloning kit. A reaction mixture was prepared on ice and
consisted of 10 pL 2X Gibson Assembly® MasterMix, 0.5 pmol of each DNA
fragment to be assembled, and nuclease-free water added to a final volume of 20

ML. The mixture was incubated in a thermocycler at 50°C for 15 minutes. DNA was

stored at -20°C until transformation.

2.2.1.6 Transformation of competent E. coli

Selection plates were made with Luria Bertani (LB) broth (1% [w/v] tryptone, 0.5%
[w/v] yeast extract, 0.5% [w/v] NaCl) supplemented with 1.5% [w/v] agar and 100
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ug/mL ampicillin. 10 mL of this mixture was poured into a 100 mm dish in aseptic
conditions and left to set. Plates were stored at 4°C for no longer than 2 weeks.

A vial containing 0.2 mL 10-3 Competent E. coli cells as thawed on ice. 100 ng
plasmid DNA was pipetted into the tube and mixed gently by tapping the vial. The
transformation mixture was placed on ice for 2 minutes, heat-shocked at 42°C for 30
seconds, and returned to ice for 2 minutes. 950 pL pre-warmed SOC medium was
added. 100 pL of the mixture was spread onto pre-warmed agar selection plates.

Selection plates were incubated at 37°C overnight.

2.2.1.7 Preparation of plasmid DNA

Individual colonies were picked from agar plates containing transformed E. coli using
sterile pipette tips. These were streaked onto individual fresh selection plates
containing 100 ug/mL ampicillin for antibiotic selection, as described in Section
2.2.1.6. Plates were incubated overnight at 37°C. Plates were stored at 4°C for a
maximum of two weeks until DNA extraction. Individual colonies were picked from
each plate and added to a sterile 50 mL falcon tube containing 6 mL Luria Bertani
(LB) broth (Section 2.2.1.6), and incubated overnight at 37°C on a shaker at 220
RPM. DNA was extracted using a Plasmid Mini or Maxi Kit following manufacturer’s
instructions. DNA was resuspended in nuclease-free water. Concentration and purity

of plasmid DNA was determined as in Section 2.2.1.4. DNA was stored at 4°C.

2.2.1.8 Restriction enzyme digestion of plasmid DNA

Restriction digestion analysis was used to confirm production of the correct plasmid.
1 ug plasmid DNA (concentration determined as in Section 2.2.1.4) was incubated
with 10 Units of the appropriate restriction enzyme(s), 2 yL 10X restriction enzyme
buffer, and 16 L RNAse-free water. This was mixed gently and incubated at 37°C
for 1 hour, followed by thermal inactivation at 65°C for 20 minutes. The fragment

sizes of DNA were confirmed by agarose gel electrophoresis as in Section 2.2.1.2.
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2.2.1.9 Sequencing of DNA

Fragment sequences within plasmids were sequenced using primers in Appendix
Table 8.4. DNA fragments for plasmids pQCXIX (Clontech), pG3-SYNGP (GSK),
B2modT-v2 (GSK), pQCXIX-SYNGP, and pQCXIX-SYNGP-EGFP were sequenced
in-house at GSK by GeneWiz Sanger Sequencing. DNA fragments for plasmids
pQCXIP-EGFP-F, SLC20A2, pMD2.G, pBS-CMV-GagPol were sequenced by

Eurofins Genomics Sanger Sequencing TubeSeq service.

2.2.2 Mammalian cell culture

2.2.2.1 Revival of cells

Cryovials containing 1 mL HEK293T or 1 mL Amphopack-293 cells were removed
from liquid nitrogen storage and rapidly thawed in a 37°C water bath. Cells were
immediately transferred to a 15 mL Falcon tube containing 5 mL pre-warmed culture
medium (DMEM + 10% [v/v] FBS). An additional 10 mL pre-warmed medium was
added. Cells were pelleted by centrifugation at 900 g for 5 minutes. The supernatant
was discarded and the cell pellet was resuspended in 10 mL fresh pre-warmed
medium. Resuspended HEK293T cells were transferred to a T75 flask.
Resuspended Amphopack-293 cells were transferred to a collagen-I-coated 100 mm
tissue culture dish for recovery. Cells were placed in a static incubator and grown at
37°C and 5% COq for 3-4 days.

2.2.2.2 Cell maintenance

Cell passaging was performed once cells approached >70% confluence,
approximately every 2-3 days. Medium was discarded and cells were washed with 5
mL PBS to prevent shrivelling due to osmosis. PBS was discarded and 3 mL
Accutase solution was added to each flask. The flask was incubated at 37°C and 5%
CO2for 5 minutes. Once cells began to detach, Accutase solution was diluted with 8
mL pre-warmed medium. Cells were resuspended by aspirating up and down using a
stripette. Cells were counted (Section 2.2.2.3) and the resultant cells were harvested

into a sterile 15 mL falcon tube and centrifuged at 900 g for 5 minutes. The cell pellet
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was resuspended in 10 mL fresh medium, and split (1:10) into new T75 flasks each

containing 9 mL fresh medium. Cells were incubated at 37°C and 5% CO..

2.2.2.3 Cell counting

10 L cell sample mixed with 10 yL 0.5 % [w/v] Trypan Blue in PBS was placed on a
haemocytometer slide. A light microscope was used to count viable cells. Bright and
colourless cells were determined as viable. Blue cells were determined as dead due

to their uptake of trypan blue. Percentage viability was determined as below:

% Viability = Number of live cells 100
0 VIAPY = Number of live + dead cells x

2.2.2.4 Cryopreservation of cells

Cells were bulked up into T75 flasks prior to liquid nitrogen storage. Following 3-4
days of growth, medium was discarded. As above for maintenance culture, the cell
sheets were washed with 5 mL PBS. 3 mL Accutase solution was applied to cells,
and flasks were incubated at room temperature for 5 minutes, followed by the
addition of 8 mL pre-warmed medium Cells were resuspended and counted as in
Section 2.2.2.3. Cells were centrifuged at 900 g for 10 minutes. Supernatant was
discarded and cells were resuspended at a density of 1x10° cells/mL in freezing
medium (DMEM + 10% [v/v] FBS + 10% [v/v] DMSO).

1 mL resuspended cells were added to each labelled cryovial, and transferred to a
Mr Frosty freezing container for freezing at -80°C overnight. Cryovials were

transferred to liquid nitrogen for long-term storage the next day.

2.2.2.5 Intracellular cell sampling

Protein extracts from HEK293T cells were extracted by harvesting 2 x 107 cells by
centrifugation at 900 g for 5 minutes. 5 mL PBS was added to the cell pellet to wash,
centrifuged at 900 g for 5 minutes, and the supernatant was removed. This washing

step was repeated. For analysis by p24 ELISA, cells were resuspended in chilled 1X
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Cell Extraction Buffer PTR. Cells were incubated on ice for 20 minutes, and
centrifuged at 900 g for 20 minutes at 4°C. Pellets were discarded and supernatant

transferred into a new clean tube and either assayed immediately or stored at -80°C.

2.2.2.6 Sampling of culture medium

Cell culture supernatant was collected and centrifuged at 2,000 g for 10 minutes to
remove any potential debris from samples. For analysis by p24 ELISA, samples
were diluted in Sample Diluent NS and assayed. Undiluted samples were stored at -

20°C. Freeze-thaw cycles were avoided.

2.2.2.7 Supplementing cell culture medium

Apoptosis inhibitors were added to HEK293T cell culture medium in specified
experiments. Inhibitor final concentrations were 50uM for Caspase-8, Capase-9 and
Pan-Caspase inhibitor made in DMSO based on data presented by Sauerwald et al.
(2003). To induce apoptosis as a positive control, HEK293T cells were incubated
with 5 ng/mL Actinomycin D for 4 hours (Kleef et al., 2000).

ER stress was induced in HEK293T cells by addition of 10ug/mL Tunicamycin to
transduction medium (Section 2.5) (Lin et al., 2007).

To inhibit autophagy, several inhibitors were added to transduction medium (Section
2.5) with final concentrations based on those utilised in previous publications.
Inhibitors and concentrations were 50nM Wortmannin (Lin et al., 2014), 25uM
Spautin-1 (Daussy et al., 2020), 50nM Bafilomycin A1 (Musiwaro et al., 2013), or
50uM Chloroquine (Mauthe et al., 2018).

To inhibit HIV-1 Protease, 1.5uM Saquinavir was added to transduction medium
(Section 2.5) (Sparacio et al., 2001).
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2.2.3 Vector preparation

2.2.3.1 Transfection in Amphopack293

Recombinant MMLV-based GRYV vector particles pseudotyped with amphotropic
envelope protein were produced by transfection of Amphopack-293 cells using the
Xfect™ Transfection Reagent. A 100 mm plate was seeded with 5 x 10° cells in 10
mL DMEM + 10% [v/v] FBS, and incubated at 37°C and 5 % CO2 24 hours prior to
transfection. At this stage, cells were >70% confluent. 15 ug retroviral plasmid DNA
was diluted with Xfect™ Reaction Buffer to a final volume of 600 uL, and mixed by
vortexing for 5 seconds. Xfect™ polymer was thoroughly vortexed. 4.5 pyL Xfect™
polymer was added to retroviral buffer-diluted retroviral plasmid DNA and mixed by
vortexing for 10 seconds. The DNA-Xfect™ mixture was incubated for 10 minutes at
room temperature. Then the mixture was added dropwise to the medium in the cell
culture plate, the plate was swirled gently to mix, and incubated at 37°C and 5 %
CO2 overnight. The medium from the plate was then discarded and replaced with 10
mL DMEM + 10% [v/v] FBS, and incubated for a further 48 hours. Retroviral

supernatants were harvested and stored at -80°C.

2.2.3.2 Transfection in HEK293T

VSV-G-pseudotyped GRV vector was produced by transfection of HEK293T cells. A
6-well plate was seeded with 3 x 10° HEK293T cells per well in 2 mL DMEM + 10%
[v/v] FBS and incubated overnight at 37°C in 5% CO.. Medium was replaced with the
same volume of fresh DMEM + 10% [v/v] FBS and incubation was continued for 2

hours prior to transfection.

Transfections were performed at different scales. The general process is described
below for 6-well plate transfections and for transfection at larger scale, quantities of
reagents are given in Table 2.2. For 6-well plate transfections with 2 mL volume
culture medium for each well, plasmids were diluted in 200 yL OptiMEM to give
concentrations as in Table 2.2. 5.33 yL PEI, a stable cationic polymer, was added to

diluted plasmid, vortexed, and incubated for 30 minutes at room temperature. This
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mixture was then added to cells in a dropwise manner, and the plate was swirled

gently to ensure even distribution of the transfection mixture.

Cells were incubated at 37°C and 5% CO.. After 16 hours, medium was removed
and replaced with 2 mL fresh DMEM + 10% [v/v] FBS, with further incubation at 37°C
and 5% CO.. After 28-32 hours, cell culture supernatant was transferred to an
appropriate tube, and was filtered through a 0.22 pm low-protein binding membrane

using a 10 mL syringe. Aliquots were separated in 2 mL tubes and stored at -80°C.

Table 2.2. Reagents for transfection of adherent HEK293T cells:

6-well plate 10 cm dish

Area 10 cm? 60 cm?
Seeded cells 8 x 10° 5x 108
DMEM + 10% [v/v] FBS 2 mL 10 mL
DMEM after transfection 1.3 mL 8 mL
Accutase 1 mL 2.5mL
PBS 1 mL 2.5mL
Plasmid 1 (pBS-CMV-GagPol (GagPol)) | 1.37 ug 8.35 ug
Plasmid 2 (pMD2.G (VSV-G)) 1.37 ug 8.35 ug
Plasmid 3 (pQCXIX-SYNGP, pQCXIX- 1.37 ug 8.35 ug
SYNGP-EGFP, or pQCXIP-EGFP-F)
(Transfer vector)
PEI OptiMEM 200 L 1 mL

PEI* 5.33 uL 32.5 uL

*DNA (ug):PEI (pL) ratio 1:1.3

2.2.4 Titration of vector preparations

2.2.4.1 GFP titration to determine vector titre in
Transducing Units

A 6-well plate was seeded with 3 x 10° HEK293T cells per well in a final volume of 2
mL DMEM + 10% [v/v] FBS, and incubated overnight at 37°C and 5% CO.. Vector
was thawed at room temperature and dilutions of 10-', 10-2, and 10 of viral
supernatant (from Section 2.2.3) were made in 500uL DMEM + 10% [v/v] FBS.
Polybrene, a cationic polymer used to improve transduction efficiency, was diluted in
DMEM + 10% [v/v] FBS to achieve a final concentration of 10 ug/mL. Cells were

counted (Section 2.2.2.3) in one well of the 6-well plate. Medium from the other wells
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was discarded, and 500 pL polybrene in DMEM + 10% [v/v] FBS was added to each
well. 500 pL viral supernatant dilution was added to each well, with 500 yL DMEM +
10% [v/v] FBS being added to the negative control well. Plates were incubated at
37°C and 5% CO.. An additional TmL DMEM + 10% [v/v] FBS was added to each
well after 2 hours. After 72 hours, medium was discarded and replaced with 1 mL
Accutase solution to dissociate cells. Cells were pipetted up and down after 5
minutes incubation. 150 pL cell suspension was added to 1 mL PBS, and pipetted
thoroughly to prevent clumping of cells. Cells were immediately analysed by flow
cytometry to determine % GFP-positive cells (Section 2.2.6.1). Titres were calculated
from a dilution factor where the % of GFP-positive cells was between 3-30%. The

following calculation was used to determine the transducing units (TU) per mL:

Tit (TU) cells per well at transduction X %GFP positive cells X D.F.
re |— )=
' mL vol (ml) of neat vector in transduction

D.F.: Dilution Factor of viral vector stock used during transduction.

2.2.4.2 HIV-1 p24 ELISA

A HIV-1 p24 SimpleStep ELISA® kit was used to quantitatively measure HIV-1 p24
protein in cell lysates and cell culture medium, collected as specified in Sections
2.2.2.5 and 2.2.2.6, respectively.

All reagents and materials were equilibrated to room temperature prior to performing
the p24 ELISA. 50 yL sample or standard from the HIV-1 p24 SimpleStep ELISA®
Kit was added to each well in duplicate. 50 pL p24 Antibody Cocktail was added to
each well. The plate was sealed and incubated for 1 hour at room temperature, on a
plate shaker at 400 RPM. Each well was washed three times with 350 pL 1X Wash
Buffer PT, ensuring all liquid was removed from wells. The plate was blotted against
paper towels to remove excess liquid. 100 uyL TMB Development Solution was
added to each well, and plates were incubated for 10 minutes in the dark on a plate
shaker at 400 RPM. 100 uL Stop Solution was added to each well, and mixed for 1
minute on a plate shaker at 400 RPM. The OD was then recorded at 450 nm. The

range of detection was 4.69 pg/mL — 300 pg/mL. p24 concentration was then
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determined using known values of the standard reagent provided in the p24 ELISA
kit.

2.2.4.3 Product Enhanced Reverse Transcriptase assay
by gPCR

VLP output was assessed using a SYBR-Green PERT assay to quantify the activity
of the reverse transcriptase (RT) enzyme. Aliquots of 2 mU/uL HIV-1 RT standards
were prepared by diluting 1 yL RT in 2000 yL DMEM + 10% [v/v] FBS. A 2X PERT
lysis buffer was prepared as in Table 2.3. A PERT assay mix was prepared with 0.1
pL of 100 uM PERT _F primer, 0.1 uL of 100 yM PERT_R primer, 0.1 yL MS2 RNA,

and 4.7 pL water per well.

Unconcentrated vector samples (Section 2.2.3) were diluted 1:100 with DMEM +
10% [v/v] FBS. 5 pL diluted vector or 5 pL diluted HIV-1 RT standard was added to 5
pL 2X Lysis buffer containing 0.5 pL RNase inhibitor, and incubated for 10 minutes
at room temperature. 40 pL nuclease-free water was added to diluted vector or
diluted HIV-1 RT. For each sample, a PCR mix was prepared containing 10 pL
PowerUp SYBR-Green MasterMix and 5 uyL PERT mix (0.1 yL 100 uM PERT _F
primer (5-TCCTGCTCAACTTCCTGTCGAG-3’), 0.1 yL 100 uM PERT _R primer
(CACAGGTCAAACCTCCTAGGAATG), 0.1 yL MS2 RNA, 4.7 pL water). 5 uL
diluted sample was added to 15 pL PCR mix. gPCR was performed using the

programme in Table 2.4.

Table 2.3. Reagents for 2X PERT Lysis Buffer

. Dilution Volume (mL)

Reagent Conc. of stock | Conc. required | needed for 50mL
(1in x) or ovm

Triton x-100 10% (viv) 0.25% 40 1.25
Tris-HCI 1M 0.1M 10 5
KCI 1M 50mM 20 2.5
Glycerol diluted to 50% | 40% 1.25 40
Water - - - 1.25
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Table 2.4. qPCR conditions used during PERT assay.

Stage Temperature (°C) | Duration Number of cycles
Incubation 42 20 minutes 1

RT Inactivation/ 92 2 minutes 1

Hot-start DNA Pol

activation

Denaturation 95 5 seconds 40

Annealing 55 15 seconds

Elongation 72 30 seconds

Melt curve using 0.15°C rate in fast mode

2.2.4.4. Copy number assay

A DNeasy Blood & Tissue Kit was used to purify DNA from HEK293T cells. All
reagents were prepared prior to genomic DNA isolation, according to manufacturer’s
protocol. Cells were counted as in Section 2.2.2.3. 1x10° cells were centrifuged at
6000 g for 5 minutes. The pellet was resuspended in 200 yL PBS, and 20 pL
Proteinase K (600 mAU/mL) was added. 200 uL Buffer AL was added and mixed
immediately and thoroughly by vortexing. The mixture was incubated at 56°C for 10
minutes. 200 L 96% [v/v] ethanol was added and mixed thoroughly by vortexing. A
DNeasy mini spin column was placed in a 2 mL collection tube. The mixture was
transferred to the column and centrifuged at 6,000 g for 1 minute, discarding flow-
through. The DNeasy spin column was transferred to a new 2 mL collection tube.
500 pL Buffer AW2 was added and centrifuged at 20,000 g for 3 minutes, discarding
flow-through. The DNeasy spin column was transferred into a clean 1.5 mL
microcentrifuge tube. 200 uL Buffer AE was pipetted directly onto the DNeasy
membrane and incubated for 2 minutes at room temperature. DNA concentration

was then determined using a NanoDrop™ as in Section 2.2.1.4.

Mixtures of primers and probes (Table 2.5) were prepared to final concentrations of
900 nM and 250 nM, respectively. A 20X primer/probe stock mixture for GagPol or
RNaseP (Target Chr.14:20811565, assumed 3 copies per HEK293T cell by NGS, as
determined by the supplier, Thermo Fisher Scientific Cat. No. 4403328) was
prepared by adding 36 uL forward primer, 36 uL reverse primer, 10 uL probe, and

118 pL nuclease-free water to a 1.5 mL safe-lock tube, and stored at -20°C or used
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immediately. For each sample, 11 pL 2X SuperMix, 1.1 uL 20X GagPol primer/probe
mix, 1.1 uL 20X reference primer/probe mix, and 8.8 uL gDNA diluted to 10 ng/uL
were added to a well in a 96-well plate. Samples were prepared in duplicate. The 96-
well plate was sealed, centrifuged at 400 g for 2 minutes, and placed inside an
automated droplet generator. Droplet generation was performed by following
provided in the instruction manual. The final PCR plate was sealed and placed inside

a PCR thermal cycler using the conditions in Table 2.6.

Table 2.5. Primer and probe sequence used to determine GagPol copy humber

by ddPCR
Primer name Primer sequence (5’-3’) Probe (5’-FAM-x-MBG/BHQ1-3’)
SynGP-Pol1 F | AAGACTGAGCTGCAGGCC CCTCGCTTTGCAGGACTCGGGC
SynGP-Pol1 R | GCATACTGAGAGTCTGTCACGA

Table 2.6. PCR conditions for ddPCR

Temperature (°C) | Duration Number of cycles
95 10 minutes 1

94 30 seconds 45

57 1 minute

98 10 minutes 1

12 o0 1

2.2.5 Transduction

HEK293T cells were seeded in a 96-well plate and incubated at 37°C and 5% CO,
16-20 hours prior to transduction. Aliquots of titrated retroviral stock (Section 2.2.4.1)
were thawed rapidly at 37°C and mixed gently. Retroviral stock was diluted with
DMEM supplemented with 10% [v/v] FBS to obtain the desired Multiplicity of
Infection (MOI). MOI refers to the number of virions added per cell during
transduction. The number of Transducing Units (TU) in a solution represents the
number of functional viral particles present that are able to transduce a HEK293T
cell and express the transgene. The number of TU’s was calculated using the

equation was used:
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Total transducing units needed (TU)

= Desired MOl X Total number of cells per well

Polybrene was diluted in DMEM + 10% [v/v] FBS to a final concentration of 10
pMg/mL. Polybrene and diluted retroviral stock was added to wells. The volume of
medium in target cell culture wells was adjusted to accommodate the addition of
retroviral stock and polybrene, with a total volume of 200uL in one well. Cells were
incubated overnight at 37°C and 5% CO.. Transduction medium was discarded and
replaced with pre-warmed medium. Cells were incubated at 37°C and 5% CO: for a
further 48 hours. Cells and supernatant were harvested for analys3is as in Sections
2.2.2.5 and 2.2.2.6, respectively.

