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Abstract

Monoclonal antibodies (mAbs), which represent the largest market of any protein
therapeutic, are used in the treatment of conditions such as cancer and
autoimmune diseases, and prophylaxis of infections. The complexity of
manufacture of mAbs translates to a high cost compared with small-molecule
drugs, and their use may be restricted as a result. Gene transfer for direct
production of mAbs in vivo could offer an alternative to parenteral administration,
with the added benefit of easing patient burden caused by repeated injections or
infusions. Studies presented in this thesis investigated the possibility of using gene
transfer agents for expression of mADbs in the lung lumen and circulation. Using the
secreted reporter protein Gaussia luciferase, delivery of the lentiviral vector
recombinant simian immunodeficiency virus, pseudotyped with F and HN proteins
from Sendai virus (rSIV.F/HN) for targeting of pulmonary epithelium, was identified

as an efficient means of gene transfer to the murine lung, with transgene



expression in the lung lumen lasting for at least 12 months in BALB/c mice. The
recombinant adeno-associated viral vector serotype 8 (rAAV2/8) injected into the
muscle directed robust expression of the reporter protein into the circulation and
lung lumen of mice for at least 12 months. Two model applications were used to
assess the effectiveness of these vectors for mAb gene transfer: respiratory
syncytial virus (RSV) infection and rheumatoid arthritis. Both rSIV.F/HN and
rAAV2/8 vectors expressing the anti-RSV mAb palivizumab protected mice from
weight loss upon RSV infection. Recombinant AAV2/8 delivered intramuscularly
was also used to express the anti-tumour necrosis factor alpha (TNFa) biologics
infliximab and etanercept for at least 6 months and 56 days, respectively. Due to
the immunosuppressive nature of TNFa antagonists, constitutive expression is
undesirable and small molecule-assisted shutoff (SMASh) was investigated as a
possible method of regulation of etanercept production. In conclusion, viral vector-
mediated mAb gene transfer to the muscle and lung could be a feasible alternative
to parenteral administration provided that an effective method of regulation of

expression following vector delivery can be developed.
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Chapter 1: Introduction

1.1 Gene therapy as an alternative to passive monoclonal

antibody administration

1.1.1 Monoclonal antibodies as therapeutics

Monoclonal antibodies (mAbs) represent the largest market of any protein
therapeutic, with global sales revenue amounting to $75 billion in 2013, projected
to rise to $125 billion by 2020 (Ecker et al., 2015). They are used for treatment of
a number of diseases, including certain forms of cancer, immunological disorders
such as multiple sclerosis and rheumatoid arthritis, and infections. The first mAb
was approved by the United States (US) Food and Drug Administration (FDA) in
1986. Since then, many more antibodies have been developed and marketed for
a wide variety of clinical applications, with 68 therapeutic mAbs approved by the

FDA as of early January 2017 (listed in Hongrong Cai, 2017).

Large-scale production of mAbs occurs in bioreactors, typically using Chinese
Hamster Ovary (CHO) cells or hybridoma technology. A multi-step purification
process then removes potential contaminants such as DNA or endogenous
viruses. This usually involves capture using protein A or G affinity chromatography,
ion exchange chromatography, and ultrafiltration or diafiltration, and is followed by
extensive testing and characterisation to ensure the product meets stringent quality

control requirements (Shukla and Thommes, 2010).

The complexity of large-scale production and purification of mAbs and the high

doses required to achieve therapeutic efficacy translate to a substantial cost



burden for patients or the healthcare systems supporting them (Park et al., 2015),
especially in lower-income economies (Jakovljevic et al., 2014). Anti-tumour
necrosis factor alpha (TNFa) biologics, for instance, are one of the most expensive
classes of drugs, with costs reaching $15,000-30,000 per patient per year in the
USA (Bonafede et al., 2012, Schabert et al., 2013). It is estimated that biologic
drugs command on average a two-fold higher price than small-molecule drugs,

independent of disease prevalence (Isaacson, 2016).

The requirement for frequent injections or infusions is another source of patient
burden. The half-life of therapeutic mAbs in the human serum varies from 3 days
to a month (reviewed in Keizer et al., 2010), necessitating repeated administration
to maintain efficacy. Additionally, the infusions are also administered slowly to
minimise the risk of undesired reactions; for example, rituximab, which is used to
treat lymphoma, needs to be infused for a minimum of 3 hours to minimise the risk
of adverse events (Pritchard et al., 2014). In light of these issues, an alternative
method of administering mAbs is desirable that would reduce costs and patient

burden.

1.1.2 Rationale for using gene transfer agents for antibody delivery

Recombinant protein drugs, such as mAbs, can be synthesised in vivo and gene
transfer could therefore be used to facilitate a patient to produce them. Such an
approach could also reduce burden associated with frequent infusions and
injections of the drug, as a single dose of the gene delivery vector could, in theory,
offer sustained protein expression over a long period. This approach was first

explored using adenovirus, which was delivered intraperitoneally to express a



single chain antibody against cancer-associated human epidermal growth factor
receptor 2 (HER2) and was shown to successfully reduce tumour burden in a
mouse model of ovarian cancer (Deshane et al., 1995). Since then, a number of
other gene transfer agents, both viral and non-viral, have been investigated for in

vivo mAb expression.

Skeletal muscle is the most commonly targeted organ (Hollevoet and Declerck,
2017) for a number of reasons. Firstly, skeletal muscle cells are relatively long-
lived compared to other cell types in the body, with an average lifespan of 15 years
(Spalding et al., 2005). Targeting this organ would therefore minimise dilution of
the genetic payload delivered by a gene transfer vector through tissue proliferation
and maximise duration of expression from a single administration. Secondly,
muscle fibres are formed from multinucleated syncytia (Pavelka and Roth, 2010),
which is expected to aid dispersion of the transgene upon transfer and thus
increase production of the protein of interest. Thirdly, the high degree of
vascularisation of skeletal muscle (Latroche et al., 2015) facilitates secretion of
transgene protein into the blood. Lastly, skeletal muscle has already been
demonstrated to efficiently express recombinant protein into systemic circulation in
humans following gene transfer, for example following delivery of alipogene
tiparvovec (Glybera) to treat the rare genetic disease lipoprotein lipase deficiency
(Gaudet et al., 2013). Other target organs have also been explored, including the
liver which is accessed through intravenous (V) delivery route. Delivery of factor
IX cDNA to the liver for secretion into circulation is being evaluated for treatment
of haemophilia B, with promising results emerging from clinical trials with cDNA
delivery mediated by recombinant adeno-associated viral vector (rAAV) (Nathwani

et al., 2014).



The lung could also be a useful target organ for two reasons. Firstly, the large
surface area and extensive vasculature could facilitate systemic expression.
Efficient and sustained secretion of erythropoietin and factor I1X into the circulation
of mice was demonstrated following administration of an rAAV to the lung
(Auricchio et al., 2002), providing proof-of-concept for targeting the lung to achieve
systemic delivery of therapeutic proteins. Secondly, local antibody production into
the lung lumen could be particularly advantageous for applications which require
local presence of the mAb, such as protection against respiratory pathogens.
Transfer of mAb genes to the lung was shown to provide protection against Ebola
(Limberis et al., 2016) and influenza (Tutykhina et al., 2013) infections using
intranasal (IN) delivery of rAAV and adenovirus, respectively, and against RSV
using intrapleural administration of rAAV (Skaricic et al., 2008). Direct delivery of
an adenoviral vector encoding an anti-vascular endothelial growth factor (VEGF)
mAb to the mouse lung was also shown to reduce VEGF-induced pulmonary
oedema (Watanabe et al., 2009). These studies demonstrated that expression of

a mAD directly in the lung can be a useful strategy for certain indications.

The following subsections describe the various gene transfer agents that have
been investigated or might be suitable for in vivo mAb expression. Attributes
desirable of such agents are: (i) the ability to direct therapeutically relevant
expression levels, (ii) the ability to direct sustained expression, or to be repeatedly

administered for long-term expression, and (iii) safety.



1.1.3 Naked DNA

Non-viral gene delivery agents do not rely on packaging of the gene of interest into
a recombinant viral vector, but rather utilise chemical or physical methods to
facilitate transfection. They have several advantages over viral vectors: they do not
stimulate adaptive immune responses as they contain no viral proteins, rendering
them amenable to repeated administration; they are relatively straightforward and
inexpensive to synthesise; and they can accommodate large genetic constructs.
Compositionally, the simplest non-viral gene delivery method is the direct
administration of naked DNA, usually in the form of an episomal plasmid grown in
bacteria. Naked DNA could also take the form of minicircle DNA vectors, which,
while similar to plasmids, are devoid of bacterial sequences for selection and
replication (Darquet et al., 1997) that are unnecessary for mammalian transgene
expression. A number of studies have demonstrated improved reporter gene
expression from minicircles in vivo, compared to conventional plasmid DNA (Chen
et al., 2003, Huang et al., 2009). The enhanced efficiency of transfection observed
with minicircles was hypothesised to be a result of the smaller size of the vector,
which could confer better bioavailability (Darquet et al., 1997), or of the lack of
formation of repressive heterochromatin on the bacterial selection/replication
sequences, which are absent in minicircles (Chen et al., 2008b). Subsequent in
vivo studies in the mouse lung, however, found no improvement in reporter gene
activity when using a minicircle compared to conventional plasmid vector when
both constructs were devoid of CpG dinucleotides (Gill et al., 2016). This may
suggest that minicircles are of limited utility where CpG removal from plasmid DNA

is possible.



Naked DNA has limited intrinsic capacity to diffuse across the plasma membrane
due to its hydrophilic, negatively charged phosphate groups. The existence of a
specific DNA receptor on the surface of leukocytes has been suggested
(Hefeneider et al., 1990), which is thought to function in scavenging of DNA for
nucleotide salvage (Bennett et al., 1985). Nucleolin was also shown to bind DNA
nanoparticles at the surface of cells grown in vitro (Chen et al., 2008a), although
the relevance of this mechanism in gene transfer in vivo has not been explored. To
enhance the efficiency of naked DNA uptake, physical methods are often

employed.

The most widely used physical method of enhancing transfer of naked DNA is
electroporation, which applies pulses of an electric field following an injection of
plasmid to increase plasma membrane permeability and facilitate nucleic acid
uptake into cells (Neumann et al., 1982). Electroporation was shown to enhance
transfection efficiency in the mouse lung (Dean et al., 2003, Pringle et al., 2007)
and muscle (Aihara and Miyazaki, 1998), compared to naked DNA administration.
This strategy was also investigated for mAb gene transfer in the muscle in a
number of studies. Expression of an anti-HER2 mAb could be sustained for up to
9 months using this approach in immunocompromised mice, although expression
was limited to 2 weeks in immunocompetent mice due to anti-drug responses
(Hollevoet et al., 2018). Electroporation was also used to deliver anti-Ebola and
anti-influenza mAb cDNAs to muscle to confer protection against Ebola and
influenza infections in mice, although expression declined to levels below 1 pg/ml
by 9 months after administration of vector, despite optimising the gene cassettes,
vector backbones and electroporation regimen (Andrews et al., 2017). Overall, the

levels of mAb expression obtained in serum using electroporation were in the range



of a few hundred ng/ml (Perez et al., 2004) to single-digit ug/ml (Andrews et al.,
2017, Hollevoet et al., 2018) in mice, and up to 50 ng/ml in sheep (Tjelle et al.,
2004). This is likely too low to provide a therapeutic effect in humans, which might
require as much as tens of micrograms per ml, depending on the mAb (Sections
4.1 and 5.1). Additionally, expression was transient and only sustained for a few

months.

Hydrodynamic delivery (reviewed in Suda and Liu, 2007) is also used to enhance
uptake of naked DNA into cells. It involves rapid IV injection of a large volume of
DNA (Budker et al., 1998) and is especially effective at transfecting hepatocytes
when performed systemically (Liu et al., 1999). This method was used to deliver
minicircles encoding tocilizumab (an anti-interleukin 6 receptor mAb) and
etanercept (an anti-TNFa biologic) to mouse liver and was effective at ameliorating
arthritis, but expression of the biologics was short-lived and declined within 30 days
(Yi et al., 2014). Overall, the limited duration of expression achieved with naked
DNA delivery suggests that repeated administration would be necessary for

treatment of chronic conditions or for prophylaxis of recurrent infections.

1.1.4 Polyplexes and lipoplexes

The most common chemical methods of gene transfer involve complexing DNA
with cationic polymers or lipids to form polyplexes or lipoplexes, respectively. This
results in plasmid compaction and facilitates uptake into cells. Polyethylenimine
(PEI) is amongst the most commonly used cationic polymers. It is available in a

range of molecular weights and branched or linear form, and is an efficient gene



transfer agent in vitro and in vivo (Boussif et al., 1995). Polyethylenimine has
received notable interest for airway gene transfer, particularly for the treatment of
the genetic disease cystic fibrosis (CF), for which the linear form of 22 kDa was
first investigated (Ferrari et al., 1999). This form of PEI was also used for systemic
delivery through IV injection in mice, although the use of sufficient doses of the
polyplexes to mediate efficient lung delivery was associated with liver toxicity and
death (Chollet et al., 2002), indicating a suboptimal relationship between efficacy
and safety of this gene transfer agent in vivo. Whilst direct airway delivery by
instillation results in acute inflammation (Davies et al., 2008), aerosol inhalation is
an effective means of gene transfer in the lung and results in sustained expression
in the absence of pathology (Davies et al., 2012), indicating that toxic effects are
dependent on polyplex formulation and route of administration. Nonetheless,
concerns remain about the toxicity of PElI and the route of degradation and
excretion from the body (Taranejoo et al., 2015), and biologically degradable

derivatives are being explored as a safer alternative (Jere et al., 2009).

The second class of chemical gene transfer agents are lipoplexes, which consist
of a liposome complexed with plasmid DNA. The liposomes are typically made of
an amphiphilic cationic lipid and a neutral co-lipid such as cholesterol or DOPE
(1,2-dioleoyl-sn-glycero-3-phosphoethanolamine), addition of which is thought to
increase transfection efficiency by enhancing complex uptake into the cell, entry of
DNA into the cytoplasm, and its release from the lipid complex (Fasbender et al.,
1997). This method of gene delivery has been extensively explored in the context
of airway gene transfer. Of particular interest is the lipid mixture GL67A, comprising
Genzyme Lipid 67 (GL67; Cholest-5-en-3-ol (3P)-,3-[(3-aminopropyl)[4-[(3-

aminopropyl)amino]butyl] carbamate]), DOPE and the polyethylene glycol-



containing lipid DMPE-PEGS5000 (1,2-Dimyristoyl-sn-Glycero-3-
Phosphoethanolamine—N-[methoxy (Polythene glycol) 5000]) (Eastman et al.,
1997), which has been investigated for treatment of CF lung disease (Alton et al.,
1999). In a recent phase Il clinical trial, aerosol administration of GL67A lipoplexes
to the lung was found to be a safe and effective method of gene delivery to this
organ (Alton et al., 2015). Instillation of GL67A lipoplexes into the lung resulted in
significant expression of a secretory protein in the serum of mice (Griesenbach et
al., 2011), indicating that this might be a potentially useful gene transfer agent for

facilitating secretory protein production in the lung.

1.1.5 Adeno-associated virus

1.1.5.1 Adeno-associated virus biology

Adeno-associated viruses (AAV) are non-enveloped single-stranded DNA viruses
belonging to the family Parvoviridae, first discovered in 1965 as a contaminant of
adenovirus preparations (Atchison et al., 1965). They are not known to cause
disease in humans (with the exception of isolated reports, discussed in Section
1.1.5.3), and are unable to replicate in the absence of co-infection with a helper
virus such as adenovirus, herpes virus or bocavirus (Schlehofer et al., 1986, Wang

et al., 2017).

The AAV genome and its products are shown in Figure 1.1. The genome is either
positive or negative sense; a virus population will contain an equal mixture of both
(Berns and Rose, 1970). The viral genome contains two genes: rep and cap, which

are flanked by inverted terminal repeats (ITRs) on each end. These are 145-base



(b) palindromic sequences folded into T-shaped hairpins which function in genome
replication and packaging of viral DNA into the AAV capsid (Koczot et al., 1973,
Srivastava et al., 1983). Through the use of two promoters (p5 and p19) and
alternative splicing, rep encodes four proteins involved in integration and
replication of the genome: Rep40, Rep52, Rep68 and Rep78. The cap gene is
transcribed from a single promoter p40 and through alternative splicing and use of
a non-canonical start codon gives rise to the three capsid monomers: VP1, VP2
and VP3. Through an alternative reading frame, cap also encodes the assembly-

activating protein (AAP).

A number of AAV serotypes exist, classified on the basis of cross-neutralisation by
antibodies specific against one group. Twelve human serotypes and over 100
serotypes from other hosts have been identified (Daya and Berns, 2008), which
use a variety of different receptors to bind to and enter target cells. The most well-
characterised serotype is 2, which uses heparan sulphate proteoglycan as its
receptor (Summerford and Samulski, 1998). Novel AAV serotypes with altered
tropism are being continuously developed using combinatorial and rational
approaches (reviewed in Kotterman and Schaffer, 2014). Directed evolution of
AAV using libraries generated through shuffling or error-prone PCR led to
generation of enhanced serotypes for gene transfer in a variety of organs including
the nervous system (Tervo et al., 2016), eye (Dalkara et al., 2013), liver (Paulk et

al., 2018b) and skeletal muscle (Paulk et al., 2018a).
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Figure 1.1. Schematic of adeno-associated virus genome.

The genome is 4.7 kb in length (Srivastava et al., 1983) and contains two genes:
rep and cap. These are flanked by a pair of inverted terminal repeats (ITRs), which
have promoter activity and function in genome replication, transcription and
packaging (Carter et al., 1976). The rep gene is transcribed from two promoters
(p5 and p19) and encodes four proteins involved in genome replication and
integration: Rep78, Rep68, Rep52 and Rep40, called thus on the basis of their
molecular weight. Cap has a single promoter p40 and encodes three monomeric
capsid units in one reading frame: VP1, VP2 and VP3, which assemble to form the
viral capsid at a molar ratio of 1:1:10 (Johnson et al., 1971); and the assembly-
activating protein (AAP), which facilitates capsid assembly (Earley et al., 2017), in

an alternative reading frame.



The mechanism for internalisation of AAV is not completely understood, but it is
believed to involve clathrin-mediated endocytosis, at least for serotype 2 (Duan et
al., 1999). The decreasing pH in the endosome leads to escape of the virion, which
moves to the nucleus and enters it prior to uncoating (Bartlett et al., 2000). Once
in the nucleus, the virus may follow the lytic or lysogenic pathway. The former
requires co-infection with a helper virus and involves genome replication and
production of virions. The adenoviral factors important for AAV replication have
been identified and include E1a, E1b, E2a and E4 proteins, and VA RNA (Ferrari
et al., 1996). The lysogenic pathway occurs in the absence of a helper virus which
would allow replication, and establishes latent infection by means of integration of
the genome into a specific site on chromosome 19 called adeno-associated virus
integration site 1 (AAVS7) (Kotin et al., 1991), encoding the gene PPP1R12C (Tan
et al., 2001). This locus is known as a “safe harbour” site, as integration of an
exogenous sequence in this location does not appear to have pathogenic effects
and the integrated transgenes have uniform expression in many cell types. Thus,
AAVST1 is often used as a genomic target for ‘knock-in’ studies (DeKelver et al.,
2010). The Rep78 and Rep68 proteins interact with Rep-binding elements (RBE)
in the viral ITR and the AAVS1 locus and mediate site-specific integration (Surosky
et al., 1997) through the non-homologous end-joining pathway of DNA repair (Daya
et al., 2009). The integrated provirus can be rescued from latency by infection with
adenovirus (Cheung et al., 1980), or treatment of host cell with genotoxic agents
such as chemical carcinogens, ultraviolet light, heat shock, and metabolic inhibitors

of DNA replication or protein synthesis (Yalkinoglu et al., 1988)
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1.1.5.2 Recombinant adeno-associated viral vector

For use as a gene ftransfer agent, AAV was modified to create a “gutless”
replication-deficient vector by replacing the rep and cap genes with the genetic
payload of interest. As Rep proteins are also necessary for integration, the
recombinant AAV vector (rAAV) genome tends to remain in nuclei of transduced
cells as monomeric or concatameric episomal circles (Duan et al., 1998), though
integration at AAVS17 and other genomic loci has been observed at low frequency
(Deyle and Russell, 2009). The episomal form of the genome is stable and long-
lived (Afione et al., 1996), particularly in non-dividing tissues such as muscle
(Penaud-Budloo et al., 2008), which results in long-term gene expression. For
rAAV production, rep and cap genes are supplied in frans, along with adenoviral
helper genes required for encapsidation of the genome. Originally, production
involved co-infection with adenovirus, which required removal from the final
product by chromatography, heat inactivation or other methods. Cloning of the
helper genes into a plasmid removed the need for adenovirus infection and further
improved the safety of the vector (Xiao et al., 1998). The transient transfection

system for rAAV production is outlined in Figure 1.2.
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Figure 1.2. Schematic of recombinant AAV production.

The vector is usually produced using a three-plasmid transient transfection. The
genome plasmid typically contains a transgene of interest, flanked by a pair of
inverted terminal repeat sequences (ITR) to facilitate packaging of the vector
genome. The helper plasmid supplies adenoviral genes necessary for virion
production: E2A, E4 and VA. E1 is also necessary, and is typically already present
in producer cells. The packaging plasmid encodes Rep and Cap proteins required
for production and encapsidation of the vector genome. Following transfection of

the plasmids, the vector is harvested and purified.
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Gene transfer with rAAV was first demonstrated in 1984 (Tratschin et al., 1984)
and the vector has seen extensive use in gene therapy research since. The first
clinical trial with rAAV was carried out in CF patients, where a single dose of vector
encoding CFTR gene delivered to the nose and single lung lobe was found to be
well-tolerated, although efficiency of gene transfer and efficacy of the treatment
were not evaluated (Flotte et al., 1996). The vector has since been demonstrated
to be an efficient and safe gene transfer vehicle in a number of clinical trials for
various applications (some of which are reviewed in Samulski and Muzyczka,
2014), culminating in the first ever approval of a gene therapy drug by the
European Medicines Agency (EMA) in 2012 (Yla-Herttuala, 2012). Glybera
(alipogene tiparvovec) is based on rAAV2 genome with Cap protein from serotype
1 (rAAV2/1) and is licensed for treatment of an ultra-rare inherited disorder
lipoprotein lipase deficiency. This serotype was selected due to its ability to
efficiently transduce skeletal muscle in animal models (Arruda et al., 2004, Chao
et al., 2000, Xiao et al., 1999). Another rAAV-based drug, Luxturna (oretigene
neparvovec-rzyl), is licensed in the USA for treatment of vision loss associated with

inherited retinal disease (Nature Biotechnology News, 2018).

1.1.5.3 Limitations to gene therapy using recombinant adeno-associated virus

Due to the perceived non-pathogenicity of wild-type AAV and the lack of adverse
effects in clinical trials using rAAV, the vector has been widely regarded as having
an excellent safety profile. Some concerns about safety of rAAV-based gene
therapy in humans emerged when integrated copies of wild-type AAV genome

were found in tumour samples from hepatocellular carcinoma patients (Nault et al.,
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2015). However, the relevance of these findings to rAAV vectors has been called
into question (Berns et al., 2015). Further concerns about potential toxicity of the
vector were raised when it was reported that primates and piglets receiving high IV
doses of rAAV9 encoding human survival motor neuron (SMN) protein experienced
severe, life-threatening side effects (Hinderer et al., 2018). This is at odds with the
findings from a clinical trial investigating a similar rAAV9 vector for the treatment of
spinal muscular atrophy (SMA), in which the vector appeared safe and effective
(Mendell et al., 2017). The potential toxicity of rAAV in humans continues to be

investigated.

There are other limitations associated with the use of rAAV in gene therapy. Firstly,
the vector has a restricted packaging capacity. Whilst some have reported
successful packaging of genomes as large as 8.9 kb (Allocca et al., 2008),
efficiency of expression following transduction decreases substantially for
constructs >5 kb (Wu et al., 2010); thus, the limited packaging capacity of rAAV
remains a challenge for certain applications. Secondly, the vector stimulates a
neutralising antibody response which abolishes transduction upon subsequent re-
administration of the same serotype (Xiao et al., 1999). Formation of this adaptive
immunity can be prevented with transient immunosuppression during the initial
exposure (Halbert et al., 1998, Meliani et al., 2016). However, this approach might
be undesirable in certain circumstances (e.g. cancer or CF patients), and re-

administration of rAAV remains a challenge.
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1.1.5.4 In vivo expression of antibodies using rAAV

Despite the limitations outlined in Section 1.1.5.3, rAAV remains a promising
candidate for in vivo mAb expression. Lewis et al. reported the first use of this
vector in the successful delivery of a broadly neutralising mAb b12 against human
immunodeficiency virus (HIV) to mice (Lewis et al., 2002). Since then, expression
of >1 mg/ml of mAbs in serum has been achieved with rAAV (Fang et al., 2005),
and the vector was further investigated for applications including Ebola infection
(Robert et al., 2017) and contraception (Li et al., 2015). Prophylaxis against HIV
has been the most extensively studied application (reviewed in Brady et al., 2017).
Following successful protection from HIV and simian immunodeficiency virus (SIV)
challenge in mouse (Balazs et al., 2011, Balazs et al., 2014) and non-human
primate (NHP) models (Gardner et al., 2015, Saunders et al., 2015), two phase |
clinical trials are underway to assess the safety of rAAV expressing anti-HIV mAbs.
If successful, these will set precedent for rAAV-mediated mAb gene delivery in

humans.

1.1.6 Lentivirus

1.1.6.1 Lentivirus biology

Lentiviruses are a member of the Retroviridae family and, as such, are enveloped
RNA viruses with a life cycle involving reverse transcription of the genome into
DNA and integration thereof into the host genome. Lentiviruses were one of the
first viruses discovered, with equine infectious anaemia virus (EIAV) identified as
a “filterable agent” in 1904 (Craigo and Montelaro, 2011). Other well-known

examples include HIV type 1 and 2 (HIV-1 and HIV-2), SIV and feline
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immunodeficiency virus (FIV). Lentiviruses are characterised by a long incubation
period and slowly progressing disease, from which they derive their name. The
lentiviral genome is typically 9-11 kb long and contains a number of overlapping
genes flanked by long terminal repeats (LTRs) which function in viral replication,
integration, and expression (Figure 1.3). The structure of a lentivirus particle is

shown in Figure 1.4.
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Figure 1.3. Schematic of the lentivirus genome (HIV-1).

The genome contains genes in three different reading frames flanked by two long
terminal repeats (LTR) required for virus replication, integration, and expression.
Gag encodes proteins that constitute the internal structure of the virus, including
the nucleocapsid, capsid and matrix proteins. Pol encodes the enzymes reverse
transcriptase, integrase and protease, which are important in various steps of the
lentiviral life cycle. Components of the surface envelope protein are encoded by
env. The HIV-1 genome also encodes additional regulatory and accessory

proteins: Nef, Rev, Tat, Vif, Vpr and Vpu.
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Figure 1.4. Structure of a lentivirus particle.
Two copies of the positive sense RNA genome, bound by nucleocapsid, are
enclosed in a capsid together with the enzymes reverse transcriptase, integrase
and protease, and the accessory proteins (in HIV-1, these are Nef, Vif, Vpr and
Vpx). The capsid is further surrounded by a lipid bilayer originating from the
membrane of the host cell from which the virion had budded. The envelope protein
on the surface of the virus mediates attachment to a receptor and fusion with the

target membrane.
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1.1.6.2 Recombinant lentiviral vectors

The ability to infect both dividing and non-dividing cells (Lewis et al., 1992)
combined with long-term expression due to integration into host genome has made
lentiviruses attractive candidates for gene transfer vectors. Recombinant lentiviral
vectors (rLV) were first developed in 1996 using a three-plasmid packaging system
to reduce the chance of generating a replication-competent virus by recombination
(Naldini et al., 1996). Further improvements led to the development of third
generation rLV (Dull et al., 1998), which are produced using a four-plasmid
packaging system (Figure 1.5), further reducing the chance of recombination.
Genes encoding the accessory proteins Nef, Vif, Vpr and Vpx have been removed,
as in the second generation system (Zufferey et al., 1997). Crucially, third
generation rLV are also self-inactivating (SIN) by virtue of a deletion in the
promoter-enhancer region U3 in the 3’LTR (AU3) (Figure 1.6). During the reverse
transcription phase of cellular transduction, the 5’LTR is copied from the 3’'LTR,
leading to elimination of promoter activity of the 5’LTR U3 in the provirus and
preventing generation of full-length viral RNA. Downstream transcription from the
AU3 3'LTR is also blocked, preventing read-through into potentially oncogenic

genomic regions (Herman and Coffin, 1987).
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Figure 1.5. Third generation recombinant lentiviral vector packaging system.
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The packaging system comprises four plasmid components. The genome plasmid
encodes the transgene of interest, transcribed from a heterologous promoter,
flanked by long terminal repeats (LTRs). The packaging plasmid provides the
products of gag and pol genes, whilst rev is encoded on another plasmid. The
fourth plasmid provides the envelope protein of choice with which to pseudotype

the vector.
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Figure 1.6. Organisation of self-inactivating lentiviral vector genome.

The U3 region of the 5’ long terminal repeat (5’LTR) has promoter-enhancer activity
(black arrow) when integrated as a provirus. To generate self-inactivating (SIN)
vector, the U3 region of the 3'LTR is partially deleted (AU3). During reverse
transcription, the 5’LTR is copied from the 3'LTR, introducing AU3 into the 5’LTR.
This abolishes transcription of the full-length viral RNA from the 5LTR in the
provirus. Transcription of the transgene of interest is driven by a heterologous

promoter of choice.
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To redirect or broaden the tropism of rLV, the vector is typically pseudotyped, such
that the original envelope protein (Env for HIV) is replaced with that of another virus
with a more desirable cell transduction profile. The most commonly used
pseudotype is the G glycoprotein from vesicular stomatitis virus (VSV-G) which
confers broad tropism and improves stability of the vector, allowing concentration
to high titres to facilitate gene transfer applications (Burns et al., 1993). Whilst VSV-
G-pseudotyped rLV exhibits wide tropism, it fails to transduce certain tissues such
as the apical surface of the airway epithelia in the lung (Johnson et al., 2000).
Consequently, rLV has also been pseudotyped with other proteins, including those
of Ebola virus (Chan et al., 2000, Kobinger et al., 2001), rabies virus (Mochizuki et
al., 1998), baculovirus (Kumar et al., 2003), Sendai virus (Kobayashi et al., 2003),

and influenza virus (Patel et al., 2013).

Recombinant LV vectors have several desirable features as gene transfer agents
that could make them useful for in vivo mAb expression. Firstly, due to integration
of the viral genome into the host DNA, expression of transgenes is anticipated to
be long-lived, especially in terminally differentiated or slowly dividing tissues.
Delivery of a single dose of an SIV-based vector pseudotyped with the fusion (F)
and haemagglutinin-neuraminidase (HN) glycoproteins from Sendai virus
(rSIV.F/HN) to mouse lung, for instance, results in expression for the lifetime of the
animal (Griesenbach et al., 2012). Secondly, in contrast to other viral gene transfer
agents, successful repeat administration of rLV can be achieved without loss of
activity (Alton et al., 2017, Sinn et al., 2008). This is especially pertinent to
applications requiring long-term expression of the therapeutic transgene. Thirdly,

lentiviral vectors are not associated with oncogenic genotoxicity as, unlike gamma-
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retroviral vectors (Hacein-Bey-Abina et al., 2003, Howe et al., 2008), they do not

preferentially integrate near oncogenic loci (Alton et al., 2017, Montini et al., 2006).

One application for which rLV is utilised is ex vivo gene transfer in haematopoietic
cells, particularly the preparation of chimeric antigen receptor (CAR) T-cells for
treatment of leukaemia. Kymriah (tisagenlecleucel), indicated for treatment of B-
cell precursor acute lymphoblastic leukaemia (ALL), uses recombinant HIV and is
the first gene therapy drug to be approved by the FDA (Bach et al., 2017). Ex vivo
gene transfer using rLV has also been studied for mAb production. This was first
investigated for engineered myoblasts expressing Tg10, an anti-human
thyroglobulin mouse mAb, which were grafted into mouse muscle and shown to
secrete antibody into circulation (Noel et al., 1997). Customised therapy involving
isolation of and ex vivo gene transfer in autologous cells is, however, a costly and
labour-intensive process compared to in vivo delivery of an off-the-shelf vector,
and is therefore not a feasible approach for antibody delivery for most applications.
Recombinant LV has been used for in vivo transfer of mAb genes in a small number
of studies as a potential cancer treatment. Intravenous (IV) and intramuscular (IM)
injection of a VSV-G-pseudotyped HIV vector expressing anti-tumour mAbs was
found to have a therapeutic effect in mouse models (Li et al., 2012, Vigna et al.,

2008).

The rSIV.F/HN vector, originally developed by the UK Cystic Fibrosis Gene
Therapy Consortium (UKCFGTC) for treatment of CF, is an efficient gene transfer
agent in the murine lung, transducing at least 14% of airways epithelial cells (Alton
et al., 2017). A single dose of the vector was shown to direct sustained expression

of the secreted proteins factor VIII and a1-anti-trypsin to the circulation and lung

25



lumen of mice for at least 19 months (Paul-Smith et al., 2018), indicating that this
platform could be useful to direct long-term expression of mAbs in those

compartments.

1.1.7 Model applications to evaluate strategies for antibody gene transfer

To evaluate the feasibility of using a gene transfer platform to deliver therapeutic
mADbs, it is necessary to demonstrate its efficacy in a model application, as
biological activity of an antibody produced in vivo might not be equivalent to the
commercially available drug. Two model diseases were selected for evaluation of
antibody gene transfer approaches in this thesis: one which requires delivery of
mADb to the circulation and one which requires mAb in the lung. Selection of
applications in which to appraise gene transfer agents was based on (i) the
prevalence of the condition and wide-spread use of the relevant mAb and (ii) the

relevance and applicability to other diseases.

Delivery to the serum was investigated because mAbs in clinical use are typically
administered systemically through 1V, IM or subcutaneous injections and infusions,
with the exception of ranibizumab, which is used in treatment of age-related
macular degeneration and is administered intravitreally (Figurska and Stankiewicz,
2011). For systemic delivery, anti-TNFa biologics were investigated for treatment
of rheumatoid arthritis; these studies are presented in Chapter 5. Delivery to the
lung lumen was also investigated, as presence of mADbs in this compartment could
be useful in prevention or treatment of respiratory infections, such as influenza

(Shriver et al., 2015), or pulmonary diseases such as asthma (Desoubeaux et al.,
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2016). For delivery to the lung, as well as the circulation, the anti-respiratory
syncytial virus (RSV) mAb palivizumab was investigated, and the results are
presented in Chapter 4. In the following sections, the two applications and the

biologics selected for delivery using gene transfer agents are described.

1.2 Model disease: respiratory syncytial virus infection

Infection with RSV imposes a significant burden on the global economy and affects
virtually all children. An effective means of prophylaxis through a mAb is available,
but cost considerations dictate that its use is limited. The following sections
describe the pathophysiology of the disease, virology of the pathogen, strategies
used to prevent infection, and the rationale for investigating antibody gene transfer

for RSV prophylaxis.

1.2.1 Epidemiology and pathophysiology of RSV infection

Human respiratory syncytial virus (RSV) is the most common cause of lower
respiratory tract infections in young children. Globally, the number of incidents of
acute lower respiratory infections in children younger than 5 years due to RSV was
estimated at 33.8 million in 2005, of which about 10% required hospitalisations
(Nair et al., 2010). By 2 years of age, nearly all children will have been infected
with RSV at least once (Henderson et al., 1979), and although only a small

proportion of cases (0.7%) require hospitalisation (Jepsen et al., 2018), the
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pathogen nonetheless imposes a heavy burden on health services; between 1997
and 2000, RSV-related hospital charges in the USA exceeded 2.6 billion dollars
(Leader and Kohlhase, 2003). Mortality rates amongst infants are low in the
western world (three or four deaths per 10,000 admissions) (Byington et al., 2015),
with the vast majority of deaths (99%) occurring in developing countries (Nair et
al., 2010). Underlying cardiac or pulmonary disease significantly increases the risk
of death (Navas et al., 1992). The virus is also a substantial burden in the elderly,
with mortality rates reaching 6-8% (Colosia et al., 2017) and accounting for 78% of

all RSV-related deaths (Thompson et al., 2003).

In temperate climates, peak RSV activity typically occurs during the winter
(Gilchrist et al., 1994). The virus is transmitted through direct inoculation of the
nose or eye (Hall et al., 1981) with virion-laden droplets spread by sneezing and
coughing, or by self-inoculation after touching contaminated surfaces (Hall and
Douglas, 1981). Infants are typically infected by an older sibling or a parent
(Heikkinen et al., 2015). The incubation period is usually 3-5 days and viral
shedding lasts for up to 8 days, though young children and immunocompromised
patients may shed virus for as long as 3 weeks (Eiland, 2009). Following an initial
inoculation, the virus starts replicating in the nasopharynx, causing nasal
discharge. From there, it spreads to the bronchi and bronchioles, causing
wheezing, increased breathing rate and rattling on inhalation. If the virus spreads
further to the alveoli, pneumonia and severe respiratory distress may occur (Nye
et al., 2016). RSV is also associated with long-term complications, as children who
have been infected have an increased risk of developing recurrent wheezing
(Fauroux et al., 2017), asthma (Wu et al., 2008) and allergic sensitisation (Schauer

et al., 2002), rendering the virus a serious burden in the paediatric population.
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1.2.2 RSV virology

RSV is an enveloped virus belonging to the Pneumoviridae family (Afonso et al.,
2016). Its negative sense RNA genome (Huang and Wertz, 1982) is 15.2 kb long
and contains 10 genes (Collins et al., 1986) coding for 11 proteins. A schematic
representation of an RSV virion and the proteins encoded by its genome are shown

in Figure 1.7.

The life cycle of RSV, outlined in Figure 1.8, begins with attachment of the virion
to the target cell surface. This is thought to be mediated by G protein (Bourgeois
et al., 1998), although viral entry is still observed in its absence, suggesting it is not
essential but rather an accessory protein (Karron et al., 1997, Teng and Collins,
1998). The F protein, on the other hand, is strictly required for viral entry and
replication. It is a trimeric glycosylated transmembrane protein, synthesised as an
inactive precursor (Fo) and processed by a host protease into two fragments, F1
and F2, which come together in the mature, active form (Collins and Mottet, 1991).
It is highly conserved amongst RSV strains, with protein sequence identity of 91%
(Johnson and Collins, 1988). A number of putative receptors have been proposed
for F protein, including intercellular adhesion molecule-1 (ICAM-1) (Behera et al.,
2001), annexin Il (Malhotra et al., 2003), nucleolin (Tayyari et al.,, 2011) and
CXBCR1 (Johnson et al., 2015). Following attachment of the virion to the target
cell surface, F binds to one of its putative receptors and mediates fusion by
undergoing a dramatic conformational change which brings the viral and host
membranes together (Zhao et al., 2000). The presence of F protein on the surface
of infected cells causes fusion with adjacent cells and formation of syncytia, from

which the virus derives its name. This allows RSV to spread from cell to cell without
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having to emerge into the extracellular milieu (Shigeta et al., 1968), and constitutes
an alternative mechanism for viral spread. The prefusion form of F protein is most
effective in stimulating optimally neutralising antibodies (McLellan et al., 2013b)
and is an important target in RSV vaccine development (McLellan et al., 2013a,

Steff et al., 2017).
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Figure 1.7. Structure of a respiratory syncytial virus (RSV) particle.

The negative sense RNA genome is bound by the nucleocapsid protein (NP) and
associated with phosphoprotein (P) and large RNA polymerase (L), which are
important in viral genome transcription and replication. This ribonucleoprotein
complex is surrounded by the matrix, made up of matrix (M) protein, and further
enveloped by a lipid bilayer of host origin. The fusion (F) and attachment (G)
proteins are found on the surface of the virion and function in attachment to, and
fusion with, the target cell membrane. Whilst a spherical form is shown, the virus

may also assume filamentous shape.
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Figure 1.8. Respiratory syncytial virus life cycle.

The attachment (G) protein facilitates attachment of the virus to the host cell
membrane and fusion (F) protein mediates subsequent fusion between the viral
envelope and host membranes. This allows uncoating and release of the genome.
The nucleocapsid (NP), phosphoprotein (P) and large RNA polymerase (L)
proteins present in the virion come together to form the RNA-dependent RNA
polymerase complex and transcribe the 10 viral genes into mRNA and replicate
the genome through an antigenome intermediate (Huang et al., 1993). Following
protein and genome synthesis, viral components are packaged and the progeny

virion is released from the cell membrane by budding.
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1.2.3 Prophylaxis of RSV infection

1.2.3.1 Strategies for prophylaxis of RSV infection

Treatment of patients presenting with RSV-induced lower respiratory tract infection
consists primarily of supportive care such as oxygen therapy and fluid replacement
to maintain hydration (Mejias and Ramilo, 2015). An antiviral drug ribavirin is
available, although the evidence of its clinical benefit is limited (Ohmit et al., 1996,
Ventre and Randolph, 2007) and it is not commonly used. There is no vaccine
currently licensed for RSV. A formalin inactivated (FI) vaccine was investigated in
clinical trials in the 1960s, but it was found to be non-protective and predisposed
children to developing severe RSV disease upon infection with naturally circulating
virus (Kapikian et al., 1969), with two participants dying as a result (Kim et al.,
1969). The non-protective and disease-enhancing effects of the vaccine are
thought to be caused by the induction of carbonyl groups on antigens by formalin
treatment (Moghaddam et al., 2006) or stimulation of a non-neutralising antibody
response due to the lack of affinity maturation as a result of deficient Toll-like
receptor (TLR) activation in B cells (Delgado et al., 2009). The failure of the FI-
RSV vaccine hampered further development for many years, however, a number
of new RSV vaccines are now in the pipeline, including live-attenuated viruses,
particle- and subunit-based formulations and gene-based vector approaches
(reviewed in Neuzil, 2016). The furthest in clinical development is Novavax’s
formulation for maternal immunisation, based on F protein with alum adjuvant
(August et al., 2017). It is currently being evaluated in a phase Il clinical trial, with

a readout of the study’s primary endpoint expected in early 2019.
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In the absence of a licensed vaccine, prophylaxis is instead achieved with passive
immunisation. The first of such prophylactic interventions for RSV infection to be
developed was respiratory syncytial virus immune globulin intravenous (RSV-IGIV,
trade name RespiGam). The RSV-IGIV is prepared from donor sera screened for
neutralising activity against the virus (Siber et al., 1992), and reduces risk of
hospitalisation due to RSV infection by 41% (Connor et al., 1997). Its use has
several disadvantages, however, including the requirement for IV cannulation and
infusion over several hours and possibility of transmission of blood-borne infections
from donors. Furthermore, it was deemed to not be cost-effective when used
according to the approved indications (Barton et al., 2001), and has since been

superseded by palivizumab, a potent anti-RSV mAb (Section 1.2.3.2).

1.2.3.2 Palivizumab and its use for prophylaxis of RSV infection

Palivizumab is a humanised mAb developed by Medimmune (Gaithersburg,
Maryland, USA). When screening for an RSV-neutralising antibody, the F protein
was selected as a target, as it is essential for RSV replication and highly conserved
among RSV isolates (Young, 2002). The murine candidate MAb 1129 was isolated,
which recognises antigenic site A, present on both the pre- and postfusion
conformation of the F glycoprotein (Beeler and Coelingh, 1989). The mAb 1129
was humanised by replacing all sequences save the complementarity-determining
regions (CDRs) with those of human IgG to prevent an anti-mouse response on
administration to patients. The resulting product, designated MEDI-493 and later
named palivizumab, was found to reduce RSV replication in a cotton rat model of

infection by >99%, with corresponding serum concentrations of 25-30 pg/ml
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(Johnson et al., 1997). In subsequent clinical trials, administration of the mAb was
shown to reduce the rate of RSV-related hospitalisations by 45-55% (Feltes et al.,
2003, Null et al., 1998). The mechanism of action was later shown to be mediated
by blocking the F protein from fusing the viral and host membranes (Huang et al.,
2010). Palivizumab was licensed in the USA in 1998 and in Europe in 1999 and is

sold under the brand name Synagis.

The mADb is used during the RSV season, which typically lasts from November to
March in the Northern Hemisphere (Pavilack et al., 2017). It is administered
through IM injection, which can be done in an outpatient setting. Patients usually
receive up to five monthly doses of 15 mg of palivizumab per kg of body weight
(American Academy of Pediatrics Committee on Infectious and American
Academy of Pediatrics Bronchiolitis Guidelines, 2014), resulting in trough serum

concentrations of 37-72 ug/ml between subsequent doses (Null et al., 1998).

Prophylaxis of RSV infection using palivizumab is expensive. In the UK, a full
course of palivizumab costs the National Health Service (NHS) £2,544-4,236 for a
child weighing 3-6 kg (Simpson and Burls, 2001). Due to the cost, use of the drug
has been limited to select, vulnerable infant populations including preterm
neonates (Farber et al., 2016) and children with congenital heart or chronic lung
disease (American Academy of Pediatrics Committee on Infectious and American
Academy of Pediatrics Bronchiolitis Guidelines, 2014). Nevertheless, the cost-

effectiveness of palivizumab is under continuous debate (Smart et al., 2010).

A more potent variant of palivizumab was developed by Medlmmune, called
motavizumab. The mAb was generated using affinity maturation, resulting in a 20-

fold increase in virus neutralisation rates (Wu et al., 2007) and superior protection
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from RSV infection relative to palivizumab in two clinical trials (Carbonell-Estrany
et al., 2010, Feltes et al., 2011). Unfortunately, motavizumab was associated with
an increased risk of serious allergic reactions (O'Brien et al., 2015), and failed to
secure approval from the FDA. Other potent anti-RSV mAbs are being developed,
such as MEDI8897 (Griffin et al., 2017), which was shown to be safe and effective
in a recent phase 1b/2a clinical trial (Domachowske et al., 2018). However, at

present, palivizumab remains the only licensed prophylaxis strategy against RSV.

1.2.4 Antibody gene transfer for prophylaxis of RSV infection

The limitations imposed on the use of palivizumab due to the cost of therapy with
the mAb, discussed in Section 1.2.3.2, combined with the continued absence of a
licensed vaccine (Section 1.2.3.1) necessitate development of novel, cost-effective
solutions for prophylaxis of RSV infection which would be more widely accessible
in the paediatric population. Transfer of palivizumab cDNA using one of the gene
therapy vectors described in Section 1.1 for secretion into the circulation or lung
lumen could offer an alternative to passive administration of the mAb. This

application was therefore selected for study in this thesis.
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1.3 Model disease: rheumatoid arthritis

Rheumatoid arthritis (RA) was selected for study as a model application for delivery
of mADs to the circulation. This disease was selected for several reasons: (i) it is
common, affecting approximately 1% of the population (Gabriel et al., 1999,
Symmons et al., 2002), (ii) the biologics used for its treatment are costly, leading
to inequities in access to therapy (Putrik et al., 2014), and (iii) anti-TNFa is used
for treatment of other autoimmune diseases such as psoriasis and Crohn’s disease
(Li et al., 2017b), meaning the benefits of establishing robust and sustained
expression of these agents in vivo could be extended to further patient populations.
The following sections describe the pathoaetiology of RA and the role of TNFa

therein, treatment of the disease using TNFa antagonists, and the considerations

associated with anti-TNFa gene transfer.

1.3.1 Epidemiology, symptoms and pathoaetiology of rheumatoid arthritis

Rheumatoid arthritis is a systemic autoimmune disease characterised by
inflammation of the synovial joints. It affects an estimated 400,000 adults in the UK
(Symmons et al., 2002), costing the economy nearly £8 billion a year, as reported
by the National Rheumatoid Arthritis Society in 2010 (NRAS, 2010). The disease
can present at almost any age, with median age of onset being 58 (Innala et al.,
2014). Heritability contributes a small but significant risk to developing RA, with
over 101 genes identified as relevant (Okada et al., 2014). Of those, the MHC class
Il locus is of particular importance, and people with the HLA-DR4 and DR1 variants

are more likely to develop RA (Stastny, 1978). Environmental conditions are also

37



important, with smoking a well-known risk factor (Chang et al., 2014). Symptoms
of RA include pain, swelling and stiffness of the joints, typically starting in the hands
and wrists and spreading to other parts of the body, causing progressive loss of
function. Patients often develop complications such as cardiovascular disease;
these contribute to the elevated risk of mortality in RA patients, which is over 50%

higher than in the general population (Avina-Zubieta et al., 2008).

The first line of treatment for RA are disease-modifying drugs, chiefly methotrexate.
This folate antagonist is an immunosuppressant and, at higher doses, a
chemotherapeutic agent (Huennekens, 1994). The mechanism of methotrexate’s
immunosuppressive properties is unclear, but it is thought to involve deletion of
activated T-cells (Genestier et al., 1998). Therapy with the drug is moderately
effective, though 16% of patients discontinue treatment due to adverse effects

(Lopez-Olivo et al., 2014).

Although pathoaetiology of RA is not completely understood, research into the
underlying processes has established the general mechanism, offering new targets
for more effective treatments. The key features of the currently presumed

mechanism of pathogenesis of RA are presented in Figure 1.9.
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Figure 1.9. Mechanism of pathogenesis in rheumatoid arthritis joint.

An unknown trigger sets up an initial focus of inflammation in the synovial
membrane lining the joint cavity (1). The inflammatory environment attracts various
leukocytes, including autoreactive CD4 helper T cells which extravasate into the
joint space (2) (Vanboxel and Paget, 1975). These CD4 cells activate
macrophages (3) which secrete pro-inflammatory cytokines such as tumour
necrosis factor alpha (TNFa), interleukin-1 (IL-1) and interleukin-6 (IL-6) (4)
(Mclnnes et al., 2000). These in turn activate fibroblasts (5) to start producing
matrix metalloproteases (MMPs) (6) which degrade the extracellular matrix
(Burrage et al., 2006). The cytokines also activate osteoclasts (7) — bone-resorbing
cells, which start degrading the cartilage (8), resulting in progressive damage to

the joint (Schett, 2007). Continued inflammation leads to eventual loss of function.
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1.3.2 Role of TNF-a in rheumatoid arthritis

The cytokine TNFa plays a pivotal role in the pathogenesis of RA (Vasanthi et al.,
2007) and is a key target for treatment. It is produced by macrophages and is a
major initiator of acute inflammation in normal immune responses. It is a trimeric
protein and can be found in two forms: soluble (sTNFa) and membrane-bound
(mTNFa). The soluble form is cleaved from the membrane-bound form by TNFa
converting enzyme (TACE). The ligand has two receptors: TNF receptor 1 (TNFR1,
also known as p55), which is expressed on all cell types in the body, and TNF
receptor 2 (TNFR2, also called p75), which is only expressed in a subset of cells,
including T-regulatory cells (Ware et al., 1991) and a type of neuron (Yang et al.,
2002). The two receptors act through distinct signalling pathways, but there is a
substantial overlap which includes nuclear factor kappa-light-chain-enhancer of
activated B cells (NFkB) and mitogen-activated protein kinase (MAPK) pathways.
As a general rule, signalling through TNFR1 is associated with cell death, while
TNFR2 promotes cell survival (Faustman and Davis, 2013). Signalling of TNFa

through its receptors is described in Figure 1.10.
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Figure 1.10. Tumour necrosis factor alpha and its receptors.

Tumour necrosis factor alpha (TNFa) is produced as a trimeric transmembrane
form (mTNFa) (1), which is cleaved by TNFa converting enzyme (TACE) (2) and
released as the 17 kDa soluble TNFa (sTNFa) (3). Both forms can bind to either
of two receptors: TNFa receptor 1 or 2 (TNFR1 and 2, respectively) (4 and 5).
TNFR1 is expressed on all cells in the body, while TNFR2 is only expressed in a
specific subset, including certain immune cells. Signalling through both receptors
involves the NFkB and MAPK pathways (6), but results in different effects: TNFR1
triggers inflammation, cytokine production, angiogenesis and cell death, while
TNFR2 signals cell survival. Both receptors can be released from cell membrane
through proteolytic cleavage of the extracellular domain by TACE (7). Such soluble
forms, sTNFR1 and sTNFR2, can bind sTNFa and sequester it (8), thus acting as

TNFa antagonists.
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The involvement of TNFa in pathogenesis of RA was first suspected when elevated
levels of the cytokine were found in the synovial fluid and serum of RA patients
(Saxne et al., 1988). The role of the cytokine was further confirmed in a transgenic
mouse model overexpressing human TNFa, which spontaneously developed RA-
like symptoms (Keffer et al., 1991). Further evidence came from the discovery that
addition of anti-TNFa antibody to rheumatoid synovial primary cultures inhibited
production of other pro-inflammatory cytokines (Brennan et al., 1989, Haworth et
al., 1991). Anti-TNFa antibodies were then shown to ameliorate disease in a
mouse model of RA (Piguet et al., 1992, Williams et al., 1992, Wooley et al., 1993),

setting precedent for targeting the cytokine in treatment of RA.

1.3.3 Anti-TNFa biologics for treatment of rheumatoid arthritis

A number of anti-TNFa biologics have been developed and marketed: infliximab
(Remicade; Johnson & Johnson, NJ, USA), adalimumab (Humira; AbbVie,
Chicago, IL, USA) and certolizumab pegol (Cimzia; UCB, Brussels, Belgium),
which are mAbs or fragments thereof, and etanercept (Enbrel; Amgen, Thousand
Oaks, CA, USA), which is a TNF receptor/lgG fusion protein. These are
summarised in Table 1.2. Since TNFa is important in a number of autoimmune
diseases, most of these drugs also have other indications, such as inflammatory
bowel disease, psoriasis or ankylosing spondylitis. Biologic drugs against other
cytokines and molecules are also available for treatment of RA, such as rituximab
(anti-CD20 mAb), abatacept (CTLA4—Ig fusion protein) and tocilizumab (anti-IL-6R
mADb). Treatment of RA with biologic drugs has increased from 3 to 26% of patients

between 1999 and 2006 (Yazici et al., 2008) and is now standard of care and
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second line of treatment for patients who don’t respond to synthetic disease-

modifying anti-rheumatic drugs such as methotrexate (Monaco et al., 2015).