2.2.6 Cellular analysis
2.2.6.1 Flow cytometry

2.2.6.1.1 Apoptosis detection

1 x 10° cells were collected by centrifugation at 900g for 5 minutes. Cells were
resuspended in 500 puL 1X Binding Buffer. 5 uL Annexin V and 5 uL Propidium
lodide (PI) (50 ng/mL) was added to each sample and incubated in the dark for 5
minutes at room temperature. A Sony SH800S cell sorter was used to record 5000
events per sample, with each sample taken in triplicate. Debris and cell doublets
were excluded using forward scatter (FSC) and side scatter (SSC) parameters. FSC
is proportional to the diameter of a cell, and SSC provides information about the
granularity (and therefore internal complexity) of a cell. Untransduced HEK293T cells
were used as a negative control with >99% of this population determined as negative
to set the fluorescence gate. Annexin V binding was analysed by flow cytometry
using the FITC signal detector, and Pl with the phycoerythrin signal detector

(Excitation 488nm, Emission 530nm). Data was analysed using FlowJo V9.
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2.2.6.2 Imaging flow cytometry

2.2.6.2.1 Sample preparation

1x108 HEK293T cells were washed in ice-cold PBS supplemented with 1% [v/V]
FBS. Cells were collected by centrifugation at 900 g for 5 minutes at 4°C. Cells were
fixed in 500 uL 1% [v/v] PFA on ice for 20 minutes. Cells were again collected by
centrifugation at 900 g for 5 minutes and the supernatant was discarded. Cells were
resuspended in 500 uL PBS supplemented with 3% [v/v] Bovine Serum Albumin
(BSA), and left for 30 minutes at 4°C. Antibody solutions were made up in PBS
supplemented with 1% [v/v] BSA and containing the desired antibody diluted as
specified (Appendix Table 8.1). As antibodies were conjugated with fluorophores,
handling at this stage was undertaken in reduced light conditions. Cells were
pelleted by centrifugation at 900 g for 5 minutes and resuspended in 250 pL antibody
solution, and incubated in the dark for 4 hours at 4°C. Cells were pelleted by
centrifugation at 900 g for 5 minutes and washed three times with 500 uL PBS. A
nuclear stain was applied by adding 250 uL PBS with DAPI (0.1 ug/mL) to each
sample, and incubated in the dark for 5 minutes at 4°C. Cells were washed with 500
uL PBS and pelleted by centrifugation at 900 g for 5 minutes. Cells were
resuspended in 500 pL ice-cold PBS supplemented with 10% (w/v) FBS, and 0.5%

(w/v) sodium azide. Cells were kept in the dark at 4°C until analysis.

2.2.6.2.2. Image acquisition

Images were acquired using the Amnis ImageStreamX imaging flow cytometer and
the INSPIRE® software. An aliquot of a positive control was loaded to establish the
appropriate instrument laser sensitivity. Positive control samples were then singly-

stained, and were then loaded to produce a compensation matrix. 5,000 events for

each sample were then acquired at 60X magnification.
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2.2.6.2.3 Image analysis

Data analysis was performed with IDEAS® v.6.0 analysis software using
compensated image files. Analysis was performed following published protocols
(Rajan et al., 2015; Pugsley et al., 2017). A compensation matrix was applied to
correct for spectral overlap. Debris and cell doublets were excluded using forward

scatter and side scatter parameters.

The built-in ‘Spot Count Wizard’ was used to generate a new spot count mask to

calculate the number of LC3-positive puncta in a single cell.

The ‘Bright Detail Similarity (BDS) R3 Wizard’ was used to compute the intensity and
location of bright spots from different fluorescent probes within a single cell. BDS R3
represents the log-transformed Pearson’s correlation coefficient of bright spots 3
pixels in radius or less, from an input of images from two fluorescent channels. Bright
spots were analysed depending on their spatial location, thereby computing the co-
localisation of two fluorescent probes, LC3-AF647 and LAMP-1-PE. The correlation
coefficient spanned from 0 (uncorrelated, different spatial location), to 1 (perfect
correlation, same spatial location), assuming no negative values. The correlation
coefficient was log-transformed to enable increased dynamic range. A bivariate plot
of Spot Count vs. BDS R3 was generated to assess autophagic flux (Rajan et al.,
2015; Pugsley et al., 2017).

2.2.7 mRNA analysis

2.2.7.1 RNA extraction

Adherent cell sheets were washed with PBS at 24 hours and 48 hours post-
transduction and transferred to a 15mL falcon tube. 5 mL Trizol™ was added to
approximately 8 x 108 cells, counted in Section 2.2.2.3, and pipetted until
homogenous. This was incubated at room temperature for 5 minutes. All the

following steps were performed at 4°C.
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Chloroform was added to each Trizol extract (0.2 mL for every 1 mL Trizol™ used).
Tubes was shaken for 15 seconds, incubated for a further 5 minutes, and centrifuged
at 12,000 g for 15 minutes at 4°C. If the mixture was cloudy, centrifugation was
repeated. The upper aqueous phase containing RNA was transferred to a 2 mL

Eppendorf tube.

In the subsequent processing, isopropanol was added to Trizol extracts (0.5 mL
isopropanol to 1 mL Trizol). That mixture was incubated for 10 minutes and then
centrifuged at 1500 g for 15 minutes at 4°C. The supernatant was removed and
discarded. The RNA pellet was washed with 1mL 70% [v/v] ethanol and centrifuged
at 1500 g for 10 minutes at 4°C. Again, the supernatant was removed and discarded.
The pellet was air-dried for approximately 10 minutes. The pellet was then dissolved
in 50 uL DEPC-treated RNase-free water. If the pellet was difficult to dissolve, this
step was performed at 55-60°C. RNA was analysed for concentration and purity

using a NanoDrop™ (Section 2.7.2).

2.2.7.2 DNase treatment

10 ng RNA (Section 2.2.7.1) was mixed with 3 uL DNase | enzyme, 6 uL DNase |
buffer, and nuclease-free water up to a volume of 100 uL. This was incubated for 45
minutes at 37°C, then 10 minutes at 75°C.

2.2.7.3 Determining RNA concentration and purity

The concentration and purity of RNA was analysed using a NanoDrop™
spectrophotometer. The absorbance ratio at 260nm and 280nm was assessed with a

ratio of 2 being acknowledged as ‘pure’ RNA.

2.2.7.4 cDNA synthesis

cDNA was synthesised using a cDNA synthesis kit. All solutions were thoroughly
vortexed before use. For each reaction, a mix was prepared on ice in a 0.2 mL PCR
tube with the following components; 5 ng RNA, 1 uL Oligo dT, 1uL 10mM dNTP mix,
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4 uL 5X RT Buffer, 1 uL RiboSafe RNase Inhibitor, 1 uL Reverse Transcriptase (200
U/uL), and DEPC-treated water up to 20 uL total volume. This was mixed gently by

pipetting. Samples were incubated at 42°C for 45 minutes, then 85°C for 5 minutes.

Samples were stored at -20°C.

2.2.7.5 qRT-PCR

gRT-PCR mixes were prepared containing 2.5 uL. cDNA (stock of 1uL cDNA diluted
in 15uL RNAse-free H20), 1.25 uL forward primer, 1.25 uL reverse primer, and 5 uL
PowerUp™ SYBR™ Green Master Mix (Primers in Appendix Table 8.5). Samples
were prepared in duplicate. 10 L total volume of qRT-PCR mix was pipetted into

one well in a 96-well plate. gPCR was performed using the programme in Table 2.7.

Table 2.7. qRT-PCR conditions

Temperature (°C) Time Cycles
42 20 minutes 1

95 2 minutes 1

95 5 seconds

55 15 seconds 40

72 30 seconds

This was followed by melting curve analysis using 0.15°C in fast mode.

The quantity of target, normalised to the endogenous reference gene GAPDH, was

given by the following equation:

2-AACt

Where AACt = ACt sample - ACt Reference control
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2.2.8 Statistics

Data presented is represented as the Mean +/- Standard Deviation (SD), or +/-

Standard Error of the Mean (SEM) as stated. These were calculated as below:

. 2 (x — mean)?
Standard deviation (SD) = N

Where:
x = Observed value

N = Number of values in data set

SD
Standard Error of the Mean (SEM) = —
Vn
Where:
SD = Standard deviation

N = Number of observations

ANOVA (One- and Two-Way) was performed where described, using GraphPad
Prism 7 7.0e Software to determine statistical significance. Data with p values under

0.05 were considered to be statistically significant.
For imaging flow cytometry, differences in cell populations were evaluated using a

Mann-Whitney test, a non-parametric test which allows comparison of groups without

assuming a normal distribution.
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3 Production and characterisation of GagPol and GagPol-
EGFP vectors
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3.1 Introduction

A key aim for standardisation of LVV manufacture is to generate a high-titre stable
cell line as discussed in Section 1.3.2. As described, various methods exist to
improve vector titres, including optimisation of bioprocessing conditions, improving
the packaging and transfer plasmids, and the use of targeted cell engineering.
Targeted cell engineering is of particular interest given that it has shown to be
successful in improving titres in HEK293T cells for the production of biotherapeutics
including monoclonal antibodies, LVVs, and AVs (reviewed in Abaandou et al.,
2021).

The growth and production properties of HEK293T cells are not well-characterised
when compared with other cell factories. Prior to defining targets for HEK293T cell
engineering to improve LVV production, it is vital to gain an understanding of how
individual vector components interact with the cell. For example, and directly relevant
to the objectives of this thesis, it is not known how the viral structural protein used in
LVV production, synthetic GagPol (SYNGP), interacts with HEK293T cells, and how
its production may affect key cellular homeostatic mechanisms. By gaining an insight
into how GagPol production affects HEK293T cells, this information has the potential
to illuminate novel targets for targeted cell engineering to improve LVV production.
The work presented in this Chapter aimed to generate a system where HEK293T
cells were producing only GagPol. Cells were then transduced at high MOls to

determine the production limit of GagPol in HEK293T cells.

The key objectives of this Chapter are to:

1. Develop an appropriate GagPol over-expression cassette, in addition to a
fluorescently-tagged GagPol construct to allow for the detection and tracking
of GagPol in both live and fixed HEK293T cells

2. Perform transient over-expression of HEK293T cells with GagPol and
GagPol-EGFP expression cassettes, following which the output of
transductions will be characterised through various titration assays including
p24 ELISA, PERT assay, and ddPCR copy number assay
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3.2 Generating GagPol and GagPol-EGFP constructs

This Chapter first aimed to generate a plasmid construct enabling high-titre retroviral
expression of GagPol. pQCXIX, a self-inactivating (SIN) retroviral vector was used
as a backbone to enable high vector titres and high-level GagPol gene expression.
This plasmid contains deletions in the 3’ long terminal repeat (LTR), allowing
production of replication-incompetent infectious particles following reverse
transcription of the expression cassette. This plasmid is optimised for the production
of high titres due to containing the strong and constitutively-active cytomegalovirus-

immediate early (CMV-IE) promoter present in the 5’ LTR.

A codon-optimised synthetic GagPol sequence, SYNGP (from pG3-SYNGP, GSK,
Section 2.2.1.1), was inserted into a cloning site within pQCXIX, generating the
plasmid pQCXIX-SYNGP (Figure 3.1 A) (Kotsopoulou et al., 2000). The SYNGP
sequence is a completely codon-optimised sequence of the HIV-1 gag-pol gene,
which enables Rev-independent high-level expression of GagPol while exploiting the
favoured codon usage of human cells (Kotsopoulou et al., 2000). This sequence also
enabled production of vectors that lack all HIV-1 accessory proteins, meaning

increased safety as a result.

pQCXIX-SYNGP was generated by a Gibson assembly reaction following production
of three fragments by PCR (Figure 3.1 B). This approach ensured that fragments did
not contain more than one LTR, which could potentially anneal to each other during
PCR and lead to production of the incorrect recombinant plasmid. Restriction
digestion with the restriction enzyme Vsp/ confirmed the production of the correct

recombinant plasmid (Figure 3.2).
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5'LTR (truncated)

CMV promoter

AmpR promoter

Figure 3.1 In silico design and production of pQCXIX-SYNGP for retroviral
expression of GagPol. (A) Plasmid map of pQCXIX-SYNGP, 10283bp (Section
2.2.1). Red fragment: Fragment A (2942bp), Black fragment: Fragment B (2127bp),
Blue fragment: Fragment C (5308bp). CMV promoter: Cytomegalovirus (CMV)
immediate early promoter. CMV: CMV immediate early enhancer. Gag (truncated);
the packaging cis-acting sequence lacking the start codon. MMLV W: packaging
signal of Moloney murine leukaemia virus (MMLV). 5’ LTR (truncated): truncated

LTR of MMLV. AmpR: sequence conferring resistance to ampicillin, carbenicillin, and
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related antibiotics. Ori: high copy-number ColE1/pMB1/pBR322/pUC origin of
replication. SV40 promoter: Similan Virus 40 early enhancer and promoter. 3’ LTR A
(U3): Self-inactivating 3’ LTR from MMLYV. (B) Agarose gel electrophoresis of PCR-
amplified products. Fragments were generated by PCR (Section 2.2.1.1) and the
size of these fragments was confirmed by agarose gel electrophoresis (Section
2.2.1.2). Fragments were extracted and purified (Section 2.2.1.3) ready for Gibson
Assembly Reaction (Section 2.2.1.5). MW: 2-log molecular weight marker, Lane 1:
Fragment A (2942bp), Lane 2: Fragment B(2127bp), Lane 3: Fragment C (5308bp).
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Figure 3.2 Restriction digestion of pQCXIX-SYNGP by restriction enzyme Vspl. (A)
The restriction enzyme Vspl was pre-determined in silico as suitable for confirming
production of the correct plasmid through analysis of restriction sites in SnapGene.
MW: 2-log molecular weight marker. Lane 1: Expected fragments following restriction
digestion with Vspl. (B) Agarose gel electrophoresis with products from Vspl/
restriction digestion (Section 2.2.1.8). Lanes 1-4: Fragments produced using Vspl/
following maxipreps (Section 2.2.1.7) of 4 selected colonies. Fragment A: 7690bp,
Fragment B: 1675bp, Fragment C: 928bp.
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In order to allow detection of GagPol cellular localisation through use of various
methods including flow cytometry in live and fixed cell samples, it was necessary to
develop a fluorescently-tagged GagPol construct. Enhanced Green Fluorescent
Protein (EGFP) was utilised as the fluorescent tag in this project. This variant of GFP
has two mutations at positions F64L and S65T, and is reported to be much brighter
than GFP (Heim and Tsien, 1996, Brejc et al., 1997).

Inserting a fluorescent tag in the appropriate position within GagPol was important to
ensure that the functionality of GagPol was not affected. For example, inserting a
fluorescent tag at the N-terminus would affect the targeting of GagPol to the inner
leaflet of the plasma membrane due to specific interactions between
phosphatidylinositol-(4,5)-bisphosphate [P1(4,5)P2] and the myristoylated matrix
domain of Gag (Ono et al., 2004; Chukkapalli et al., 2008). Along with other basic
residues, this myristoyl group enables membrane anchoring and subsequent
assembly of GagPol proteins on the inner leaflet of the plasma membrane (Bouamr
et al., 2003). Insertion of a fluorescent tag between the p6 domain of Gag and the
PR domain of Pol would interfere with the Gag:GagPol (20:1) splicing ratio,
generated from a -1 ribosomal frameshift event (Atkins et al., 1990; Gesteland et al.,
1992). Disturbing this ratio would be detrimental to replication and assembly of the
virus. Alternatively, inserting a fluorescent tag at the C-terminus of Gag would impact
on maturation of the VLP, as the p6 domain is crucial for maturation and PR
activation (Yu et al., 2015).

Gag is remarkably tolerant to the insertion of proteins between MA and CA (Hubner
et al., 2006). A previously described approach of fluorescently tagging GagPol has
previously been described by Hubner et al., which enabled physiologically accurate
localisation and oligomerisation of fluorescently-tagged GagPol in trafficking studies
(Hubner et al., 2007). Here, an interdomain eGFP-fusion protein was inserted in
between the Matrix (MA) and the Capsid (CA) domain within Gag, flanked either side
by a functional protease cleavage sequence (Figure 3.3). This sequence,
SQNYPIVQ, is similar to the PR cleavage site between the MA and CA domain of
GagPol. Following assembly, EGFP will be cleaved from the Gag precursor protein

due to the linker region being accessible to PR, meaning fluorescence will be diffuse
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throughout the cell. This approach ensures that folding and function of Gag is not
disturbed.

Using the rationale behind this approach, a fluorescently-tagged GagPol construct,
pQCXIX-SYNGP-EGFP, was designed in silico on SnapGene (Figure 3.4 A). A
three-fragment Gibson assembly reaction was used to generate two fragments from
the previously generated pQCXIX-SYNGP plasmid as a template, and one fragment
from Bt-mod-V2 (GSK) plasmid containing the EGFP sequence (Figure 3.4 B).
Fragments were generated by PCR and were assembled by Gibson assembly
reaction, following which restriction digestion with Vsp/ confirmed production of the
correct recombinant plasmid, as the expected sized fragments were generated
(Figure 3.2).
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Figure 3.3 Structure of HIV-1 Gag polyprotein precursor and EGFP tag. (A)
Structure of Gag precursor and internal structural proteins (MA: Matrix, CA: Capsid,
SPI: Spacer peptide, NC: Nucleocapsid, SP2: Spacer peptide, p6). (B) Design of
fluorescently-tagged GagPol within Gag. The fluorescent protein, EGFP, was
inserted between MA and CA of Gag, flanked either side by a functional protease
cleavage site, SQNYPIVQ, specific to HIV-1 PR. Black arrows indicate residues that
encompass cleavage sites. The forward slash represents scissile bond position

(Mammano et al., 2010). Created in BioRender.
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Figure 3.4 In silico design and production of pQCXIX-SYNGP-EGFP for the
expression of fluorescently-tagged GagPol. (A) In silico design of pQCXIX-
SYNGP-EGFP in Snapgene. SQNYPIVQ protease cleavage sites were inserted at
the 3’ and 5’ of EGFP. Components are described in Figure 3.1. (B) Agarose gel
electrophoresis of PCR-amplified products for plasmid generation. Fragments were
generated by PCR (Section 2.2.1.1) and the size of each fragment was confirmed by
agarose gel electrophoresis (Section 2.2.1.2). Fragment 1: 773bp (Tm 60°C),
Fragment 2: 6865bp (Tm 65°C), Fragment 3: 3504bp (Tm 55°C), MW: 2-log molecular

weight marker.
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Figure 3.5 Restriction digestion of pQCXIX-SYNGP-EGFP by restriction
enzyme Vspl. Left: The restriction enzyme Vspl was determined suitable for
confirming production of correct recombinant plasmid by analysing restriction sites in
Snapgene. MW: 2-log molecular weight marker. Lane 1: Expected fragments
following Vspl restriction digestion. Right: Agarose gel electrophoresis (Section
2.2.1.2) of digested plasmid following restriction digestion (Section 2.2.1.8). NC: No-
template control. Lanes 1-7: Fragments produced during restriction digestion with
Vspl from maxipreps (Section 2.2.1.7) of 7 colonies. Fragment 1: 8421bp, Fragment
2: 1675bp, Fragment 3: 928bp.
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3.3 Vector production in Amphopack293 and HEK293T

cells

Following the production of plasmids expressing GagPol and GagPol-EGFP, a
further objective in this Chapter was to develop a vector production system that was
able to facilitate high-level expression of GagPol in HEK293T cells (Figure 3.6). Two

vector production methods were utilised.

l: Transgene ‘ > T —— (U p24 ELISA
/ ") / ™
-
%
Amphopack293 - . *
* % -
- ases
. (F) PERT assay
— © s
1: Transgene ‘ HEK293T
; - (0)
P ‘ 4 * (G) ddPCR assay

[ Packaging \ 4 . -
\ plasmid | (8)
\ \

HEK293T

Figure 3.6 Workflow diagram of two vector production systems and
subsequent characterisation of vector products. (A) Transfection of
Amphopack293 packaging cells to produce AEP-pseudotyped vector (Section
2.2.3.1). (B) Three-plasmid transfection of HEK293T cells to produce VSV-G-
pseudotyped vector (Section 2.2.3.2). (C) Vector is harvested and titred following
transfections (Section 2.2.4.1). (D) Vector is used to transduce HEK293T cells at a
known MOI (Section 2.2.2.5). The output of transductions is determined by (E) p24
ELISA (Section 2.2.4.2), (F) PERT assay (Section 2.2.4.2), and (G) a ddPCR copy

number assay (Section 2.2.4.4). Created in BioRender.
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Figure 3.7 Schematic diagram of rationale behind vector production in either
HEK293T cells or Amphopack293 cells. Vector produced by 3-plasmid
transfection in HEK293T cells were pseudotyped with Vesicular Stomatitis Virus G
(VSV-G) (Blue on diagram). The major entry port for VSV-G on HEK293T cells is the
LDL-receptor. Vector produced by transfection with a single plasmid in
Amphopack293 cells were pseudotyped with Amphotropic Envelope Protein (AEP),
which enabled cell entry into HEK293T cells via Pit-2 (Red on diagram). The tropism
of these vectors is determined by the interactions between the viral envelope protein
on the vector and the viral receptor on the HEK293T host cell. As these vectors have
different receptors on the HEK293T cell, they therefore will not have the same entry

method. This could influence transduction outputs. Created in BioRender.
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3.3.1 Production of vector by transfection of
Amphopack293 cells

The first vector production method utilised the Amphopack293 commercially
available packaging cell line. This is a HEK-derived cell line designed specifically for
rapid and high-titre production of replication-incompetent MMLV-based retroviral
particles following transfection. The Amphopack293 cell line stably expresses the
viral gag, pol, and 4070A env genes that were introduced using puromycin and
bleomycin resistance genes. Vector generated from transfection of Amphopack293
is able to infect a broad range of mammalian cells due to being pseudotyped with the
4070A Amphotropic MLV envelope.