Infliximab was the first anti-TNFo agent to be used in the clinic (Elliott et al., 1993).
It is a chimeric mADb (Figure 1.11), containing variable antigen-binding regions from
the original mouse antibody and constant regions from human IgG1 to reduce its
potential to cause immune reactions in patients (Knight et al., 1993). Infliximab was
demonstrated to be an effective treatment for RA in a number of clinical trials (Maini
et al., 1999, Maini et al., 1998). It was approved by the FDA in 1999, and is now
sold under trade name Remicade. The drug is administered through an |V infusion;
the standard dose is 3 mg per kg of body weight, repeated 2 and 6 weeks later and
every 8 weeks thereafter, according to British National Formulary from British
Medical Association (BMA). With this dose, the median trough levels of serum
infliximab between subsequent infusions have been measured as 22.3 pg/ml after
2 weeks, 14.6 pg/ml after a 4-week interval and 2.8 pg/ml after a further 8 weeks
(Wolbink et al., 2005). After 14 weeks of treatment, patients who responded to
treatment with the drug had an average trough serum level of 3.6 ug/ml (Wolbink

et al., 2005).

Another TNFa antagonist commonly prescribed for treatment of RA is etanercept,
which is a fusion protein comprising the Fc portion of human IgG1 and the
extracellular portion of human TNFR2 (Figure 1.11) (Mohler et al., 1993). In
preclinical studies, its efficacy was evaluated in the collagen-induced arthritis (CIA)
mouse model, where administration of the drug 2-4 weeks after collagen
immunisation or up to 2 weeks after disease onset was found to reduce incidence

by two-thirds (Wooley et al., 1993). It was subsequently demonstrated to improve
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disease outcomes in RA patients (Weinblatt et al., 1999), and was the first TNFa
antagonist to be licensed for treatment of the disease by the FDA. Etanercept is
administered through subcutaneous injection at a dose of 25 mg/kg body weight
twice weekly or 50 mg/kg once weekly (Keystone et al., 2004). Frequent dosing is
necessitated by its relatively short half-life of 3-4 days (Korth-Bradley et al., 2000),
compared to mAbs such as infliximab which has a half-life of 9.5-14 days (Cornillie
et al., 2001, Fasanmade et al., 2009). Average trough serum levels of etanercept
prior to subsequent doses have been measured as 1.8 ug/ml (Moots et al., 2017),
with 1.2 pg/ml identified as an optimal cut-off level for a good therapeutic response

(Sanmarti et al., 2015).
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Table 1.2. Anti-tumour necrosis factor alpha biologic drugs used for

treatment of rheumatoid arthritis.

Name

Trade
name

Company

Type

Origin

Year
licensed

infliximab

Remicade

Johnson &
Johnson
(New
Jersey, NJ,
USA)

mAb

chimeric
(mouse)

1999

etanercept

Enbrel

Amgen
(Thousand
Oaks, CA,

USA)

Receptor/lgG
fusion protein

human

1998

adalimumab

Humira

AbbVie
(Chicago,
IL, USA)

mAb

human

2002

golimumab

Simponi

Janssen
(Horsham,
PA, USA)

mAb

human

2009

certolizumab
pegol

Cimzia

ucB
(Brussels,
Belgium)

Fab’
fragment

humanised

2009

mAb: full length monoclonal antibody; Fab’ fragment: fragment antigen-binding,

composed of one constant and one variable domain of each of the heavy and the

light chain. Structure of chimeric and humanized antibodies and fusion proteins is

shown in Figure 1.11.
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Figure 1.11. Schematic of the composition of chimeric, humanised and
human antibodies, and fusion proteins.

To reduce immune responses to sequences from the host in which the antibody
was raised (blue), various portions are replaced with those of human origin
(orange). In chimeric antibodies (A), all sequences except the variable regions
have been replaced with human. Humanised antibodies (B) only contain the
complementarity-determining regions (CDRs) of the original animal-derived
antibody. Fully human antibodies (C) do not contain any sequences of animal origin
and are typically generated in mice transgenic for human immunoglobulin genes
or isolated from human donors. Receptor/lgG fusion proteins (D) combine an
antibody fragment (usually Fc) with a portion of another protein (green), such as

TNFa receptor 2 (TNFR2) in the case of etanercept.
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1.3.4 Concerns associated with biologic TNFa antagonists

Anti-TNFa biologics have revolutionised treatment of RA but there are some
problems associated with their use. Firstly, they are an expensive class of drugs,
with an estimated cost of $18,000 and $27,000 per patient per year for etanercept
and infliximab, respectively (Bonafede et al., 2014). This constitutes a substantial
burden for healthcare systems and individual patients and prompts many to
question the cost-effectiveness of this treatment (Nair et al., 2013, Wailoo et al.,
2008). With the expiry of patents protecting some of the oldest TNFa antagonists,
biosimilars are now entering the market. Three biosimilar versions of infliximab are
now available in the UK: Inflectra (Pfizer; New York City, NY, USA); Remsima
(Celltrion; Incheon, South Korea), approved by the European Medicines Agency
(EMA) in 2013 (Mellstedt, 2013); and Flixabi (Samsung Bioepis, Incheon, South
Korea), available since 2016. An etanercept biosimilar is also available, called
Benepali (Samsung Bioepis), which was approved in the UK in 2016 (Erhorn,
2016). Availability of biosimilars is expected to lower the cost of therapy with these
antibodies and offer substantial savings to healthcare systems and patients
(Hawkes, 2015). Whilst there is extensive evidence confirming bioequivalence of
anti-TNFa biosimilars (Chingcuanco et al., 2016), some studies have found
structural differences between biosimilar drugs and their predecessors, cautioning
against characterising biosimilars as “generic” versions of the innovator drugs
(Grampp and Ramanan, 2015). Additionally, due to the extensive testing required
to demonstrate the bioequivalence of generic biologics to the drugs they reference,
biosimilars command 65-90% of the market price of the original product (Farfan-

Portet et al., 2014), reflecting limited savings.
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Another important issue with TNFa blockers relates to safety. Although anti-TNFa
biologics have been found to be generally well-tolerated in clinical trials, concerns
have emerged regarding a potential for increased risk of malignancies and serious
infections amongst patients receiving the drugs due to their strongly
immunosuppressive nature. Whilst anti-TNFa biologics do increase the risk of
contracting serious bacterial infections two-fold (Curtis et al., 2007), their
association with carcinogenesis and tumour progression is in dispute (Rosenblum
and Amital, 2011). Nonetheless, cessation of therapy might be necessary in such

cases.

1.3.5 Antibody gene transfer for treatment of rheumatoid arthritis

Due to the high cost of TNFa antagonists, discussed in Section 1.3.4, more
competitively priced alternatives are desirable, rendering these biologics an
attractive target for gene transfer. Reliable and well-researched animal models of
rheumatoid arthritis exist, described in Section 5.3.2, which would enable
evaluation of efficacy of anti-TNFa gene transfer approaches in vivo. For these
reasons, delivery of mAD to the circulation was studied in this thesis in the context

of treatment of RA.
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1.4 Aims

In vivo antibody gene transfer is an attractive alternative to passive delivery of
mAbs (Section 1.1.2). Various gene transfer agents, such as naked DNA
electroporation and rAAV, are being investigated for this purpose by several
research groups. Differences in vector design, antibody-specific expression levels
and observed pharmacokinetics in a variety of animal disease models make it
difficult to compare efficacy between methods. The main aim of this thesis is to
investigate a number of available gene transfer agents as potential tools to
establish in vivo mAb expression, using RSV infection and rheumatoid arthritis as
model applications. In Chapter 3, selected viral and non-viral gene transfer
systems are explored for effective in vivo expression of a secretory reporter protein.
Chapter 4 investigates the use of rLV and rAAV vectors for expression of the anti-
RSV mAb palivizumab, while Chapter 5 focuses on expression of TNFa
antagonists as a method of treatment of RA. Together, these studies provide a
basis for comparison of various methods for antibody gene transfer and

demonstrate utility of a subset for the two model diseases.
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Chapter 2: Materials and methods

2.1 Reagents and solutions

All solutions were prepared with Milli-Q reverse osmosis ultrapure water (Merck,
Feltham, UK), nuclease-free water (Promega, Southampton, UK), endotoxin-free
water for injection (WFI) (B. Brain Medical Ltd., Sheffield, UK) or absolute ethanol
(VWR, Lutterworth, UK). Phosphate-buffered saline (PBS) was prepared from
tablets (Sigma-Aldrich, St. Louis, MO, USA) for a final concentration of 140 mM
NaCl, 10 mM phosphate buffer, and 3 mM KCI. Sterilisation of solutions was
achieved by autoclaving for 15 to 30 minutes at 121°C, or by filtration through a
0.22 um surfactant-free cellulose acetate filter (Thermo Fisher Scientific,
Cramlington, UK). Solutions were stored at room temperature (RT; 20-25°C)
unless otherwise stated. Where concentrations of solutions are indicated by
percentages, they refer to weight:volume (w/v) ratios for solids at RT and

volume:volume (v/v) ratios for liquids at RT.

2.2 Centrifugation

Centrifugation was carried out using the Micro Star 17 microcentrifuge with the
Ch.500034PP rotor (VWR) or 5415D microcentrifuge with the F45-36-8 rotor
(Eppendorf, Westbury, New York, USA) for microtubes (Corning, Flintshire, UK),
the J2-HS centrifuge with the JA-10 or JA-20 rotor (Beckman Coulter, High
Wycombe, UK) for centrifuge tubes (Starstedt, Leicester, UK) and pots (Beckman

Coulter), the Sorvall Legend RT (Thermo Fisher Scientific) with swing bucket for
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conical tubes (Corning), and the Optima XPN with Ti70 rotor (Beckman Coulter)
for ultracentrifugation. Centrifugation using the J2-HS centrifuge was performed at

4°C while other centrifugations were performed at RT.

2.3 Molecular cloning and amplification of plasmids

2.3.1 Plasmids used in the studies

The plasmids used in this study are summarised in Table 2.1. They can be broadly
divided into general expression plasmids, rSIV vector genome and accessory
plasmids, and rAAV vector genome and accessory plasmids. Unless otherwise

indicated, the plasmids were specifically constructed for this study.
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Table 2.1. List of plasmids used in this study.

SMASh

Plasmid Enhancer/promoter Transgene Source Laboratory
reference
Expression plasmids
pG4.hCEFI.soLux hCEFI soLux Hyde et al., 2008 pGM144
pG4.hCEFIl.soGLux hCEFI soGLux Gift of lan Pringle pGM206
pG6.93.s0Lux 93 bp minimal hC enhancer and soLux Oliveira, 2015 PGM365
EFI promoter
pG6.2x93.s0LUX Dual tandem 93 bp minimal hC soLux Oliveira, 2015 PGM441
enhancer and EFIl promoter
pG6.3x93.s0LUX Triple tandem 93 bp minimal hC soLux This study pGM464
enhancer and EFIl promoter
Quadruple tandem 93 bp
pG6.4x93.soLux minimal hC enhancer and EFI soLux This study pGM465
promoter
pG6.hCEFI.SMASh hCEFI SMASh Gift of lan Pringle pGM506
pG6.hCEFI.Lux-SMASh hCEFI Lux fused to SMASh Gift of lan Pringle pGM501
PGE.nCEFI.soGLux- hCEFI soGLux fused to SMASh This study pGM540




pG6.hCEFI.etanercept hCEFI etanercept This study pGM563
PG6.hCEF.etanercept- hCEFI etanercept fused to SMASh | This study PGM538
SMASh
pG6.hCEFI.etanercept- hCEFI etanercept fused to NS3 This study oGM593
NS3 protease
pEGFP-N1 CmvVv EGFP Clontech -
pCIKsoGLux Cmv soGLux Gift of lan Pringle -
Genome plasmids for rSIV.F/HN production
pSIV.hCEF.palivizumab hCEF Single-ORF palivizumab This study pGM463
Accessory plasmids for rSIV.F/HN production
Gag and pol genes from Addgene
PCMV.SIV.GagPol CMV gandpo g (Cambridge, MA, |  pGM297
SIvV
us)
pRSV.Rev RSV Rev gene from SIV Addgene pGM299
bCAG.SeV.Fotd CAG Gene for Sendai VI.I'US F Gift of Lee bGM301
envelope protein Davies
bCAG.SeV.EnvetHN CAG Gene for Sendai wrys HN Gift of Lee oGM303
envelope protein Davies
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Genome plasmids for rAAV production

from adenovirus

Core

pAAV2.hCEFIl.soGLux hCEFI soGLux Tan, 2017 pGM495
pAAV2.CASI.palivizumab CASI palivizumab This study pGM459
pAAV2.CASl.infliximab CASI infliximab This study pGM458
PAAV2.CASIhGH- CASI etanercept This study pGM521
etanercept
PAAV2.CASI.TNFR2- CASI etanercept This study pGM537
etanercept
Accessory plasmids for rAAV production
Rep gene from AAV
pAAV2/8 p5 serotype 2 and Cap gene Peng;/:ctor -
from AAV serotype 8
Rep gene from AAV
pAAV2/9 p5 serotype 2 and Cap gene Peng;/:ctor -
from AAV serotype 9
pAdDeltaF6 E2a, E4 and VARNA genes Penn Vector i

The expression plasmids were named according to the backbone (i.e. pG4 = fourth generation, pG6 = sixth generation).
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AAV: adeno-associated virus; CAG: modified chicken (B-actin promoter with human cytomegalovirus immediate early enhancer (Jun-
ichi et al., 1989); CASI: a combination of the CMV enhancer, chicken -actin promoter and ubiquitin enhancer (Balazs et al., 2013);
EGFP: enhanced fluorescent green protein; EGFPLux: EGFP fused to firefly luciferase (cDNA obtained from pEGFP-Luc, Promega);
hCEF: a combination of synthetic, CpG-free human CMV enhancer and synthetic, CpG-free human elongation factor 1 a promoter
(Hyde et al., 2008); hCEFI: hCEF with a synthetic, CpG-free intron; CMV: cytomegalovirus enhancer/promoter (Boshart et al., 1985);
hGH: signal sequence from human growth hormone (Balazs et al., 2013); NS3: non-structural protein 3 from hepatitis C virus; rAAV:
recombinant adeno-associated virus; SIV: simian immunodeficiency virus (Fukasawa et al., 1988); soGLux: codon-optimised CpG-
depleted Gaussia luciferase (Griesenbach et al., 2011); SMASh: small molecule-assisted shutoff tag (Figure 5.1); TNFR2: signal

sequence from tumour necrosis factor receptor 2 (Osslund, 2003).
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2.3.2 Molecular cloning techniques

2.3.2.1 Polymerase chain reaction

Amplification of plasmid sequences was performed by preparing individual
reactions containing ~100 ng/ul of the pDNA template, Phusion Buffer (Thermo
Fisher Scientific), 10 mM dNTPs (NEB, Hitchin, UK), 10 uM forward primer, 10 uM
reverse primer, 2 units of Phusion Hot Start || DNA polymerase (Thermo Fisher
Scientific) and nuclease-free water to a total volume of 50 uyl. The components
were added to thin-walled 0.2 ml tubes (Corning), briefly centrifuged and placed in
a GeneAmp PCR system 2700 thermal cycler (Thermo Fisher Scientific). Cycling
conditions were: 5 minutes at 98°C, followed by 30 1-minute cycles at 98°C,
varying annealing temperatures based on optimal annealing temperature
calculated by MacVector software v15 (MacVector, Cary, NC, USA) for 1 minute,

and 2 minutes at 72°C, with a final extension step of 72°C for 7 minutes.

2.3.2.2 Gel electrophoresis

DNA was size-fractionated by agarose gel electrophoresis. Gels typically consisted
of 0.7% agarose (Thermo Fisher Scientific) in Tris-acetate-EDTA (TAE) buffer (40
mM  Tris(hydroxylmethyl)aminomethane  (Tris)-acetate = and 1 mM
ethylenediaminetetraacetic acid (EDTA), pH 8.3). Agarose was heated in a
microwave oven for approximately 2 minutes to dissolve and allowed to cool before
adding SYBR Safe DNA Gel stain (Thermo Fisher Scientific; 7 pl per 100 ml) and
pouring into a mould. Prior to electrophoresis, DNA samples were mixed with Gel

Loading Dye (NEB) in a final volume of 5 to 30 pl, then electrophoresed at 10-15
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V/cem until sufficiently resolved (typically 1 to 2 hours). To allow DNA fragment size
estimation, 10 pl of 100 bp DNA ladder, 1 kb DNA ladder or supercoiled DNA ladder
(NEB) were included on each gel. Following electrophoresis, DNA bands were
visualised under UV light (312 nm wavelength) using GeneFlash Gel

Documentation System (Syngene, Cambridge, UK).

2.3.2.3 Restriction enzyme digestion

All restriction enzyme digests were performed using enzymes purchased from
NEB, according to the manufacturer’s instructions. Typically, a 20-30 ul reaction
volume containing between 500 ng and 5 uyg pDNA was incubated for 1-2.5 hours

at the temperature recommended by the supplier.

2.3.2.4 Gel extraction and purification of DNA fragments

Typically, 30 pl of restriction enzyme digestion reaction (Section 2.3.2.4) containing
5 pug of DNA was electrophoresed as described in Section 2.3.2.2. Bands were
visualised with long-wavelength UV light (366 nm), using a UVL-56 hand-held gel
illuminator (UVP Inc., CA, USA). The QIAquick Gel Extraction Kit (Qiagen, Hilden,
Germany) was used for fragment purification according to the manufacturer’s
instructions. The purified DNA fragments were eluted into 30 pl nuclease-free

water and stored at -20°C.
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2.3.2.5 Ligation of DNA fragments

Purified DNA fragments were ligated using T4 DNA ligase and associated buffers
(NEB) according to manufacturer’s instructions. Generally, 1 yl of T4 DNA ligase
(400 U) was mixed with ~100 ng vector DNA and ~700 ng insert DNA in a final
volume of 10 pl and incubated for 1-2 hours at 18°C. The ligated samples were

stored at -20°C if not used immediately for bacterial transformation.

2.3.2.6 Quantification of DNA in solution

DNA concentration was measured spectrophotometrically using a NanoDrop
Spectrophotometer 2000 (Thermo Fisher Scientific), using the relationship
between the absorption of UV light by DNA at 260 nm and the DNA concentration,
with an optical density at 260 nm (OD2s0) of 1.0 for a 50 pg/ml solution of double-
stranded DNA. Each 2 ul sample was read in duplicate or triplicate, and the
average was used to determine the final concentration. The purity of the
preparation was measured by calculation of the OD260/OD2so ratio, with values of

<1.8 indicating protein contamination.

2.3.3 Amplification of plasmid DNA in bacterial culture

2.3.3.1 Preparation of selective Luria Bertani broth and plates

Luria Bertani (LB) broth was prepared using 1% Tryptone (Ameresco, Solon, OH,
US), 1% NaCl (Sigma-Aldrich) and 0.5% granulated yeast extract (Merck) in Milli-

Q water. LB agar was prepared by addition of 1.5% of Select Agar (Thermo Fisher
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Scientific) to LB broth. Both LB broth and LB agar solutions were sterilised by
autoclaving (Section 2.1). Kanamycin or ampicillin (Sigma-Aldrich), which had
been sterilised by filtering (Section 2.1) and stored at 4°C, were added to a final
concentration of 50 ug/ml or 100 pg/ml, respectively, before use. For preparation
of LB agar plates, LB agar was microwaved until molten and allowed to cool to
50°C in a water bath. Approximately 25 ml of the molten agar was poured into 9
cm petri dishes (Sterilin, Newport, UK), allowed to set and stored at 4°C. Before

use, the plates were dried for at least 1 hour at 42°C.

2.3.3.2 Bacterial transformation of plasmid DNA

All pDNA constructs were grown in Escherichia coli One Shot Stbl3, TOP10
(Thermo Fisher Scientific) or GT115 (InvivoGen, Toulouse, France) chemically
competent cells. Cells were transformed according to the manufacturer's
instructions. At least two dilutions of transformed cells were spread on LB agar
plates (Section 2.3.3.1) containing the appropriate antibiotic and incubated for 12-

16 hours at 37°C. Single colonies were isolated for amplification.

2.3.3.3 Bacterial inoculation of growth media

A single transformed E. coli colony, grown overnight on selective LB agar plates
(Section 2.3.3.2), was inoculated into either 5 ml or 400 ml LB broth (Section
2.3.3.1) containing 50 pg/ml kanamycin or 100 pg/ml ampicillin. Cultures were
incubated overnight at 37°C in an orbital shaking incubator with a diameter of 2.54

cm (Innova 4300, New Brunswick Scientific, Edison, NJ, USA) rotating at 175 rpm.
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2.3.3.4 Extraction and purification of plasmid DNA from bacterial culture

Plasmid DNA from 5 ml cultures (Section 2.3.3.3) was purified using the Wizard
Plus SV MiniPrep DNA Purification System (Promega), according to
manufacturer’s instructions. The DNA was eluted in 100 yl nuclease-free water and
stored at -20 °C. Large-scale preparations of plasmid DNA (yielding approximately
1-2 mg) were purified from 400 ml cultures using the EndoFree Plasmid Mega Kit
(Qiagen) according to manufacturer’s instructions. Final plasmid DNA pellets were

typically resuspended in 500 pl of WFI and stored at -20°C.

2.3.4 Construction of tandem minimal hC enhancer-containing plasmids

The plasmids pG6.3x93.soLux and pG6.4x93.soLux (Table 2.1), containing triple
and quadruple 93 bp minimal enhancers, respectively, were constructed for and
used in studies in Chapter 3 (Section 3.2.1). For construction of these plasmids,
the fragment for insertion was generated by PCR amplification (Section 2.3.2.1) of
the 93 bp minimal enhancer region, with addition of a BamH]I restriction site using
the reverse primer. The PCR product was sub-cloned using the Zero Blunt TOPO
PCR Cloning Kit (Thermo Fisher Scientific) according to the manufacturer’s
instructions. The resulting intermediate plasmid was digested with BamHI| and
EcoRYV restriction endonucleases (Section 2.3.2.3), subjected to agarose gel
electrophoresis (Section 2.3.2.2) and the desired insert extracted (Section 2.3.2.4).
For construction of pG6.3x93.soLux, the backbone was prepared by digestion of
pG6.2x93.soLux (Table 2.1) with EcoRV and Bglll (the overhang generated by this
enzyme is compatible with that of BamHI) (Section 2.3.2.3). The insert and

backbone were ligated (Section 2.3.2.5) and used to transform E. coli GT115 cells
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(Section 2.3.3.2). Several colonies were used to inoculate small scale cultures (5
ml; Section 2.3.3.3), from which pDNA was purified (Section 2.3.3.4). Prior to large-
scale (400 ml; Section 2.3.3.3) endotoxin-free plasmid production (Section
2.3.3.4), the identity of the pDNA construct was confirmed by restriction enzyme
digests (Section 2.3.2.3) followed by gel electrophoresis (Section 2.3.2.2). For
construction of pG6.4x93.soLux (Table 2.1), the insert generated previously was
ligated to the backbone produced by digestion of pG6.3x93.soLux (Table 2.1) with

Bglll and Hindlll. The resulting plasmid was then amplified as described above.

2.3.5 Construction of rSIV and rAAV genome plasmids encoding

palivizumab and infliximab

The single-ORF cDNAs of palivizumab (Section 4.2.1) and infliximab (Section
5.2.1) were extracted from the plasmids supplied by GeneArt (Thermo Fisher
Scientific) by digestion with Nhel and PspOMI restriction endonucleases (Section
2.3.2.3) and purified (Section 2.3.2.4). The rSIV and rAAV genome plasmid
backbones were prepared by digestion of pSIV.nCEF.soGLux and
pAAV2.CASI.soGLux, respectively (Table 2.1), with Nhel and PspOMI (Section
2.3.2.3), followed by gel electrophoresis to size-fractionate the fragments (Section
2.3.2.2) and subsequent extraction and purification from the gel (Section 2.3.3.4).
Palivizumab-containing insert was ligated to rSIV and rAAV plasmid backbones
(Section 2.3.2.5) and used to transform E. coli Stbl3 cells (Section 2.3.3.2).
Colonies formed by the transformed bacteria were used to inoculate small scale
cultures (5 ml; Section 2.3.3.3), from which pDNA was purified (Section 2.3.3.4).

Prior to large-scale (400 ml; Section 2.3.3.3) endotoxin-free plasmid production
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(Section 2.3.3.4), the identity of the pDNA construct was confirmed by restriction
enzyme digests (Section 2.3.2.3) followed by gel electrophoresis (Section 2.3.2.2).
The resulting plasmids were termed pSIV.hCEF.palivizumab and
pAAV2.CASIl.palivizumab (Table 2.1). Infliximab-containing insert was ligated with
rAAV genome plasmid backbone to generate pAAV.CASlL.infliximab (Table 2.1),

which was amplified as described above.

2.3.6 Construction of rAAV genome plasmids encoding etanercept

A construct containing TNFR2 signal sequence and hGH-etanercept cDNA was
synthesised by GeneArt (Thermo Fisher Scientific). The hGH-etanercept cDNA
was removed from the supplied plasmid by digestion with Nhel and PspOMI
restriction endonucleases (Section 2.3.2.3) and purified (Section 2.3.3.4). The
rAAV plasmid backbone was prepared by digestion of pAAV2.CASI.soGLux (Table
2.1) with Nhel and PspOMI (Section 2.3.2.3), followed by gel electrophoresis to
size-fractionate the fragments (Section 2.3.2.2) and subsequent extraction and
purification from the gel (Section 2.3.3.4). Etanercept-containing insert was ligated
to the obtained rAAV plasmid backbone (Section 2.3.2.5) and used to transform E.
coli Stbl3 cells (Section 2.3.3.2). Colonies formed by the transformed bacteria were
used to inoculate small scale cultures (5 ml; Section 2.3.3.3), from which pDNA
was purified (Section 2.3.3.4). Prior to large-scale (400 ml; Section 2.3.3.3)
endotoxin-free plasmid production (Section 2.3.3.4), the identity of the pDNA
construct was confirmed by restriction enzyme digests (Section 2.3.2.3) followed

by gel electrophoresis (Section 2.3.2.2). The resulting plasmid was termed
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pAAV2.CASI.hGH-etanercept (Table 2.1). The insert containing the TNFR2 signal
sequence was released from the plasmid supplied by GeneArt by digestion with
Afel and Sphl restriction endonucleases (Section 2.3.2.3) and purified (Section
2.3.2.4). The backbone was generated by digestion of pAAV2.CASI.hGH-
etanercept with the same enzymes, ligated with the insert (Section 2.3.2.5) and the
resulting plasmid pAAV2.CASI. TNFR2-etanercept (Table 2.1) was amplified as

described above.