It is important to note that this cell line expresses the Amphotropic Envelope Protein
(AEP), from the Murine Leukemia Virus (MuLV), which recognises the amphotropic
receptor Ram-1, also referred to as Pit-2, which is present on HEK293T cell surfaces
(Miller and Miller, 1994; Ragheb et al., 1995) (Figure 3.7). Pit-2 is a sodium-
dependent phosphate transporter; many other RVs also use cell surface transporter
proteins as routes of entry into various cell types (Kavanaugh et al., 1994; Uckert et
al., 1998; Salaun et al., 2002; Feldman et al., 2004).

To produce vector in Amphopack293 cells, a single plasmid transfection with either
GagPol or GagPol-EGFP vector was performed. Following transfection, vector was
titrated by transducing HEK293T cells with serial dilutions of each vector, as
described in Section 2.2.4.1. The titre of each vector was assessed by flow
cytometry 2 days after transduction by detecting the percentage of GFP-expressing
HEK293T cells (Figure 3.8). Titre was expressed as transducing units (TU) per
millilitre of harvested supernatant. A TU is the number of viral particles in a solution

with are functionally capable of transducing one cell and expressing a transgene.

Following GFP titration 2 days post-transduction, GagPol-EGFP vector produced in
Amphopack293 cells achieved titres of 1.18 x 108 TU/mL.
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Figure 3.8 Titration of GagPol-EGFP vector produced in Amphopack293 cells
by flow cytometry. HEK293T cells were transduced with serial dilutions of GagPol-
EGFP vector (Section 2.2.4.1) produced by transfection in Amphopack293 cells
(Section 2.2.3.1). GFP expression was determined by flow cytometry 48 hours post-
transduction (Section 2.2.6.1). (A) Untransduced cells, (B) 0.1uL GagPol-EGFP
vector. Images are example populations, the percentage of GFP-expressing cells is
given as a percentage in the gate (Section 2.2.6.2). GFP: Green Fluorescent Protein.

FSC: Forward Scatter.
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3.3.2 Production of vector by transfection of HEK293T
cells

A second approach to package GagPol and GagPol-EGFP utilised a three-plasmid
transfection of HEK293T cells (pQCXIX-SYNGP-EGFP, pMD2.G, pBS-CMV-
GagPol). This three-plasmid transfection with a packaging plasmid (pBS-CMV-
GagPol), envelope plasmid (pMD2.G) and plasmid containing the genome of interest
(PQCXIX-SYNGP-EGFP) mirrors the production of vector in Amphopack, which

already stably express packaging and envelope genes.

The key difference between vector production in HEK293T cells and Amphopack293
cells is the vector pseudotype. Pseudotyping is the introduction of different viral
envelope proteins on the surface of an enveloped virus, with the purpose of
broadening the host cell range (tropism) that the viral vector can infect. Vector
produced in HEK293T was pseudotyped with VSV-G (encoded by plasmid pMD2.G),
the receptor of which is LDL-R, which leads a broad cell tropism (Finkelshtein et al.,
2013; Cronin et al., 2005). The VSV genome encodes a transmembrane glycoprotein
(G) in addition to four other structural proteins (Albertini et al., 2012). G has a crucial
role in the early steps of viral infection, including being responsible for attachment of
the virus to a specific receptor. Following entry into the cell by clathrin-mediated
endocytosis, G is able to trigger fusion between the endosomal and viral membranes
(Cureton et al., 2009; Johannsdottir et al., 2009). This allows subsequent infection

steps to occur as the genome is released into the cytosol.

Following transfection, HEK293T cells were transduced with serial dilutions of vector.
The titre of each vector was determined by flow cytometry 2 days post-transduction
by detecting the percentage of GFP-expressing HEK293T cells (Figure 3.9). GagPol-
EGFP vector produced in HEK293T cells achieved titres of 2.28 x 108 TU/mL, which

is comparable to titres reported in literature (Vink et al., 2020).
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Figure 3.9 Titration of GagPol-EGFP vector produced in HEK293T cells by flow
cytometry. HEK293T cells were transduced with serial dilutions of GagPol-EGFP
vector (Section 2.2.4.1) produced by transfection in HEK293T cells (Section 2.2.3.2).
GFP expression was determined by flow cytometry 48 hours post-transduction
(Section 2.2.6.1). (A) Untransduced cells, (B) 0.1uL GagPol-EGFP vector. Images
are example populations, the percentage of GFP-expressing cells is given as a
percentage in the gate (Section 2.2.6.2). GFP: Green Fluorescent Protein. FSC:

Forward Scatter.
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3.4 Characterising VLP output following HEK293T

transductions at a range of MOls

HEK293T cells were transduced with known titres of vector produced in Sections
3.3.1 and 3.3.2 to determine which vector production method enabled high-level
expression of GagPol (summarised in Figure 3.6). This comparison involved
assessing physical titre, functional titre, and copy numbers achieved following

transduction at defined MOls.

3.4.1 Amphotropic Envelope Protein-pseudotyped vector

To assess the physical titre of vectors, a Product Enhanced Reverse Transcriptase
(PERT) assay was performed (Vermeire et al., 2012). This assay, used routinely to
determine RV titre, quantifies the activity of Reverse Transcriptase (RT) using SYBR
Green-based qPCR. In a PERT assay, an exogenous RNA template — in this case,
RNA from the bacteriophage MS2 — was added to viral supernatant. The amount of
MS2 RNA converted to cDNA by RT was used to estimate retroviral RT activity

following treatment with a mild detergent to release vector from cells.

The PERT assay was performed on viral supernatant 48 hours post-transduction
with GagPol and GagPol-EGFP-containing vector produced in Amphopack293 cells
at a range of MOls (Figure 3.10). GagPol vector produced a maximum of 3683.23
nU RT/mL at an MOI of 12.5. GagPol-EGFP vector produced a maximum of 3480.35
nU RT/mL, also at an MOI of 12.5. Although there is a modest increase in nU RT/mL
with GagPol vector compared to GagPol-EGFP vector, this was not significantly
higher at any time point or MOI (One-way ANOVA, Figure 3.10). The number of RT

units did not increase despite transducing cells with MOls of 12.5 and above.

To further compare vector titres, a p24 ELISA was performed (Figure 3.11). This
method quantifies the physical titre of a sample, given by the concentration of p24
viral proteins. It is estimated that there are approximately 2000 molecules of p24 per

physical LV particle, and approximately 1 x 10* physical particles of LV for 1pg of the
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p24 antigen (Summers et al., 1992; Vogt et al., 1999). This roughly equates to 100
TU per 1pg of p24.

The maximum physical titre of GagPol vector in cell culture extracts was found to be
1.11 x 10% ng p24/mL at MOI 15 and in cell culture supernatant was 8.67 x 102 ng
p24/mL at MOI 12.5. The maximum physical titre of GagPol-EGFP vector in cell
culture extracts was found to be 1.0 x 10% ng p24/mL at MOI 12.5 and in cell culture
supernatant was 8.8 x 102 ng p24/mL at MOI 15. Despite increasing the MOI up to
an MOI of 25, no additional p24 was produced. Again, there was no difference
between tagged and untagged GagPol in both cell culture extracts and cell culture

supernatants at all time points and MOls (One-way ANOVA, Figure 3.11).

A Droplet Digital PCR (ddPCR) assay was used to quantify the vector copy number
48 hours after transduction (Figure 3.12). ddPCR involves the use of water-oil
emulsion droplets which partitions a PCR reaction into 20,000 droplets. PCR
reactions are carried out in each nanolitre-sized droplet independently, and then are
analysed depending on whether droplets are PCR-positive or PCR-negative. ddPCR
was performed using a primer and probe set targeted to a sequence in GagPol to
determine the copy number of GagPol per cell. Cells transduced with either GagPol
or GagPol-EGFP vectors had a maximum copy number of 8.9 and 8.5 respectively,
both at an MOI of 15. For all MOls, the difference in copies/cell in transductions with
GagPol and GagPol-EGFP vector was not statistically significant at 48 hours post-
transduction (One-way ANOVA, Figure 3.12). Copy number did not increase at
higher MOI’s despite increasing the MOI used during transductions. As it stands,

there is no published data for AEP-pseudotyped vectors to compare this with.

Considering all parameters analysed here (nU RT/mL by PERT assay, ng p24/mL by
p24 ELISA, copy number by ddPCR), it is encouraging that there is a trend where a
maximum is being observed at approximately MOI 10-15. This indicates that there is
some form of molecular bottleneck during the production of GagPol which must be

elucidated further.
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Figure 3.10 Product Enhanced Reverse Transcriptase (PERT) assay to
determine titre of vector produced in Amphopack293 cells. GagPol and GagPol-
EGFP vector was produced by transfection of Amphopack293 cells (2.2.3.1). Vector
was used to transduce HEK293T cells at a range of MOls (Section 2.2.5). Cell
culture supernatant was collected 48 hours post-transduction (Section 2.2.2.6).
Vector titre was assessed using a PERT assay (2.2.4.3). Values are mean +/- SEM

of 3 biological repeats with 3 technical repeats each. Statistical analysis was carried
out using one-way ANOVA.
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Figure 3.11 Titration of GagPol and GagPol-EGFP vector by p24 ELISA. Vector
was generated by transfection of Amphopack293 cells (Section 2.2.3.1) and used to
transduce HEK293T cells at a range of MOls (Section 2.2.5). Cell lysate and cell
culture medium samples were collected 48 hours post-transduction (Sections 2.2.2.5
and 2.2.2.6 respectively). p24 in cell lysate and cell culture medium was assessed by
p24 ELISA (Section 2.2.4.2). Values are mean +/- SEM of 3 biological repeats with 3

technical repeats each. Statistical analysis was carried out using one-way ANOVA.
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Figure 3.12 Quantification of vector copy number by ddPCR 48 hours post-
transduction with vector generated in Amphopack293 cells. Vector produced in
Amphopack293 cells (Section 2.2.3.1) was used to transduced HEK293T cells at a
range of MOls (Section 2.2.5). A copy number assay was performed on HEK293T
cells 48 hours post-transduction (Section 2.2.4.4). Values are mean +/- SEM of 3

biological repeats with 3 technical repeats each. Statistical analysis was carried out
using one-way ANOVA.
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3.4.2 VSV-G-pseudotyped vector

The data presented in Section 3.4.1 showed no significant difference in VLP output
with regards to p24 antigen, RT units, and in copies of GagPol per cell when
comparing GagPol and GagPol-EGFP vector produced by transfection of
Amphopack293 cells. As such, Section 3.4.2 will present a characterisation of VLP
output following transduction with GagPol-EGFP produced by transfection of
HEK293T cells.

Following transductions with GagPol-EGFP vector, VLP output was assessed by
PERT assay, p24 ELISA, and by ddPCR. Samples were taken at 24 hours and 48
hours post-transduction to determine the timeframe of maximum vector production
by PERT assay. Maximum GagPol-EGFP production occurred at 48 hours post-
transduction with a maximum of 4204.07 nU RT/mL produced when transducing
cells at an MOI of 75 (Figure 3.13).

Output of HEK293T transductions with GagPol-EGFP vector at various MOls was
further characterised by p24 ELISA. Similar to PERT data, MOI 75 resulted in the
maximum p24 antigen produced in both cell lysate samples and cell culture medium
samples, producing 1440 ng p24/mL and 1330 ng p24/mL respectively (Figure 3.14).
It appears from this that the biosynthetic capacity of HEK293T cells is saturated
when transducing cells with MOls greater than 75. The shape of the cell culture
supernatant curve follows the cell lysate curve fairly similarly, suggesting that the
release of VLP’s into cell culture supernatant from HEK293T cells is not a bottleneck
in vector production. This suggests that the bottleneck causing a limit in GagPol

production may therefore happening before secretion.

A ddPCR assay was performed to determine vector copy number in HEK293T cells.
The number of copies per cell of GagPol continued to increase past an MOI of 175
with VSV-G-pseudotyped vector (Figure 3.15 A). Copies per cell was then plotted
against p24 antigen produced to interrogate this data further (Figure 3.15 B). There
appeared to be a limit in p24 production past 25 copies per cell, despite copy

number continuing to increase when using up to an MOI of 175. This non-linear
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relationship between p24 produced and the transcript level confirms that the

biosynthetic pathway of GagPol has a post-translational bottleneck.
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Figure 3.13 Product Enhanced Reverse Transcriptase (PERT) assay to
determine titre of GagPol-EGFP vector produced in HEK293T cells. GagPol-
EGFP vector was produced by transfection of HEK293T cells (2.2.3.2). Vector was
used to transduce HEK293T cells at a range of MOls (Section 2.2.5). Cell culture
supernatant was collected 24 hours and 48 hours post-transduction (Section
2.2.2.6). Vector titre was assessed using a PERT assay (2.2.4.3). Values are mean
+/- SEM of 3 biological repeats with 3 technical repeats each. Statistical analysis
was carried out using one-way ANOVA.
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Figure 3.14 Titration of GagPol-EGFP vector by p24 ELISA. GagPol-EGFP vector
was produced by transfection of HEK293T cells (Section 2.2.3.2) and used to
transduce HEK293T cells at a range of MOls (Section 2.2.5). Cell lysate and cell
culture medium samples were collected at 48 hours post-transduction (Sections
2.2.2.5 and 2.2.2.6 respectively). p24 in cell lysate and cell culture medium was
assessed by p24 ELISA (Section 2.2.4.2). Values are mean +/- SEM of 3 biological
repeats with 3 technical repeats each. Statistical analysis was carried out using one-
way ANOVA.
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Figure 3.15 Quantification of vector copy number by ddPCR with GagPol-EGFP
vector generated in HEK293T cells. GagPol-EGFP vector produced in HEK293T
cells (Section 2.2.3.1) was used to transduce HEK293T cells at a range of MOls
(Section 2.2.5). A ddPCR copy number assay was performed on transduced
HEK293T cells 48 hours post-transduction (Section 2.2.4.4). (A) GagPol copy
number vs. MOI (B) GagPol copy nhumber vs. p24 concentration. Values are mean

+/- SEM of 3 biological repeats with 3 technical repeats each.
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3.5 Concluding remarks

This Chapter achieved the broad objective of generating a system where HEK293T

cells produce the viral structural protein GagPol.

A construct enabling expression of GagPol was produced in addition to generating a
suitable fluorescently-tagged construct. Work conducted in Section 3.3.1
demonstrated that there was no significant difference in titres achieved between
GagPol and GagPol-EGFP vector, confirmed by p24 ELISA and PERT assay, as

well as no significant difference in vector copy numbers achieved.

Vector produced in HEK293T cells consistently led to higher physical titres and
vector copy numbers when compared with vector produced in Amphopack293 cells,
which can be explained in part by the entry mechanism for each vector. To
demonstrate this, transductions with an AEP-pseudotyped vector at MOI 25
achieved approximately 3000 nU RT/mL 48 hours post transfection with GagPol-
EGFP vector (Figure 3.10), whereas transductions with VSV-G-pseudotyped vector
at MOI 25 achieved approximately 3600 nU RT/mL (Figure 3.13). Similarly, with
transductions with AEP-pseudotyped GagPol-EGFP vector at MOI 25, p24 in cell
lysate achieved a titre of just over 1000 ng p24/mL (Figure 3.11), whereas
transductions with VSV-G-pseudotyped GagPol-EGFP vector at MOI 25 achieved
over 1250 ng p24/mL (Figure 3.14). This represents approximately a modest 25%
increase in VLP-output using a VSV-G pseudotyped vector. As such, vector
production by three-plasmid transfection of HEK293T was utilised throughout the

remainder of this project (Section 2.2.2.3).

A potential explanation for these higher titres with VSV-G-pseudotyped vector may
lie with the number of appropriate receptors on HEK293T cell surfaces. Vector
produced in HEK293T cells is pseudotyped with VSV-G, compared with vector
produced in Amphopack293 cells which is pseudotyped with AEP (Method of
production in Section 2.2.2.3). These envelope proteins utilise different cell surface
receptors as ports of entry (Figure 3.7). There may be fewer receptors on HEK293T

cell surfaces for AEP-pseudotyped vector compared to VSV-G-pseudotyped vector.
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This could mean that in a transduction with AEP-pseudotyped vector, fewer RV
particles will be able to enter the HEK293T cell due to fewer entry receptors, and
therefore will lead to fewer integration events. The exact numbers of each cell
surface receptor are not known. This would be an interesting aspect to look into for
future work and would illuminate areas of optimisation for improved transduction and

therefore gene delivery.

VSV-G-pseudotyped vector copy number did not saturate, whereas AEP-
pseudotyped vector did not get past more than 10 copies per cell, further indicating
that the delivery mechanism is key for maximum GagPol production. Pre-transfecting
HEK293T cells with a Pit-2 expression plasmid prior to transduction is a potential
strategy by which AEP-pseudotyped vector titres could be increased. This strategy
would mean more Pit-2 receptor would be present on the cell surface with which
AEP-pseudotyped vector would be able to bind to and enter cells. However, as VSV-
G is a commonly used envelope protein during LVV production, it would be of more

value to ensure there are sufficient receptors for VSV-G on HEK293T cell surfaces.

Production of vector in HEK293T cells has been shown to be superior to vector
produced in Amphopack293 cells in terms of vector integration and physical titre
(Section 3.4.2). Titres of approximately 1350 ng p24/mL were achieved in cell lysate
samples following transduction of HEK293T cells with GagPol-EGFP which is
comparable to titres achieved in industry (in-house observations, GSK) (Vink et al.,
2020). From a bioprocessing perspective, there is potentially a lot more capacity for
GagPol production in HEK293T cells. The following Chapter will investigate how
HEK293T cells respond to the over-expression of GagPol, with a particular focus on
various types of cellular stresses as a result of the disruption of key cellular
homeostatic mechanisms, which may aid in illuminating a potential explanation for

the observed limit in GagPol production.

As it is not currently known exactly how GagPol traffics to the plasma membrane
(Figure 1.3), it is vital to clarify what types of cellular stresses occur during GagPol
over-expression, which will in turn highlight pathways involved in the synthesis of this

viral protein.
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4 Effect of GagPol production on HEK293T cells
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4.1 Introduction

Work conducted in Chapter 3 provided the tools with which to study the response of
HEK293T cells to the production of GagPol. As it has not yet been elucidated exactly
how GagPol is trafficked to the plasma membrane (Figure 1.3), it is important to
establish which mechanisms are involved with the trafficking of GagPol that could
cause cellular stress. The aim of Chapter 4 is therefore to determine how GagPol
production affects HEK293T cells, and whether the production of this protein disrupts

key cellular homeostatic mechanisms.

This Chapter therefore aimed to generate information about the impact of GagPol
over-expression on HEK293T host cell physiology and function, with a specific focus
on cell viability and key cellular processes that may be disrupted in response to high-
level expression of GagPol, including apoptosis, autophagy, ER stress, and
activation of the UPR.
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4.2 Cell viability

The consequence of transduction of HEK293T cells with VSV-G-pseudotyped
GagPol-EGFP vector was investigated at various MOls (Section 2.2.3). The viability
of control HEK293T cells remained above 90% in the absence of transduction. This
was also true for mock transductions (without DNA) where the transduction reagent
polybrene was present at 10 ug/mL. Generally, as MOI during transduction
increased, p24 protein production was also seen to increase in both cell lysates
(which encompasses the assembling virus-like particles still inside the cell) and cell
culture supernatant (virus-like particles that have budded from the cell) (Figure 3.14),
HEK293T cell viability decreased (Figure 4.1). 66.9% of HEK293T cells were viable
48 hours post-transduction with an MOI of 25. When the MOI was increased to 75,
only 34.1% of cells were viable at that same time point. This further decreased when
an MOI of 150 was used during transduction, with only 14.3% of cells being viable at
this time point. All cells were dead after 96 hours when transducing cells at an MOI
of 150.