2.3.7 Construction of plasmids containing SMASh tag and NS3 protease

Incorporation of SMASh sequence into cDNA was achieved using a seamless
cloning strategy involving Faul, a restriction endonuclease which recognises an
asymmetric DNA sequence and cleaves outside of its recognition sequence (lan
Pringle, personal communication), and a SMASh “acceptor” plasmid
pG6.hCEF.SMASh (Table 2.1; gift of lan Pringle). The GLux and etanercept-
containing fragments for insertion were generated by PCR amplification (Section
2.3.2.1) of the desired sequence. The reverse primer for the reaction was designed
such that it would omit the STOP codon at the end of the cDNA and instead
incorporate a Faul recognition site. The PCR product was sub-cloned using the
Zero Blunt TOPO PCR Cloning Kit (Thermo Fisher Scientific) according to the
manufacturer’s instructions. The resulting intermediate plasmid was digested with
Nhel and Faul restriction endonucleases (Section 2.3.2.3), subjected to agarose
gel electrophoresis (Section 2.3.2.2) and the desired insert extracted (Section
2.3.3.4). The extracted fragment was then ligated (Section 2.3.2.5) with the

backbone, which was generated by digestion of pG6.nCEFI.SMASh (Table 2.1)
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with Nhel and Faul (Section 2.3.2.3), and the resulting plasmid used to transform
E. coli GT115 cells (Section 2.3.3.2). Colonies formed by the transformed bacteria
were used to inoculate small scale cultures (5 ml; Section 2.3.3.3), from which
pDNA was purified (Section 2.3.3.4). Prior to large-scale (400 ml; Section 2.3.3.3)
endotoxin-free plasmid production (Section 2.3.3.4), the identity of the pDNA
construct was confirmed by restriction enzyme digests (Section 2.3.2.3) followed
by gel electrophoresis (Section 2.3.2.2). The resulting plasmids were termed

pG6.hCEFI.soGLux-SMASh and pG6.hCEFI.etanercept-SMASh (Table 2.1).

To generate plasmid pG6.hCEF|.etanercept-NS3 (Table 2.1), encoding etanercept
fused to NS3 protease (Section 5.2.3), the etanercept-containing fragment for
insertion was generated by PCR amplification (Section 2.3.2.1) of the desired
sequence. The reverse primer for the reaction was designed such that it would
introduce a STOP codon immediately after the NS3 protease sequence (Figure
5.12), and a PspOMI recognition sequence. The PCR product was sub-cloned
using the Zero Blunt TOPO PCR Cloning Kit (Thermo Fisher Scientific) according
to the manufacturer’s instructions. The resulting intermediate plasmid was digested
with Nhel and PspOMI restriction endonucleases (Section 2.3.2.3), subjected to
agarose gel electrophoresis (Section 2.3.2.2) and the desired insert extracted
(Section 2.3.3.4). The extracted fragment was then ligated (Section 2.3.2.5) with
the backbone, which was generated by digestion of pG6.hCEFIl.etanercept-
SMASh (Table 2.1) (Section 2.3.2.3), and the resulting plasmid used to transform
E. coli GT115 cells (Section 2.3.3.2). Colonies formed by the transformed bacteria
were used to inoculate small scale cultures (5 ml; Section 2.3.3.3), from which
pDNA was purified (Section 2.3.3.4). Prior to large-scale (400 ml; Section 2.3.3.3)

endotoxin-free plasmid production (Section 2.3.3.4), the identity of the pDNA
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construct was confirmed by restriction enzyme digests (Section 2.3.2.3) followed
by gel electrophoresis (Section 2.3.2.2). The resulting plasmid was termed

pG6.hCEFI.etanercept-NS3 (Table 2.1).

2.4 Cell culture

2.4.1 Cells and culture conditions

Adherent human embryonic kidney 293T (HEK293T) cells (Graham et al., 1977)
were used for plasmid transfections (Section 2.4.2), rAAV vector production
(Section 2.5.4) and rSIV and rAAV transduction. Cells of the human epithelial type
2 (HEp-2) line (ATCC; Moore et al., 1955) were used for RSV plaque reduction
assay (Section 2.4.4). Cells of the Madin-Darby Canine Kidney (MDCK) line
overexpressing human alpha-2,6 sialic acid via stable transfection with the cDNA
of human alpha2,6-sialytransferase 1 (SIAT1) (Matrosovich et al., 2003) were used
for transfections with SMASh-encoding plasmids (Section 5.2.3). All of the above
cells were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM) (Life
Technologies) supplemented with 10% foetal bovine serum (FBS; Sigma-Aldrich),
100 U/ml of penicillin and 100 mg/ml of streptomycin (Sigma-Aldrich) and 2 mM L-

glutamine (Sigma-Aldrich), in a 5% CO2 humidified incubator at 37°C.

HEK293T cells previously adapted to suspension growth using sequential serum
reduction (gift of Lee Davies) were used for lentiviral vector production (Section
2.5.2), while HEK293F cells (Thermo Fisher Scientific) were used for lentiviral

vector titration (Section 2.5.3). They were maintained in an 8% CO2 humidified
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agitating incubator (135 rpm) (Thermo Fisher Scientific) at 37°C in FreeStyle 293

Expression medium (Thermo Fisher Scientific) without serum or antibiotics.

2.4.2 Transient transfection of cultured cells with plasmid DNA

Adherent HEK293T cells were seeded in six- or 12-well plates at 10¢ or 5 x 10°
cells per well, respectively. MDCK cells were seeded in 12-well plates at 2 x 104
cells per well. Twenty-four hours after seeding, cells were transfected with the
appropriate plasmid using Lipofectamine 2000 (Thermo Fisher Scientific). For six-
well plates, 1.6 ug of DNA and 4 pl of Lipofectamine 2000 were complexed in a
total volume of 500 ul per well. For 12-well plates, 4 uyg of DNA and 10 pl of

Lipofectamine 2000 were complexed in a total volume of 200 ul per well.

2.4.3 Preparation of cell lysates for luciferase assay

Cell growth medium was aspirated and the cell monolayer rinsed twice in ice-cold
PBS. Cells were lysed by 15-minute incubation with Reporter Lysis Buffer (RLB;
Promega). The lysate was scraped from the well, transferred to a 1.7 mi
microcentrifuge tube (Corning) and frozen at -80°C for 215 minutes. After thawing,
the lysate was centrifuged at 13,000 rcf for 20 minutes to pellet cell debris. The
cleared supernatant was used for measurement of luciferase activity (Section

2.7.2) and protein content (Section 2.7.1), or stored at -80°C.
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2.4.4 Plaque reduction assay

Plaque reduction assay was used to assess the RSV-neutralising capacity of
palivizumab-containing serum and BALF. Flat-bottomed 96-well plates (Corning)
were seeded with HEp-2 cells at 2.5 x 10* cells/well and incubated for
approximately 24 hours until confluent. When the cell monolayers were ready,
various dilutions of mouse serum and BALF samples (Sections 2.6.6.1 and 2.6.6.2)
were prepared. Serially diluted samples were mixed with an equal volume of RSV,
previously diluted to give 200 focus-forming units (ffu) per 25 pl. The sample/virus
mixtures were incubated at 37°C and 5% CO: for 1 hour. Media was then aspirated
from the previously seeded cells, which were subsequently washed with PBS. A
50 upl volume of the sample/virus mixture was added per well in duplicate and
incubated at 37°C and 5% CO2 for 2 hours. Then, 150 pl of pyruvate-free DMEM
with 2% FBS were added to each well and the plate was further incubated for 16-
20 hours. Media was then aspirated and the cells were fixed in methanol with 2%
hydrogen peroxide for 20 minutes at RT. Cells were then washed with 1% bovine
serum albumin (BSA) in PBS (PBS/BSA) and 100 ul of biotinylated anti-RSV
antibody (AbD serotec, Kidlington, UK), diluted 1:500 in PBS/BSA, was added to
each well and incubated for 1 hour at RT. After washing twice with PBS/BSA, 100
ul of ExtrAvidin-peroxidase, diluted 1:500 in PBS/BSA (Sigma-Aldrich), was added
per well and incubated for 30 min in the dark at RT. Cells were then washed three
times with PBS/BSA and 50 pl of 3,3’-diaminobenzidine (DAB) substrate was
applied (Sigma-Aldrich). The plate was incubated in the dark until the plaques
acquired the desired colouration (5-10 minutes). The reaction was stopped by
washing the plate with PBS and the number of immunoplaques in each well was

quantified by manual counting under a light microscope.
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2.5 Viral vector production

2.5.1 Viral vectors used in this study

The viral vectors used in this study are summarised in Table 2.2.

2.5.2 Lentiviral vector production

Lentiviral vector production was performed by lan Pringle, Lee Davies, Steve Hyde
and Rachel Ashworth. Recombinant SIV vectors were produced by transient
transfection of suspension-cultured HEK293T cells, according to previously
established conditions (Steve Hyde, personal communication) using a mixture of
five producer plasmids at a total of 0.33 pg pDNA per 10° cells using PElpro
(Polyplus-transfection, lllkirch, France) at a volume:mass ratio of 2:1. Recombinant
SlIV-based lentiviral vectors were produced using the respective genome plasmid
and four accessory plasmids (Table 2.1) at a mass ratio of genome plasmid:
pCMV.SIV.GagPol: pRSV.Rev: pCAG.SeV.Fct4: pCAG.SeV.EnvctHN  of

20:9:6:6:6.
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Table 2.2. Viral gene transfer vectors used in this study.

Vector Pseudotype/serotype | Promoter | Transgene Genome plasmid Source Laboratory
reference
rSIV vectors
Gift of
rSIV.F/HN pSIV.hCEF.soGLux
hCEF soGLux F/HN hCEF soGLux (PGM352) . I_an vGM124
ringle
Gift of
rSIV.F/HN pSIV.hCEF.EGFP
F/HN hCEF EGFP lan vGM107
hCEF EGFP (PGM357) Pringle
rSIV.F/HN - .
hCEF F/HN hCEF palivizumab pSIV.-hCEF .palivizumab This vGM160
. (pGM463) study
palivizumab
rAAV vectors
rAAV2/8 CASI pAAV2.CASI.soGLux Gift of
s0GLuX 8 CASI soGLux (PGM453) Jack Tan -
rAAV2/8 CASI pAAV2.CASI.EGFPLux Gift of
EGFPLux 8 CASI EGFPLux (pGM452) Jack Tan ;
rAAV2/9 hCEFI pAAV2 hCEFIl.soGLux Gift of
soGLuX 9 hCEF soGLux (PGM495) Jack Tan -
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rAAV2/9 CASI pAAV2.CASI.soGLux This
soGLux 9 CASI soGLux (PGM453) study -
rAAV2/8 CASI o pAAV2.CASI.palivizumab This
palivizumab 8 CASI | palivizumab (PGM459) study -
rAAV2/8 CASI o pAAV2.CASl.infliximab This
infliximab 8 CASI infliximab (PGM458) study -
rAAV2/8 CASI 8 CASI etanercept with pAAV2.CASI.hGH- This i
hGH-etanercept SS from hGH etanercept (pGM521) study
rAAV2/8 CASI etanercept with pAAV2.CASI. TNFR2- This
TNFR2- 8 CASI SS from etanercept (pGM537) stud i
etanercept TNFR2 PP y

CASI: a combination of the CMV enhancer, chicken B-actin promoter and ubiquitin enhancer (Balazs et al., 2013); EGFP — enhanced
fluorescent green protein; EGFPLux: EGFP fused to firefly luciferase (cDNA obtained from pEGFP-Luc, Promega); F/HN: modified
forms of fusion (F) and haemagglutinin-neuraminidase (HN) glycoproteins from Sendai virus (Kobayashi et al., 2003); hCEF: a
combination of synthetic, CpG-free human CMV enhancer and synthetic, CpG-free human elongation factor 1 a promoter (Hyde et
al., 2008); hCEFI: hCEF with synthetic, CpG-free intron; hGH: signal sequence from human growth hormone (Balazs et al., 2013);
TNFR2: signal sequence from tumour necrosis factor receptor 2 (Osslund, 2003); SIV: simian immunodeficiency virus (Fukasawa et

al., 1988); soGLux: codon-optimised, CpG-depleted Gaussia luciferase (Griesenbach et al., 2011); SS: signal sequence.
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The HEK293T cells were cultured in single-use 10 | (5 | working volume) WAVE
Cellbag bioreactors (GE Healthcare, Amersham, UK) mounted on a WAVE 20/50
rocking platform (GE Healthcare). The Cellbag was inflated with 5% CO>, primed
with 2 | FreeStyle 293 Expression medium (Thermo Fisher Scientific) containing
2.5 ml/l 10% Pluronic F-68 (Thermo Fisher Scientific), seeded with HEK293T cells
to 8 x 10° cells/ml and incubated at 37°C, rocking at 20 rpm at an 8° rocking angle
for 48 hours. pH of the growth media was automatically maintained via a
WAVEPODII controller (GE Healthcare) at 7.2 by controlling the concentration of
CO:s2 in the headspace and/or injection of 7% sodium bicarbonate (Sigma-Aldrich).
Cells were transfected using PElpro (Polyplus-transfection) complexed with the
appropriate five-plasmid mixture described above, with the required amount of
transfection mix determined by the number of cells present in the Cellbag at the
time of transfection. At approximately 18 hours after transfection, 3 | of media, 7.5
ml of 10% Pluronic F-68 (Thermo Fisher Scientific) and sodium butyrate (Sigma-

Aldrich) to a final concentration of 5 mM were added.

Cells were also supplemented with 5 ml/l of 45% glucose (Sigma-Aldrich)
immediately prior to and 48 hours after transfection. Two separate additions of
benzonase (5 U/l) (Merck) were performed to reduce nucleic acid contaminant
burden: 48 hours post-transfection and again 1 hour before harvest. Magnesium
chloride was added to 1 mM final concentration 1 hour before harvest. At 72 hours
after transfection, the cell supernatant was filtered through a series of filters
comprising GE Ultra 5 ym filter (GE Healthcare) and AcroPak 0.8/0.45 pm filter

(Pall, Portsmouth, UK). The filtrate was stored at -80°C.
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The filtered supernatant was thawed and the Sendai F protein activated by
incubation (30 min, 37°C) with 0.05x TrypLEselect recombinant trypsin analogue
(Thermo Fisher Scientific). Activated vector was then cooled to 4°C and
concentrated/purified using a combination of anion exchange chromatography
(AEX) and tangential flow filtration (TFF). Initial virus capture was performed using
an AKTA Pure 150L chromatography station (GE Healthcare) in conjunction with
5 ml Mustang Q XT5 quaternary ammonium AEX membrane (Pall). Viral
supernatant was loaded onto the membrane at a flow rate of 25 ml/min, washed
with low-salt buffer (150 mM NaCl, 25 mM HEPES, pH 7.5) and eluted in high salt
buffer (1 M NaCl, 26 mM HEPES, pH 7.5). Vector-containing fractions were
identified by UV absorbance peaks, diluted to a final volume of 100 ml in media
and kept at 4°C to maintain vector viability. Isolated vector was then concentrated
and purified via TFF using a KRIli TFF system (Spectrum Europe, Breda, The
Netherlands). Initially, 100 ml of vector was concentrated via ultrafiltration to 10 ml
using a C02-E500-05N MicroKros TFF module (Spectrum Europe) consisting of a
20 cm? surface area modified polyethylsulfone membrane with a 500 kDa
molecular weight cut-off. Concentrated virus was then diafiltered against 10
diavolumes (100 ml) of Freestyle 293 Expression media (Thermo Fisher Scientific)
or TSSM buffer (20 mM tromethamine, 100 mM NaCl, 10 mg/ml sucrose, 10 mg/ml
mannitol) before a final ultrafiltration volume reduction step yielding approximately
5 ml of final viral product. Purified vector was divided into 100 ul aliquots and stored

at -80°C.
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2.5.3 Determination of lentiviral vector titre

Lentiviral vector quantification was performed with the assistance of lan Pringle
and Eoin Mac Réamoinn. The titre of lentiviral vectors was determined by qPCR
using the Applied Biosystems 7900HT Fast Real-Time PCR system (Thermo
Fisher Scientific) based on the genomic integration of WPRE DNA sequence.
HEK293F suspension cells were transduced with dilutions of purified lentiviral
vectors in the presence of 8 pg/ml of polybrene (Sigma-Aldrich). Cells were
incubated for 72 hours before genomic DNA was extracted using the QlAamp DNA
Mini kit (Qiagen). The integrated WPRE DNA was quantified against a standard
curve of DNA mimics containing the WPRE sequence (gift of Stephanie Sumner-
Jones) using the following primers: forward: TGGCGTGGTGTGCACTGT; reverse:
CCCGGAAAGGAGCTGACA; probe: FAM-TTGCTGACGCAACCCCCACTGG-
TAMRA in triplicate using TagMan FAST Universal PCR Master Mix (Thermo
Fisher Scientific), normalised against total DNA determined using Nanodrop
(Section 2.3.2.6). The PCR profile used was as following: 50°C for 2 minutes, 95°C
for 10 minutes followed by 40 cycles of 95°C for 15 s and 60°C for 1 minute.
“TagMan transducing units” per ml of vector preparation (TTU/ml) were determined
from the slope of a linear regression line generated from the dilution series using

Prism software v7.0 for Mac (GraphPad Software, La Jolla, CA, USA).

2.5.4 Production of recombinant adeno-associated viral vector

The production of rAAV was performed as previously described (de Silva et al.,

2015). Briefly, 3.4 x 108 HEK293T cells were seeded in a 175 cm? tissue culture
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flask (Corning). After 72 hours, the flask was used to seed one 1,720 cm? surface
area HYPERFlask (Corning); between two and four HYPERFlasks were used for
each rAAV preparation. The cells were transfected with 500 yg of the genome
plasmid, pAdDeltaF6 and pAAV2/8 or pAAV2/9 (Table 2.1; calculation of plasmid
ratio is described in Table 2.3) using 25 kDa linear PEI (Polysciences Inc,
Hirschberg an der Bergstrasse, Germany) in reduced-serum media (4.5 g/l
glucose, 2 mM L-glutamine, 2% FBS, 100 U/ml penicilin and 100 pg/ml
streptomycin). After 72 hours, cells were pelleted by centrifugation at 1,400 rcf for
10 minutes. Individual cell pellets were resuspended in 15 ml lysis buffer (1 M
Tris(hydroxymethyl)aminomethane, 150 mM NaCl). EDTA-free cOmplete Mini
protease inhibitor cocktail (Roche, Welwyn Garden City, UK) was added to the
manufacturer's recommended final concentration. The resuspended pellets were
then subjected to four freeze-thaw cycles (freeze for 1 hour at -80°C and thaw at
37°C for 15 minutes). Benzonase (Merck) was added to the cell lysates for a final
concentration of 50 U/ml followed by a 45-minute incubation at 37°C. The lysates

were then centrifuged at 3,700 rcf for 20 minutes to pellet cell debris.

Vector was purified by iodixanol gradient ultracentrifugation. lodixanol step-
gradient solutions were prepared according to the recipe in Table 2.4 with 60%
iodixanol (OptiPrep, Sigma-Aldrich), 5 x PBS-MK (5 x PBS, 12.5 mM MgCl,, 12.5
mM KCI), 5 M NaCl, Milli-Q water and 0.5% phenol red (Sigma-Aldrich). The 15%,
25%, 40% and 60% iodixanol solutions were layered in 32.4 ml OptiSeal tubes
(Beckman Coulter) using a Pasteur pipette (Appleton Woods Ltd, Birmingham,
UK). First, 7.2 ml of 15% was pipetted directly into the bottom of the tube, followed
by laying of 4.8 ml of 25% iodixanol fraction below the 15% fraction, 4 ml of 40%

below the 25% fraction and finally 4 ml of 60% below the 40% fraction. The
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benzonase-treated and cleared cell lysate was then layered on top of the 15%
fraction by drop-wise application. The gradients were centrifuged at 59,000 rpm
(256,146 rcf) for 1.5 hours in the Optima XPN-80 Ultracentrifuge (Beckman
Coulter) with the 70Ti rotor (Beckman Coulter). Following centrifugation, the tube
was punctured at the junction between the 40% and 60% iodixanol fractions using
an 18G needle (Becton Dickinson, Plymouth, UK). The 40% fraction was collected
using a 5 ml syringe (Becton Dickinson) and subsequently concentrated and
dialysed into PBS using Amicon Ultra-15 100K MWCO centrifugal devices (Merck).

Purified vector was divided into 40 ul aliquots and stored at -80°C.

2.5.5 Determination of recombinant adeno-associated viral vector titre

The number of DNase-resistant genome copies per ml (DRGC/ml) was determined
by qPCR using the Applied Biosystems 7900HT Fast Real-Time PCR system
(Thermo Fisher Scientific). Purified rAAV was diluted 1:10 in Milli-Q water and
treated with 2 U of DNAse | (Thermo Fisher Scientific) in a final volume of 10 pl for
20 minutes at 37°C to remove any residual pDNA or unpackaged viral DNA.
Samples were then incubated at 100°C for 10 minutes to denature the viral capsids
and release the genome. Various dilutions were prepared and the viral DNA was
quantified in triplicate using TagMan Fast Universal PCR Master Mix (Thermo
Fisher Scientific) against a standard curve of DNA mimics containing the WPRE
sequence (gift of Stephanie Sumner-Jones). The primers used were as follows:
forward: TGGCGTGGTGTGCACTGT; reverse: CCCGGAAAGGAGCTGACA;

probe: FAM-TTGCTGACGCAACCCCCACTGG-TAMRA. The qgPCR was
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performed according to the following conditions: 50°C for 2 minutes followed by 40

cycles of 95°C for 10 s and 60°C for 1 minute.

2.6 Animal studies

2.6.1 Mouse strains

Specific pathogen-free female BALB/c mice were purchased from Envigo

(Bicester, UK) and were used for all experiments.

2.6.2 General conditions

All procedures involving laboratory mice were carried out under United Kingdom
Home Office-approved project and personal licenses for performing experiments
on animals under the terms of the Animals (Scientific Procedures) Act 1986. Mice
were housed in accordance with the United Kingdom Home Office ethical and
welfare guidelines and fed on standard chow and water ad libitum. All mice were
aged 5-9 weeks at point of procedure initiation and had been allowed to acclimatise
for at least seven days prior to procedures being performed. Euthanasia of animals
was performed by cervical dislocation or intraperitoneal injection of 100 pl

pentobarbitone (Centaur, Somerset, UK).
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Table 2.3. Ratio of plasmids for rAAV production.

Plasmid Size (kb) Amount per transfection (ug)
pAdDeltaF6 15.4 154 xR
PAAV2/x 7.3 7.3xR
pTransgene T TxR
Total K 500 ug
Ratio (R) mass/kb 500/K

rAAV: recombinant adeno-associated virus; pAdDeltaF6: helper plasmid
containing the E2a, E4, and VARNA genes from adenovirus; pAAV2/8: plasmid
containing the Rep gene from AAV serotype 2 and Cap gene from AAV serotype

8; pTransgene: rAAV genome plasmid, containing transgene flanked by AAV ITRs.

Table 2.4. lodixanol solutions required for four gradients.

Step iodGi?(oa/onol Nsa“(gl ° XMPKBS- H-0 Phenol red
15% 8 ml 6.4 mi 6.4 mi 11.2 ml -

25% 10 ml - 4.8 ml 9.2 ml 40 pl
40% 13.4 ml - 4 ml 2.6 ml -
60% 20 ml - - - 40 pl
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2.6.3 Mouse anaesthesia

For nasal instillation (Section 2.6.5.1), intramuscular injection (Section 2.6.5.3) and
in vivo bioluminescence imaging (Section 2.6.8), anaesthesia was induced using
inhalation of 3-4.5% isoflurane (Abbott, Maidenhead, UK) and maintained with 2.5-
3% isoflurane. Depth of anaesthesia was continuously monitored by observing the

animal’s breathing rate and testing reflex responses to the foot pad pinch.

2.6.4 Preparation of polyplexes and lipoplexes

2.6.4.1 Preparation of PEI polyplexes for aerosolisation

The PEI polyplexes were prepared for aerosolisation as previously described
(Davies et al., 2008). A volume of 10 ml polyplex was formed at a PEI nitrogen:DNA
phosphate (N:P) molar ratio of 1:10. Plasmid DNA was diluted to a concentration
of 0.4 mg/ml in WFI and 25 kDa branched PEI (Sigma-Aldrich) was prepared at a
concentration of 4.3 mg/ml in sterile water at pH 7.4 and filtered through a 0.22 ym
filter. Polyplexes were prepared by mixing 5 ml pDNA solution with 5 ml PEI
solution using continuous vortexing. Complexes were allowed to form for 20
minutes to 1 hour at RT. Approximately 10 ml of the final mixture containing 2 mg

pDNA was aerosolised (Section 2.6.5.2).

2.6.4.2 Preparation of GL67A lipoplexes for instillation

Liposomes were generated by hydrating a vial of GL67A (Eastman et al., 1997)

(1:2:0.05 molar ratio of GL67:DOPE:DMPE-PEGS5000) (OctoPlus, Leiden,
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Netherlands) to 1.2 mM with WFI and mixing until dissolved. The liposome solution
was subsequently kept on ice for a maximum of 8 hours before being discarded.
An 800 pl aliquot of the liposome solution was transferred to a 7 ml sterile
polystyrene bijou tube (Sterilin) and incubated for 5 minutes at 30°C. A volume of
800 ul of pDNA at 1.6 mg/ml was added to the liposomes and the combined
solution was incubated for a further 15 minutes at 30°C to allow complex formation.
A 100 pl dose of the lipoplexes containing 80 ug pDNA, at a pDNA:GL67A mM
ratio of 2.4:0.6, equivalent to a 1:0.25 ratio of lipid nitrogen (N):DNA phosphate (P),

was delivered per mouse (Section 2.6.5.1).

2.6.4.3 Preparation of GL67A lipoplexes for aerosolisation

Lipoplexes for aerosolisation were prepared as previously described (Davies et al.,
2010). A volume of 10 ml lipoplex was formed at a plasmid DNA:GL67A molar ratio
of 8:6. Liposomes were generated by hydrating a vial containing GL67A (OctoPlus)
to 12 mM with WFI and mixing until dissolved. The liposome solution was
subsequently kept on ice for a maximum of 8 hours before being discarded.
Plasmid DNA was diluted to a concentration of 5.28 mg/ml (16 mM). Lipoplexes
were prepared by mixing 5 ml plasmid DNA solution (16 mM) with 5 ml liposome
solution (12 mM). Complexes were allowed to form for 15 minutes to 1 hour at RT.
Approximately 10 ml of the final mixture containing 25 mg plasmid DNA was

aerosolised (Section 2.6.5.2).
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2.6.5 Administration of substances

2.6.5.1 Nasal instillation

Nasal instillation was used to deliver GL67A lipoplexes (Section 2.6.4.2), D-
luciferin (Section 2.6.8) and RSV to the mouse lung. Animals were anaesthetised
(Section 2.6.3) and administered the appropriate dose of the substance diluted to
a total volume of 100 ul by nasal sniffing as previously described (Xenariou et al.,
2007). In brief, the anaesthetised mouse was held vertically and a continuous

droplet was maintained during topical application of the substance to the nose.

2.6.5.2 Aerosol inhalation

Aerosol delivery of polyplexes (Section 2.6.4.1) and lipoplexes (Section 2.6.4.3)
was performed using a continuous, unrestrained whole-body exposure system as
previously described (Davies et al., 2008). Mice were placed in an 8 | Perspex
chamber and exposed to aerosol, which was generated using an Aerotech Il

nebulizer (Biodex, Shirley, NY, USA), operating at 40 pound-force per square inch

(psi).

2.6.5.3 Intramuscular injection

Animals were anaesthetised (Section 2.6.3), followed by optional fur removal from
the site of injection. The appropriate dose of vector or vehicle diluted in a total
volume of 40 pl was injected into the gastrocnemius or quadriceps muscle using a

500 pl insulin syringe with 29G needle (Braun, Sheffield, UK).
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2.6.5.4 Intravenous injection

Lidocaine 4% cream was applied to the tails of animals 30 minutes before injection
and the animals were placed at 37°C until procedure. The mice were then
restrained and 100 pl of vector was injected into the tail vein using a 500 pl insulin

syringe with 29G needle (Braun).

2.6.6 Collection of cells and tissues

2.6.6.1 Serum collection

Lidocaine 4% cream was applied to the tails of animals 30 minutes before blood
sampling. Mice were kept at 37°C for 20 minutes before being restrained and blood
was collected from the tail vein using Microvette CB 300 serum collection tubes
(Sarstedt). Blood was stored overnight at 4°C and centrifuged at 10,000 rcf for 5
minutes to pellet the clot. Serum was collected and stored at -80°C. Prior to use in
ELISA (Section 2.7.4) and plaque reduction assay (Section 2.4.4), serum was heat-

inactivated at 56°C for 30 minutes.

2.6.6.2 Broncho-alveolar lavage

Mice were euthanised and dissected to expose the trachea. A small tear was made
in the trachea and a 0.75 mm cannula (Harvard Apparatus, Kent, UK) attached to
a 21G needle (Becton Dickinson) was inserted. A syringe was used to infuse the
lung with 1 ml BALF solution (PBS, 50 uM EDTA; 1% BSA was included except in

studies involving RSV infection) and then collect the fluid by gentle aspiration.
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Flushing the lung was performed three times using the same (for studies with
mADbs) or fresh (for studies with GLux) BALF solution. Repeated washing with the
same solution maximised concentration of mAbs and the chance of detecting them

using ELISA (Section 2.7.4)

2.6.6.3 Harvest of lung tissue and preparation of lysates

Mice were euthanised by cervical dislocation and the lungs removed. The tissue
was rinsed in PBS, immersed in 300 pl RLB (Promega) and placed on ice. Lungs
were homogenised using Lysing Matrix D tubes (MP Biomedicals, Cambridge, UK)
and processed using the FastPrep Instrument (MP Biomedicals) for 45 seconds at
a speed setting of 4.0 m/s. The homogenates were subsequently frozen at -80°C
for 215 minutes. Following thawing to RT, the homogenates were mixed by
vortexing for 10 s, transferred to QlAshredder columns (Qiagen) and centrifuged
at 9,300 rcf for 2 minutes. The lysates were frozen at -80°C for at least 30 minutes,
then thawed to RT and centrifuged for 10 minutes at 9,300 rcf. The supernatant
was transferred to a clean microcentrifuge tube and luciferase activity measured
(Section 2.7.2) and total protein quantified (Section 2.7.1), or frozen at -80 °C for

later analysis.

2.6.7 Total and differential BALF leukocyte quantification

Following collection of BALF (Section 2.6.6.2), the sample was centrifuged at 3,500
rcf and the supernatant removed and stored at -80°C. The resulting cell pellet was

resuspended in 100 yl Ammonium-Chloride-Potassium buffer (150 mM NH4Cl, 10
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mM KHCO3s, 0.1 mM EDTA) to lyse red blood cells. After 2 minutes, 400 pl of
DMEM was added and the samples were centrifuged at 3,500 rcf. The pellet was
resuspended in 500 yl of DMEM. For total leukocyte quantification, an aliquot of
the cell suspension was mixed with 0.1% trypan blue and the total number of cells
manually counted using a haemocytometer. For differential leukocyte
quantification, 100 ul of the cell suspension was transferred onto a glass slide
(Tharmac, Waldsoms, Germany) using Cytospin Il Cytocentrifuge (Thermo Fisher
Scientific) and allowed to air-dry. The slides were fixed and stained using Reastain
Quick-Diff Kit (Reagena, Toivala, Finland) according to the manufacturer’s
protocol. The slides were then visualised using a light microscope and at least 300
cells per slide were counted and differentiated into macrophages, lymphocytes and

neutrophils based on their morphology.

2.6.8 In vivo bioluminescence imaging

Bioluminescence was measured in living mice using the 1IVIS100 imaging system
(PerkinElmer, Waltham, United States) and the software programme Living Image
v4.5 (PerkinElmer). For imaging of expression in the lung, mice were first
anaesthetised (Section 2.6.3) and 100 pl of 15 mg/ml D-luciferin (Perkin Elmer)
was delivered to the lungs by nasal instillation (Section 2.6.5.1). For imaging of
expression in the liver and muscle, mice were injected intraperitoneally with 300 pl
of 15 mg/ml D-luciferin (PerkinElmer) diluted in PBS (150 pl into each side) and
then anaesthetised. Anaesthesia was maintained while the animals were
visualised in the imaging system. The automated “wizard” setting was used to

capture photon emission. Luciferase activity was measured by marking a
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standardised area for quantification around an organ. Average luminescence in the

region of interest was calculated and expressed as photons/sec/cm?/sr.

2.6.9 Immunofluorescence studies of mouse lung sections

2.6.9.1 Preparation of formalin-fixed, paraffin embedded sections of mouse lung

Mice were euthanised and dissected to expose the trachea. A small tear was made
in the trachea and a 0.75 mm cannula (Harvard Apparatus, Kent, UK) attached to
a 21G (Becton Dickinson) was inserted. A 5 ml syringe (Becton Dickinson) was
used to infuse the lung with 4% paraformaldehyde (PFA; Sigma-Aldrich),
previously dissolved in PBS (Sigma-Aldrich), adjusted to pH 7 and stored at -20°C.
A suture (Johnson & Johnson, St-Stevens-Woluwe, Belgium) was tied around the
trachea to prevent leakage of PFA. The inflated lung was left in situ for one hour at
RT and then dissected out and submerged in 4% PFA for 48 hours at RT. The
individual lobes were separated using a scalpel, placed in plastic histology
cassettes (Simport, Quebec City, Canada) and processed overnight in the Tissue-
Tek VIP 5 Jr. vacuum infiltration processor (Sakura, Alphen aan den Rijn,
Netherlands). The lobes were then embedded in paraffin and the left lobe trimmed
until large airways were exposed. A number of 4 ym sections were then cut, which
were mounted onto Superfrost Plus glass slides (VWR, PA, USA) and allowed to
dry at 37°C. Paraffin-embedded blocks and tissue slides were stored at 4°C if not

used immediately after preparation.
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2.6.9.2 Immunostaining of mouse lung sections

Slides were deparaffinised and rehydrated by submerging them in a series of
solutions for 3 minutes each. Ethanol solutions were prepared with industrial
methylated spirit (VWR). The order of solutions was as follows: Citroclear (TCS
Biosciences, Botolph Claydon, UK) twice, 100% ethanol twice, 70% ethanol, 50%
ethanol, and PBS twice. For antigen retrieval, slides were treated with pre-heated
1 mM EDTA (pH 8) for 10 minutes at 95-100°C. Briefly, a plastic coplin jar (Thermo
Fisher Scientific) was filled with the buffer and placed in a water bath set to 95-
100°C for approximately 30 minutes. Immediately following deparaffinisation and
rehydration, slides were placed in the hot buffer and the jar placed back in the
water bath for 10 minutes. The slides were then allowed to cool in the jar for 20
minutes at RT and washed three times in 0.1% Triton X-100 (Sigma-Aldrich) in
PBS. A solution of 0.1% Triton X-100 (Sigma-Aldrich) in PBS was used for all
dilutions and washing steps. EGFP and cell type-specific markers were detected
by incubation with a combination of the appropriate antibodies, listed in Table 2.5.
All antibody incubations were performed in the dark in a humid slide staining
system (Simport) at RT. Following heat-induced antigen retrieval, a hydrophobic
pen (Sigma-Aldrich) was used to demarcate a region around the tissue section.
Approximately 25-50 ul of primary antibody mixture at 1:100 dilution was applied
onto the tissue. Following the incubation, the slides were washed once and 25-50
pl of secondary antibodies diluted 1:500 applied. After the second incubation,
slides were washed once, mounted with ProLong Gold Antifade medium with DAPI
(Thermo Fisher Scientific) and incubated overnight in the dark at RT. If not

subsequently imaged, the slides were stored at 4°C.
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2.6.9.3 Imaging of sections using confocal microscopy

Images were captured using a Zeiss LSM-780 inverted confocal microscope
(Zeiss, Jena, Germany) using 63x oil immersion objective. Alexa Fluor 594 was
excited with the HeNe543 laser. The emission signal was filtered by a 595 nm long
pass filter. Alexa Fluor 488 was excited with a 488 nm laser and detected with a
505-550 nm band pass filter. 4',6-diamidino-2-phenylindole (DAPI) was excited
with a 405 nm laser and the detection range was 420-490 nm. Ten images were
acquired of each section. The area of the lung to be captured was determined by
the cell type which was being visualised: for ATI and ATII cells, images of the
alveolar regions were captured, whilst for the remaining cell types, images of the
airways were captured. Regions of the airway which were captured were selected
based on high density of cells positive for the respective cell-type-specific marker
to avoid bias for highly transduced regions. Processing and analysis of the images
was carried out using Fiji software (Schindelin et al., 2012). The cell type marker,
EGFP and DAPI channels were merged. The total number of cells stained for the
cell type-specific marker and the total number of cells stained with both the cell

type-specific antibody and GFP antibody were manually counted for each image.
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Table 2.5. List of

antibodies used for immunostaining of mouse lung

sections.
Target Antibody Supplier Catalogue no.
. . Abcam plc
GFP Chicken anti-GFP Cambridge, UK Ab13970
Life Technology
GFP Rabbit anti-GFP Eugene, OR, A-11122
USA
. Mouse anti-f3- Chemicon Int,
Ciliated cells tubulin Temecula, Ca MAB3408
Club cells Etae?ggligitg Abcam plc Ab40873
Goblet cells | Mouse g‘:g'muc'” Abcam plc Ab212636
Basal cells Csfobkt;'tr antt Abcam plc Ab52635
Santa Cruz
Type | alveolar Hamster anti- Biotechnology,
cells (AT) podoplanin Inc Dallas, TX., 5¢-53533
USA
Rabbit anti- Millipore,
Tyé):"! (apl\\fﬁ(l))lar surfactant protein Temecula, CA, AB3786
C USA
Secondary %:;:rg;ﬁ:'lzlé%n Life Technology A11039
Secondary Egigagﬂgfzgg Life Technology A11008
s Goat anti-mouse .
econdary Alexa Fluor 594 Life Technology A11005
Secondary ggigagﬂgfggﬁ Life Technology A11012
Secondary | Goatant-hamster | . oo phoiogy A21113

Alexa Fluor 594

88




2.7 Quantification of transgene activity

2.7.1 Quantification of protein in lysates

Total protein in cell culture lysates (Section 2.4.3) or mouse lung lysates (Section
2.6.6.3) was determined using the Detergent-Compatible (DC) protein assay kit
(Bio-Rad, Hemel Hempstead, UK). Cell culture lysates were analysed neat or
diluted by a factor of 2-5, while mouse lung lysates required a 40-fold dilution. A
volume of 5 pl of lysate was transferred into a 96-well plate (Thermo Fisher
Scientific) in triplicate. Lyophilised BSA (Bio-Rad) resuspended in Milli-Q water (5
mg/ml) was used to generate a 7-point standard curve (range 1.75 mg/ml to 0.25
mg/ml in 0.25 mg/ml increments). Each standard was analysed in triplicate on the
same plate as the samples. Reagents of the DC protein assay kit were added
according to the manufacturer’s instructions and the plate was incubated for 15
minutes at RT to allow the colourimetric assay to develop. Absorbance at 750 nm
was measured in SpectraMAX i3x microplate reader (Molecular Devices,
Wokingham, UK) and SoftMax Pro software v7.0 (Molecular Devices) was used to

quantify protein in samples by comparison to the BSA standard curve.

2.7.2 Firefly luciferase assay

The quantity of firefly luciferase activity in cell culture lysates (Section 2.4.3) or
mouse lung lysates (Section 2.6.6.3) was determined using the Luciferase Assay
Reagent System (Promega). A volume of 100 pl of Luciferase Assay Substrate,
dissolved in the supplied buffer, was added to 20 ul of the sample to be assayed,

previously transferred to 96-well white opaque polystyrene assay plates (Corning).
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After 2 s, light output in arbitrary relative light units (RLU) was measured over 10 s
in SpectraMAX i3x microplate reader (Molecular Devices). All samples were read
in duplicate and luciferase activity was normalised to total protein in the same

sample, as determined in Section 2.7.1.

2.7.3 Gaussia luciferase assay

The activity of Gaussia luciferase (GLux) in cell culture supernatant, mouse serum
(Section 2.6.6.1) and BALF (Section 2.6.6.2) was determined by measuring the
light produced by the reaction catalysed by GLux in the presence of coelenterazine
(BioLux Gaussia Luciferase Assay Kit, NEB). Samples were analysed undiluted
with the exception of serum, which was diluted in Tris-buffered saline (TBS; Sigma-
Aldrich) by a factor of 10. A volume of 50 pl of GLux assay substrate, diluted in the
supplied buffer, was added to 20 ul of sample. After 2 s, light output in arbitrary
relative light units (RLU) was measured over 10 s in GloMax 20/20 luminometer
(Promega) or SpectraMAX i3x microplate reader (Molecular Devices). All samples

were measured in duplicate.

2.7.4 Enzyme-linked immunosorbent assay

Anti-human 1gG Enzyme-Linked Immunosorbent Assay (ELISA) was performed
using Human IgG ELISA kit (Bethyl, Cambridge, UK) according to the
manufacturer’s instructions. Briefly, flat-bottomed 96-well plates (Corning) were
coated with goat anti-human IgG-Fc antibody (10 mg/ml, 100 pl per well) for 1 hour

at RT. Plates were washed three times with TBS-T (50mM Tris-Cl, 150 mM NaCl,
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0.05% Tween 20, pH 8.0) and incubated with blocking buffer (TBS, 1% BSA; 200
ul per well) overnight at 4°C. Samples and standards diluted in sample diluent
(TBS, 0.1% BSA, 0.05% Tween 20; 100 ul per well) were added to the plates and
incubated for 1 hour at RT. Plates were washed and 100 pl horseradish peroxidase
(HRP)-conjugated goat anti-human IgG antibody (diluted 1:200,000 in sample
diluent) was added to each well and incubated for 1 hour at RT. Plates were then
washed with TBS-T and 50 pl 3,3',5,5"-tetramethylbenzidine (TMB) substrate was
added per well, followed by a 15-minute incubation in the dark. The colour reaction
was stopped with the addition of 50 ul of 0.18 M H>SOs. Plates were read at 450
nm (ODa4s0) using SpectraMAX i3x microplate reader (Molecular Devices). The
concentration of human IgG in the sample was determined by comparison with
Human Reference Serum (Bethyl). The samples and standards were measured in

duplicate.

2.7.5 Quantification of mRNA levels using relative expression qRT-PCR

Total RNA was extracted from cells using the RNeasy Mini kit (Qiagen) according
to the manufacturer’s instructions. Complete DNA removal from total RNA
preparations was ensured by incubation with an excess of DNase (Thermo Fisher
Scientific) during RNA extraction. Total RNA yield was determined using the
Quant-IT Ribogreen assay kit (Thermo Fisher Scientific) according to the
manufacturer’'s instructions. Messenger RNA (mRNA) copy number was
determined using two-step TagMan real-time qRT-PCR instrumentation and
reagents (Thermo Fisher Scientific). The comparative AACT method (Schmittgen

and Livak, 2008) was used to determine relative expression levels of the target
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mMRNA. Three independent replicates were carried out for each RNA sample for
both the target mRNA (etanercept) and glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) mRNA which was used as normalising mRNA. Cycle
thresholds (Ct) values were determined for both target and normalising mRNA and
the difference between these values was used to calculate an RNA sample ACt
value (ACt = CtnormalisingmRNA — Ctiarget mrNA). One of the experimental samples was
selected as a comparator. The difference in ACt values between the comparator
and all remaining RNA samples was determined to calculate AACt values (AACt =
ACtcomparator - ACtrRNA sample). Mean AACt values for each RNA sample were
calculated from three replicates and transformed into relative expression values
using the formulae: relative expression = 2-AACt. Using this approach, the relative
expression of the target mRNA for the comparator RNA sample was deemed to be
one, and the relative expression of the target mRNA in each of the other RNA
samples was expressed relative to this value. Complementary DNA (cDNA)
synthesis reactions (10 pl final volume) included 10 ng of total RNA and were
primed with 400 nM reverse primer. gPCR reactions (10 pl final volume) included
300 nM forward and reverse primer and 100 nM TagMan probe. The primers used
for etanercept were as follows: forward: AAGCTTCTGCCTTCTCCCTCC,; reverse:
TGGCCATGGTGGCTAGCAA; probe: FAM-TGAGTTTGGTTGGTGTACAGT-
NFQ. The primers used for GAPDH were as follows: forward:
CAAGGTCATCCATGACAACTTTG; reverse: GGGCCATCCACAGTCTTCTG;
probe: VIC-ACCACAGTCCATGCCATCACTGCCA-TAMRA. All RNA samples
were analysed with and without reverse transcriptase in the cDNA synthesis step
to control for the possible contribution of contaminating DNA to the calculated

relative expression value.
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2.7.6 Immunoblotting for Flag tag

2.7.6.1 Preparation of cell lysates

Radioimmunoprecipitation assay (RIPA) buffer was prepared freshly from 10x
stock solution (Merck). One tablet of cOmplete Mini protease inhibitor cocktail
(Roche) was dissolved in 10 ml of RIPA buffer, and the solution was kept on ice.
Media was aspirated from the six-well plates and the cells gently washed with ice-
cold PBS. The RIPA buffer/protease inhibitor was added (200 pl per well) and the
plates incubated for 10 minutes at RT. The plates were then placed on ice, the
wells scraped and their contents transferred to a 1.7 ml microcentrifuge tube
(Corning) and kept on ice. Subsequent shearing using a 21G needle (Becton
Dickinson) was used to further break up the cells and DNA, retaining the intact
proteins. Insoluble material was removed by centrifugation for 5 minutes at 13,000
rcf and the total protein remaining in the supernatant quantified (Section 2.7.1).
Single-use aliquots of the protein solution were prepared to avoid protein
degradation through repeated freezing and thawing and stored at -80°C if not used
immediately. An aliquot of the sample was optionally subjected to denaturation and
deglycosylation using Protein Deglycosylation Mix Il (NEB) according to the

manufacturer’s instructions.

2.7.6.2 Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-

PAGE)

Protein for analysis (10 pg) was mixed with an equal volume of 2 x Laemmli Sample
Buffer (Bio-Rad) and incubated at 100°C for 8 minutes. Samples were loaded onto

4-12% or 10% Bolt Bis-Tris Plus polyacrylamide gels (Thermo Fisher Scientific)

93



and electrophoresed at 200 V for 35 minutes using Bolt MOPS SDS Running Buffer
(Thermo Fisher Scientific). To allow protein size estimation, 10 ul of Precision Plus
Protein Kaleidoscope Prestained Protein Standard (Bio-Rad) was included on

each gel.

2.7.6.3 Western transfer

Once SDS-PAGE had completed, the polyacrylamide gel was removed and the
proteins transferred onto a 0.45 pm nitrocellulose membrane (Bio-Rad).
Electrotransfer took place in a Trans-Blot Cell (Bio-Rad) in Bolt Transfer Buffer

(Thermo Fisher Scientific) with 10% methanol for 90 minutes at 200 mA.

2.7.6.4 Immunoblotting

All washing steps and incubations were carried out on a platform shaking at 50-60
rpm. Once electrotransfer was complete, the membrane was briefly (2-3 minutes)
washed in Mili-Q water and incubated with blocker solution (3% blotting grade
blocker (Bio-Rad), 50 mM Tris, 0.138 M NaCl, 2.7 mM KCI, pH 8.0) for 2 hours at
RT to block non-specific binding sites. The membrane was then washed in TBS
(Tris-buffered saline; 50 mM Tris, 0.138 M NaCl, 2.7 mM KCI, pH 8.0) and
incubated with anti-Flag antibody (clone M2, Sigma-Aldrich) diluted to 0.1 pg/ml in
blocker solution. The membrane was subsequently washed in TBS and primary
antibody detected by incubation with goat anti-mouse HRP-conjugated antibody,
diluted 1:10,000 in blocker solution, for 1 hour at RT. The membrane was then

washed eight times in TBS-T (50 mM Tris, 0.138 M NaCl, 2.7 mM KCI, 0.05%
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Tween-20, pH 8.0) for a total of 20 minutes at RT, and once in Mili-Q water. Protein
bands were detected by incubation with Clarity Western ECL substrate (Bio-Rad)

and visualised in the iBright FL1000 system (Thermo Fisher Scientific).

2.8 Statistical analyses

Statistical analysis was performed using Prism software v7.0 for Mac (GraphPad
Software). Parametric tests were performed unless sample size was less than 4 or
the data was discontinuous. If the distribution significantly deviated from normal, a
logarithmic transformation was performed before statistical analysis. A calculated
p-value of <0.05 was deemed a significant difference and indicated on figures
where appropriate (*=p<0.05, **=p<0.01, ***=p<0.001 and ****=p<0.0001). Error

bars in figures represent the standard error of the mean.

95



Chapter 3: Investigation into gene delivery for expression of

secretory proteins in vivo

3.1 Introduction

Lung gene delivery has the potential to be useful for applications where the
presence of a mAb is particularly beneficial in the lung lumen, such as those
involving respiratory infections (Borrok et al., 2018). If efficient secretion of the mAb
into circulation can be achieved, administration of a gene transfer agent to the lung
could also be useful as a non-invasive means of systemic delivery. Non-viral gene
transfer agents have many advantages, including the relative simplicity of
manufacture and ability to repeatedly administer them due to the lack of adaptive
immune responses (Section 1.1.4). Here, the possibility of using non-viral gene
transfer vehicles to establish in vivo protein factories was investigated. A potential
candidate is the widely used cationic polymer PEI. Aerosol administration of pDNA
complexed with 25 kDa branched PEI to the mouse lung was shown to result in
sustained transgene expression in the absence of toxic effects (Davies et al.,
2012). However, in previous studies, administration of these polyplexes by aerosol
did not direct detectable expression of the secretory reporter protein Gaussia
luciferase (GLux) in the circulation (I. Pringle, personal communication). Attention
was therefore also focused on the biodegradable and non-toxic cationic lipid
formulation GL67A (Eastman et al., 1997), which has been investigated for
treatment of CF lung disease (Alton et al., 1999) and is to date the only non-viral
gene transfer agent to have been evaluated for lung delivery in the clinic. The utility
of GL67A for directing secretion of protein from the lung to the circulation was

previously investigated using a different formulation, which is instilled to the lung
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rather than aerosolised. Griesenbach and colleagues found that instillation of
GL67A lipoplexes into the lung resulted in detectable expression of GLux in the
serum of mice and sheep 24 hours later (Griesenbach et al., 2011). The ability of
GL67A lipoplexes to direct expression beyond 1 day was not explored, however.
Furthermore, the instilled formulation examined in the study above is associated
with the induction of an inflammatory response in mice, whilst administration of the
aerosolised complexes does not result in inflammation (Eastman et al., 1997). This
chapter therefore investigated the feasibility of using pDNA/GL67A aerosol

formulation to direct sustained secretion of a reporter protein from the mouse lung.

The possibility of directing secreted protein expression using viral gene transfer
vehicles was also studied. Recombinant AAV serotype 8 has been successfully
used to express the HIV-neutralising mAbs b12 and VRCO1, as well as a number
of other mADs, in the mouse muscle (Balazs et al., 2011) (Section 1.1.5.4). This
vector was selected for evaluation in the model diseases RSV infection (Section
1.2) and rheumatoid arthritis (Section 1.3) because of its high muscle tropism
(Louboutin et al., 2005), ability to direct abundant life-long transgene expression in
mouse skeletal muscle (Balazs et al., 2013), and evidence of safety as evaluated
in clinical trials (Nathwani et al., 2014). Serotype 9, which has been reported to
direct anti-influenza mAb expression following administration to the mouse lung

(Limberis et al., 2013), was also studied.

The second viral vector selected for study is rSIV.F/HN (section 1.1.6.2), currently
undergoing preclinical evaluation for CF gene therapy. This vector achieved a
transduction efficiency of about 15% in mouse lung epithelium (Alton et al., 2017)

and directed sustained reporter gene expression in the respiratory epithelium lining
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the murine nose for the lifetime of the animal following a single dose (Griesenbach
et al., 2012, Mitomo et al., 2010). Delivery of the vector to the lung was also shown
to result in expression of secretory proteins into the circulation and lung lumen of
mice for at least 19 months (Paul-Smith et al., 2018). Importantly, this vector can

be repeatedly administered in mice without loss of efficacy (Alton et al., 2017).

The aims of the work presented in this chapter included: (i) to investigate the use
of non-viral gene transfer agents PEl and GL67A for expression of secretory
protein from the lung, (ii) to investigate the use of rSIV.F/HN and rAAV for
expression of secretory protein from the lung and muscle and (iii) to determine the
optimal delivery method of selected vectors for secretion of protein into the

circulation and lung lumen.

3.2 Reslults

3.2.1 Expression of secretory reporter protein following delivery of non-viral
gene transfer agents to the lung

Transgene expression levels were determined following aerosol delivery to the
lung of pDNA complexed with PEIl or GL67A. Plasmid pG4.hCEFIl.soLux (Table
2.1) was complexed with each of the two gene transfer agents and aerosolised to
the lungs of mice according to well-established protocols (Sections 2.6.4.1 and
2.6.4.3). Luciferase activity in the lung was measured throughout the experiment
using bioluminescence imaging (BLI) (Section 2.6.8), and at the end of the

experiment using luminometry (Section 2.7.2) of homogenised lung tissue (Section
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2.6.6.3). Figure 3.1 shows that aerosol delivery of both gene transfer formulations
directed significant luciferase expression in the lung (p<0.0001 at 28 and 56 days
post-delivery), and although levels were ~2-fold higher for PEI than GL67A at 28
days post-delivery when measured with BLI (Figure 3.1 B, p<0.01), there was no
significant difference between the two treatment groups at 56 days when
luminometry was used (p>0.05, Figure 3.1 A). It was therefore concluded that PEI
and GL67A directed comparable levels of lung transgene expression when
complexed with pDNA and aerosolised to mouse lung. Due to the concerns related
to the non-biodegradable nature of PEI (Section 1.1.4), GL67A was selected for

further evaluation in this study.

The secretory reporter gene, Gaussia luciferase (GLux), was used to detect
expression in the serum and lung lumen of mice as it has previously been
demonstrated to be a sensitive secreted reporter in airway gene transfer using non-
viral formulations (Griesenbach et al., 2011). Plasmid pG4.hCEFl.soGLux (Table
2.1) encoding GLux reporter protein was complexed with GL67A for aerosol
delivery (Section 2.6.4.3). A positive control group, in which mice were
administered pG4.hCEFI.soGLux/GL67A by nasal instillation, was also included as
this formulation and delivery route was previously shown to result in detectable
GLux levels in the serum of treated mice 24 hours after administration
(Griesenbach et al., 2011). As shown in Figure 3.2, and consistent with the
previously published findings, significant expression of GLux in the serum and lung
lumen was observed 24 hours after instillation of GL67A lipoplexes.
Disappointingly, no significant GLux expression could be detected in the serum
(Figure 3.2 A) or broncho-alveolar lavage fluid (BALF) (Figure 3.2 B) of mice 28

days after exposure to pG4.nCEFI.soGLux/GL67A aerosol (p>0.05), suggesting
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that expression from this gene delivery system might be too low to be an effective

method of directing secretion of protein from the lung.