The largest drop in HEK293T cell viability was observed between 24-48 hours when
over 1330 ng p24/mL GagPol-EGFP vector was being produced (Figure 3.14). When
transductions at higher MOls were performed, there was no further increase in p24
protein production in cell lysate, however there was a decrease in cell viability.

This may represent a kind of biosynthetic bottleneck whereby the HEK293T cells are
at capacity for viral protein production, to the point that production of more protein is
toxic to cells. As discussed in Section 3.4.2, p24 production detected in both cell
lysate and cell culture medium follows a similar trend, which indicates that release of
GagPol from the cell may not be a bottleneck here, as this could indicate that cell
viability is decreasing due to events happening before secretion. It cannot be firmly
stated that the release of virus particles is not a bottleneck, but it can be deduced

that when reaching a certain p24 production titre ‘ceiling’, cell function is damaged.
A potential explanation for the decrease in cell viability observed is that GagPol-

EGFP expression is toxic to cells. There are various potential ways that the

overexpression of GagPol-EGFP can be harmful to cells. Specific biological
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pathways may be overloaded and as a result resources for protein production and
transport in the cell may become exhausted (pathway of GagPol production and
trafficking to PM remains unknown, Figure 1.3). This remainder of this Chapter will

look in more detail at how GagPol production stresses HEK293T cells.
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Figure 4.1 HEK293T cell viability following transductions with vector
containing GagPol-EGFP. HEK293T cells were transduced at a range of MOls
(Section 2.2.5). Cell viabilities were measured at several time points (Section
2.2.2.3). Values are mean +/- SEM of 3 biological repeats with 3 technical repeats

each. Statistical analysis was carried out using one-way ANOVA.
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An additional investigation was undertaken to examine whether the decrease in
viability occurred because of the over-expression of any intracellular protein (EGFP
in this instance), or whether due to toxicity of GagPol-EGFP over-expression
specifically. For this, vector encoding EGFP was produced by a three-plasmid
transfection of HEK293T cells with a transfer plasmid for the retroviral expression of
EGFP (pQCXIP-EGFP-F). Following transfection, HEK293T cells were transduced
with serial dilutions of vector. The titre of each vector was determined by flow
cytometry 2 days post-transduction by detecting the percentage of GFP-expressing
HEK293T cells (Figure 4.2).

The viability of HEK293T cells following transduction with EGFP at various MOls was
recorded (Figure 4.3). HEK293T cells remained more viable at all time points
throughout transduction with EGFP compared with GagPol-EGFP. At MOI 25 and
above, the percentage of viable HEK293T cells was significantly higher when
transduced with EGFP. Interestingly, HEK293T cells remained over 68% viable at 72
hours when EGFP was overexpressed at an MOI of 150, which suggests that over-
expression of GagPol-EGFP is more toxic to cells than the over-expression of EGFP
(Figure 4.2 C).

It is clear that the transduction process with higher MOls is damaging to cells,
however, transduction with GagPol-EGFP is more damaging than with EGFP. EGFP
was used as a comparison in this investigation to ensure the fluorescent tag within
GagPol did not cause additional decrease in cell viability. There may be several
explanations for this, such as GagPol-EGFP being a more complex protein to
produce when compared with EGFP, and therefore placing a higher burden on
HEK293T cellular machinery. The greater decrease in viability could also be a result
of GagPol being translated in a different way to EGFP which may cause HEK293T
cells more stress. This fluorescent tag could also generate a structural or potential
functional difference in viral particle formation which may be toxic to HEK293T cells,
however this tagging approach has previously been reported to not affect the

function, structure, or localisation of GagPol in HEK293T cells (Hubner et al., 2007).

It must also be considered that EGFP and GagPol-EGFP may localise to different

compartments of HEK293T cells, which could influence the difference in cell
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viabilities at higher MOls during transduction (Figure 1.3 for potential locations of
GagPol). GagPol has been shown to target the inner leaflet of the plasma membrane
due to a highly-basic region in the N-terminus of the MA domain of Gag (Figures 1.3
and 1.7, discussed in Section 1.5), and so EGFP in GagPol-EGFP will also be
trafficked to the plasma membrane where viral PR cleaves it. EGFP itself (without
GagPol) is relatively small (27 kDa) and has been reported to localise in both the
nucleus and in a diffuse manner in the cytoplasm (Belardinelli and Jackson 2017).
The fact that GagPol over-expression leads to a greater decrease in cell viability
compared with EGFP over-expression indicates that the location that these proteins

are targeted to may have some influence on cell viability.

An additional experiment here to consider for future work would be to over-express a
protein that also targets the inner leaflet of the plasma membrane, to allow for a
more balanced comparison to GagPol, in addition to expressing just GagPol without
the fluorescent tag. For example, there are many cytoskeletal, transport, and
signalling proteins that must be localised to the plasma membrane for them to

perform their usual functions (Heo et al., 2013).

Flow cytometry was performed to compare EGFP expression at several MOls with
both GagPol-EGFP and EGFP vector (Figure 4.4). The percentage of EGFP-
expressing cells was consistently higher when using EGFP vector compared to
GagPol-EGFP vector above an MOI of 12.5. This could indicate that the transfection
process itself is easier for HEK293T cells to carry out, meaning it is easier for the cell

to survive.

Together, these observations indicate that the over-expression of GagPol-EGFP in
HEK293T cells causes cells to die at a higher extent to the over-expression of
EGFP. The toxicity and decrease in cell viability, potentially caused by protein over-
expression, may be dependent on the specific characteristics of GagPol, which may

place a burden the machinery that produces it.
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Figure 4.2 Titration Titration of EGFP vector produced in HEK293T cells by
flow cytometry. HEK293T cells were transduced with serial dilutions of EGFP
vector (Section 2.2.4.1) produced by transfection in HEK293T cells (Section 2.2.3.2).
GFP expression was determined by flow cytometry 48 hours post-transduction
(Section 2.2.6.1). (A) Untransduced cells, (B) 0.1uL EGFP vector. Images are
example populations, the percentage of GFP-expressing cells is given as a
percentage in the gate (Section 2.2.6.2). GFP: Green Fluorescent Protein. FSC:
Forward Scatter.
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Figure 4.3 HEK293T cell viability following transduction with vector containing
EGFP and GagPol-EGFP. HEK293T cells were transduced at a range of MOlIs with
vector encoding EGFP or GagPol-EGFP (Section 2.2.5). Cell viabilities were
measured at several time points (Section 2.2.2.3). Values are mean +/- SEM of 3
biological repeats with 3 technical repeats each. Statistical analysis was carried out
using one-way ANOVA. **** = p<0.0001.
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Figure 4.4 Determining GFP expression in HEK293T cells following
transduction with vector containing EGFP and GagPol-EGFP. HEK293T cells
were transduced at a range of MOls with vector encoding EGFP or GagPol-EGFP
(Section 2.2.5). The percentage of EGFP-expressing cells at several time points was
determined by flow cytometry (2.2.6.2). Values are mean +/- SEM of 3 biological
repeats with 3 technical repeats each. Statistical analysis was carried out using one-
way ANOVA. *= p<0.05, **= p<0.01, ***= p<0.001, **** = p<0.0001.
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4.3 Endoplasmic Reticulum Stress and the Unfolded

Protein Response

Following observations of a decrease in HEK293T cell viability in response to
GagPol-EGFP overexpression (Figure 4.1), various cellular stress assays were
performed to investigate how HEK293T cells were becoming stressed and dying. Of
particular interest was endoplasmic reticulum (ER) stress and the unfolded protein
response (UPR). Upon accumulation of unfolded proteins in the ER, the UPR is
triggered, resulting in several responses to reduce cellular stress. This includes an
increase in the ER’s protein-folding ability, reduced protein influx to the ER, and
increased decomposition of unfolded proteins (Wang and Kaufman, 2016; Hollien et
al., 2006). If a cell is unable to re-establish “normal” ER function, damaged cells will
be eliminated by apoptosis or autophagy (Bernales et al., 2006; Kamimoto et al.,
2006; Yorimitsu et al., 2006; Kouroku et al., 2007).

Recognising the activation of cellular pathways such as ER stress and the UPR in
response to the production of viral proteins is key in terms of identifying targets for
the optimisation of LVV production. For example, it is widely known that HIV-1 Env
and VSV-G both utilise endomembrane systems for production and trafficking to the
plasma membrane (Figure 1.3), specifically the Golgi apparatus and secretory
vesicles (Blot et al., 2003; Groppelli et al., 2014; Sevier et al., 2017). As it is not yet
understood how GagPol traffics to the plasma membrane, it is important to consider
how its production might influence the UPR pathway and ER stress, as it may induce

a wider response to stress in terms of macromolecular synthesis.

Upon viral infection, the cellular machinery used for translation is hijacked and used
to produce high amounts of viral proteins, and as a result ER homeostasis is
inevitably disturbed, leading to ER stress (Zhang and Wang et al., 2012). For gene
therapy to be successful, it is vital that the transduced cell not only survives, but also
achieves a sustained level of gene expression. As such, future work must be carried

out to investigate precisely how LVV interact with UPR machinery.
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4.3.1 XBP1 Splicing

As part of the UPR, GRP78 (also referred to as BIP), the primary sensor of ER
stress, is released from IRE1, which activates various ER stress sensors. IRE1a
oligomerises and frans-autophosphorylates, leading to the cleavage of a 26 base-
pair intron from unspliced X-box binding protein 1 (XBP1) mRNA (Figure 4.5)
(Yoshida et al., 2001). The transcription factor, XBP1, is a major regulator of ER
stress and the UPR. A frame shift in the coding sequence of XBP1 occurs due to
intron removal, which leads to the translation of 376 amino acids to produce a 40
kDa XBP1 isoform, rather than the unspliced XBP1 from translation of 261 amino
acids to produce a 33 kDa isoform (Yoshida et al., 2001). The ratio of unspliced
XBP1 to spliced XBP1 correlates with the level of proteins that are expressed to

enable the ER to adapt to its environment (Hirota et al., 2006).

Monitoring the level of XBP1 mRNA splicing can be achieved by various methods
including PCR and qRT-PCR. Primers were designed to enable individual detection
of each splice variant (Figure 4.5). These primers were validated by use of HEK293T
cells treated with Tunicamycin at 10 ug/mL. Tunicamycin is able to specifically
trigger ER stress by blocking essential enzymes involved in the production of
asparagine-linked carbohydrates, in addition to inhibiting protein glycosylation (Pahl,
1999; Wu et al., 2018). As such, Tunicamycin was found to act as a potent stimulator
of XBP1 splicing for HEK283T cells in this investigation.

Unspliced and spliced XBP1 mRNA expression was assessed in HEK293T cells
transduced with several MOls of GagPol-EGFP vector (Figure 4.6) and EGFP vector
(Figure 4.7). PCR products were analysed by agarose gel electrophoresis. There
was a clear increase in spliced XBP1 mRNA levels in HEK293T cells treated with 10
ug/mL Tunicamycin at both 24 hours and 48 hours, shown by a strong band at the
size expected for a transcript generated from the splicing reaction (120 base pairs;
Figure 4.6). Strong bands were also seen at 24 hours with GagPol-EGFP MOI 25,
75, and 150 (Figure 4.7).

To quantify XBP1 mRNA splicing, qRT-PCR was performed with primers to detect
unspliced XBP1 mRNA and spliced XBP1 mRNA. Initially, cell samples from 24
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hours and 48 hours post-transduction were assessed (included in Figure 4.8). At 24
hours post-transduction, there was a slight increase in spliced XBP1 mRNA,
however by 48 hours there was not much of a response. XBP1 splicing is a rapid
process, and spliced XBP1 is degraded quite quickly, which might explain the lack of
spliced XBP1 at 48 hours. To further interrogate XBP1 splicing, samples were taken

at earlier time points post-transduction.

There was a clear stimulation of spliced XBP1 with GagPol production, detected by
gRT-PCR (Figure 4.8 B). The positive control of Tunicamycin at 6 hours post-
transduction gave a 6.2-fold increase in relative mRNA expression levels of spliced
XBP1, a significantly higher increase than spliced XBP1 mRNA in basal HEK293T
cells (Two-way ANOVA, Figure 4.8B, p<0.0001). At an MOI of 75 with GagPol-
EGFP, samples taken 6 hours post-transduction had a 3.9-fold increase in relative
MRNA expression of spliced XBP1 compared with basal HEK293T cells (Two-way
ANOVA, Figure 4.8B, p<0.0001). Interestingly, the production of GagPol-EGFP at
this level stimulated a similar response to that of a potent inducer of XBP1 splicing.
However, it is not clear whether this 3.9-fold increase in spliced XBP1 expression
during GagPol expression would be enough to have a biological action within the

HEK293T cell, such as having an effect on protein synthesis and cell growth.

As spliced XBP1 mRNA increased, there was a general decrease in unspliced XBP1
mRNA (Figure 4.8). A particularly clear example of this was seen when HEK293T
cells were transduced with an MOI of 75 and 150 at all time points between 3-24
hours post-transduction, where unspliced XBP1 mRNA was significantly lower than
that of basal HEK293T cells (Two-way ANOVA, Figure 4.8A, p<0.01). This mirrors
the effect seen when Tunicamycin is present in cell culture medium, with unspliced
XBP1 mRNA decreasing significantly compared with basal HEK293T cells at all time
points, with the largest decrease of 0.4-fold at 24 hours post-transduction (Two-way
ANOVA, Figure 4.8A, p<0.0001).
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Figure 4.5 Rationale for detection of spliced and unspliced XBP1. (A) The 26bp
XBP1 consensus sequence and structure in humans. The red text indicates the
region of XBP1 that is spliced out. The blue arrow represents the start of the spliced
region and the red arrow represents the end of the spliced region. The black box
represents the different sequence in mice where C is U. This was adapted from
Yoon et al. 2019. (B) Primer design to detect spliced and unspliced XBP1. To detect
unspliced XBP1, the forward primer starts in the middle of the spliced sequence. To
detect unspliced XBP1, the forward primer binds to bases at either side of the

spliced sequence. Both primer pairs have the same reverse primer.
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Figure 4.6 Assessment of spliced and unspliced XBP1 mRNA with GagPol-
EGFP vector. HEK293T cells were transduced with GagPol-EGFP vector at a range
of MOls (Section 2.2.5). Cell samples were collected at 24 hours and 48 hours post-
transduction (Section 2.2.2.5), RNA was extracted (Section 2.2.7.1) and cDNA was
synthesised (Section 2.2.7.4). Spliced and unspliced mRNA expression was
assessed by PCR (Section 2.2.1.1), and analysed by agarose gel electrophoresis
(Section 2.2.1.2). DNA Ladder: 100bp DNA ladder. 1: No template control, 2:
Untransduced HEK293T, 3: Empty transduction (Polybrene 10 ug/mL), 4: Positive
control cells treated with Tunicamycin 10 ug/mL, 5: GagPol-EGFP MOI 1, 6: GagPol-
EGFP MOI 12.5, 7: GagPol-EGFP MOI 25, 8: GagPol-EGFP MOI 75, 9: GagPol-
EGFP MOI 150. Product sizes: Unspliced XBP1 141bp, Spliced XBP1 120bp,
GAPDH 100bp.
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Figure 4.7 Comparison of spliced and unspliced XBP1 with EGFP and GagPol-
EGFP vector. HEK293T cells were transduced with either EGFP or GagPol-EGFP
vector at MOI 25 (Section 2.2.5). Cell samples were collected at 24 hours and 48
hours post-transduction (Section 2.2.2.5), RNA was extracted (Section 2.2.7.1) and
cDNA was synthesised (Section 2.2.7.4). Spliced and unspliced mRNA expression
was assessed by PCR (Section 2.2.1.1), and analysed by agarose gel
electrophoresis (Section 2.2.1.2). DNA Ladder: 100bp DNA ladder. 1: No template
control, 2: Untransduced HEK293T, 3: Empty transduction Polybrene 10 pyg/mL), 4:
Positive control cells treated with Tunicamycin 10 yg/mL, 5: GagPol-EGFP MOI 25,
6: EGFP MOI 25. Product sizes: Unspliced XBP1 141bp, Spliced XBP1 120bp,
GAPDH 100bp.
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Figure 4.8 Quantification of spliced and unspliced XBP1 mRNA by qRT-PCR.
HEK293T cells were transduced with EGFP or GagPol-EGFP vector at several MOls
(Section 2.2.5). Cell samples were collected at several time points post-transduction
(Section 2.2.2.5), RNA was extracted (Section 2.2.7.1) and cDNA was synthesised
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(Section 2.2.7.4). Spliced and unspliced mRNA expression was quantified by qRT-
PCR (Section 2.2.7.5). (A) Unspliced XBP1 mRNA expression. (B) Spliced XBP1
MRNA expression. qRT-PCR data was analysed by the Delta Delta Ct method to
calculate the relative fold gene expression of samples using GAPDH as the internal
control housekeeping gene and Untransduced HEK293T cells at 24 hours as the
calibrator (Described in Livak and Schmittgen, 2001). Values are mean +/- SEM of 3
biological repeats with 2 technical repeats each. Statistical analysis was carried out
using Two-way ANOVA comparing samples to HEK293T control. *=p<0.05,
**=p<0.01, ***=p<0.001, ****=p<0.0001.
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4.3.2 ATF6, BIP, CHOP

As discussed in Section 4.3.1, a major bottleneck in recombinant protein production
is the activation of the UPR and ER stress. Cell line engineering strategies have
previously been developed to improve the capacity of recombinant protein
production, focusing particularly on ER stress (Yu et al., 2008). It is not known how
GagPol production influences HEK293T cells in terms of ER stress and UPR
activation. To explore this further, targets including Activating Transcription Factor 6
(ATF®6), Binding immunoglobulin protein (BIP), and CCAAT-enhancer-binding protein
(C/EBP) homologous protein (CHOP) were analysed. These have key involvement in
signalling cascades implicated in ER stress resulting in activation of the UPR (with

linkage to XBP-1) and key facts about each are summarised below (Figure 4.9).

ATF6 is a mammalian UPR sensor and an ER stress-regulated transcription factor. It
is embedded in the ER as a transmembrane protein and activates genes associated
with the UPR during periods of ER stress. When protein synthesis becomes a
burden, ATF6 slows the pace of protein translation. Homeostatic readjustment within
mammalian cells during periods of ER stress relies heavily on ATF6 proteins
(Yamamoto et al., 2006, Wu et al., 2007).

BIP is a major ER chaperone that acts as a primary sensor for UPR activation
(Bertolotti et al., 2000). UPR activation is dampened by the overexpression of BIP,
and the activation of various other ER stress transducers, including ATF6 and XBP1,

are regulated by BIP.

CHORP is a key target when looking at ER stress and UPR activation. CHOP is
expressed at low levels in the cytosol in healthy cells, however is robustly expressed
upon cellular stress and accumulates in the nucleus (Nishitoh et al., 2012). CHOP is
induced by several stimuli such as ER stress, oxidative stress, and nutrient
starvation. The activation of CHOP has also been demonstrated to result in

apoptosis.

ATF®6, BIP, and CHOP were analysed by qRT-PCR to determine how the

overexpression of GagPol influenced the expression of these targets. There was a
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clear stimulation of ATF6 following transductions greater than MOI 25, with a higher
response at samples taken at 24 hours post-transduction compared with 48 hours
post-transduction (Figure 4.10 A). There was also a high response in the relative
expression of BIP mRNA at MOI 12.5 and MOI 25 at 24 hours, and a high response
at MOls 25, 75, and 150 at 48 hours, where titres of over approximately 4000 nU
RT/mL and over 1250 ng p24/mL were achieved (Figure 4.10 B). At least a 6-fold
increase in the relative expression of CHOP mRNA was seen at 24 hours with MOls
25, 75 and 150 (Figure 4.10 C). CHOP expression levels remained persistently high
at 48 hours, with a greater than 8-fold increase in its expression relative to basal
HEK293T cells. This cut-off seen in p24 productivity after an MOI of approximately
25 could reflect some sort of cellular switch whereby activation of this cellular stress

response is preventing further production of p24 in a HEK293T cell.

These targets have various interactions with each other. For example, transcription
of CHOP can be induced by ATF6 (Yang et al., 2020). CHOP, also often referred to
as DNA-inducible transcript 3 (DDIT3), can also be induced by DNA damage (Yang
et al., 2017). The high response seen during GagPol over-expression, but not with
empty transduction or transduction with EGFP at MOI 25, may potentially indicate
that GagPol production is causing DNA damage. It is fair to assume that the
transduction process itself is not damaging to HEK293T cells, as observations from
empty transductions just with polybrene in cell culture medium did not lead to a
significant increase in the mRNA expression of ATF6, BIP, or CHOP (Figure 4.10).
Additionally, transductions with EGFP vector at an MOI of did not cause a significant
increase in MRNA expression of ATF6, BIP, or CHOP, which indicates that the
introduction of foreign DNA into HEK293T cells does not cause stimulation of genes

relating to ER stress and activation of the UPR.

The targets discussed in Section 4.3 generally tend to be activated to slow down
translation and slow cell growth, in an attempt to ‘heal’ the cell during periods of high
protein burden. GagPol may place protein assembly machinery under pressure
which in turn could hinder the production of other cellular proteins, causing HEK293T
cells to decrease in fitness. It is clear from data shown in this section that GagPol
over-expression does disrupt key targets involved in UPR, which in turn may cause

ER stress and associated cellular consequences such as apoptosis and autophagy.
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Figure 4.9 Signalling cascades involved in ER Stress and the UPR. BiP
preferentially binds to ATF6, PERK, and IRE1 upon disturbance of homeostatic
conditions due to accumulation of unfolded proteins. Three branches of the UPR are
then activated. (1) ATF6 is cleaved by S1P and S2P proteases following
translocation to the Golgi. The transcription factor ATF6(f) is then generated which
modules the expression of enzymes and chaperones required for normal ER function
(Yamamoto et al, 2006, Wu et al., 2007). (2) Autophosphorylation of PERK results in
the phosphorylation of elF2a, which becomes inactivated. This decreases the ER
load by inhibiting protein translation, and also upregulates ATF4. ATF4 induces
CHOP, which upregulates GADD34. GADD34 activates PP1 which
dephosphorylates elF2a, which allows protein synthesis to recommence as part of a
negative feedback loop (lwasaki et al., 2015). (3) IRE1 is autophosphorylated and
activated, which splices the transcription factor XBP1. Genes for protein folding,
maturation, and degradation of misfolded proteins are then transcribed (Yoshida et
al., 2001). Created in BioRender.
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Figure 4.10 Quantification of ATF6, BIP, and CHOP expression by qRT-PCR.
HEK293T cells were transduced with EGFP or GagPol-EGFP vector at several MOls
(Section 2.2.5). Cell samples were collected at several time points post-transduction
(Section 2.2.2.5), RNA was extracted (Section 2.2.7.1) and cDNA was synthesised
(Section 2.2.7.4). (A) ATF6, (B) BIP, and (C) CHOP expression was quantified by
gRT-PCR (Section 2.2.7.5). qRT-PCR data was analysed by the Delta Delta Ct
method to calculate the relative fold gene expression of samples using GAPDH as
the internal control housekeeping gene and Untransduced HEK293T cells at 24
hours as the calibrator (described in Livak and Schmittgen, 2001). Values are mean

+/- SEM of 3 biological repeats with 3 technical repeats each. Statistical analysis
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was carried out using one-way ANOVA comparing samples to HEK293T control. *=
p<0.05, **= p<0.01, ***=p<0.001, **** = p<0.0001
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4.4 Apoptosis

Apoptosis is a distinctive method of programmed cell death, as discussed in Section
1.4.3, and illustrated in greater detail in Figure 5.3. Following observations of a
decrease in HEK293T cell viability (Figure 4.1), an apoptosis assay was performed
to determine the contribution to the loss of cell viability. This assay involved staining
cells with Annexin V and PI. The rationale behind this assay is summarised in Figure
4.10.

Following transduction of HEK293T cells with GagPol-EGFP vector, there was an
increase in the percentage of cells positive for Annexin V, a marker of apoptosis
(Figure 4.11). Annexin V has a high affinity for both early and late apoptotic cells.
Transducing cells with high MOls of GagPol-EGFP had a similar affect to a potent
stimulator of apoptosis, Actinomycin D. The transduction process itself using
polybrene, a cationic polymer that enhances LV transduction, seems to slightly

induce apoptosis (Chuck et al., 1996).

The increase in cell death may potentially lead to a decrease in protein production
but could also have an effect on the quality of the protein produced. Considering
work described in Section 4.3, examining ER stress and the UPR, it is interesting to
note that stress on the ER is able to initiate signals that trigger apoptosis (Saura-
Esteller). This could offer a potential reason for the high percentage of apoptotic cells
observed at high MOls. The apoptosis pathway will be looked at in greater detail in
Chapter 5.2 to determine whether the observed consequences of GagPol production

on apoptosis can be mitigated through use of chemical inhibitors.
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Figure 4.11 Rationale for apoptosis detection by flow cytometry using Annexin
V and Propidium lodide (Pl). The membrane-associated phospholipid
Phosphatidylserine (PS) translocates to the outer leaflet of the plasma membrane in
apoptotic cells. Annexin-V has a high affinity for and binds to PS when on the outer
leaflet of the plasma membrane. When conjugated with a fluorophore, such as FITC,
binding can be quantified by flow cytometry. Early apoptotic cells exclude PI,
whereas cells in the later stages of apoptosis/necrosis will take up PI as cell

membranes being compromised. Created in BioRender.

137



*kk

% Apoptotic cells (determined by FC)

50 rkrk

% Apoptotic cells (determined by FC)

Figure 4.12 Apoptosis detection by flow cytometry in HEK293T cells
transduced with GagPol-EGFP. HEK293T cells were transduced with GagPol-
EGFP vector at several MOls (Section 2.2.5). Cell samples were collected at (A) 24
hours and (B) 48 hours post-transduction (Section 2.2.2.3). Cells were stained with
Annexin V and Pl and were analysed by flow cytometry (Section 2.2.6.3). Values are
mean +/- SEM of 3 biological repeats with 3 technical repeats each. Statistical
analysis was carried out using one-way ANOVA comparing samples to HEK293T
control. *= p<0.05, **= p<0.01, ***=p<0.001, **** = p<0.0001
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4.5 Autophagy

Autophagy is a highly conserved self-degradative survival mechanism involving
delivery of cargo to the lysosome for degradation and recycling (Figure 4.12). It is a
key housekeeping process responsible for balancing energy sources during

development and is a critical response to nutrient stress (Glick et al., 2010).

There were several reasons for investigating autophagy during GagPol production.
Autophagy has been shown to act in both a pro-viral and anti-viral manner (Choi et
al., 2018). LVVs were initially developed based on an understanding of HIV-1, which
has been shown to utilise autophagic membranes as a platform for HIV-1 assembly
and packaging (Kyei et al., 2009). Gag-derived proteins have been shown to co-
localise with LC3 on autophagosomal membranes (Kyei et al., 2009). In addition to
this, HIV-1 has been shown to hijack the earlier stages of autophagy leading to
improved viral yields, in addition to inhibiting the later stages of autophagy as a

means to prevent its own degradation (Kyei et al., 2009).

It is not known whether SYNGP, the synthetic HIV-1-based GagPol sequence used
in LVV production, behaves in the same manner as wild-type HIV-1. Aside from the
interactions with HIV-1, autophagy itself is a key response to cellular stress. Given
the decrease in HEK293T cell viability with GagPol overexpression (Section 4.2), it
was important to consider what impact this had on autophagy. The autophagy
pathway will also be looked at in greater deal in Chapter 5.3 with a particular focus
on how chemical inhibitors of autophagy influence GagPol production, in order to
determine whether autophagy has a beneficial or detrimental role during the

production of this viral protein.
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Figure 4.13 Macro-autophagy pathway and targets for inhibition of autophagy.
Upon initiation of autophagy, material within the cytoplasm is engulfed by the
phagophore, a double-membraned structure. The phagophore then elongates and
seals around cytosolic cargo, forming an autophagosome. The autophagosome then
fuses with a lysosome, where the contents are then degraded and recycled due to
the highly acidic interior of the lysosome. This process involves multiple steps which
are regulated by several proteins, however the mammalian target of rapamycin
(mTOR) and AMP-activated kinase (AMPK) are the key autophagy regulators.
Autophagy-related proteins assemble into various complexes to initiate autophagy.
The Unc-51-like kinase 1 (ULK1) and the Phosphatidylinositol-3-phosphate (PI3P)-
binding complex both direct autophagosome formation. ATG5, ATG12, and ATG16
form the ATG12 conjugation system which promotes LC3 conjugation. LC3-l is
formed through cleavage of LC3 by ATG4. Phosphatidylethanolamine (PE) is
conjugated to LC3-I to form LC3-Ill. LC3-1ll is then incorporated into autophagosomal
membranes. Autophagy can be inhibited through use of various chemicals. (1)
Spautin-1 inhibits autophagy initiation by enhancing Beclin-1 degradation. (2)
Wortmannin inhibits the Class Il PI3K pathways and subsequently blocks the
formation of autophagosomes. (3) Bafilomycin A1 inhibits V-ATPase activity resulting

in lysosomes and autophagosomes not being able to fuse. (4) Chloroquine increases
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the pH within the lysosomes and hence blocks autophagosomes and lysosomes

from binding (Parzych and Klionsk 2014). Created in BioRender.
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Multispectral imaging flow cytometry was used to investigate autophagy in HEK293T
cells. This technology was chosen due to its quantitative power, multiplexing
potential, high-throughput capacity, as well as providing morphological details by

capturing images of every cell.

During autophagy, LC3 in the cytoplasm is recruited to autophagosomal membranes
(Figure 4.13). HEK293T cells undergoing autophagy were identified by quantifying
fluorescently-labelled GFP-positive LC3 puncta, which represent either
autophagosomes or autolysosomes (Figure 4.14). The ‘Spot Count’ feature in
IDEAS® enables creation of a mask that recognises bright regions within an image,
and the software then creates an algorithm to calculate LC3 spots. HEK293T cells
transduced with GagPol-EGFP vector at an MOI of 25 were found to have a mean
LC3 spot count of 2.3. Similarly, cells transduced with EGFP vector at an MOI of 25
also had a mean LC3 spot count of 2.3, meaning this response may be due to
transfection rather than a response to GagPol specifically. These values are
significantly higher than basal HEK293T cells which had a mean spot count of 1.3,
suggesting that the expression of GagPol triggers autophagy. However, these values
are lower than the mean LC3 spot count in HEK293T cells that have undergone

nutrient starvation (spot count: 3.4), a potent stimulator of autophagy.

In addition to autophagosome formation, an increase in lysosomal content is a
typical feature of autophagy. The Bright Detail Similarity R3 (BDS) feature in
IDEAS® is able to examine the co-localisation of autophagosomes and lysosomes
using LC3 and LAMP-1, a marker present on lysosomal membranes. This represents
LC3 delivery to the lysosome. As discussed in Section 2.2.6.8, BDS is able to
calculate the correlation of two markers that have overlapping bright spots of 3 pixels
or less in radius. The BDS score between LC3 and LAMP-1 was slightly higher 24
hours-post transduction with HEK293T cells transduced with GagPol-EGFP at MOI
25. BDS was not found to be different to basal HEK293T cells 48 hours post-
transduction (Figure 4.15). Interestingly, transducing HEK293T cells with EGFP at an
MOI of 25 did not lead to an increase in BDS, indicating that production of EGFP is
not as stressful to cells as GagPol. It is important to note that BDS does not consider
the number of autophagosomes in a cell, so taken together with spot count this data

gives a more representative picture of autophagy.
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Figure 4.14 LC3-AF647 labelled HEK293T cells analysed using Spot Count
feature. HEK293T cells were transduced with vector encoding EGFP or GagPol-
EGFP at MOI 25 (Section 2.2.5). Cells were collected and labelled with LC3-AF647
and LAMP-1-PE (Section 2.2.6.2.1). Samples were acquired on the ImageStreamX®

(Section 2.2.6.2.2). Samples were analysed to determine mean LC3-AF647 spot
count per cell (Section 2.2.6.2.3). (A) Example of acquired images. BF: Bright Field
image, LC3: LC3-AF647 detection (Channel 11) using 60X magnification. Mask:
LC3-AF647 spot mask. Mean LC3-AF647 spot count of HEK293T cells collected at
(A) 24 hours and (B) 48 hours. Values are mean +/- SEM of 3 biological repeats with
3 technical repeats each. Statistical analysis was carried out using one-way ANOVA
comparing samples to HEK293T control. ***= p<0.001, **** = p<0.0001
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Figure 4.15 Bright Detail Similarity Score between LC3-AF647 and LAMP-1-PE
in HEK293T cells. HEK293T cells were transduced with vector encoding EGFP or
GagPol-EGFP at MOI 25 (Section 2.2.5). Cells were collected and labelled with LC3-
AF647 and LAMP-1-PE (Section 2.2.6.2.1). Samples were acquired on the
ImageStreamX® (Section 2.2.6.2.2). Samples were analysed in the IDEAS software
to determine the Bright Detail Similarity (BDS) Score between two probes, LC3-
AF647 and LAMP-1-PE (Section 2.2.6.2.3). (A) Example of acquired images of
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Bright Field (BF, CH-1), LC3-AF647 (CH-11), LAMP-1-PE (CH-3), and a composite
of LC3-AF647 and LAMP-1-PE images using 60X magnification. BDS of HEK293T
cells collected at (A) 24 hours and (B) 48 hours. Values are mean +/- SEM of 3
biological repeats with 3 technical repeats each. Statistical analysis was carried out
using one-way ANOVA. *=p<0.05, **= p<0.01, *** = p<0.0001.
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4.6 Concluding remarks

This Chapter demonstrated that the over-expression of GagPol is toxic to HEK293T
cells, with a decrease in cell viability seen in response to high p24 production. It was
also observed that this decrease in viability was much greater upon GagPol over-
expression compared with the over expression of EGFP, suggesting that specific

properties of GagPol are toxic to HEK293T cells.

A marked stimulation of markers associated with ER stress and the UPR pathway
were observed during high level GagPol production, specifically at the point where
no further GagPol was being produced. Of particular note was the increase in spliced
XBP1 in comparison to unspliced XBP1, where GagPol had a very similar affect to
the potent stimulator of XBP1 splicing, Tunicamycin. Data shown in this Chapter also
highlighted that the over-expression of GagPol does disrupt the activity of
components of the UPR and in turn may cause further effects detrimental to cell

growth, survival and synthetic functions.

This Chapter also highlighted the role of apoptosis in cell death during GagPol
production, in addition to an increase in autophagy which tends to be induced during
period of cell stress, which further supports the idea that GagPol production places a
stress burden on HEK293T cells. The inhibition of these cellular stress pathways has
the ability to enhance mAb production in CHO cells, and as such it could be
considered that inhibiting these types of cellular stresses may potentially alleviate the
burden of viral protein production on HEK293T cells, as discussed in detail in
Section 1.4.3.

It must be noted that the effect that GagPol production has on HEK293T cellular
physiology cannot be applied to a complete LVV production system (transfection with
transfer and envelope plasmids). The combined expression of these vector
components may potentially be further detrimental to the HEK293T cell and must be
investigated further. Given that VSV-G is initially synthesised in the ER, transported
to the Golgi, then transported to the plasma membrane, having additional vector

components present during transduction may cause further stress on these parts of
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the cell (Korant et al., 1998; Nie et al., 2002; Rumlova et al., 2014). It is widely
accepted that VSV-G is harmful to cells, with its expression having cytotoxic and
cytostatic effects. However, it is not known at which exact point of production VSV-G
(or any other envelope protein) is harmful to a cell. This must be further elucidated,
potentially by mimicking the studies undertaken in Chapter 5 by transducing
HEK293T cells with high MOI’s of a VSV-G expression cassette. Having observed
the activation of various types of cellular stress during the production of GagPol,
Chapter 5 aimed to determine whether certain types of cellular stress can be
inhibited through use of various chemicals, with the aim of both increasing GagPol

production and preventing cell death.
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5 Consequence of inhibitors on GagPol production and
HEK293T cell survival
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5.1 Effect of a Protease inhibitor on cell viability and

GagPol expression

As discussed in Chapter 1, components of LVVs can be cytotoxic to HEK293T cells.
Of particular interest is the Protease (PR) domain within GagPol. Typically, PR is
responsible for the proteolytic cleavage of gag and GagPol polyprotein precursors,
leading to the generation of mature proteins that make up a virion (Blanco et al.,
2003). Initially, PR is synthesised in an inactive form within GagPol, and only
becomes active towards the later stages of the virus life cycle. Activation of PR leads
to generation of the mature enzymes RT and IN, as well as structural proteins MA,
CA, NC, and p6, all of which are required for maturation of the virion (Figure 1.7).
Interestingly, there is evidence that the PR precursor and mature active PR have
different enzymatic abilities in terms of their catalytic properties. All GagPol cleavage
sites can be recognised and processed by mature PR, however precursor PR is

limited in the number of sites it can cleave (Pettit et al., 2005; Ludwig et al., 2008).

Aside from cleaving viral protein precursors, HIV-1 PR has also been reported to
cleave cellular proteins within the host (Riviere et al., 1991; Shoeman et al., 2001;
Blanco et al., 2003). This represents part of the strategy by which HIV-1 appears to
counter defence mechanisms within the host cell. Due to its ability to cleave host cell
proteins when expressed in mammalian cells, HIV-1 PR has various cytotoxic
effects. For example, one of the reported HIV-1 PR host cell substrates is Bcl-2, an
anti-apoptotic protein, whose cleavage may induce apoptosis (Baum et al., 1990,
Strack et al., 1996). This could also reflect why an increase in apoptosis was
observed following GagPol production in Section 4.4 (Figure 4.12). Strack et al.,
demonstrated that prior to apoptosis, levels of Bcl-2 were unusually high and intact
Bcl-2 could not be detected in cells that expressed HIV-1 PR. Additional
investigations here shows that when Bcl-2 was ectopically expressed, this offered
some protection from apoptosis, which suggested that the depletion of Bcl-2 is
necessary for PR-induced apoptosis to occur. It is thought that Bcl-2 loses its
protective function due to cleavage occurring between residues 112 and 113 (Korant
et al., 1998; Elmore et al., 2007; Vlahakis et al., 2006).
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Cytoskeletal proteins including actin, desmin, myosin, and vimentin can also be
cleaved by HIV-1 PR, which has been linked to apoptotic or necrotic cell death
(Shoeman et al., 1990, Adams et al., 1992). An investigation by Honer et al. showed
that upon injection of HIV-PR into human fibroblast cells, stress fibres were
disrupted, cytoplasmic vimentin intermediate filaments collapsed, and chromatin
organisation and nuclear morphology was disrupted (Honer et al., 1999). However,
the mechanisms by which this occurs are still presently unclear. Additionally, active
HIV-1 PR has been demonstrated to stimulate the mitochondrial apoptotic pathway
in HEK293T cells and induce cell death, however the precise mechanism of this is

still not known (Rumlova et al., 2014).

To determine whether PR in the SYNGP cassette within GagPol contributed towards
the decrease in viability seen in response to expression (Section 4.2, Figure 4.1),
transductions with GagPol were performed in the presence and absence of the
potent PR inhibitor, Saquinavir (Section 2.2.2.7). Clinically, Saquinavir is used as an
antiviral agent in the treatment of HIV-1 infection. Saquinavir (which has a
hydroxethylene scaffold that mimics the peptide cleavage site for the PR but which
cannot be cleaved) acts as a competitive inhibitor of the active site within HIV-1 PR.
By this prevention of viral polyprotein cleavage, Saquinavir has been found to be
capable of completely inhibiting the processing of Pr559%9 and Pr1609297° (Sparacio
et al., 2001, Bosch et al., 2001).

Transductions in the presence of Saquinavir led to significantly higher cell viabilities
during GagPol-EGFP expression above an MOI of 25, at 24-48 hours (Figure 5.1),
where titres of approximately 4000 nU RT/mL and 1250 ng p24/mL were achieved
(Figures 3.13 and 3.14). Again, this represents a distinct cut-off at approximately
MOI 25, which is reflected in other investigations throughout this thesis. As GagPol-
EGFP is over-expressed, there is an increase in the amount of Pol in the cell
(measured by PERT assay, Figure 3.13). As viral PR is a domain within Pol, it can
be assumed that the amount of PR increases as RT does. This increased level of
viral PR could potentially have a detrimental effect to HEK293T cells given that viral
PR is able to cleave host cell substrates. When Saquinavir is present in cell culture
medium, the activity of viral PR is expected to be inhibited, thereby rescuing

HEK293T cells, even though high quantities of GagPol-EGFP are still present in the
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cell. This may be a potential reason for the significant increase in cell viabilities
observed here, which could be tested by direct measurement of PR through looking

at the cleavage of targets within the host cell, for example Bcl-2.

Of particular note is that viral PR has been linked to the cleavage of pro-apoptotic
proteins, so by inhibiting viral PR in this instance, a lower level of cell death
specifically by apoptosis might occur (Perry et al., 2021). HIV-1 PR has previously
been reported to cleave and activate Procaspase 8 between residues 355 and 356 in
CD4+ T-cell lines, leading to the formation of Casp8p41, along with characteristic
signs of apoptosis such as nuclear condensation, DNA fragmentation, release of
cytochrome C from mitochondria, and as a result, caspase 9 and 3 activation (Nie et
al., 2002; Nie et al., 2007; Nie et al., 2008). The executioner caspase, Caspase 3, is
involved in both the extrinsic and intrinsic apoptotic pathways (Figure 5.3). The
inhibition of PR may lead to reduced caspase 3 activation and this may play a role in
HEK293T cell viability being significantly higher in the presence of Saquinavir
observed in this investigation, an observation which reflects what has been reported
in literature (Figure 5.1) (Nie et al., 2002). Inhibition of the cleavage of Procaspase 8
by HIV-1 PR has been shown to lead to a reduction in cell death when cells were
transfected with PR (Nie et al., 2008).