Expression of GLux from plasmid pG4.hCEFl.soGLux (Table 2.1) is under the
control of the hCEFI enhancer/promoter, which combines the CpG-free version of
the human cytomegalovirus (CMV) enhancer (termed hC) with the CpG-free
version of the human elongation factor 1 alpha (EF1a) promoter (termed EF) and
a synthetic CpG-free intron (termed |), and directs persistent transgene expression
in the mouse lung following a GL67A aerosol (Hyde et al., 2008). A previous study
reported that, although a 93 bp region of the hC enhancer is necessary and
sufficient to mediate the high-level activity observed in the mouse lung with the full-
length 302 bp hC sequence, a plasmid containing two of these minimal enhancers
in tandem (pG6.2x93.soLux; Table 2.1) directed seven-fold higher reporter
expression levels than a single 93 bp enhancer (Oliveira, 2015). To increase the
level of transgene expression in the lung following pDNA/GL67A aerosol delivery,
an investigation was undertaken into alternative enhancer sequences. Plasmids
containing three or four minimal enhancers in tandem (pG6.4x93.soLux and
pG6.3x93.soLux respectively; Table 2.1) were constructed as described in Section
2.3.4. For practical reasons, a PEI aerosol, requiring lower amounts of plasmid
DNA (2 mg compared with 26mg for the equivalent GL67A aerosol), was selected
as the gene transfer agent for this experiment. Mice were administered pDNA/PEI
formulations of plasmids containing the full-length hC enhancer, minimal 93 bp
enhancer, 2x minimal enhancer, 3x minimal enhancer and 4x minimal enhancer
(pG6.hCEFIl.soLux, pG6.93.soLux, pG6.2x93.soLux, pG6.3x93.soLux and
pG6.4x93.soLux, respectively; Table 2.1). Luciferase expression in the lung was

measured using luminometry or BLI (Figure 3.3).
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Figure 3.1. Comparison of luciferase activity in the lung after aerosol
administration of pG4.hCEFl.soLux complexed with PEI or GL67A.

Female BALB/c mice were dosed with 10 mL PEI polyplexes (Section 2.6.4.1) or
GLG67A lipoplexes (Section 2.6.4.3) containing 2 mg or 26 mg pG4.hCEFIl.soLux
(Table 2.1), respectively, by aerosol delivery (Section 2.6.5.2). Lung firefly
luciferase activity was measured using (A) luminometry (Section 2.7.2) of
homogenised lung tissue (Section 2.6.6.3, n = 5-9) at 56 days post-delivery and
(B) in vivo bioluminescence imaging (BLI) (Section 2.6.8, n = 4-10) for up to 28
days post-delivery. Data are shown as individual values and/or mean + standard
error of the mean. Statistical differences between groups were analysed by
ANOVA on log-transformed data, with Tukey post hoc multiple comparison test. A
calculated p value of >0.05 was deemed non-significant as indicated with ns on
figures. Calculated p values of <0.01 or <0.0001 were deemed a significant

difference as indicated with two stars (**) or four stars (****), respectively.
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Figure 3.2. Gaussia luciferase activity in the serum and broncho-alveolar
lavage fluid after aerosol administration or instillation of pG4.hCEFl.soGLux
complexed with GL67A.

Female BALB/c mice were dosed with pG4.hCEFl.soGLux (Table 2.1) by
intranasal instillation (Section 2.6.5.1; n = 4) of 80 ug or aerosol delivery (Section
2.6.5.2) of 26 mg pDNA complexed with GL67A (Section 2.6.4.3, n = 10). Gaussia
luciferase activity in (A) the serum (Section 2.6.6.1) and (B) broncho-alveolar
lavage fluid (BALF) (Section 2.6.6.2) was measured using luminometry (Section
2.7.3). Data for aerosol and naive groups were collected at day 56 post-delivery,
while the instillation group was harvested and analysed 1 day post-delivery. Data
are shown as individual values and mean * standard error of the mean. Statistical
differences between groups were analysed by Kruskal-Wallis test, with Dunn’s post
hoc test, compared with naive values. A calculated p value of >0.05 was deemed
non-significant as indicated with ns on figures. Calculated p values of <0.01 or
<0.001 were deemed a significant difference as indicated with two stars (**) or

three stars (***), respectively.
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Figure 3.3. Comparison of luciferase activity in the lung after PEIl aerosol
administration of plasmids containing multiple minimal hC enhancers.

Female BALB/c mice (n = 10) were exposed to 10 ml PEl aerosols (Section 2.6.5.2)
complexed with 2 mg of plasmid (Section 2.6.4.1) containing either the full-length
hC enhancer, or one, two, three or four copies of the minimal 93 bp enhancer
(pG6.hCEFl.soLux, pG6.93.soLux, pG6.2x93.soLux, pG6.3x93.soLux and
pG6.4x93.soLux, respectively; Table 2.1). Luciferase activity in the lung was
measured using (A) luminometry at 57 days post-delivery (Section 2.7.2, n = 4-10)
or (B) in vivo bioluminescence imaging (BLI) (Section 2.6.8, n = 4-10) at the
indicated time-points. Data are shown as individual values and/or mean + standard
error of the mean. Statistical differences between groups were analysed by
ANOVA on log-transformed data with Dunn’s post hoc test compared with hC (302
bp). A calculated p value of >0.05 was deemed non-significant as indicated with ns
on figures. Calculated p values of <0.05 or <0.001 were deemed a significant

difference as indicated with one star (*) or three stars (***), respectively.
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In contrast to previous observations (Oliveira, 2015), plasmid containing the 93 bp
minimal enhancer directed significantly lower expression levels than the full-length
hC enhancer in plasmid pG6.hCEFI.soLux (p<0.001 and p<0.05 when measured
using luminometry and BLI, respectively). Although there appeared to be a modest
increase in reporter gene expression from plasmids containing three or four
tandem enhancers using BLI (p<0.05, Figure 3.3 B), this effect was not significant
when measured using luminometry (p>0.05, Figure 3.2 A). In the absence of a
substantial improvement in transgene activity in the mouse lung using the selected
non-viral formulations, focus was turned to viral vectors as platforms for

establishing secretory protein production in the lung.

3.2.2 Expression of secretory reporter protein Gaussia luciferase (GLux)
following intranasal delivery of rSIV.F/HN in mice

The lentiviral vector rSIV.F/HN was identified as a promising vehicle with which to
facilitate expression of secretory protein to the circulation and lung lumen (Section
1.1.6.2). Administration of the vector to the lungs of mice resulted in production of
therapeutically relevant levels of human a1-anti-trypsin and factor VIII into the lung
lumen and systemic circulation of mice for at least 19 months (Paul-Smith et al.,
2018). To confirm and further evaluate the potential of this vector for sustained
secretion after lung delivery, a time-course experiment was undertaken with the
vector rSIV.F/HN hCEF soGLux (Table 2.2). Mice were administered 108, 107 or
108 TTU of rSIV.F/HN hCEF soGLux via nasal instillation and GLux activity
(Section 2.7.3) in the serum (Section 2.6.6.1) and BALF (Section 2.6.6.2)

measured (Figure 3.4). At early time-points, expression in the serum appeared to
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be dose-related: at 28 days post-delivery, all groups were significantly different
from each other (p<0.0001) and the high dose (108 TTU) group had 8- and 30-fold
higher GLux levels in the serum than the medium and low dose groups (107 and
108 TTU/mouse), respectively (p<0.001). Expression of GLux was observed to
peak approximately 1 month post-delivery and fall somewhat thereafter. This
decline was only significant for the high dose (108 TTU) group in which reporter
expression declined approximately 9-fold between 1 and 12 months (p<0.0001).
By 12 months post-delivery, serum reporter activity in the low dose (10 TTU) group
was not significantly different from naive mice (p>0.05), while the high and medium
doses (108 and 107 TTU/mouse, respectively) directed significant (p<0.001) but
similar (p>0.05) levels of reporter activity in the serum. Significant dose-dependent
expression in the BALF was observed for all three treatment groups at 12 months
post-delivery (Figure 3.4 B). This study demonstrates that rSIV.F/HN instillation in
the murine lung results in sustained expression of secretory protein into the

circulation and lung lumen of mice for >12 months.
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Figure 3.4. Gaussia luciferase activity in the serum and broncho-alveolar
lavage fluid after intranasal instillation of rSIV.F/HN hCEF soGLux.

Female BALB/c mice (n = 11) were administered 108, 107 or 108 TTU of rSIV.F/HN
hCEF soGLux by intranasal instillation (Section 2.6.5.1). Gaussia luciferase activity
in (A) the serum (Section 2.6.6.1, n = 8-15) and (B) broncho-alveolar lavage fluid
(BALF) (Section 2.6.6.2, n = 4-8) collected at 12 months was measured using
luminometry (Section 2.7.3). Data are shown as individual values and/or mean *
standard error of the mean. Statistical differences between groups were analysed
by ANOVA on log-transformed data, with (A) Tukey’s or (B) Dunn’s post hoc test.
A calculated p value of >0.05 was deemed non-significant as indicated with ns on
figures. Calculated p values of <0.001 or <0.0001 were deemed a significant

difference as indicated with three stars (***) or four stars (****), respectively.
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3.2.3 Identification of cell types transduced by rSIV.F/HN in the mouse lung

The lung is a complex organ consisting of a number of highly specialised cells and
it is unclear which cell types are expressing reporter genes in the above
experiments. The airways are mainly composed of ciliated cells, basal cells and
secretory club cells, whilst the alveolar sacs are lined with large, squamous, gas
exchanging type | alveolar cells (ATI), interspersed with surfactant-secreting type
Il alveolar cells (ATII). Basal cells function as progenitors which self-renew and
give rise to other cell types (Rock et al., 2009). Club cells also have the ability to
divide, and they differentiate into goblet and ciliated cells during homeostasis and
tissue repair (Montoro et al., 2018, Plasschaert et al., 2018). The lentiviral vector
rSIV.F/HN was previously reported to transduce all of the above cell types in the
mouse lung (Alton et al., 2017), when examined 7 days after administration. An
experiment was undertaken to confirm these results and to investigate the
transduction profile of the vector at a later time-point following vector delivery. Mice
were administered rSIV.F/HN hCEF EGFP (Table 2.2) and culled 7 days or 2
months later. Paraffin sections of the lungs were prepared (Section 2.6.9.1) and
stained with antibodies against both EGFP and cell-type-specific markers for club
cells (uteroglobin), ciliated cells (B-tubulin), goblet cells (mucin 5AC), basal cells
(cytokeratin 5), type | alveolar cells (ATI; podoplanin) and type |l alveolar cells
(ATII; surfactant protein C) (Section 2.6.9.2; Table 2.5). Representative images of
the sections (n = 3 animals per time-point) are shown in Figure 3.5 A. EGFP-
positive cells of all types could be identified, except for basal cells (discussed in
Section 3.3.2). The proportion of each cell type that was transduced with the vector,
and therefore EGFP-positive, was quantified (Section 2.6.9.3) at the two time-

points after delivery. The numbers of club and ciliated cells in the airways and ATII
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cells in the parenchyma are reported in Figure 3.5 B. As shown in Figure 3.5 C,
the proportion of EGFP-positive cells are similar for ATIl and ciliated cells between
7 days and 2 months after vector administration. For club cells, the percentage of
EGFP-positive cells tended to decrease from approximately 41% to 18%, although
there was a considerable spread of the data within the 2-month group (Figure 3.5
C). A similar spread was also observed for the other analysed cell types (Figure
3.5 C), indicating higher overall transduction rates in one of the animals culled at
that time-point, and potentially reflecting differences in efficiency of vector delivery.
Goblet, basal and ATI cells were identified, but EGFP-positive cells could not be
quantified for the following reasons: very few goblet cells were identifiable at 2
months, very few basal cells could be identified at 7 days, and very few transduced
ATl cells were observed at either time-point (Figure 3.5 A). These observations are

further discussed in Section 3.3.2.
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Figure 3.5. Proportion of EGFP-positive cells by cell type counted 7 days and
2 months after transduction of murine lung with rSIV.F/HN.

Female BALB/c mice (n = 3) were administered 3.02 x 108 TTU of rSIV.F/HN hCEF
EGFP via intranasal instillation (Section 2.6.5.1). Seven days or 2 months after
vector administration, the animals were culled and their lungs processed and
sectioned (Section 2.6.9.1). Two sections per animal were immunostained for
EGFP expression (green) and cell-specific markers (red) for club cells
(uteroglobin), ciliated cells (B-tubulin), goblet cells (mucin 5AC), basal cells
(cytokeratin 5), type | alveolar cells (ATI; podoplanin) and type |l alveolar cells
(ATII; surfactant protein C) (Section 2.6.9.2). Ten images were captured for each
section and the total number of cells of a particular cell type and the number that
were EGFP-positive counted (Section 2.6.9.3). (A) Representative images for each
cell type are shown, with the scale bar (20 ym) and airway lumen (A) indicated. (B)
Absolute numbers of cells counted across all sections from a single time-point. (C)
The proportion of transduced cells for club, ciliated and ATII cells. Data are shown
as individual values for each animal (each of which is an average of two sections)

and median.
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3.2.4 Expression of secretory reporter protein Gaussia luciferase (GLux)
following intramuscular delivery of rAAV2/8 in mice

The use of rAAV2/8 to express mAb in the mouse circulation following IM delivery
has been reported (Fang et al., 2005), indicating that this might be a useful strategy
for systemic protein expression. An in vivo time-course experiment was undertaken
to measure GLux activity after mice were administered 10° 10 or 10" GC of
rAAV2/8 CASI soGLux (Table 2.2) via IM injection (Section 2.6.5.3). As shown in
Figure 3.6 A, sustained GLux activity in the serum was observed for at least 12
months, with only a 3-fold decrease between 28 days and 12 months observed for
the high dose (10" GC/mouse) group. This is in contrast to the 9-fold decrease
observed within that period following IN administration of rSIV.F/HN (Figure 3.4),
and may reflect different turnover rates of lung and muscle cells (Rawlins and
Hogan, 2008, Spalding et al., 2005). Glux expression following rAAV2/8 delivery
appeared to be dose related, with significant differences observed between the
treatment groups (p<0.0001). Significant GLux activity in the BALF (Figure 3.6 B)
was also observed for the medium and high dose (10" and 10" GC/mouse,

respectively) at 12 months post-delivery.

To compare the two delivery approaches (rAAV2/8 IM and rSIV.F/HN IN),
expression in the high dose group from each experiment (108 TTU/mouse for
rSIV.F/HN and 10" GC/mouse for rAAV2/8) was considered. At 12 months post-
delivery, rAAV2/8 IM administration resulted in >800-fold higher GLux activity in
the serum than that achieved with rSIV.F/HN (p<0.0001; Figures 3.4 A and 3.6 A).
In the BALF, however, rSIV.F/HN IN delivery achieved >900-fold higher levels of
expression than rAAV2/8 (p<0.0001; Figures 3.4 B and 3.6 B). Based on these

results with a secreted reporter protein, rAAV2/8 delivered to the muscle was
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deemed to be the favoured vector for protein expression in serum, while rSIV.F/HN

was superior for expression in the lung lumen.

It has been reported that IM injection of rAAV2/8 in mice and NHPs results in
significant transduction and transgene expression in the liver (Greig et al., 2014).
To determine whether protein production by the liver significantly contributed to the
serum levels of GLux observed in the above study (Figure 3.6), an experiment was
undertaken to quantify hepatic and muscle reporter gene activity following
administration of the vector. Mice were administered 10°% 10" or 10" GC of
rAAV2/8 CASI EGFPLux (Table 2.2) IM (Section 2.6.5.3) and Lux expression
quantified in the muscle and liver using in vivo BLI (Section 2.6.8). As shown in
Figure 3.7, significant luciferase signal could only be detected in mice which
received the highest dose (10" GC) of the vector. In those animals, there was
significant luciferase activity in the liver (p<0.05), although it was 460-fold lower
than in the injected muscle. It was concluded that the relative contribution of the
liver to protein expression following IM delivery of rAAV2/8 is negligible compared

to that of the muscle, at least when GLux is expressed from the CASI promoter.
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Figure 3.6. Gaussia luciferase activity in the serum and broncho-alveolar
lavage fluid after intramuscular injection of rAAV2/8 CASI soGLux.

Female BALB/c mice (n = 12) were administered 10°, 10"° or 10" GC of rAAV2/8
CASI soGLux (Table 2.2) by intramuscular injection (Section 2.6.5.3). Gaussia
luciferase activity in (A) the serum (Section 2.6.6.1, n = 7-19) and (B) broncho-
alveolar lavage fluid (BALF) (Section 2.6.6.2, n = 3-7) collected at 12 months was
measured using luminometry (Section 2.7.3). Data are shown as individual values
and/or mean = standard error of the mean. Statistical differences between groups
were analysed by ANOVA on log-transformed data, with (A) Tukey’s or (B) Dunn’s
post hoc test. A calculated p value of >0.05 was deemed non-significant as
indicated with ns on figures. Calculated p values of <0.05, <0.01 or <0.001 were
deemed a significant difference as indicated with one star (*), two stars (**) or three

stars (***), respectively.
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Figure 3.7. Luciferase activity in muscle and liver after intramuscular
injection of rAAV2/8 CASI EGFPLux.

Female BALB/c mice (n = 3) were administered 10°, 10"° or 10" GC of rAAV2/8
CASI| EGFPLux (Table 2.2) by intramuscular injection (Section 2.6.5.3). Twenty-
eight days after administration, luciferase activity in the injected muscle and liver
was measured using in vivo bioluminescence imaging (BLI) (Section 2.6.8, n = 3).
Data are shown as individual values and mean % standard error of the mean.
Statistical differences between groups were analysed by Kruskal-Wallis test, with
Dunn’s post hoc test, compared with naive values. A calculated p value of >0.05
was deemed non-significant as indicated with ns on figures. Calculated p values of
<0.05 or <0.01 were deemed a significant difference as indicated with one star (*)

or two stars (**), respectively.
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3.2.5 Investigation into optimal method of administration of rAAV2/8 and
rSIV.F/HN vectors

The IN delivery of rSIV.F/HN vector incorporating the hCEF promoter, and IM
delivery of rAAV2/8 incorporating the CASI promoter were developed for delivery
into the lung and muscle, respectively, based on experience and published results.
However, it is possible that alternative administration routes for these vectors could
result in higher secretory protein expression in the serum and/or lung lumen. For
example, the rAAV2/8 vector was successful at producing therapeutic levels of
factor IX when delivered intravenously (IV) in haemophilia B patients in a clinical
trial (Nathwani et al., 2014). Therefore, a comparison of secretory protein levels
following administration of the two vectors via different routes was performed. Mice
were dosed with 10" GC rAAV2/8 CASI soGLux (Table 2.2) via IM or IV injection
(Sections 2.6.5.3 and 2.6.5.4), or with 108 TTU of rSIV.F/HN hCEF soGLux (Table
2.2) via IN (Section 2.6.5.1), IM or |V delivery. Figure 3.8 A shows that highest
GLux activity in the serum was achieved using rAAV2/8 CASI soGLux via the IM
or IV route (p<0.0001). Lower but significant activity in the serum was also
measured with IN delivery of rSIV.F/HN hCEF soGLux (p<0.0001), while no
expression was observed when the vector was administered IM or IV (p>0.05). The
highest level of GLux activity in BALF was achieved with IN administration of
rSIV.F/HN hCEF soGLux (p<0.0001, Figure 3.8 B). Reporter activity in the BALF
was also observed following rAAV2/8 CASI soGLux delivery via IM and IV injection
(p<0.0001). Although IV injection of rAAV2/8 CASI soGLux achieved marginally
higher activity in the serum compared with IM injection, this route of administration
is more invasive and difficult to perform in mice, and the IM route is preferred for

this vector. Detectable activity in the serum and BALF with rSIV.F/HN hCEF
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soGLux was only observed when using the IN route. Therefore, this is the preferred

delivery method of this vector for the purpose of expressing secretory protein.

3.2.6 Effect of serotype and promoter on secretory reporter protein Gaussia

luciferase (GLux) expression following rAAV delivery to the lung

In Sections 3.2.2 and 3.2.5, rSIV.F/HN and rAAV2/8 were investigated for delivery
of secretory reporter protein to the circulation and lung lumen. Administration of
rAAV2/8 IM emerged as the most suitable method for delivery of protein to
circulation, whilst rSIV.F/HN was preferred for expression of GLux in the lung
lumen. Recombinant AAV2/8 was not tested for IN delivery in this thesis, as
serotype 8 does not have a high tropism for the lung (Zincarelli et al., 2008).
Serotype 9, on the other hand, has been demonstrated to efficiently transduce
airway epithelia and direct sufficient expression of an anti-influenza mAb to protect
mice and ferrets from infection with the virus (Limberis et al., 2013). An experiment
was therefore undertaken to determine whether rAAV2/9 would be superior to
rSIV.F/HN at directing secretory protein expression from the lung. Mice were
administered 109, 10" or 10" GC of rAAV2/9 hCEFI soGLux (Table 2.2) via IN
instillation (Section 2.6.5.1) and serum GLux activity measured for 4 months and

in the BALF at the end of the experiment (Section 2.7.3).
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Figure 3.8. Gaussia luciferase activity in the serum and broncho-alveolar
lavage fluid after rSIV.F/HN hCEF soGLux and rAAV2/8 CASI soGLux
administration via different routes.

Female BALB/c mice (n = 6) were administered 108 TTU of rSIV.F/HN hCEF
soGLux (Table 2.2) via intranasal instillation (IN) (Section 2.6.5.1), intramuscular
injection (IM) (Section 2.6.5.3) or intravenous injection (IV) (Section 2.6.5.4), or
10" GC of rAAV2/8 CASI soGLux (Table 2.2) by IM or IV injection. Fifty-seven
days after administration, Gaussia luciferase activity in (A) the serum (Section
2.6.6.1) and (B) broncho-alveolar lavage fluid (BALF) (Section 2.6.6.2) was
measured using luminometry (Section 2.7.3, n = 5-6). Data are shown as individual
values and mean * standard error of the mean. Statistical differences between
groups were analysed by ANOVA on log-transformed data with Dunnett’s post hoc
test, compared with naive values. A calculated p value of >0.05 was deemed non-
significant as indicated with ns on figures. A calculated p value of <0.0001 was

deemed a significant difference as indicated with four stars (****).
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As shown in Figure 3.9 A, dose-dependent expression of GLux in the circulation
was observed, with sustained and significant secretion for at least 4 months
following delivery of 10'°and 10" GC of rAAV2/9 (p<0.001). Significant expression
of the reporter was also detected in the BALF for all three doses (Figure 3.9 B). To
compare the three delivery platforms (rAAV2/8 IM, rSIV.F/HN IN and rAAV2/9 IN),
GLux levels achieved in the serum at 4 months post-delivery of each vector are
shown in Figure 3.10 A. At this timepoint, rAAV2/8 delivered IM was superior for
expression into circulation, yielding 25-fold higher levels than rAAV2/9 delivered IN
(p<0.001), which in turn expressed 54-fold higher levels than rSIV.F/HN delivered
IN (p<0.001). GLux levels in the BALF at the time of harvest were also compared
for the three vectors (Figure 3.10 B). At 12 months post-delivery, rSIV.F/HN
directed 25% higher levels of GLux expression in the lung lumen compared to
rAAV2/9 at 4 months post-delivery, although this difference was not significant.
Both vectors yielded over 700-fold higher GLux levels in the lung lumen than
rAAV2/8 delivered IM (measured at 12 months post-delivery; p<0.001).
Recombinant AAV2/8 delivered IM was therefore confirmed as the preferred
platform for expression of protein into circulation, whilst rSIV.F/HN and rAAV2/9

delivered IN were approximately equivalent for secretion into lung lumen.
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Figure 3.9. Expression of Gaussia luciferase in the serum and broncho-
alveolar lavage fluid after administration of rAAV2/9.

Female BALB/c mice (n = 8) were administered 10% 10" or 10" GC rAAV2/9
hCEFI soGLux (Table 2.2) via intranasal instillation (Section 2.6.5.1). Serum was
sampled at the indicated time-points (Section 2.6.6.1) and broncho-alveolar lavage
fluid (BALF) collected at 4 months after delivery (Section 2.6.6.2). Gaussia
luciferase activity in the serum (A) and BALF (B) was measured using luminometry
(Section 2.7.3). Data are shown as individual values and/or mean + standard error
of the mean. Statistical differences between groups were analysed by ANOVA on
log-transformed data, with (A) Tukey’s or (B) Dunn’s post hoc test, compared with
naive values. Calculated p values of <0.01 or <0.001 were deemed a significant

difference as indicated with two stars (**) or three stars (***), respectively.
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Figure 3.10. Comparison of Gaussia luciferase activity in the serum broncho-
alveolar lavage fluid after administration of rAAV2/8, rAAV2/9 and rSIV.F/HN.
Female BALB/c mice (n = 8-11) were administered 10'" GC of rAAV2/9 hCEFI
soGLux via intranasal instillation (rAAV2/9 IN), 10" GC of rAAV2/8 CASI soGLux
by intramuscular injection (rAAV2/8 IM) (Section 2.6.5.3) or 108 TTU of rSIV.F/HN
hCEF soGLux via IN instillation (rSIV.F/HN IN) (Section 2.6.5.1). (A) Gaussia
luciferase (GLux) activity in the serum (Section 2.6.6.1) at 28 days post-delivery
was measured using luminometry (Section 2.7.3). (B) Broncho-alveolar lavage
fluid (BALF) was collected (Section 2.6.6.2) 4 (rAAV2/9 IN) or 12 (rAAV2/8 IM and
rSIV.F/HN) months after vector administration and GLux activity measured. Data
are shown as individual values and mean * standard error of the mean. Statistical
differences between groups were analysed by ANOVA on log-transformed data,
with Bonferroni’s post hoc test. A calculated p value of >0.05 was deemed non-
significant as indicated with ns on figures. A calculated p value of <0.001 was

deemed a significant difference as indicated with three stars (***).
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Recombinant AAV2/8 used in the above experiments utilised the CASI promoter,
whilst rAAV2/9 and rSIV.F/HN vectors utilised the hCEF promoter. To determine
whether expression levels from the lung could be improved by using the CASI
promoter, rAAV2/9 CASI soGLux vector (Table 2.2) was manufactured (Section
2.5.3) and delivered into mice via the IN route. Levels of GLux in the serum and
BALF were measured 28 days after administration and compared with serum and
BALF collected at 28 days and 4 months, respectively, after administration of
rAAV2/9 hCEFI soGLux. As shown in Figure 3.11, the hCEFI promoter is superior
to CASI at directing expression of GLux from the lung into both serum (A) and
BALF (B), yielding approximately 2-3-fold higher reporter activity in those two
compartments for the top dose (10" GC) of each vector (p<0.0001). The hCEFI
promoter is therefore preferred to CASI for expression of secretory protein from the

lung. Its activity in the muscle compared to CASI also ought to be investigated.
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Figure 3.11. Comparison of Gaussia luciferase activity in the serum and
broncho-alveolar lavage fluid as directed by hCEFI and CASI promoters after
administration of rAAV2/9 to the lung.

Female BALB/c mice (n = 5-8) were administered 10° (green), 10" (blue) or 10"
(red) GC of rAAV2/9 hCEFI soGLux (hCEFI) or rAAV2/9 CASI soGLux (CASI)
(Table 2.2) via intranasal instillation (Section 2.6.5.1). Levels of GLux activity in the
serum (A) and broncho-alveolar lavage fluid (BALF; B) at 28 days post-delivery
were measured using luminometry (Section 2.7.3). Data are shown as individual
values and mean = standard error of the mean. Statistical differences between the
high dose groups (10"" GC) were analysed by Student’s t-test on log-transformed
data. A calculated p value of <0.0001 was deemed a significant difference as

indicated with four stars (****).
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3.3 Discussion

3.3.1 Non-viral gene transfer agents for delivery of secretory protein

The studies described in this chapter evaluated selected non-viral and viral gene
delivery platforms as potential methods for establishing protein factories. Two non-
viral formulations were investigated for delivery to the lung, selected on the basis
of their efficient airway gene transfer in a large animal model (McLachlan et al.,
2011) and, in the case of GLG67A lipoplexes, safe use in clinical trials (Alton et al.,
2015). Plasmid/GL67A complexes were initially selected since secretion of GLux
into serum after nasal instillation of pDNA/GL67A polyplexes to mice has
previously been demonstrated (Griesenbach et al., 2011). However, this
formulation is associated with inflammation in the mouse lung (Eastman et al.,
1997). Therefore, the preferred pDNA/GL67A aerosol formulation, which is safe in
humans and capable of stabilising lung function of CF patients (Alton et al., 2015),
was selected. However, no significant GLux expression was observed in the serum
or lung lumen of mice following pG4.hCEFIl.soGLux/GL67A aerosol delivery

(Figure 3.2).

Non-viral formulations are continually being developed for delivery to the lung and
other compartments, and optimisation of the plasmid sequence has the potential
to increase the levels and persistence of transgene expression. It was previously
shown that a minimal 93 bp region of the hC enhancer recapitulated the expression
profile of the full-length sequence, and that a tandem dual minimal enhancer
increased expression levels seven-fold relative to the single 93 bp sequence
(Oliveira, 2015). Here, the effect of additional copies of the minimal 93 bp enhancer

placed in tandem was investigated, but inclusion of three or four tandem minimal
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enhancers did not result in an increase in gene expression following a pDNA/PEI
aerosol (Figure 3.3), indicating that this type of modification was unlikely to lead to
improved secretory protein expression in the mouse lung. The combination of
novel, efficient, non-viral transfection agents with optimised plasmid sequences
could be further explored for in vivo gene transfer for secretory protein production,

but for the remainder of the studies described here, viral vectors were investigated.

3.3.2 Transduction profile of rSIV.F/HN in murine lung

The relatively poor efficiencies of non-viral vectors such as PEIl and GL67A in the
mouse lung mean that it has been difficult to identify the transfected cell types
(Davies et al., 2007). However, high transduction rates achieved with viral vectors
make it possible to identify transduced cells. Studies described in Section 3.2.3
investigated the transduction profile in the mouse lung at two time-points following
administration of rSIV.F/HN. In agreement with the previously published report
(Alton et al., 2017), the vector was found to transduce all of the investigated cell
types (club, ciliated, goblet, type | and type Il alveolar cells), with the exception of
basal cells, suggesting inefficiency of transducing this cell type. A number of
additional observations were also made. Firstly, there was an apparent difference
in transduction rates of club cells at 7 days and 2 months after vector delivery
(Figure 3.5). As club cells give rise to ciliated and goblet cells (Montoro et al., 2018,
Rock et al., 2009), it is possible that differentiation of club cells is responsible for
the reduction in the proportion of EGFP-positive club cells between the two

analysis time-points.
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Secondly, very few EGFP-positive ATI cells were identified in sections from any of
the animals. Acquisition of ten images of the alveolar region at random did not
capture any transduced ATI cells in the examined sections, and these cells could
only be identified by direct localisation using the EGFP channel. This indicated a
very low transduction rate which could not be quantified using the method
employed in this study (Section 2.6.9.3). A more suitable method of quantifying the
rates of transduction of these cells by rSIV.F/HN could be using a fully-automated
fluorescence microscope, which would allow visualisation of the whole lung section
and thus of all transduced ATI cells in a particular plane. The relative proportion of

these cells which are transduced by the vector, albeit low, could then be quantified.

Thirdly, very low numbers of goblet cells, EGFP-positive or negative, could be
identified at 2 months after administration of rSIV.F/HN, indicating that these cells
are turned over within that period, either as a result of vector administration or
ageing. Lastly, no transduced basal cells could be identified at either time-point.
Although Alton et al. reported EGFP-positive basal cells, they noted their rarity
(Alton et al., 2017); elsewhere, it was reported that basal cell transduction in vivo
could only be achieved after pre-treatment of mouse airways with polidocanol,
which removes the epithelium to expose basal cells (Leoni et al., 2015). Thus, the
inability to identify transduced basal cells in the studies described in this chapter
(Figure 3.5) is consistent with these findings. Interestingly, no basal cells could be
identified 7 days after dosing of rSIV.F/HN. Although these cells are thought to be
mainly confined to the trachea in mice (Rock et al., 2009), they have been detected
in the murine bronchi (Alton et al., 2017, Hong et al., 2004), and abundant basal
cells were detected at the 2-month time-point in this study (Figure 3.5). Wu et al.

observed that porcine basal cells maintained in an air-liquid interface culture
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system would be stimulated to differentiate into specialised cells upon infection
with influenza virus (Wu et al., 2016). It is possible that administration of rSIV.F/HN
stimulated basal cells in the mouse lung to differentiate such that few would be
detectable at 7 days post-transduction and that by 2 months after administration

their population would have expanded again.

Another potential explanation for the discrepancy between the presence of basal
cells in sections from those two time-points could be a developmental one. It has
been reported that the distribution of basal cells in respiratory epithelium of mice
shifts with age such that basal cell numbers decline in the trachea of mice between
3 and 22 months of age (Wansleeben et al., 2014). In the study performed in this
thesis, animals from the 7-day treatment group were between 6 and 8 weeks of
age, while animals from the 2-month treatment cohort were 7 weeks older. The
distribution of basal cells in their airways could therefore have shifted, resulting in
these cells only being identifiable in the 2-month group. Whilst it was reported that
transduced basal cells could be observed at 7 days after rSIV.F/HN delivery (Alton
et al., 2017), the age of the animals at the time of procedure was also not stated.
It is possible that the difference in age is responsible for the observed discrepancy
in basal cell numbers in the lung at 7 weeks and 2 months. As naive mice were
only harvested at a single time-point, it was not possible to determine whether
vector administration or age-related changes were responsible for the observed
lack of basal cells at day 7, or the very low numbers of goblet cells at 2 months

after delivery of rSIV.F/HN.

In this chapter, the six main cell types in the lung were investigated: club, goblet,

ciliated and basal cells of the airway, and ATl and ATII cells of the parenchyma.
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Other rarer cells types have been identified in the mouse and human lung,
including tuft (also known as brush) cells and ionocytes, thought to function in
osmotic homeostasis (Montoro et al., 2018, Plasschaert et al., 2018). Currently, it
is unknown whether these rare cells are transduced by rSIV.F/HN and contribute

to secretory protein expression following rSIV.F/HN administration.

3.3.3 Gene transfer platforms for delivery of secretory protein to circulation

and lung lumen

Several gene transfer platforms were compared to evaluate expression of the
secreted reporter GLux into the circulation and lung lumen. The rAAV serotypes 8
and 9 were selected for study based on their reported efficiency of gene transfer
in the murine muscle and lung, respectively, and ability to direct therapeutically
relevant levels of mAb expression in mice (Sections 1.1.5.4 and 3.1). In this study,
rAAV2/8 administered via IM injection led to the highest GLux levels in the
circulation, with robust and sustained secretion observed for at least 12 months
(Figure 3.6 A). Furthermore, rAAV2/8 delivered IM was reported to direct
expression of a mAb in mice for 64 weeks (Balazs et al., 2013). For secretion of
protein to the lung lumen, rSIV.F/HN and rAAV2/9 vectors delivered IN were
equivalent (Figure 3.10 B). Duration of expression from rAAV2/9 was only
confirmed at 4 months, whilst rSIV.F/HN was shown to direct GLux expression in
BALF for at least 12 months (Figure 3.4), and was thus selected for further study.
It was decided to investigate both platforms (rAAV2/8 delivered IM and rSIV.F/HN
delivered IN) for expression of mAbs in two model applications in the following

chapters.
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In future studies, novel rAAV serotypes, developed through approaches like
rational design and directed evolution for more targeted tropism, superior
transduction efficiency and/or reduced seropositivity in the human population,
could be investigated for secretory protein expression. A number of such AAV
serotypes were developed for muscle gene therapy, and were reported to exhibit
up to 84-fold higher transduction efficiency in the human muscle ex vivo and
reduced humoral seroreactivity, compared to serotype 8 (Paulk et al., 2018a). Use
of such serotypes for expression of mAbs from skeletal muscle could allow
achievement of therapeutically relevant expression levels with lower vector doses,

potentially translating into reduced cost of treatment per patient.
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Chapter 4: Development of palivizumab factories for

prophylaxis of RSV infection

4.1 Introduction

Respiratory syncytial virus (RSV) is a prevalent respiratory pathogen causing
hospitalisations in young children and the elderly. As described in Section 1.2.3.2,
prophylaxis with the mAb palivizumab is practised in the absence of a licensed
vaccine. This chapter describes studies using RSV infection to evaluate the
potential of selected gene transfer agents to deliver therapeutic mAbs in vivo.
Because RSV infections begin in the respiratory tract, which is also the main site
of viral replication, the presence of neutralising mAbs might be advantageous in
the fluid lining the lung, as well as in the circulation. Indeed, it has been reported
that levels of anti-RSV IgG in the nasal mucosa are more strongly inversely
correlated with the severity of infection in infants than serum IgG levels (Vissers et
al., 2016). For this reason, both vectors delivering mAb genes to the lung for local
production and those mediating systemic delivery could be useful for protection

against RSV infection.

Based on the results of studies in Chapter 3 using the secretory reporter GLux, two
viral vectors were selected for gene transfer of palivizumab: rSIV.F/HN and
rAAV2/8, delivered to the lung and muscle, respectively. Palivizumab expression
levels achieved by these vectors in vivo must reach a certain target level to be
protective against RSV infection, and this can be evaluated in an animal model.
Several models of RSV infection are available, including murine, bovine and NHP

models (reviewed in Taylor, 2017). Inbred mouse strains are permissive for RSV
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replication to varying degrees (Prince et al., 1979). BALB/c mice are semi-
permissive to infection and exhibit clinical signs such as weight loss and increased
respiratory rate when challenged with a sufficiently high (108 to 2 x 107 ffu) dose of
RSV (van Schaik et al., 1998). Functional readouts of viral replication and disease
severity can include measurement of weight loss, enumeration of inflammatory
cells and mediators in the BALF, and quantification of viral titres using plaque
assay or polymerase chain reaction (PCR) (Openshaw, 2013). Due to the ease of

use, the BALB/c strain was selected to model protection against RSV infection.

The aims of the experiments presented in this chapter included: (i) to generate
palivizumab-expressing rSIV.F/HN and rAAV2/8 vectors, (ii)) to measure
palivizumab levels in the serum and BALF following vector delivery to mice and (iii)
to determine whether the levels of palivizumab produced in vivo are protective

against RSV infection in an animal model.

4.2 Results

4.2.1 Production and validation of rSIV.F/HN and rAAV2/8 vectors

expressing palivizumab

Due to the packaging constraints of rAAV, the single-open reading frame (ORF)
strategy (Fang et al., 2005) (Figure 4.1), in which the light and heavy chain
sequences are fused with a cleavage site combining the 2A self-processing peptide
derived from the foot-and-mouth disease virus, and furin target sequence, was

used to design mAb cDNAs in this thesis. Palivizumab cDNA was constructed from
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the original heavy and light chain sequences (Johnson et al., 1997) (Appendix)
using MacVector software, codon-optimised for Homo sapiens, depleted of CpG
dinucleotides and synthesised by GeneArt (Thermo Fisher Scientific). The
transgene was sub-cloned as described in Section 2.3.5 to generate the rSIV
genome plasmid pSIV.hCEF.palivizumab and the rAAV genome plasmid
pAAV2.CASl.palivizumab (Table 2.1; Figure 4.2). When used to transfect
HEK293T cells (Section 2.4.2), both genome plasmids directed abundant
expression of IgG (Section 2.7.4), as shown in Figure 4.3. Production of rAAV2/8
and rSIV.F/HN viral vectors was therefore performed using the respective genome
plasmids. The rAAV2/8 CASI palivizumab (Table 2.2) was produced in adherent
HEK293T cells cultured in HYPERFIlasks and purified from cell lysates using a two-
step process (Section 2.5.4), resulting in a highly concentrated preparation. Purity
was confirmed using SDS-PAGE (Section 2.7.6.2). The rSIV.F/HN hCEF
palivizumab (Table 2.2) was produced by Steve Hyde in suspension HEK293T
cells cultured in serum-free media in a WAVE bioreactor and purified from the
supernatants with a two-step process (Section 2.5.2). Titres of both vectors were
determined using TagMan real-time PCR assay (Sections 2.5.3 and 2.5.5) with the
assistance of lan Pringle and Eoin Mac Raemoinn and expressed as genome
copies (GC) or TagMan transducing units (TTU) per unit volume for rAAV and rLV,

respectively.

Vectors rAAV2/8 CASI palivizumab and rSIV.F/HN hCEF palivizumab (Table 2.2)
were used to transduce HEK293T cells and palivizumab levels assessed in the
supernatants using human IgG ELISA (Section 2.7.4). As shown in Figure 4.4, both
vectors directed expression of the mAb in cell culture, supporting progression to

animal studies.
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cleavage site

Figure 4.1. Single-ORF antibody expression system.

Both the heavy and light chain sequences of the antibody, consisting of a variable
(VH or VL) and constant region, are preceded by a signal sequence (SS, dark blue)
from the human growth hormone (hGH), which facilitates secretion. The two chains
are fused by a cleavage site (F2A, green), which combines the furin target
sequence (yellow) with the 2A self-processing peptide derived from the foot-and-
mouth disease virus (FMDV, orange), connected by a four-amino acid spacer (light

blue).
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Figure 4.2. Recombinant lentiviral and rAAV vector genomes encoding
palivizumab.

(A) Palivizumab was expressed from the CASI promoter (compound promoter
comprising CMV enhancer, chicken B-actin promoter and ubiquitin enhancer) in
the rAAV genome plasmid, and (B) from the hCEF promoter (CpG-free version of
the human cytomegalovirus (CMV) enhancer with the CpG-free version of the
elongation factor 1 alpha (EF1a) promoter) in the rSIV genome plasmid (Table
2.1). WPRE, woodchuck hepatitis virus regulatory element; Mir-T, micro RNA 142-
p target sequence; SV40 polyA, simian virus 40 polyadenylation signal; CMV,
cytomegalovirus; ITR, inverted terminal repeat; LTR, long terminal repeat; RRE,

Rev response element; cPPT, central polypurine tract.
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Figure 4.3. Palivizumab expression following transfection of rSIV and rAAV
vector genomes in cell culture.

Adherent HEK293T cells (n = 3 wells per group) were transfected (Section 2.4.2)
with vector genome plasmids pAAV2.CASI.palivizumab and
pSIV.hCEF.palivizumab, along with control plasmid pCIKsoGLux (Table 2.1).
Ninety-six hours after transfection, antibody levels in the supernatant was
measured using human IgG ELISA (Section 2.7.4). Data are shown as individual
values and mean * standard error of the mean. Dotted line denotes lower limit of

detection (7.8 ng/ml).
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Figure 4.4. Palivizumab expression following transduction of rAAV2/8 and
rSIV.F/HN in cell culture.

For rAAV2/8, 5 x 10° adherent HEK293T cells were transduced with 10'© GC of
rAAV2/8 CASI palivizumab (Table 2.2). Six days post-transduction, antibody levels
in the supernatant were measured using human 1gG ELISA (Section 2.7.4; n = 3).
For rSIV.F/HN, 5 x 105 HEK293T cells grown in suspension were infected with 10°
TTUs of rSIV.F/HN hCEF palivizumab (Table 2.2) in the presence of 8 uM
polybrene (Sigma-Aldrich). Seven days post-transduction, antibody levels in the
supernatant were measured using human IgG ELISA (Section 2.7.4; n = 6). Data
are shown as individual values and mean + standard error of the mean. Dotted line

denotes lower limit of detection (7.8 ng/ml).
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4.2.2 In vivo palivizumab production using rSIV.F/HN and rAAV2/8

The aims of the study described in this section were to measure the level and
duration of palivizumab expression from rSIV.F/HN and rAAV2/8 in vivo as has
been previously observed for the secretory protein GLux with both vectors
(Sections 3.2.2 and 3.2.3). Mice were administered three different doses of each
vector: 10% 10"% or 10" GC of rAAV2/8 CASI palivizumab via IM injection (Section
2.6.5.3), or 106, 107 or 108 TTU rSIV.F/HN hCEF palivizumab via IN instillation
(Section 2.6.5.1). Blood samples were collected at intervals up to 6 months post-
delivery (Section 2.6.6.1). The BALF was also collected (Section 2.6.6.2) from a
proportion of mice from each group at 1 month, and from the remainder at the end
of the experiment, 6 months after dosing. Palivizumab levels in the serum and

BALF samples were determined using human IgG ELISA (Section 2.7.4).

As shown in Figure 4.5 A, IM administration of 10'° or 10" GC of rAAV2/8 resulted
in robust and sustained expression of palivizumab into circulation, with average
serum concentrations of 15.0 and 89.3 ug/ml (p<0.05 and p<0.001, respectively,
compared with naive mice) at 6 months (Figure 4.5 B). Delivery of the lowest dose
(10° GC) of the vector initially resulted in marginally detectable expression, which
declined to undetectable levels from day 28 onwards. Only marginal levels of
palivizumab expression could be detected in the serum of mice administered doses
ranging between 106 and 108 TTU of rSIV.F/HN by IN instillation (Figure 4.5 B).
Serum palivizumab levels of 25-30 pg/ml have been reported to reduce RSV titres
in the lungs of cotton rats by >99% (Johnson et al., 1997). Comparison of this figure

with the levels observed in this study, which reached 89.3 pg/ml in mice
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administered 10'" GC of rAAV2/8 (Figure 4.5), warranted progression to RSV

infection studies in mice (Section 4.2.4).

In the BALF, palivizumab levels were measured at 1 and 6 months post-delivery
(Figure 4.5 C & D). For rSIV.F/HN, significant BALF expression was observed at 1
month for the highest dose group (108 TTU, p<0.05), with average levels of 22
ng/ml. Although not significant, expression was also detected at 6 months, with
average levels in the BALF of 15 and 17 ng/ml for mice administered 10" and 108
TTU of the vector, respectively. In mice administered 10" and 10" GC of rAAV2/8,
antibody levels in the BALF reached 18 and 230 ng/ml at 1 month (p<0.05 and
p<0.001, respectively, compared with naive mice). These levels were sustained for
the duration of the experiment, averaging 55 and 324 ng/ml in the BALF of those
groups at 6 months (p<0.05 and p<0.001, respectively, compared with naive
values). Comparison of urea concentration in BALF and serum samples can be
used to calculate the dilution factor of BALF relative to epithelial lining fluid (ELF)
in the lung (Paul-Smith et al., 2018). Measurement of urea concentration in serum
and BALF samples collected using the same methods as in this study (Sections
2.6.6.1 and 2.6.6.2) indicated that the BALF is on average diluted by a factor of 28
relative to the ELF (Tan, 2017). Using this approximate conversion, the ELF levels
of the mAb at 6 months post-delivery can be estimated as 9 and 0.5 pg/ml for mice

administered the highest dose of rAAV2/8 and rSIV.F/HN, respectively.
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Figure 4.5. Palivizumab expression following administration of rAAV2/8 and
rSIV.F/HN to mice.

Female BALB/c mice (n = 16) were administered 10° (green circles), 10'° (blue
circles) or 10" (red circles) GC of rAAV2/8 CASI palivizumab via intramuscular
injection (Section 2.6.5.3), or 10® (green squares), 107 (blue squares) or 108 (red
squares) TTU of rSIV.F/HN hCEF palivizumab via intranasal instillation (Section
2.6.5.1). Serum was obtained by collecting blood (Section 2.6.6.1) at the indicated
time-points (A). Eight mice from each group were culled at 1 month post-delivery
to obtain broncho-alveolar lavage fluid (BALF), whilst the remaining animals were
culled at 6 months for BALF collection (Section 2.6.6.2). Antibody titre in the serum
and BALF samples was measured using human I1gG ELISA (Section 2.7.4). (A)
Palivizumab concentration in the serum throughout the duration of the experiment
is shown for rAAV2/8 only, as serum antibody levels for mice treated with
rSIV.F/HN were not significantly different from naive at most time-points (not
shown). (B) The individual values for serum concentration at 6 months post-
delivery. (C) Palivizumab concentration in the BALF at 1 and (D) 6 months post-
delivery. Data are shown as individual values and/or mean + standard error of the
mean. Significant differences between the values were determined using Kruskal-
Wallis test with Dunn’s post hoc multiple comparison test compared with naive
mice. A calculated p value of >0.05 was deemed non-significant as indicated with
ns on figures. Calculated p values of <0.05, <0.01 or <0.001 were deemed a
significant difference as indicated with one (*), two (**) or three stars (***),
respectively. Dotted line denotes lower limit of detection: 78 ng/ml for serum (A and

B) and 7.8 ng/ml for BALF (C and D).
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4.2.3 Neutralising activity of in vivo produced palivizumab

Before proceeding to studies with animal models of RSV infection, it was necessary
to demonstrate that the in vivo produced palivizumab is functionally active and
possesses neutralising capacity against RSV. A serum and BALF sample
containing the highest concentration of mAb from day 28 after administration of
rAAV2/8 or rSIV.F/HN expressing palivizumab (see Figure 4.5 for details of the
experiment), were selected for evaluation. Neutralising activity against RSV was
measured using the plaque reduction assay (Section 2.4.4) for a series of dilutions
of each sample and presented as the absolute number of viral immunoplaques per
well, or expressed as percent neutralisation relative to the negative control (serum
and BALF obtained from a naive BALB/c mouse). A commercial formulation of
palivizumab in the form of Synagis 100 mg/ml solution for injection (MedImmune)

was included in the experiment as a positive control (Figure 4.6 E and F).

As shown in Figure 4.6 A and B, serum obtained from a mouse administered 10"
GC of rAAV2/8 via IM injection exhibits near-complete neutralisation of RSV at 1:50
dilution, indicating that the antibody present in the sample is biologically active.
Partial neutralisation is also achieved with serum from the animal in the medium
dose group (10" GC of rAAV2/8). Serum samples obtained from mice
administered rSIV.F/HN and 10° GC of rAAV2/8 did not exhibit neutralising activity,
likely due to the concentration of palivizumab being too low, as previously
measured using ELISA (Section 4.2.2). The neutralising activity of BALF was more
difficult to ascertain, as a clear trend for decreasing neutralisation as the dilution

factor increased was not apparent for any of the samples (Figure 4.6 D), likely due
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to palivizumab levels being too low in those samples, which were further diluted for

the assay.

Comparison of the number of RSV immunoplaques observed for the serum sample
from the highest dose (10" GC) rAAV2/8 group with that obtained for Synagis 100
mg/ml solution (Medimmune) indicates that the serum from this animal had a
neutralising activity equivalent to approximately 390 pg/ml of palivizumab. The
observed biological activity of the in vivo produced antibody supported progression

to studies with a mouse model of RSV infection.

4.2.4 Protection from RSV in a mouse model of infection

The BALB/c mouse strain was selected for evaluation of the protective capacity of
the rAAV and rSIV gene delivery platforms, with weight loss as the primary readout.
Mice were administered 10" or 10" GC of rAAV2/8 CASI palivizumab via IM
injection (Section 2.6.5.3), or 1.7 x 10% or 1.7 x 107 TTU rSIV.F/HN hCEF
palivizumab via IN instillation (Section 2.6.5.1). Animal weight was recorded for up
to 5 days (Figure 4.7 A) to ensure no interference with the readout following
subsequent infection with RSV. Twenty-eight days after vector delivery, a dose of
7.5 x 10° ffu of RSV (gift of Cecilia Johansson), or PBS for an untreated control
group, was administered via IN instillation. The weight of individual animals was
recorded and expressed as percentage of measurement performed on the day of
challenge with the infectious agent (Figure 4.7 B); statistical analysis is
summarised in Figure 4.7 C. The study was performed with the assistance of

Cecilia Johansson and Freja Kirsebom.
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Figure 4.6. Neutralising activity of in vivo produced palivizumab.

As described in Figure 4.5, female BALB/c mice were administered 10° (green solid
line) 10"° (blue solid line) or 10" (red solid line) GC of rAAV2/8 CASI palivizumab
via intramuscular injection (Section 2.6.5.3), or 10° (green dashed line), 107 (blue
dashed line) or 102 (red dashed line) TTU of rSIV.F/HN hCEF palivizumab via
intranasal instillation (Section 2.6.5.1). Serum and BALF were obtained (Sections
2.6.6.1 and 2.6.6.2) 28 days later. From each group, the sample with the highest
level of palivizumab, as measured using human IgG ELISA (Section 2.7.4), was
selected for evaluation of neutralising activity against RSV using plaque reduction
assay (Section 2.4.4), the results of which are shown here. The absolute number
of plaques per well and the calculated neutralising activity expressed as
percentage (compared with naive sample) are shown for serum (A and B) and
BALF (C and D). A sample of BALF from the group dosed with 108 TTU of
rSIV.F/HN was not available. A commercial preparation of palivizumab (Synagis,
100 mg/ml; Medlmmune) was used as a positive control (E and F). Each data point

represents the mean of duplicate readings.
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Figure 4.7. Protection from RSV infection following rAAV2/8- and rSIV.F/HN-
mediated palivizumab gene transfer.

Female BALB/c mice (n = 5) were administered 10'° or 10" GC of rAAV2/8 CASI
palivizumab via intramuscular injection (Section 2.6.5.3) and 1.7 x 10% or 1.7 x 107
TTU of rSIV.F/HN hCEF palivizumab via intranasal (IN) instillation (Section
2.6.5.1). Twenty-eight days later, the mice received 7.5 x 10° pfu of RSV or PBS
via IN instillation. Mouse weight following (A) vector delivery and (B) RSV infection
was recorded for 5 and 14 days, respectively. Mice with weight falling below 75%
of the initial measurement were culled in agreement with the Home Office project
licence. Data are shown as mean + standard error of the mean. (C) Significant
differences between treatment groups were determined using two-way ANOVA
with Dunnett’s post hoc test on data up to day 8 after RSV infection. A calculated
p value of >0.05 was deemed non-significant as indicated with ns in the table.
Calculated p values of <0.05 or <0.0001 were deemed a significant difference as

indicated with one (*) or four stars (****), respectively.
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All mice in the untreated group and two animals from the 1.7 x 108 TTU of
rSIV.F/HN group had to be culled due to reaching the 25% weight loss limit; all
other mice treated with palivizumab-expressing vectors survived the RSV
challenge. Mice which had received 1.7 x 10’ TTU of rSIV.F/HN and 10" GC of
rAAV2/8 were partially protected from RSV-induced weight loss (p<0.05), whilst
administration of 10" GC of rAAV2/8 resulted in complete prevention of weight
loss (p<0.0001). At the end of the experiment (14 days after RSV infection), serum
and BALF was collected from the surviving animals and mAb levels measured
using human IgG ELISA (Section 2.7.4). Palivizumab could be detected in the
serum of mice administered 10'° and 10" GC of rAAV2/8, and there was a
significant difference between the two doses (p<0.0001; Figure 4.8 A). These
animals, along with those dosed with 1.7 x 107 TTU of rSIV.F/HN, also had
detectable palivizumab levels in the BALF. The high (10" GC) rAAV2/8 dose group
had significantly higher expression levels than either of the other two groups. No
significant difference between the high (1.7 x 107 TTU) dose group of rSIV.F/HN
and low dose (10" GC) of rAAV2/8 was observed (Figure 4.8 B), which is
consistent with these groups experiencing similar levels of weight loss following
RSV infection (Figure 4.7 B). A potential caveat of measuring palivizumab levels in
the serum and BALF after an RSV infection is that some of the antibody might have
been bound by the virus and would not be detectable. Nonetheless, levels of
palivizumab reported here (Figure 4.8) were in broad agreement with the observed

level of protection from virus-induced weight loss (Figure 4.7).
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Figure 4.8. Palivizumab expression in the serum and BALF following RSV
infection in mice administered rAAV2/8 and rSIV.F/HN.