During transduction with GagPol at low MOls, there will be less viral PR being
produced. This could be a reason that there is not a drastic increase in cell viability
when Saquinavir is present, when compared to higher MOls (and therefore more
GagPol present in the cell). Perhaps there is a threshold of the amount of viral PR
that a host cell can handle before viability is affected due to host cell proteins being

cleaved.

A p24 ELISA was also performed to determine how Saquinavir affected GagPol
production. Despite an increase in cell viability with Saquinavir present, there was no
significant change in p24 protein produced at all MOls tested (Figure 5.2). This
suggest that GagPol production itself is not sensitive to the presence of Saquinavir in
cell culture medium, and that the primary effect of Saquinavir is actually on cell
viability, which is linked to the cleavage of host cell proteins and not linked to the

cleavage of viral proteins. Observations in Figure 5.1 showed that cell viability was

151



rescued, however this does not necessarily mean that the viable cells are capable of
producing more protein in the case of GagPol. These results suggest that use of a
viral PR inhibitor may be of use during LVV in terms of enhancing cell viabilities, but
the PR inhibitor Saquinavir did not lead to increased production of GagPol at this
scale of transduction. The cellular substrates cleaved by the viral PR may not play
any role in GagPol production past a certain limit, however this must further be

elucidated.
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Figure 5.1 HEK293T cell viability following transductions with the Protease
inhibitor Saquinavir. HEK293T cells were transduced at a range of MOls with
GagPol-EGFP vector (Section 2.2.5), with and without 1.5uM Saquinavir in cell
culture medium (Section 2.2.2.7). Cell viabilities were measured at (A) 24 hours, (B)
48 hours, and (C) 72 hours post-transduction (Section 2.2.2.3). Values are mean +/-
SEM of 3 biological repeats with 3 technical repeats each. Statistical analysis was
carried out using one-way ANOVA. **= p<0.01, **** = p<0.0001.
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Figure 5.2 Titration of GagPol-EGFP vector by p24 ELISA. HEK293T cells were
transduced at a range of MOls with GagPol-EGFP vector (Section 2.2.5) with and
without 1.5uM Saquinavir in cell culture medium (Section 2.2.2.7). Cell lysate
samples were collected 48 hours post-transduction (Section 2.2.2.5) and titrated by
p24 ELISA (Section 2.2.4.2). Values are mean +/- SEM of 3 biological repeats with 3

technical repeats each. Statistical analysis was carried out using one-way ANOVA.
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5.2 Effect of apoptosis inhibitors on GagPol expression and

cell viability

Apoptosis is a key limiting factor that determines mammalian cell culture productivity.
It was observed in Chapter 4 that GagPol production led to an increase in the
percentage of cells that were positive for Annexin-V (apoptosis marker) (Figure 4.11,
Section 4.4). Cell line engineering strategies such as apoptosis inhibition have
enabled an increase in the production of monoclonal antibodies in mammalian cells
(reviewed in Krampe and Al-Rubeai, 2010). For example, engineered HEK293 cell
lines with double knock-out of pro-apoptotic genes, Bak and Bax, have been
developed using zinc-finger nuclease technologies (Arena et al., 2019). This cell line
was shown to be much more resistant to shear stresses and apoptosis, in addition to
producing higher titres of antibody at transfection scales of up to 10L. From a
bioprocessing perspective, high levels of apoptosis in producer cell lines is an
undesirable trait, as this decreases the efficiency of production of cellular and viral

proteins (Zhang et al., 2017).

Inhibiting events that occur as part of apoptosis, such as caspase activation and
mitochondrial dysfunction, are able to delay the onset of apoptosis and hence
prevent destruction of a cell (Zhang et al., 2017; Arena et al., 2019). The caspase
cascade has been of particular focus in recent years as a strategy of delaying
apoptosis, and in turn, to improve cellular productivity and increase protein
production (Betenbaugh, 2006). Upstream initiator caspases such as Caspase-8 and
Caspase-9, as well as downstream effector caspases Caspase-3, Caspase-6, and

Caspase-7 are actively involved in the caspase cascade (Figure 5.3).

Apoptosis can be regulated by both genetic and chemical intervention. During this
investigation, several apoptosis inhibitors were utilised, including Caspase-8 inhibitor
(Z-IETD-FMK, a mediator of the extrinsic apoptosis pathway), Caspase-9 inhibitor
(Z-LEHD-FMK, a mediator of the intrinsic apoptosis pathway), and a broad-based
Pan-Caspase inhibitor (Z-VAD-FMK) (Section 2.2.2.7). Adding these chemicals to
cell culture has previously been demonstrated to be a simple but effective method for

delaying apoptosis through caspase inhibition in both CHO and HEK293 cells
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(Betenbaugh et al., 2002). Despite this success using chemicals, it would still be of
advantage to employ cell line engineering for these targets as the chemicals

themselves are expensive.

Cell viability was recorded following transduction with GagPol-EGFP and EGFP
vectors at an MOI of 25 with apoptosis inhibitors in cell culture medium (Section
2.2.2.7) (Figure 5.4). All apoptosis inhibitors used led to significantly higher cell
viabilities in cells transduced with GagPol-EGFP at MOI 25, where titres of over 4000
nU RT/mL and 1250 ng p24/mL from cell culture medium samples were achieved.
These observations suggest that the decrease in viability seen during the production
of GagPol is, only in part, caused by apoptotic cell death (Figure 4.1). The increase
in cell viability during GagPol production was higher at 24 hours compared with 48
hours, suggesting that even though cells are still dying, they are dying at a later time
point. This is beneficial in terms of LVV production as cells tend to be highly
productive in the first 48 hours (Figures 3.13 and 3.14). Using a Caspase-9 inhibitor
led to significantly higher cell viabilities in transductions with EGFP vector at MOI 25,
suggesting that the Caspase-9 inhibitor is effective in preventing apoptotic cell death

during production of EGFP as well as GagPol-EGFP.

A p24 assay was performed to determine whether the presence of apoptosis
inhibitors had any effect on GagPol production (Figure 5.5). The presence of a
Caspase-8 inhibitor in cell culture medium did not significantly affect p24 titres,
despite an observed increase in cell viability during GagPol-EGFP production (Figure
5.4). This suggests that extrinsic apoptosis, involving Caspase-8, is not a key

mechanism of cell death during GagPol production.

Having a Pan-caspase inhibitor present in cell culture medium during GagPol-EGFP
production led to significantly higher titres of p24 protein in cell culture medium at
both 24 and 48 hours (Figure 5.5). This was an encouraging result as it supported
the concept that apoptosis does have a detrimental impact on GagPol production,
however in terms of defining a target for cell engineering to improve protein

production, this chemical inhibitor gives no specific cellular target.
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The presence of a Caspase-9 inhibitor in cell culture medium led to a significant
increase in GagPol production, more so at 24 hours post-transduction compared with
48 hours, however despite this being statistically significant it is still not very large in
the scheme of LVV production (Figure 5.5). Since the highest LVV production is
between 24 hours and 48 hours post-transduction (GSK, in-house observations), it
would potentially be of great advantage to delay the onset of apoptosis until after the
most productive time points. Caspase-9 is involved in the intrinsic pathway of
apoptosis, which is stimulated by internal stimuli such as ER stress, metabolic
stress, and nutrient stress (Figure 5.3) (Fulda and Debatin 2006). It is also important
to consider that the intrinsic pathway in other mammalian cells tends to be the driver
of apoptosis, particularly in CHO cell culture (Wei et al., 2011). As such, inhibition of
the intrinsic pathway of apoptosis, and in particular by targeting Caspase-9, may be
a potential way to prevent cell death during high levels of GagPol production. These
results together with an observed increase in cell viability suggest that future work
targeting apoptosis inhibitors, specifically Caspase-9, for genetic engineering in
HEK293T cells could be an encouraging prospect for defining cell engineering

targets and could be a feasible way of increasing LVV production.

157



Extrinsic stimuli

.

Death receptor

] Pro-caspase-8 ] Mitochondria
Pro-caspase-10 ! Intracellular stress -

N 2 \J \
- | / ‘r’\\ N
‘e ( \J U )en
'~ A N\,

é l'\ a) ) \‘\ /,"“‘ /} !
: : * o\ CT T TS

: BH3-only proteins B | e

1 BCL-2, ® * MOMP , *

i BCL-X, l PN  Cytochrome C

: Activated BAX | * .
. - I and BAK o .
. J . *
— (§—> - — e e :\_’
‘ . ° e . \c
Caspase-8 L2 e : ,' ~ 0 ©

Caspase-10 : ° APAF1 Apoptosome
: SMAC oligomerization l

a L @D S
§ J_ Caspase-9
e hpopiosis & e- /

Caspase-3 : Caspase-3
Caspase-7 ¥ Caspase-7

Figure 5.3 Extrinsic and Intrinsic pathways of apoptosis and targets for the
inhibition of apoptosis. Extrinsic pathway: This pathway is triggered by binding of a
death ligand to a death receptor such as TNFR1 or TNF-a. This transmits a death
signal to intracellular signalling pathways from the cell surface. Several death
domains are recruited leading to activation of Caspase-8 and Caspase-10. Here,
active Caspase-8 and Caspase-10 cleave and activate executioner caspases (-3, -6,
and -7), or cleave BH3-interacting domain death agonist (BID) to induce cell death.
Intrinsic pathway: This pathway can be induced by cleaving BID which leads to
mitochondrial dysfunction. Cytochrome C is released and activates Caspase-9 and
Caspase-3. Activation of Caspase-3 leads to cell death and DNA fragmentation. A
further controller of this pathways is the Bcl-2 protein family; BAX and BAK are pro-
apoptotic, whereas BCL-2, BCL-XL, and MCL1 are anti-apoptotic. Additionally, pro-
apoptotic molecules can cause permeabililstion of the mitochondria’s outer
membrane, which leads to Cytochrome C release. This binds Apaf-1 and Caspase-9

to form the Apoptosome, stimulating the activation of Caspase-3 and Caspase-7.
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SMAC is also released from mitochondria into the cytosol, blocking Inhibitor of
Apoptosis (IAP) proteins, hence indirectly promoting apoptosis (Reviewed by Fulda
and Debatin, 2006). Apoptosis can be inhibited at several stages using chemical
inhibitors of Caspase-8 (Z-IETD-FMK), Caspase-9 (Z-LEHD-FMK), in addition to
using a broad-based Pan-Caspase inhibitor (Z-VAD-FMK) (Betenbaugh et al., 2002).

Created in BioRender.
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Figure 5.4 HEK293T cell viability following transduction with inhibitors of

apoptosis. HEK293T cells were transduced at MOI 25 with EGFP or GagPol-EGFP
vector (Section 2.2.5) with and without apoptosis inhibitors in cell culture medium
(Section 2.2.2.7). Cell viabilities were measured at (A) 24 hours and (B) 48 hours
post-transduction (Section 2.2.2.3). Values are mean +/- SEM of 3 biological repeats

with 3 technical repeats each. Statistical analysis was carried out using one-way
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ANOVA comparing inhibitors with non-inhibitor conditions for each sample.
*=p<0.05, **= p<0.01, ***=p<0.001, **** = p<0.0001
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Figure 5.5 Effect of apoptosis inhibitors on p24 expression. HEK293T cells were
transduced at MOI 25 with GagPol-EGFP vector (Section 2.2.5) with and without
apoptosis inhibitors in cell culture medium (Section 2.2.2.7). Cell lysate samples
were collected at 24 hours and 48 hours post-transduction (Section 2.2.2.5) and
titrated by p24 ELISA (Section 2.2.4.2). Values are mean +/- SEM of 3 biological
repeats with 3 technical repeats each. Statistical analysis was carried out using one-
way ANOVA comparing inhibitors with non-inhibitor conditions for each sample. *=
p<0.05, **= p<0.01, ***=p<0.001, **** = p<0.0001
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5.3 Effect of autophagy inhibitors on GagPol expression

and cell viability

Targeted cell engineering specific to the genetic manipulation of the autophagy
pathway is of particular interest when looking to improve recombinant protein
production, as this pathway has an influence on protein quality and viable cell
concentration. Aside from being an important survival mechanism, autophagy is
implicated in control of cell death due to stressful conditions within the cell
environment (Hawng and Lee 2008). When cells are exposed to stressful conditions,
protein synthesis is decreased in a co-ordinated manner with an increased rate of
protein degradation (Mortimore and Poso 1988). This could be detrimental for
GagPol production. As such, Section 5.3 aimed to determine the effects of inhibiting

autophagy through use of various chemicals.

Autophagy is regulated by various signalling pathways (Figure 5.6). The autophagy
inhibitors chosen in this investigation targeted either the onset of autophagy, namely
the nucleation and double-membrane formation that is characteristic of autophagy,
or inhibitors targeting the later stages of autophagy, specifically the fusion of the
autophagosome and the lysosome, and subsequent degradation and recycling of
cargo. To confirm the extent of autophagy observed under various conditions and
the effects of inhibitors, cells were analysed using imaging flow cytometry (Section
2.2.6.5).

Focussing on inhibitors of the earlier stages of autophagy, Spautin-1 and
Wortmannin were selected (Figure 5.6). Spautin-1 is a specific and potent inhibitor of
autophagy that enhances Beclin-1 degradation, and subsequently inhibits the
initiation of autophagy (Shao et al., 2014). Wortmannin, a PI3K inhibitor, is able to
inhibit autophagy via persistent class Il PI3K inhibition (Takatsuka et al., 2004).
Wortmannin and Spautin-1 both displayed an ability to decrease the number of LC3-
positive puncta when analysing cells by imaging flow cytometry, which represents
the number of autophagosomes within a cell (Figure 5.8). This was expected as the
initial stages of autophagy were inhibited with these chemicals, hence not allowing

autophagosome formation. Co-localisation (BDS Score) between LC3 and LAMP-1
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did not significantly change with use of these inhibitors, suggesting that the delivery
of autophagosomes to lysosomes did not change in the presence of these
autophagy inhibitors (Figure 5.9). Despite not seeing a change in BDS score, the fact
that Wortmannin and Spautin-1 were able to decrease the number of LC3-positive
puncta (autophagosomes) in HEK293T cells indicated that these were sufficient in

inhibiting autophagy, and therefore were used for the remainder of this experiment.

Bafilomycin A1 and Chloroquine were selected as inhibitors of the later stages of
autophagy, namely inhibiting the fusion of autophagosomes and lysosomes,
meaning that the contents of the autophagosome will not get degraded by acid
hydrolases in the lysosome (Figure 5.6) (Redmann et al., 2018). Specifically,
Bafilomycin A1 is a V-ATPase inhibitor whose presence leads to the inability of
autophagosomes and lysosomes to fuse, meaning cargo cannot be degraded and
recycled (Mauvezin et al., 2015). Chloroquine works in a similar manner by
preventing the fusion of autophagosomes and lysosomes by increasing lysosomal
pH (Mauthe et al., 2018). No significant difference in LC3 spot count was observed
with these inhibitors (Figure 5.8). It would be expected that there would be an
increase in LC3 spot count due to a build-up of autophagosomes, as these
structures will not fuse with lysosomes and hence would not be degraded. There was
a decrease in co-localisation of LC3 and LAMP-1 with Bafilomycin A1 and
Chloroquine as expected, as both of these chemicals act by inhibiting the fusion of
autophagosomes with autolysosomes (Figure 5.9). The use of these chemicals
enabled the inhibition of the late events of autophagy, meaning that cargo in

HEK293T cells would not be degraded and recycled.
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Figure 5.6 Macro-autophagy pathway and targets for inhibition of autophagy.
Upon initiation of autophagy, material within the cytoplasm is engulfed by the
phagophore, a double-membraned structure. The phagophore then elongates and
seals around cytosolic cargo, forming an autophagosome. The autophagosome then
fuses with a lysosome, where the contents are then degraded and recycled due to
the highly acidic interior of the lysosome. This process involves multiple steps which
are regulated by several proteins, however the mammalian target of rapamycin
(mTOR) and AMP-activated kinase (AMPK) are the key autophagy regulators.
Autophagy-related proteins assemble into various complexes to initiate autophagy.
The Unc-51-like kinase 1 (ULK1) and the Phosphatidylinositol-3-phosphate (PI3P)-
binding complex both direct autophagosome formation. ATG5, ATG12, and ATG16
form the ATG12 conjugation system which promotes LC3 conjugation. LC3-l is
formed through cleavage of LC3 by ATG4. Phosphatidylethanolamine (PE) is
conjugated to LC3-I to form LC3-Ill. LC3-1ll is then incorporated into autophagosomal
membranes. Autophagy can be inhibited through use of various chemicals. (1)
Spautin-1 inhibits autophagy initiation by enhancing Beclin-1 degradation. (2)
Wortmannin inhibits the Class Il PI3K pathways and subsequently blocks the

formation of autophagosomes. (3) Bafilomycin A1 inhibits V-ATPase activity resulting
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in lysosomes and autophagosomes not being able to fuse. (4) Chloroquine increases
the pH within the lysosomes and hence blocks autophagosomes and lysosomes

from binding (Parzych and Klionsk 2014). Created in BioRender.
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Cell viability was recorded with autophagy inhibitors present in cell culture medium
during transductions with GagPol-EGFP (Figure 5.7). Spautin-1 significantly
decreased cell viability compared with no inhibitor, specifically in basal HEK293T
cells, empty transduction with polybrene, and with starved HEK293T cells at both 24
hours and 48 hours. The presence of Spautin-1 during transductions both with and
without GagPol-EGFP led to a significant decrease in the number of LC3-positive
puncta, representing autophagosomes (Figure 5.8). Considering that autophagy
itself is a cell survival mechanism during periods of cellular stress, inhibiting
autophagy may lead to a disruption of the normal homeostasis of HEK293T cells,
and hence this could be a reason for seeing the decrease in viability as the cell is not
able to properly respond to cellular stress. This could also explain the significant
decrease in p24 titres observed in both cell lysate and cell culture medium with
Spautin-1 — cells are not able to respond to cellular stress by activating the
autophagy pathway, which could have a detrimental impact on GagPol protein
production (Figure 5.10). It must be noted here that Spautin-1 has been reported to
enhance apoptosis, which may explain the observed decrease in viability (Shao et
al., 2014). However, this does not explain why at 48 hours post-transduction there

was no decrease in viability in cells producing GagPol-EGFP or EGFP.

The presence of Wortmannin in cell culture medium significantly increased HEK293T
cell viability at 24 hours post-transduction with GagPol-EGFP, which suggests that
the inhibition of Class Ill PI3K autophagy pathway is a potential way to increase
HEK293T cell viability in this case (Figure 5.7). However, Class lll PI3K has other
roles aside from that in autophagy, it is also required for vesicular trafficking (lershov
et al., 2019). This is interesting when considering that Wortmannin also led to a
significant decrease in GagPol production (Figure 5.10) — vesicular trafficking may
play a key role in GagPol trafficking and release from the cell, and inhibiting vesicular
trafficking could be detrimental to overall titres. It must be noted that this vesicular
trafficking may not be relating to autophagic vesicles, as the presence of
Wortmannin during transductions led to a significant decrease in autophagosome

formation (Figure 5.8).

The presence of late-stage autophagy inhibitors Bafilomycin A1 and Chloroquine in

cell culture medium during GagPol production had no impact on cell viability in this
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investigation (Figure 5.7). Bafilomycin A1 in particular acts to inhibit autophagy by
inhibiting the activity of V-ATPase which has an influence on the mTORC1 signalling
pathways (Wang et al., 2021). However, the exact mechanism by which V-ATPase is
inhibited is not known, and therefore it is difficult to say how this has an impact on
cell viability. The presence of Bafilomycin A1 and Chloroquine both led to a
significant decrease in the co-localisation of LC3 and LAMP-1 (Figure 5.9), in both
basal HEK293T cells and HEK293T cells producing GagPol-EGFP, whilst not
changing the number of autophagosomes within the cell (Figure 5.8). This change in
the behaviour of autophagosomes compared with basal HEK293T cells is intriguing
as it would be expected that the number of autophagosomes would build up as their
degradation is blocked. Use of Bafilomycin A1 and Chloroquine led to significantly
lower p24 titres in cell culture medium samples, however there was no change in
p24 titres in cell lysate samples (Figure 5.10). Interestingly, this suggests that late-
stage autophagy inhibitors have some sort of detrimental role in virus particle
release. This makes sense when considering HIV-1, which has previously been
reported to utilise the earlier stages of autophagy for assembly whilst inhibiting the
later stages of autophagy for its own propagation, ensuring that it does not get
degraded along with autophagosomal cargo (Kyei et al., 2009). As such, it is logical
to suggest that the synthetic GagPol encoded in the SYNGP expression cassette
would behave in a similar manner to HIV-1 GagPol and may have some sort of

interaction with autophagosomal membranes (Kotsopoulou et al., 2000).

Disappointingly the use of autophagy inhibitors in this investigation did not yield
higher p24 titres, however the interaction between autophagy and GagPol production
must not be overlooked in future studies. Future work into exactly how the autophagy
pathway intersects with this viral structural protein could illuminate targets for cell

engineering with the potential to increase GagPol production.

In terms of selecting potential targets for genetic manipulation to improve HEK293T
cell factories for LVV production, this Chapter highlighted the influence of
manipulating autophagy on cell viability. An important consideration for choosing
genetic targets for autophagy manipulation is that these targets may have effects on
other homeostatic pathways. A strategy that may be of value to investigate in future

would be to look at a combination of autophagy inhibitors and inducers, particularly
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inducing the earlier stages of autophagy and inhibiting the later stages of autophagy,
as HIV-1 does (Killian 2012).

There are several other targets in the early stages of autophagy that could be
considered as inducers for autophagy, however it would be key to use chemical
inducers first to see the scope of this in terms of improving GagPol induction and
increasing HEK293T cell growth. As an example, previous studies have
demonstrated that the knockout of Mitogen-activated protein kinase kinase kinase
kinase 3 (MAP4K3) is able to promote the induction of autophagy (Dubinsky et al.,
2014; Hsu et al., 2018). Combining the induction of autophagy as mentioned above
with an inhibitor of late-stage autophagy (such as Bafilomycin A1 and Chloroquine)
may therefore have potential in increasing GagPol production, if SYNGP behaves in
a similar way to HIV-1 (Cabrera-Rodriguez et al., 2021). It would be of great value to
mimic the behaviour of HIV-1 in this sense, as HIV-1 is remarkably good at
propagating itself and will be using autophagosomal membranes to its own

advantage.
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Figure 5.7 HEK293T cell viability following transduction with inhibitors of
autophagy. HEK293T cells were transduced at MOI 25 with GagPol-EGFP vector
(Section 2.2.5) with and without autophagy inhibitors in cell culture medium (Section
2.2.2.7). Cell viabilities were measured at (A) 24 hours and (B) 48 hours post-

transduction (Section 2.2.2.3). Values are mean +/- SEM of 3 biological repeats with

3 technical repeats each. Statistical analysis was carried out using one-way ANOVA

comparing inhibitors with non-inhibitor conditions for each sample. *= p<0.05, **=
p<0.01, ***=p<0.001, **** = p<0.0001.
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Figure 5.8 LC3-AF647 labelled HEK293T cells analysed using Spot Count
feature following transductions with inhibitors of autophagy. HEK293T cells
were transduced at MOI 25 with GagPol-EGFP vector (Section 2.2.5) with and
without autophagy inhibitors in cell culture medium (Section 2.2.2.7). Cells were
collected and labelled with LC3-AF647 and LAMP-1-PE (Section 2.2.6.6). Samples
were acquired on the ImageStreamX® (Section 2.2.6.7). Samples were analysed to
determine mean LC3-AF647 spot count per cell (Section 2.2.6.8). Values are mean
+/- SEM of 3 biological repeats with 3 technical repeats each. Statistical analysis
was carried out using one-way ANOVA comparing inhibitors with non-inhibitor

conditions for each time point. **** = p<0.0001.
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Figure 5.9 Bright Detail Similarity Score between LC3-AF647 and LAMP-1-PE in
HEK293T cells following transduction with inhibitors of autophagy. HEK293T
cells were transduced at MOI 25 with GagPol-EGFP vector (Section 2.2.5) with and
without autophagy inhibitors in cell culture medium (Section 2.2.2.7). Cells were
collected and labelled with LC3-AF647 and LAMP-1-PE (Section 2.2.6.6). Samples
were acquired on the ImageStreamX® (Section 2.2.6.7). Samples were analysed in
the IDEAS software to determine the Bright Detail Similarity (BDS) Score between
two probes, LC3-AF647 and LAMP-1-PE (Section 2.2.6.8). Values are mean +/-
SEM of 3 biological repeats with 3 technical repeats each. Statistical analysis was
carried out using one-way ANOVA comparing inhibitors with non-inhibitor conditions
for each time point. *= p<0.05, **= p<0.01, ***=p<0.001, **** = p<0.0001.
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Figure 5.10 Titration of GagPol-EGFP vector by p24 ELISA with inhibitors of
autophagy. HEK293T cells were transduced at MOI 25 with GagPol-EGFP vector
(Section 2.2.5) with and without autophagy inhibitors in cell culture medium (Section
2.2.2.7). (A) Cell lysate and (B) cell culture medium samples were collected 48 hours
post-transduction (Section 2.2.2.5 and 2.2.2.6 respectively) and titrated by p24
ELISA (Section 2.2.4.2). Values are mean +/- SEM of 3 biological repeats with 3
technical repeats each. Statistical analysis was carried out using one-way ANOVA
comparing inhibitors with non-inhibitor conditions. *= p<0.05, **= p<0.01,
***=p<0.001, **** = p<0.0001.
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5.4 Concluding remarks

Following observations in Chapter 4 of GagPol production causing various types of
cellular stress, Chapter 5 aimed to analyse the effects of various chemical inhibitors
of cellular stresses, with a particular focus on the production of GagPol and also
HEK293T cell viability.

The presence of the viral PR inhibitor, Saquinavir, in cell culture medium during
transductions was observed to increase HEK293T cell viability, but this did not lead
to any further GagPol production (Figures 5.1 and 5.2). It would be of interest to
further investigate viral PR and its interactions with host cellular substrates,
specifically looking at cell viability in parallel to directly measuring the cleavage of
Bcl-2, to determine whether viral PR inhibition leads to less Bcl-2 being cleaved. This
would also provide further information of how apoptosis is involved in GagPol
production. Measurement of Caspase 3 activation during the production of GagPol
could also be looked at as this is of particular interest when using Saquinavir.
Additional future work would involve using other HIV-1 PR inhibitors to assess
whether these chemicals are more effective at inhibiting PR than Saquinavir. For
example, Ritonavir, Tipranavir, and Indinavir have also been demonstrated to inhibit
HIV-1 PR (Wang et al., 2015). Altogether Section 5.1 demonstrated that viral PR is
potentially damaging to HEK293T cells, but mitigating the toxic effect of viral PR

does not necessarily have an impact on GagPol production.

Sections 5.1 and 5.2 of this Chapter are very much interconnected as there are
several viral PR substrates whose cleavage may lead to apoptosis, as discussed in
Section 5.1. This series of experiments demonstrated that the chemical inhibitor of
Caspase-9 enabled a significant increase in the production of GagPol compared with
having no apoptosis inhibitors present in cell culture medium (Figure 5.5). However,
this effect must be looked into further as it was only a modest increase, but it cannot
be ruled out that this effect may be further improved with genetic manipulation of

Caspase-9.
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Recent literature has demonstrated that modifying genes involved in apoptosis can
have positive effects on both cell viability, growth rates, and protein production.
For example, the over-expression of Nuclear Factor Erythroid 2-Related Factor 2
(NRF2), a transcription factor that has been shown to upregulate expression of
cytoprotective proteins and antioxidant enzymes, has been reported to result in
higher HEK293 growth rates due to protection from oxidative stress, and up to 1.7-
fold increases in recombinant protein expression (specifically Recombinant
coagulation factor VII) (Abbasi-Malati et al., 2019). In addition to this, a double
knock-out of BCL2 Antagonist Killer 1 (BAK) and Bcl-2-associated X protein (BAX),
both of which are involved in caspase activation, has been shown to improve Human
IgG1 antibody titres by 40% by enabling HEK293 cells to be resistant to apoptosis

and sheer stress (Arena et al., 2019).

Inhibiting autophagy with the chemical inhibitors used in this investigation did not
have a desirable effect on GagPol production (Figure 5.10). However, despite this, it
is still worth examining the interplay between GagPol and autophagy further
(discussed in Section 5.3), as the interactions reported between autophagosomal
membranes and HIV-1 are hard to ignore in terms of what the consequences might
be for LVV production. If HIV-1 does in fact assemble on autophagic membranes, it
may be of value for LVV production to increase the amount of autophagy-related
membranes in a HEK293T cell. However, the converse must also be considered, as
perhaps Gag localises to autophagic membranes due to mis-targeting, and is in fact
on a path to degradation via the lysosome. Future experiments of value include
investigating the interaction between GagPol and other vesicles, such as multi-

vesicular bodies and exosomes.
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6 Discussion and Future Work

This thesis aimed to understand and elucidate interactions between synthetic
GagPol and HEK293T cellular physiology, with a particular focus on identifying and
intervening in molecular bottlenecks associated with LVV production. To achieve this
aim, it was first necessary to develop plasmid constructs enabling the expression of
synthetic GagPol, in addition to fluorescently-tagging GagPol to allow detection of

this viral protein by use of various methods including flow cytometry (Chapter 3).

Vector production by transient transfection of HEK293T cells enabled high-level
expression of GagPol and GagPol-EGFP, confirmed through various titration
methods including p24 ELISA, PERT assay, and ddPCR (Chapter 3). Despite
increasing the quantity of vector during transductions with high MOls, an increase in
GagPol production past approximately 1250 ng p24/mL was not observed.

The fact that GagPol copy number continues to increase when using higher MOls of
GagPol vector, but there is not a continued increase of GagPol production, was of
particular interest during these investigations. It suggests that there is not an issue
with the integration of genetic information into the HEK293T cell, and that the cause

of the observed ceiling in GagPol production is occurring after integration.

A further key objective throughout this thesis was to characterise HEK293T cellular
physiology and function following the expression of GagPol, with a specific focus on
various cellular stress responses that may be activated by high levels of expression
of GagPol (Chapter 4). It is still not known exactly what caused this ceiling in GagPol
production as observed in Chapter 3, however work conducted in Chapter 4 made it
clear that various cellular stress pathways are activated during GagPol production,

including the UPR, ER Stress, apoptosis, and autophagy.

It would be very helpful to determine the exact stage(s) of LVV production that cause
stress. There are a number of potential sites including several in GagPol trafficking
through intracellular vesicular sites to the plasma membrane (or even between other
sites of assembly within a HEK293T cell). It can be deduced from these studies that

cellular stress is happening after translation, as GagPol is being detected prior to the
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onset of ER stress, UPR, apoptosis and autophagy. It must be considered that
additional burden may be placed on HEK293T cells when introducing the other

components of a LVV.

It was clear from this investigation that a burden is placed on host cellular machinery
when producing GagPol. This is consistent with the idea that in a mammalian cell,
the biosynthesis of proteins consumes a substantial amount of energy. It has been
reported that in an IgG-producing CHO cell line, up to approximately 90% of the
occupancy of ribosomes is spent on producing proteins other than the desired
recombinant protein (Kallehauge et al., 2017). It was suggested that by eliminating
genes that are competing for resources for protein production, the specific
productivity of a cell may be improved substantially. It is therefore of key importance
to understand how over-expression of GagPol affects a HEK293T cell in order to
overcome molecular bottlenecks (perhaps eliminating genes competing for essential
resources) and enable increased levels of protein production whilst ensuring optimal

cell growth and health.

As demonstrated in this thesis, activation of the UPR in addition to the onset of ER
stress was observed when GagPol was generated with MOI’s greater than 25.
Production of GagPol may be competing for resources for protein production and this
could place HEK293T cells under stress when producing the ‘normal’ proteins for
maintaining homeostasis. Assuming that, following a period of 48 hours of virion
production with 2 x 108 cells/mL, the physical titre achieved is approximately 103 ng
p24/mL. If all of this p24 is associated with a virion, and given that there are
approximately 4000 molecules of p24 (with a mass of 24 kDa), this means that cells
are producing approximately 1.1 pg/cell/day by dry mass (1500 virions/cell/day). This
is a lot lower than the production of recombinant protein observed in CHO cells. The
folding machinery associated with producer cell lines is often challenged by
unnaturally high amounts of ectopic recombinant proteins. Manipulation of genes
relating to ER protein processing, including XBP1, have previously been explored
during antibody production, where the over-expression of XBP1 was found to display
improved characteristics relating to cell growth and viability (Mohan et al., 2010;
Tigges et al., 2006). Interestingly, the beneficial functional effects of XBP1 over-

expression in this instance of monoclonal antibody production were observed to be
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greatest when cells were producing a maximum protein load, by a mechanism that
has not yet been defined. It has also been suggested that that high DNA
concentrations during transient transfection may hinder disulphide bond formation
(Cain et al., 2013). Given the improvements to monoclonal antibody production, it
would be of value to study how XBP1 overexpression could be beneficial for LVV

production.

Oxidative stress must also be considered when looking at potential cellular stress, as
there is increasing evidence that redox signalling pathways and the presence of
reactive oxygen species are involved in determining cell fate (Cao and Kaufman,
2014). As previously mentioned, upon disturbance of ER homeostasis, the UPR is
activated. It is not known if GagPol production in cytosolic ribosomes has an
influence on cellular or ER redox state, however the proper functioning and protein
homeostasis of the ER is closely linked to ER redox state, so must be examined in
future. Techniques for monitoring ER redox state include assaying the redox state of
genetically encoded fluorescent proteins that are redox-sensitive (by western blot,
fluorescence, flow cytometry or microscopy) (Dooley et al., 2004; Hanson et al.,
2004; Merksamer et al., 2008; Ponsero et al., 2017). Recent literature has made
clear the interplay between the UPR, ER stress, and reactive oxygen species (Gu et
al., 2016, Liang et al., 2014, Uzilday et al., 2018). Reactive oxygen species are able
to act as signal molecules when at low concentrations within a cell, however upon
accumulation of reactive oxygen species, DNA damage, membrane instability, and

protein instability can result from oxidative stress (Mittler et al., 2012).

In the context of GagPol production, HIV-1 has been reported to induce oxidative
stress, leading to increased reactive oxygen species production and induction of
mitochondrial dysfunction (Banki et al., 1999; Deshmane et al., 2009). In particular,
Reverse Transcriptase (RT) has been shown to mediate enhanced reactive oxygen
species production (Isaguliants et al., 2013). Further work must be undertaken to
understand the interactions between GagPol, oxidative stress, and an increase in
reactive oxygen species. Techniques including chemiluminescence are able to
directly identify various types of oxygen radicals, and would be of use when looking
at the consequences of varying levels of GagPol production in HEK293T cells
(Dikalov and Harrison, 2010).
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An additional aspect of HEK293T cells where further investigations likely to be
valuable is examination of the effect of GagPol production on cell cycle, and whether
GagPol expression is able to alter cell growth. Looking further into the cell cycle is
key in this investigation, as the cell cycle is connected with the expression of genes
that are involved in ER stress and UPR activation, particularly ATF6 and CHOP
which were observed to increase in expression as a response to the production of
GagPol. It would be particularly interesting to examine which stages of the cell cycle
are more productive in the context of LVV production. Looking at the cell cycle would
also further illuminate details about cell growth, which is an important consideration
given that the relationship between cell growth and cell size (and therefore protein
content) is one with conditions that are evolutionarily optimised (Metzl-Raz et al.,
2020). A decreased cell growth rate may increase cell size, which has previously
been shown to be a result of cell cycle arrest (Zhurinsky et al., 2010; Neurohr et al.,
2019). This could perturb transcription rates as a result, which will inevitably be
detrimental for the production of GagPol. It has also previously been reported that
temperature shift is capable of disturbing the cell cycle and as a result alters the

properties of cellular factories (Torres et al., 2021).

It is also important to consider that protein production is highly variable across
different stages of the cell cycle. Methods for increasing recombinant protein
production in CHO cells by inhibiting progression through the cell cycle have led to
an improvement in the specific productivity of cells by increasing the percentage of
cells in G1 phase (Sunley and Butler, 2010). However, increasing protein production
via controlled proliferation strategies is done so at the cost of cell growth, which

could impact on GagPol production.

Following on from this, a further characteristic of interest to examine would be cell
size during GagPol production. It has previously been reported that over-expression
of mCherry leads to an increase in cell size, in addition to an increase in the capacity
for transcription (Metzl-Raz et al., 2020). It was suggested that wild-type S.
cerevisiae cells already transcribe highly-expressed genes at almost the maximum
rates possible, and are therefore not capable of increasing the rate of transcription
further. Whether this is the case for the production of GagPol must be further

elucidated as this is an ectopic protein, and its limit of expression in HEK293T cells
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is not known. It is still not fully known which processes limit the synthesis of GagPol
protein in HEK293T cells.

Following observations that GagPol expression activated various cellular stresses in
HEK293T cells (Chapter 4), further investigations were carried out to determine
whether chemical inhibitors of cellular stresses were able to mitigate the toxic effects
of GagPol production. In terms of potential targets for HEK293T cell manipulation
that may enable increased expression of GagPol, work presented in Chapter 5.2
demonstrated that GagPol production can be improved by the chemical inhibition of
apoptosis. Looking specifically at genetic targets that are of interest, Bcl-2 is an
attractive target for the inhibition of apoptosis. Recent studies looking into the over-
expression of Bcl-2 in the context of LVV production have enabled the stationary
phase of the cell cycle to be extended by 48 hours (Sandhu and Al-Rubeai, 2009),
with additional studies claiming an increase in the volumetric production of HEK293
cells of 53% (Formas-Oliveira et al., 2020). Further targets may include knocking-out
pro-apoptotic factors such as Bax and Bak, an approach that has previously shown
to enable resistance to shear stress and apoptosis in a HEK293 double knock-out
cell line which supports recombinant protein production at large-scale (Arena et al.,
2019).

Targets within the autophagy pathway that induce early stages of autophagy and
inhibit the later stages of autophagy would be of value to examine further, as
discussed in Section 5.4, especially considering the interactions between HIV-1 and
autophagy during infection (Killian, 2012). Specific examples in inducing the earlier
stages of autophagy might include over-expression of PI3K Vps34, which is required
for phagophore formation (Weidberg et al., 2011). Given that HIV-1 Gag has been
observed to localise on autophagosomal membranes as potential sites of assembly,
increasing the production of these membranes by increasing autophagic flux could
present an opportunity for increasing VLP production. However, synthesising specific
membranes remains a challenge as biosynthesis of membrane proteins in the host is

limited by the availability of lipids.

Various other studies have illustrated that over-expression of genes related to lipid

biosynthesis as capable of improving HIV-Gag VLP production specifically, including
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the targets NEDDS8 (1.5-fold increase in VLPs), NEDDA4L (3.3-fold increase in VLPs),
UGCG (2.9-fold increase in VLPs), and CIT (2.4-fold increase in VLP production)
(Lavado-Garcia et al., 2020; Lavado-Garcia et al., 2021). Through those studies,
endocytosis, late endosomal pathways, and some members of the ESCRT were
confirmed as bottlenecks in the production of VLPs. Further targets that have not yet
been examined include increasing the availability of lipid rafts in HEK293T cells as
GagPol has been found to assembly on lipid-raft-rich domains of the PM (Holm et al.,
2003; Nguyen et al., 2000; Ono et al., 2005). In addition, making some cell-
membrane associated proteins more abundant may have the potential to increase
GagPol production, such as phosphatidylinositol-4,5-bisphosphate which is present
on inner leaflet of plasma membrane, as the MA domain in GagPol associates
specifically with this. Additionally, however quite laborious, designing a synthetic viral
PR within GagPol in order to ensure it does not cleave host cell substrates may be of

value too.

The limitations of this project include that this vector production system is focussed
on synthetic GagPol (SYNGP), and these findings cannot necessarily be applied
directly to HIV-1 GagPol. Similarly, the interactions that HIV-1 Gag and GagPol have
with other cell types cannot be applied to the interactions between synthetic Gag and
GagPol in HEK293T cells. The codon optimisation of SYNGP may mean that the
Gag and GagPol polyproteins produced behave differently within a cell. There has
been relatively little work undertaken on investigating how HIV-1 Gag and GagPol
interact with HEK293T cells, likely due to the fact that HIV-1 normally targets CD4+
T-cells, microglial cells, and macrophages primarily (Naif 2013). It would be valuable
to determine how HIV-1 GagPol alone interacts with a HEK293T cell, as this could
then be applied to how LVVs interact with a HEK293T. This could help to determine
whether removal of viral accessory genes in third generation LVVs (Figure 1.4) has

an impact on how HEK293T cells tolerate viral vector production.

Future work looking at how other components of LVVs interact with HEK293T
cellular biology would also be of importance, such as a system where the only viral
protein produced is VSV-G. It is already known that VSV-G traffics to the PM for
assembly via the ER and Golgi secretory pathway, however it has still not been

defined how cellular stress due to production of this component can be relieved. This
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would give a better picture of how LVV production in a cell occurs and the exact

points of interaction with a HEK293T cell.
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8 Appendix

8.1 Reagents list

Reagent
1 kb DNA ladder

Accutase

Agarose powder

Amphopack293 cell line
Ampicillin

Annexin V Apoptosis
Detection A13203
Anti-HIV-1 p17 Antibody

Anti-HIV-1 p24 Antibody

Bafilomycin A1

Bovine Serum Albumin
Chloroform
Chloroquine

Collagen

Cut-Smart® Buffer

ddPCR probes

Dimethyl sulfoxide

Supplier

New England
Biolabs, UK
Thermo Fisher
Scientific, UK
Thermo Fisher
Scientific, UK
Takara Bio, USA
Sigma Aldrich, UK
AbCam, UK

AbCam, UK

AbCam, UK

Invivogen, CA,
USA

Sigma Aldrich, UK
Sigma Aldrich, UK
Sigma Aldrich, UK
Sigma Aldrich, UK
New England
Biolabs, UK
Eurofins, Germany
Sigma Aldrich, UK
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Notes

[17-1], AbCam, ab66641,
Mouse monoclonal (1:1000
dilution used)
[39/5.4A], AbCam, ab9071,
Mouse monoclonal (1:1000

dilution used)



DNAse buffer

DNAse | enzyme

Dneasy Blood and Tissue kit
dNTP set

Dulbecco's Modified Eagle
Medium

Ethanol

Fetal Bovine Serum

Gel loading dye, purple (6X)

Gibson Assembly® cloning kit

Glycerol
GoTaq DNA Polymerase
HEK293T cells

HIV-1 p24 ELISA Kit
ab218268
Hydrochloric acid (HCI)
Kanamycin

LAMP-1 Antibody

LC3B Antibody

MS2 RNA from
Bacteriophase MS2

NEB® 10-beta Competent E.

coli

Thermo Fisher
Scientific, UK
Thermo Fisher
Scientific, UK
Qiagen Ltd., UK
BioLine, UK
Thermo Fisher
Scientific, UK
Sigma Aldrich, UK
Sigma Aldrich, UK
Sigma Aldrich, UK
New England
Biolabs, UK
Sigma Aldrich, UK
Promega, UK
GlaxoSmithKline,
Stevenage, UK
AbCam, UK

Thermo Fisher
Scientific, UK
Sigma Aldrich, UK
BD BioSciences,
UK

Novus Biologicals,
UK

Sigma Aldrich, UK

New England
Biolabs, UK
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[BV510], BD BioSciences,
CD107a, Mouse Anti-Human
(1:200 dilution)

(1251D) [Alexa Fluor® 647],
Novus Biologicals (1:1000

dilution used)



NEB® 5-alpha Competent E.  New England

coli Biolabs, UK
Nucleospin® RNA Virus Macherey-Nagel,
Germany
Oligonucleotide primers Eurofins, Germany
OptiMEM ™ Thermo Fisher
Scientific, UK
Paraformaldehyde Sigma Aldrich, UK
pBS-CMV-GagPol Addgene, MA, USA Patrick Salmon (Addgene
plasmid # 35614)
PCR Master Mix 2X Thermo Fisher
Scientific, UK
PEI Polyplus

Transfection, UK
pG3-SYNGP GlaxoSmithKline,

Stevenage, UK
Phosphate Buffered Solution  Sigma Aldrich, UK

tablets

Plasmid mini/midi/maxi kit Qiagen Ltd., UK

pMD2.G Addgene, MA, USA Didier Trono (Addgene
plasmid #12259)

Polybrene Sigma Aldrich, UK

Potassium Chloride (KCI) Sigma Aldrich, UK

PowerUp™ SYBR™ Green Thermo Fisher

Master Mix Scientific, UK

pQCXIP-EGFP-F Addgene, MA, USA Michael Grusch (Addgene
plasmid # 73014)

pQCXIX Takara Bio, USA

Q5 Hot Start High-Fidelity New England

DNA polymerase Biolabs, UK

QIA Spin Miniprep Kit Qiagen Ltd., UK

QIAquick Gel Extraction Kit Qiagen Ltd., UK
QIAquick PCR Purification Kit Qiagen Ltd., UK
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Quant-X™ One-Step qRT-

PCR Kit

Recombinant Anti-SQSTM1

p62 antibody

Recombinant HIV-1 p24

protein

Retro-X gRT-PCR Titration

Kit

SafeView™ Nucleic acid
stain

Saquinavir

Sodium azide

Sodium Chloride (NaCl)
Spautin-1

TAE Buffer 50X

Tetro cDNA synthesis kit

Tris Base

Triton X-100

TRIzol™

Trypan Blue

Trypsin

Tryptone

Tunicamycin
Tween® 20

Takara Bio, USA

AbCam, UK

AbCam, UK

Takara Bio, USA

Thermo Fisher
Scientific, UK
Sigma Aldrich, UK
Sigma Aldrich, UK
Sigma Aldrich, UK
Sigma Aldrich, UK
National
Diagnostics, UK
Meridian
Bioscience, OH,
USA

Sigma Aldrich, UK
Sigma Aldrich, UK
Thermo Fisher
Scientific, UK
LifeTechnologies™
UK

Thermo Fisher
Scientific, UK
Sigma Aldrich, UK
Sigma Aldrich, UK
Sigma Aldrich, UK
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[EPR4844], Alexa Fluor®
647, AbCam, ab194721,
Rabbit monoclonal (1:500

dilution used)



New England
Biolabs, UK
Invivogen, CA,
USA

Xfect™ Transfection Reagent Takara Bio, USA
Sigma Aldrich, UK

Vspl Restriction Enzyme

Wortmannin

Yeast Extract

Z-IETD-FMK (Caspase-8 Promega, UK
inhibitor)
Z-LEHD-FMK (Caspase-9 Promega, UK
inhibitor)
Z-VAD-FMK (Pan-Caspase Promega, UK
inhibitor)

8.2 Equipment and software list

Equipment/Software

Amnis® ImageStream®X Mk I
Automated droplet generator
Cell culture vessels

ChemiDoc MP Imaging System
Falcon tubes

FlowJo™ V9

Haemocytometer

Light Microscope (Axiovert 35)
Mr. Frosty™ freezing container
NanoDrop™ Spectrophotometer
PCR Thermocycler

gPCR Machine

SHB800S Cell Sorter

SnapGene Viewer

Table top centrifuge

Vi-CELL XR Cell Viability Analyser
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Company

Liminex, USA

Bio-Rad Laboratories Ltd., UK
Corning Inc. Life Sciences, USA
Bio-Rad Laboratories Ltd., UK
Corning Inc. Life Sciences, USA
BD Biosciences, UK
ThermoFisher Scientific, UK
Carl Zeiss, Germany
ThermoFisher Scientific, UK
ThermoFisher Scientific, UK
Bio-Rad Laboratories Ltd., UK
Bio-Rad Laboratories Ltd., UK
Sony, UK

SnapGene, UK

Boeco, Germany

Beckman Coulter, USA



8.3 Primers used for plasmid generation by Gibson

Assembly reaction

Table 8.1. Primers used to produce pQCXIX-SYNGP

, . o Annealing Template
Primer Name Primer Sequence (5-3) temperature (°C) | plasmid
. AGACAGGATGAGGATTAGAG
Gib_pQCXIX_F  tGGTCCAGGCTCTAGTTT o5 PQEXIX
. GCACGAGTGGGTTACATCGA
Gib_ampS_R ACT GGATCTC pQCXIX
. GAGATCCAGTTCGATGTAACC
Gib_ampS_F CA CTCGTGC o5 pQCXIX
. TCAATAATCAATGCCGACTCT |
Gib_pQCXIX_R |\ GAGGATCGATCCCCCA PQCXIX
. TCGATCCTCTAGAGTCGGCAT
Gb_SYNGP_F 4 ATTATTGACTAGT o pG3-SYNGP
. AGAGCCTGGACCACTCTAATC
Gib_SYNGP_R | o rroeTotorecT pG3-SYNGP
Table 8.2. Primers used to produce pQCXIX-SYNGP-EGFP
, . o Annealing Template
Primer Name Primer Sequence (5-3’) temperature (°C) plasmid
b Cheno7 1 CAGGTCAGCCAGAACTACCCC
g = ne =1 ATCGTGCAGATGGTGAGCAAG Bt-mod- V2
gtb_ GGCGAGGA 50
b Cheno7 2 |TTCTGCACGATGGGGTAGTTCT
g oo == IGGCTCTTGTACAGCTCGTCCAT Bt-mod- V2
9tP_ GCCGAG
. ATGGACGAGCTGTACAAGAGC
g't}—C*F‘e”m—z CAGAACTACCCCATCGTGCAG geﬁé'g'
9tP_ AACATCCA
60 pQCXIX-
. GCACGAGTGGGTTACATCGAA
gib_ampS_R CTGGATCTC SYNGP
. GAGATCCAGTTCGATGTAACC PQCXIX-
gib_ampS_F |\cAcTCGTGC ” SYNGP
CCCTTGCTCACCATCTGCACG
gib_Chen07_1 IATGGGGTAGTTCTGGCTGACC QCXIX-
egfp. R TGGTTGCT P
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8.4 Primers for use in gRT-PCR

Table 8.3. Primers for use in gqRT-PCR

Target Primer name Primer sequence (5'-3') Annealing
temperature
for PCR(°C)
Unspliced | UXBP1_F TCCGCAGCACTCAGACTACG 60
XBP1 UXBP1_R AGTTGTCCAGAATGCCCAACA
Spliced SXBP1_F CTGAGTCCGCAGCAGGTG 57
XBP1 SXBP1_R AGTTGTCCAGAATGCCCAACA
BIP Human_BIP_F GCCTGTATTTCTAGACCTGCC 60
Human_BIP_R TTCATCTTGCCAGCCAGTTG

CHOP Human_CHOP_F | ACCAAGGGAGAACCAGGAAACG |60
Human_CHOP_R | TCACCATTCGGTCAATCAGAGC

ATF6 Human_ATF6_F | GCTTTACATTCCTCCACCTCCTTG | 55
Human_ATF6_R | ATTTGAGCCCTGTTCCAGAGCAC

GAPDH | GAPDH_F ACCCACTCCTCCACCTTTGAC 57
GAPDH_R TGTTGCTGTAGCCAAATTCGTT 57
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8.5 Plasmid maps

(7838 .. 7856) pBRforEco
(7682) Sspl
(7428 .. 7447) Amp-R

(7358) Scal \
(7248) Pwvul \

(7100) Fspl

Ascl  (542)

_PLXSN 5' (1497 .. 1519

—~ PBABE 5' (1535 ..1551)
— Xbal (1595)

A
A\

(6401) AlwNI —__ff

(6126 .. 6145) pBR322ori-F ~——

PQCXIP-EGFP-F
8027 bp

(5875 ..5892) 14440
(5869) BspQl - Sapl ~
(5775 .. 5794) pRS-marker —
(5691) sfil — -\

5666 .. 5685) SV40pro-F

r— WNCX (2108 .. 2132)

Sequence

Sbfl (2230)
—— Pacl (2273)
~ PaeR7I - Xhol (2305)

T EGFP-N (2374 ..2395)

5419 . 5439) pBABE 3' ~

.

TEXFP-R (2635 .. 2654)

5261 .. 5283) pGEX 3
2 _EGFP-C (2982 ..3003)

_ PspOMI (3267)
~ Apal (3271)

— IRES reverse (3321 ..3338)
Pmil (3470)

(4767) Bmtl o Aarl (3493)
(4763) Nhel - — . i
@664) Pvull | 7 ~ IRES-F (3548 .. 3567
(4621) EcoRV f‘ “\ . PAIMI (3607)
| \ BmgBI (3697)
J 1IED
(4256 .. 4276) Puro-F Puro-R (3760... 3779)
Rsril (3876)

Figure A1 Plasmid map of pQCXIP-EGFP-F
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Figure A2 Plasmid map of pBS-CMV-GagPol

CMV enhancer

N“-pR promoter

Figure A3 Plasmid map of pMD2.G
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8.6 Primers for sequencing

Table 8.4 Primer sequences for sequencing plasmids

Primer name

Primer sequence (5'-3")

Plasmid

pQCXIX-SYNGP-

pQCXIX-SYNGP,

seq 6

GCCCGACCTGAGGAAGGGAG

seq_1 pQCXIX-SYNGP-EGFP

pQCXIX-SYNGP- pQCXIX-SYNGP,
CAGACTGTTACCACTCCCTT

seq_2 pQCXIX-SYNGP-EGFP

pQCXIX-SYNGP- pQCXIX-SYNGP,
CAGACTGTTACCACTCCCTT

seq_2A pQCXIX-SYNGP-EGFP

pQCXIX-SYNGP- pQCXIX-SYNGP,
TTCTCTAGGCGCCGGAATTG

seq 4 pQCXIX-SYNGP-EGFP

pQCXIX-SYNGP- pQCXIX-SYNGP,
ATCACTAGAAGCTTTATTGC

seq_4A pQCXIX-SYNGP-EGFP

pQCXIX-SYNGP- pQCXIX-SYNGP,
TGTGACCGTCTCCGGGAGCT

pQCXIX-SYNGP-EGFP

pQCXIX-SYNGP-
seq_6A

AGCTCCCGGAGAGACGGTCAC
A

pQCXIX-SYNGP,
pQCXIX-SYNGP-EGFP

pQCXIX-SYNGP-

pQCXIX-SYNGP,

seq_14

ATGCAGAGGCCGAGGCCGCC

seq_7 pQCXIX-SYNGP-EGFP

pQCXIX-SYNGP- pQCXIX-SYNGP,
AGCTATGAGAAAGCGCCACG

seq 8 pQCXIX-SYNGP-EGFP

pQCXIX-SYNGP- pQCXIX-SYNGP,
CGTGGCGCTTTCTCATAGCT

seq_8A pQCXIX-SYNGP-EGFP

pQCXIX-SYNGP- pQCXIX-SYNGP,
TATGAGTAAACTTGGTCTGA

seq 9 pQCXIX-SYNGP-EGFP

pQCXIX-SYNGP- pQCXIX-SYNGP,
TACCCATCGTGCAGATGGT

seq_12 pQCXIX-SYNGP-EGFP

pQCXIX-SYNGP- pQCXIX-SYNGP,
TTCAGCCGCTACCCCGACCA

seq_13 pQCXIX-SYNGP-EGFP

pQCXIX-SYNGP- pQCXIX-SYNGP,
AACAGCCACAACGTCTATAT

pQCXIX-SYNGP-EGFP
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pQCXIX-SYNGP-

pQCXIX-SYNGP,

seq 15 GGAGTTCGTGACCGCCGCCG OCXIX-SYNGP.EGFP
pQCXIX-SYNGP- pQCXIX-SYNGP,

seq 16 AAGAGCCAGAACTACCCCAT OCXIX-SYNGP.EGFP
pG3-S_930 TAGAAACTGGGCTTGTCGAG | pQCXIX-SYNGP-EGFP
pG3-S_1021 CAGGTGTCCACTCCCAGTTC | pQCXIX-SYNGP-EGFP
pG3-S_1332 TGCGCAGCCTGTACAACACC | pQCXIX-SYNGP-EGFP
pG3-S_1724 AATGAGGAGGCTGCCGAATG | pQCXIX-SYNGP-EGFP
pG3-S_2127 CGGCTACCCTAGAGGAAATG | pQCXIX-SYNGP-EGFP
pG3-S_2536 GGAGCCGATAGACAAGGAAC | pQCXIX-SYNGP-EGFP
pG3-S_2940 GCCATTGACAGAGGAGAAG pQCXIX-SYNGP-EGFP
pG3-S_3338 CCGCAATCTTCCAGAGTAGC | pQCXIX-SYNGP-EGFP
pG3-S_3720 CGGAACCAAGGCACTCACAG | pQCXIX-SYNGP-EGFP
pG3-S_4097 GGATTCCTGAGTGGCAGTTC | pQCXIX-SYNGP-EGFP
pG3-S_4539 GAAGGTGCTATTCCTGGATG | pQCXIX-SYNGP-EGFP
pG3-S_4910 TCACCAGTGCTACGGTTAAC | pQCXIX-SYNGP-EGFP
pG3-S_5321 AGGTGGTGCCCAGAAGAAAG | pQCXIX-SYNGP-EGFP
Pit2_F_1 ACGCTTACAATTTCCATTCG Pit-2

Pit2_F 2 TCCGGTACCGAGGAGATCTG | Pit-2

Pit2_F 3 CTTTTCCATCATGTACACAG Pit-2

Pit2_F 4 ACGACAGCTACTCGAGCTAC | Pit-2

Pit2_F 5 CTGCTGTCATGGCTCTTCTC | Pit-2

Pit2_F 6 TGGGACATTTGAGTTGCTTG | Pit-2

Pit2_F 7 CGGCTACACTAGAAGAACAG | Pit-2

Pit2_F 8 TTGGTCGGTCATTTCGAACC | Pit-2

Pit2_F 9 TGTTGTGCCCAGTCATAGCC | Pit-2

Pit2_F_10 TTCCGATTTAGTGCTTTACG Pit-2

pMD2.G_F_1 CTCATGTCCAACATTACCGC | pMD2.G

pMD2.G_F 2 ACATCAATGGGCGTGGATAG | pMD2.G

pMD2.G_F_3 ATGATACAATGTATCATGCC pMD2.G

pMD2.G_F_4 TGAGATCTGAATTCTGACAC | pMD2.G

pMD2.G_F 5 CGAAGCAGTGATTGTCCAGG | pMD2.G
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pMD2.G_F_6 TCTCTCCAGTGGATCTCAGC | pMD2.G
pMD2.G_F_7 GAGTTGGTATCCATCTTTGC | pMD2.G
pMD2.G_F_8 CGGTTATCCACAGAATCAGG | pMD2.G
pMD2.G_F_9 GTATATATGAGTAAACTTGG pMD2.G
pMD2.G_F_10 | ATAATACCGCGCCACATAGC | pMD2.G

pBS_F_1 CTCATGTCCAACATTACCGC | pBS-CMV-GagPol
pBS_F_2 GTTGTCTCTGTCTGACTGTG | pBS-CMV-GagPol
pBS_F 3 AGCCCTCACTCCTTCTCTAG | pBS-CMV-GagPol
pBS_F 4 TCAACTGCCCAATGAAGTCG | pBS-CMV-GagPol
pBS F 5 ACATAGAGAGATGAGCAAGC | pBS-CMV-GagPol
pBS_F 6 ATCAGGAGCTCAGGTTATGG | pBS-CMV-GagPol
pBS_F_7 GATGCCTTTTTCTGCCTGAG | pBS-CMV-GagPol
pBS_F 8 GTACCCTCTCACCAAAACGG | pBS-CMV-GagPol
pBS_F 9 CTTGATATCCTGGCCGAAGC | pBS-CMV-GagPol
pBS_F_10 CACCTCTACCCTCCTCATAG | pBS-CMV-GagPol
pBS_F_11 CAAGGTCGTAACCAAGAAGC | pBS-CMV-GagPol
pBS_F_12 CTAGAACCTCGCTGGAAAGG | pBS-CMV-GagPol
pBS_F_13 TGTCTGAGTAGGTGTCATTC | pBS-CMV-GagPol
pBS_F_14 TCCGATTTAGTGCTTTACGG | pBS-CMV-GagPol
pBS_F_15 GTTACATCGAACTGGATCTC | pBS-CMV-GagPol
pBS_F_16 GAAATAGACAGATCGCTGAG | pBS-CMV-GagPol
pBS_F_17 CGATAAGTCGTGTCTTACCG | pBS-CMV-GagPol
pBS_F_18 ATTAATGCAGCTGGCACGAC | pBS-CMV-GagPol
seq_f_1 TAAGCAGAGCTCAATAAAAG | pQCXIP-EGFP-F
seq_f 2 GAGACGTCCCAGGGACTTTG | pQCXIP-EGFP-F
seq_f 3 AGACGGCACCTTTAACCGAG | pQCXIP-EGFP-F
seq_f_4 TAAGCAGAGCTCGTTTAGTG | pQCXIP-EGFP-F
seq_f 5 TCGCCACCATGGTGAGCAAG | pQCXIP-EGFP-F
seq_f 6 CAAGGAGGACGGCAACATCC | pQCXIP-EGFP-F
seq_f_7 TCCTGAGGATCCGGAATTCC | pQCXIP-EGFP-F
seq_f 8 CGTTGTGAGTTGGATAGTTG | pQCXIP-EGFP-F
seq_f 9 GCAACCTCCCCTTCTACGAG | pQCXIP-EGFP-F
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seq_f_10 TCACCAGCTGAAGCCTATAG | pQCXIP-EGFP-F
seq_f_11 TCCAATAAACCCTCTTGCAG | pQCXIP-EGFP-F
seq_f_12 GCCTAGGCTTTTGCAAAAAG | pQCXIP-EGFP-F
seq_f_13 GTAACAGGATTAGCAGAGCG | pQCXIP-EGFP-F
seq_f_14 ATACTCATACTCTTCCTTTT pQCXIP-EGFP-F
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