As described in Figure 4.7, female BALB/c mice (n = 5) were administered 10'° or
10" GC of rAAV2/8 CASI palivizumab via intramuscular injection (Section 2.6.5.3)
and 1.7 x 10% or 1.7 x 107 TTU of rSIV.F/HN hCEF palivizumab via intranasal (IN)
instillation (Section 2.6.5.1). Twenty-eight days later, the mice received 7.5 x 10°
pfu of RSV or PBS via IN instillation. Fourteen days after the infection, the animals
were culled and their serum (Section 2.6.6.1) and broncho-alveolar lavage fluid
(BALF) (Section 2.6.6.2) collected. Palivizumab levels in the (A) serum and (B)
BALF were measured using human anti-lIgG ELISA (Section 2.7.4). Data are
shown as individual values and mean * standard error of the mean. Significant
differences between treatment groups were determined using (A) Student’s t-test
or (B) ANOVA with Tukey’s post hoc test. A calculated p value of >0.05 was
deemed non-significant as indicated with ns on figures. Calculated p values of
<0.05, <0.001 or <0.0001 were deemed a significant difference as indicated with

one (*), three (***) or four stars (****), respectively.
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Recruitment of immune cells is a hallmark of inflammation, therefore total and
differential cell quantification (Section 2.6.7) was carried out on the collected BAL
samples to evaluate the numbers and types of cells recruited into the lung following
RSV infection. Figure 4.9 A shows the relative proportions of macrophages,
lymphocytes and neutrophils present in the BAL. The total number of lymphocytes
in the different groups is shown in Figure 4.9 B. Mice which had received either
10"° or 10" GC of rAAV2/8 IM did not show significant lymphocyte infiltration in the
lung compared with naive animals (PBS) (p>0.05). Mice administered 1.7 x 108 or
1.7 x 107 TTU of rSIV.F/HN IN experienced significantly greater lymphocyte
infiltration than the uninfected group (p>0.001 and p>0.01, respectively), reflecting

inflammation in the lung in response to RSV infection.

To confirm the results obtained in this experiment (Figure 4.7), to delineate the
non-specific effects of the vectors upon response to infection, and to evaluate the
protective potential of higher doses of rSIV.F/HN, an additional RSV challenge
study was undertaken. Mice were administered 10'° or 10"" GC of rAAV2/8 CASI
palivizumab via IM injection (Section 2.6.5.3), as previously, or 108 or 1.95 x 108
TTU (the maximal feasible dose) of rSIV.F/HN hCEF palivizumab via IN instillation
(Section 2.6.5.1). Two groups of mice received matched high doses of control
vectors expressing an irrelevant GLux transgene: 10"" GC of rAAV2/8 CASI GLux
via IM injection and 1.95 x 108 TTU rSIV.F/HN hCEF GLux via IN instillation. The
dose of RSV was reduced slightly from 7.5 x 10° to 7 x 10° ffu to minimise the risk
of animals reaching the weight loss limit (75% of weight on day 0). Twenty-eight
days after vector delivery, the mice were administered the RSV via IN instillation
(Section 2.6.5.1). The weight of individual animals was recorded and expressed as

percentage of the weight measured immediately prior to challenge with RSV
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(Figure 4.10). The study was performed with the assistance of Cecilia Johansson

and Freja Kirsebom.

Results in Figure 4.10 showed that, in agreement with previous observations
(Figure 4.7), mice that received 10"" GC of rAAV2/8 CASI palivizumab were
completely protected from RSV-induced weight loss (p<0.0001). Complete
protection was also observed in groups which received 108 or 1.95 x 108 TTU
rSIV.F/HN hCEF palivizumab (p<0.001; Figure 4.10). In contrast to previous
results, which indicated that partial protection is conferred by administration of the
lower (10" GC) dose of rAAV2/8 CASI palivizumab (Figure 4.7), this treatment
group was not protected from weight loss on this occasion (p>0.05; Figure 4.10),
and one animal had to be culled on day 9 post-infection due to reaching the weight
loss limit. Although administration of either rAAV2/8 or rSIV.F/HN expressing GLux
did not appear to have a significant effect on weight loss (p>0.05), all but one
animal in the rAAV2/8 control group needed to be culled by day 8, indicating a
possible (albeit unconfirmed) negative effect of this vector on response to RSV
infection. Although not statistically significant, there appeared to be a partially

protective effect in the group administered rSIV.F/HN hCEF GLux.
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Figure 4.9. Pulmonary leukocyte infiltration following infection with RSV in
mice treated with rAAV2/8 and rSIV.F/HN.

As described in Figure 4.7, female BALB/c mice (n = 5) were administered 10'° or
10" GC of rAAV2/8 CASI palivizumab via intramuscular injection (Section 2.6.5.3)
and 1.7 x 10% or 1.7 x 107 TTU of rSIV.F/HN hCEF palivizumab via intranasal (IN)
instillation (Section 2.6.5.1). Twenty-eight days later, the mice received 7.5 x 10°
ffu of RSV or PBS via IN instillation. Fourteen days after the infection, the animals
were culled and total and differential leukocyte quantification (Section 2.6.7) of the
broncho-alveolar lavage (BAL) samples (Section 2.6.6.2) undertaken. (A) The total
numbers of different types of leukocytes in the BAL: macrophages (green),
lymphocytes (blue) and neutrophils (red); the height of the combined bar indicates
the total number of leukocytes. (B) The total number of lymphocytes in BAL. Data
are shown as individual values and mean * standard error of the mean. Significant
differences between treatment groups were determined using ANOVA with
Dunnett’s post hoc test, compared with naive values. A calculated p value of >0.05
was deemed non-significant as indicated with ns on figures. Calculated p values of
<0.01 or <0.001 were deemed a significant difference as indicated with two (**) or

three (***), respectively.
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Figure 4.10. Effect of rAAV2/8 and rSIV.F/HN on weight loss in mice upon
infection with RSV.

Female BALB/c mice (n = 5) were administered 10" or 10"" GC of rAAV2/8 CASI
palivizumab or 10" GC of rAAV2/8 CASI GLux via intramuscular injection (Section
2.6.5.3), or 108 or 1.95 x 108 TTU rSIV.F/HN hCEF palivizumab or 1.95 x 108 TTU
rSIV.F/HN hCEF GLux via intranasal (IN) instillation (Section 2.6.5.1). Twenty-
eight days later, the mice received 7 x 10° ffu of RSV or PBS via IN instillation
(Section 2.6.5.1) and their weight was recorded daily for 14 days (A). Mice whose
weight dropped below 75% of the initial measurement were culled in agreement
with the Home Office project licence. Data are shown as mean * standard error of
the mean. (B) Significant differences between treatment groups were determined
using two-way ANOVA with Dunnett’s post hoc test on data up to day 7 after RSV
infection. A calculated p value of >0.05 was deemed non-significant as indicated
with ns in the table. Calculated p values of <0.001 or <0.0001 were deemed a

significant difference as indicated with three (***) or four stars (****), respectively.
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4.3 Discussion

The studies described in this chapter aimed to demonstrate the feasibility of using

passive antibody gene transfer for prophylaxis of RSV infection.

4.3.1 Transport of antibody and GLux across lung epithelium

Results obtained in Chapter 3 with the secretory reporter protein GLux (Figures
3.4 and 3.6), showed that IN delivery of rSIV.F/HN vyielded nearly three orders of
magnitude greater GLux in the BALF compared with IM delivery of rAAV2/8.
However, for palivizumab, rAAV2/8 administered IM resulted in approximately 10-
and 20-fold higher expression in the BALF than rSIV.F/HN at 1 and 6 months post-
administration, respectively (Figure 4.5 C and D). Thus, GLux reporter activity did
not predict the result with the mAb. A possible explanation could be that GLux and
mADb secretion occurs via different transport pathways across the lung epithelia. It
has been reported that the uptake of GLux into cultured mammalian cells is likely
to be mediated by non-specific pinocytosis (EI-Amouri et al., 2013). The transport
of IgG into the lung lumen, on the other hand, occurs via a well-characterised
receptor-specific transcytosis pathway involving the neonatal Fc receptor (FcRn)
(reviewed in Kuo et al., 2010). Thus, IgG is first taken up into polarised epithelial
cells via non-specific endocytosis, then bound by FcRn in the acidic environment
of the endosome and subsequently released at the apical or basolateral surface
(Kuo et al., 2010). Transcytosis of IgG is important for a number of immunologic
functions, including passive transfer of antibody from mother to offspring via the

placenta and breast milk, and bidirectional transport of IgG across the mucosa to
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sample antigens (Stapleton et al., 2015). Whilst murine FcRn appears more
efficient at trafficking in the apical to basolateral direction (McCarthy et al., 2000),
conflicting reports exist about the predominant direction of IgG transport by human
FcRn (Claypool et al., 2004, Praetor et al., 1999). Nonetheless, the results obtained
in this chapter suggest that transport from the basolateral to apical surface of the

airway epithelium is more efficient for IgG than GLux.

4.3.2 In vivo production of therapeutically relevant levels of palivizumab

Intramuscular delivery of rAAV2/8 resulted in sustained expression of palivizumab
into circulation, with the highest dose achieving an average serum concentration
of 89 ug/ml at 6 months (Figure 4.5). The likelihood of these levels to be protective
against RSV infection can be inferred by comparison with literature reporting serum
levels conferring protection in animal models of infection and trough serum levels
in patients receiving Synagis. In the cotton rat model of RSV infection, a >99%
reduction in lung RSV titres was observed with serum levels of 25-30 pg/ml
(Johnson et al., 1997), which has been used as a target serum concentration in
clinical trials (Subramanian et al., 1998). In patients receiving Synagis, serum
levels reach 131.2 yg/ml at 24 hours post-injection (Malley et al., 1998) and
thereafter decline to 37 and 72 pg/ml prior to the second and fifth injection,
respectively (Null et al., 1998). Comparison of serum palivizumab levels achieved
in mice in the present study (up to 89 ug/ml; Figure 4.5) with the predicted
protective level of 25-30 pg/ml in rodents and 70-130 pug/ml in patients warranted

proceeding to RSV infection studies.
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The estimated palivizumab ELF levels were 9 and 0.5 ug/ml for mice administered
the highest dose of rAAV2/8 and rSIV.F/HN, respectively. The relevant palivizumab
concentration in the lung lining fluid has not been measured in animal models or
patients. However, the ELF antibody levels obtained in this study can be compared
with the half maximal effective concentration (ECso) of palivizumab to determine
whether they may have an effect on RSV infection. The ECso has been measured
in vitro using plaque-reduction (also performed in this study; Section 2.4.4),
microneutralisation and fusion inhibition assays and reported as 2, 0.10 and 0.17
pug/ml, respectively (Johnson et al., 1997). The estimated ELF levels observed in
this study (up to 9 pg/ml) compared favourably with these figures, indicating

possible protective effect.

Before proceeding to RSV challenge studies, the biological activity of the in vivo
produced antibody was assessed using plague reduction assay (Section 2.4.4).
Whilst serum from a mouse administered rAAV2/8 blocked RSV infection in vitro
(Figure 4.6), the neutralising activity of the BALF samples could not be confirmed,
likely due to the mADb levels being too low. Additionally, only one serum and BALF
sample per treatment group were tested. Nevertheless, the biological activity of the
palivizumab produced in vivo was confirmed and comparison of the most
concentrated serum sample with the neutralising activity of Synagis solution
indicated even greater potency (equivalent to 390 ug/ml) than expected from the

IgG levels measured with ELISA (138 pg/ml; Figure 4.5).
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4.3.3 Demonstration of protection from RSV infection

Several animal models of RSV infection are available, including the cotton rat
Sigmodon hispidus which is often regarded as the gold standard model for this and
other respiratory viral infections (Boukhvalova and Blanco, 2013, Boukhvalova et
al., 2009). In this study, the BALB/c mouse model was selected due to the ease of
use and relatively low cost. Whilst not a natural host for the virus, the mouse is a
reliable and widely used model in RSV research (Openshaw, 2013). It recapitulates
a number of clinical signs of disease and has been used to demonstrate the ability
of mAbs, including palivizumab, to protect against RSV infection (Johnson et al.,
1997, Taylor et al., 1984). The scoring of disease severity by measuring weight
loss upon RSV infection is considered a convenient, reproducible and objective
measure (Openshaw, 2013) and was therefore selected as the primary readout in

the RSV challenge experiments.

In agreement with the predicted efficacy of administration of the highest dose (10"
GC) of rAAV2/8 via IM injection, based on the observed levels of palivizumab in
the serum and BALF (Figure 4.6), this treatment group was completely protected
from RSV-induced weight loss (Figures 4.7 and 4.10). Administration of the lower
dose of this vector (10" GC) yielded inconsistent results, with partial protection
observed in the first study (Figure 4.7), but not in the second study (Figure 4.10).
Possible reasons for this discrepancy might include experimental variation in
administration of vector or infection with RSV. Administration of 1.7 x 10 TTU of
rSIV.F/HN via IN insufflation was partially protective (Figure 4.7), whilst higher
doses of 108 and 1.95 x 108 TTU resulted in complete protection from RSV-induced

weight loss (Figure 4.10). Additionally, rAAV2/8 was shown to prevent lymphocyte
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infiltration in the lungs of mice (Figure 4.9), indicating that the vector prevented
inflammation upon infection with the virus. Whilst mice administered 1.7 x 10° or
1.7 x 107 TTU of rSIV.F/HN showed increased numbers of lymphocytes in their
BAL relative to uninfected mice (Figure 4.9), it was not possible to determine
whether these levels were lower than in untreated mice, as these were all culled
due to significant weight loss prior to completion of the experiment. Nonetheless,
the results obtained in Section 4.2.4 indicate that both vectors are effective at
preventing RSV infection in mice. The duration of expression conferred by these
vectors, especially rAAV2/8 at 6 months (Figure 4.5), suggests that the protection
could be long-lasting and therefore relevant as prophylaxis to cover the entire RSV

season, which lasts for 31 weeks (Rose et al., 2018).

Although administration of 108 TTU of rSIV.F/HN resulted in expression of lower
levels of palivizumab in the BALF at 1 month compared with 10"" GC of rAAV2/8
(Figure 4.5 C), the two groups showed equivalent protection from RSV-induced
weight loss (Figures 4.7 and 4.10). It is possible that production of the mAb in the
lung is advantageous, resulting in more potent protection than predicted by the
observed IgG levels. When mADb levels were measured in the BALF of mice at the
end of the experiment, however, there was no significant difference in palivizumab
levels between these two groups (Figure 4.8), indicating possible inter-

experimental variation.

Interestingly, administration of rSIV.F/HN hCEF GLux appeared to have a partially
protective effect, whilst mice dosed with rAAV2/8 CASI GLux experienced
exacerbated weight loss. Neither of these results was, however, statistically

significant (Figure 4.10). It is possible that administration of the lentiviral vector to
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the lungs of mice primed the animals through an unknown mechanism for improved
clearance of RSV following infection. Viral load in the lungs of mice administered
palivizumab-expressing and control vectors ought to be measured following
infection to determine whether this is the case, and to demonstrate that delivery of
rSIV.F/HN hCEF palivizumab and rAAV2/8 CASI palivizumab reduces RSV-

induced weight loss by blocking infection with and replication of the virus.

4.3.4 Alternative gene transfer options for RSV prophylaxis

The results described in this chapter could be extended to new anti-RSV mAbs
currently in development. The mAb MEDI8897 is a modified anti-F protein mAb
which has been shown to be nine-fold more potent than palivizumab in reducing
RSV replication in cotton rats, and has a half-life three-fold greater than
palivizumab in NHPs (Zhu et al., 2017). This mAb is currently being evaluated in
clinical trials, with an aim for a single IM dose to provide protection for an entire
season (Griffin et al., 2017). Another mAb in development for RSV prophylaxis is
REGN2222, which has also been reported to exceed the potency and stability of
palivizumab and is being tested in clinical trials (Sivapalasingam et al., 2015).
Structurally different is ALX-0171, a trimeric camel-derived “Nanobody” designed
for inhalation. The neutralising activity of this compound against RSV is superior to
palivizumab in vitro, and it is currently being evaluated in clinical trials (Detalle et
al., 2016). However, it has been reported that the antiviral activity of Nanobodies
following inhalation lasts for only for 48 hours in mice (Schepens et al., 2011). The
increased persistence of protein expression achieved with rSIV.F/HN and rAAV2/8

could offer improved duration of prophylaxis with ALX-0171.
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An alternative strategy to utilising mAb gene transfer for RSV prophylaxis in infants
is the administration of vector to pregnant or breastfeeding mothers. Indeed,
maternal immunisation is already being investigated as a vaccination strategy for
RSV (Section 1.2.3), with Novavax’s F-protein/alum vaccine currently undergoing
a phase lll clinical trial. Maternal immunisation has the added advantage of
protecting both mother and infant and could overcome the challenge of eliciting
effective immune responses to a vaccine in neonates (Kaaijk et al., 2013). For
maternal gene transfer, IM administration of rAAV2/8 would be preferred, as it
yields the highest levels of palivizumab in the serum (Section 4.2.2). This strategy
is expected to maximise transfer of the mAb across the placenta and into milk
(Fouda et al., 2011), providing protection against RSV infection in first months of

life.
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Chapter 5: Development of anti-TNFa factories for treatment

of rheumatoid arthritis

5.1 Introduction

Rheumatoid arthritis is a debilitating autoimmune disease affecting about 1% of
the general population (Gabriel, 2001). Due to the high cost of treatment with
biologic TNFa antagonists (discussed in Section 1.1.1), development of an
alternative delivery method using gene transfer is highly desirable. Based on the
results presented in Chapter 3, IM delivery of rAAV2/8 was identified as an effective
method of delivering secretory protein to the circulation and therefore this approach
was investigated for expression of two anti-TNFo biologics: infliximab and

etanercept (described in Section 1.3.3).

As TNFa is a key player in the inflammatory response, biologics targeting this
cytokine are immunosuppressive and associated with an increased risk of
infections and cancer (Furst et al., 2013); cessation of therapy might be necessary
if patients develop such diseases. In the context of in vivo anti-TNFo production
following gene transfer, it would be helpful if expression of the biologic could be
regulated. One of the additional aims of this chapter was therefore to investigate
the possibility of controlling anti-TNFa expression following gene delivery to the
muscle using rAAV. Potential methods for controlling protein expression are
summarised in Table 5.1 and can be broadly divided into pharmacological, and
those utilising inflammation-inducible regulatory elements. In the context of
rheumatoid arthritis, a number of regulatory elements from inflammation-related

genes have been investigated, including those encoding matrix metalloproteases
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(Vermeij et al.,, 2014), NF-xB (Aalbers et al., 2015, Bevaart et al., 2015),
complement protein C3 (Miagkov et al., 2002), and the cell adhesion molecule E-
selectin (Garaulet et al., 2013). With the exception of the C3 promoter, each of
these elements have been used in the context of intra-articular gene delivery, and
it is unclear whether they would be subject to sufficient inflammation-dependent

activation when delivered to the muscle in an individual experiencing RA.

An alternative method of controlling protein expression is pharmacological.
Following delivery of a vector encoding a regulatable cassette to a patient with RA,
expression of the biologic could be induced to respond to disease flares and
subsequently discontinued by administration or withdrawal of a small molecule
drug. The doxycycline-inducible Tet-ON system (Table 5.1) has been used to
control transgene expression following rAAV delivery to rodents and NHPs,
although it was found to be refractory to repeated stimulation and failed to respond
on the third cycle (Perez et al., 2004). This is thought to be due to the cellular and
humoral immune responses to the bacterial TetR protein, which abrogate
expression from transduced tissue in NHPs (Favre et al., 2002, Le Guiner et al.,

2014).

The dimeriser system, developed by ARIAD therapeutics (Johnston et al., 2003)
comprises two components: one encoding two transcription factors which dimerise
upon administration of rapamycin, and another with the gene of interest under the
control of a promoter responsive to the dimerised transcription factor complex. This
system has been successfully used to control expression of erythropoietin in NHPs
following rAAV delivery to the muscle for up to 26 cycles (Rivera et al., 2005). It

was also effective at inducing expression of a mAb in mice, although the system

177



was ‘leaky’ in the absence of inducer drug and required the use of dual rAAV due

to the packaging constraints of the vector (Fang et al., 2007).

A conceptually different approach is small molecule-assisted shutoff (SMASh)
(Chung et al., 2015). The SMASh tag (Figure 5.1 A and B) contains non-structural
protein 3 (NS3) which is a serine protease from hepatitis C virus (HCV). A protein
of interest is tagged at its C-terminus with the NS3 protease, with the NS3 protease
cleavage target sequence positioned between the desired protein and the NS3
protease. Fused to the C-terminus of the NS3 protease is a degron — a peptide
domain whose presence confers a greatly increased rate of protein degradation
(Ravid and Hochstrasser, 2008). In the presence of an NS3 protease inhibitor, the
NS3 protease is unable to cleave the NS3 protease cleavage target sequence,
which leads to degron-mediated degradation of the entire fusion protein. In the
absence of an NS3 protease inhibitor, the NS3 protease cleaves its target
sequence, generating the desired protein and an NS3 protease-degron fusion
which is targeted for protein degradation. Thus, in the absence of an NS3 protease
inhibitor the desired protein is produced, while in the presence of an NS3 protease
inhibitor, little or no desired protein-NS3 protease-degron fusion is accumulated
(Figure 5.1 C). In vitro, SMASh facilitated 98.1% suppression of protein expression
with a concentration of the NS3 inhibitor asunaprevir that is non-toxic in vivo, and
offered tuneable repression with over 50-fold dynamic range (Chung et al., 2015).
Importantly, the entire SMASh sequence can be encoded within a 0.9-kb DNA
fragment, allowing construction of a 2.4 kb etanercept-SMASh cDNA which is small
enough to be packaged, complete with a CASI enhancer/promoter, within a single

rAAV vector, removing the need for a dual vector system. The studies described in
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this chapter investigated the use of SMASh to control anti-TNFa expression

following gene transfer.

The aims of the work presented in this chapter included: (i) to generate infliximab
and etanercept-expressing rAAV2/8 vectors, (ii) to measure expression levels
achieved in the serum following delivery of those vectors to mice, and (iii) to

develop a regulatable expression system for anti-TNFa based on SMASh.

5.2 Results

5.2.1 In vivo infliximab production using rAAV2/8

The single-ORF strategy (Figure 4.1) utilised for palivizumab was also used to
design the cDNA for expression of infliximab. The original heavy and light chain
variable protein sequences (Appendix) were sourced from patent number
US5698195A (Le, 1991) and a cDNA construct, codon optimised for Homo sapiens
and depleted of CpG dinucleotides, was designed using MacVector software and
synthesised by GeneArt (Thermo Fisher Scientific). The transgene was sub-cloned
into the rAAV2 genome plasmid to generate pAAV2.CASL.infliximab (Table 2.1;
Figure 5.2 A) as described in Section 2.3.5. This plasmid was found to direct robust
IgG expression in HEK293T cells following transfection (Section 2.4.2) (Figure 5.2
B) and used to produce an rAAV2/8 vector (Section 2.5.4). Transduction of
rAAV2/8 CASI infliximab (Table 2.2) in HEK293T cells also resulted in secretion of

IgG into the cell culture media supernatants (Figure 5.3).
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Table 5.1. Methods for controlling protein expression following gene transfer.

the tag is regulated with
a protease inhibitor

protease inhibitors
available

Method Mechanism Advantages Disadvantages References
Regulatory elements Onlv tested for intra-articular Aalbers et al., 2015,

Inflammation- from genes encoding Self-regulating; no en¥a deliverv: transaene Bevaart et al., 2015,

responsive proteins involved in foreign, potentially gxpression u)glikely ?o be Garaulet et al., 2013,

regulatory inflammation are used to | immunogenic induced in the context of IM Miagkov et al., 2002,

elements control anti-TNFa components deliver Varley et al., 1997,
expression y Vermeij et al., 2014
Tetracycline-dependent Would require a dual rAAV
transgctlvator (TA) . system; refractory to repeated Favre et al., 2002, Le
protein enables Extensively used and . o . .

Tet-ON expression of transaene | researched stimulation; the TA protein is Guiner et al., 2014,
unFc)ier control of Tetg- immunogenic, which limits Perez et al., 2004
response element (TRE) duration of expression
;-St?vgt?loﬁ-zg]rilgi% ef‘:sdion Rapamycin is Fang et al., 2007

roteins of human origin | Shown to be effective immunosuppressive (although Johr?ston é’t al 2,003

Dimeriser proteins 9 . rapalogues can be used); would ; ’
dimerise in the presence | in the context of rAAV require a dual rAAV svstem: Nguyen et al., 2007,
of inducer molecule and Iegk y ’ Rivera et al., 2005
activate expression y
A degron-containing tag | Can be accommodated
is fused to the protein of | into a single rAAV

SMASh interest; self-cleavage of | vector; clinically tested | Not tested in vivo yet Chung et al.,, 2015
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Figure 5.1. Schematic showing key features of the small molecule-assisted
shutoff (SMASh) system.

(A) The sequence of non-structural protein 3 (NS3) protease from hepatitis C virus
(HCV) is shown in orange. In the SMASh tag, it is joined to its cleavage target
sequence (green, with the cleavage site indicated) by a linker (black) containing
the Flag tag sequence (red). The NS3 protease sequence is followed by a
truncated NS3 helicase domain (grey) and the non-structural protein 4A (NS4A)
cofactor (purple). The truncated helicase domain and the NS4A sequence are
thought to act as a degron. (B) The protein of interest (blue) is fused to the SMASh
tag, comprising the cleavage sequence (green), the NS3 protease (orange) and
the degron (purple). (C) In the absence of NS3 protease inhibitor, the protease
cleaves its target sequence, thereby separating the native protein from the SMASh
tag, which is degraded. When NS3 protease inhibitor is present, it prevents the
protease from cleaving the tag and the degron directs degradation of the entire

fusion protein, thereby abrogating expression of the protein of interest.

182



TR
(I

pAAV2.CASI.infliximab

0009 5200
Oogs  sg00 5400

WPRE

Plasmid

©
o
e

o
=)
e

T
o
~

(Jw/Bu)

<LOD A

BIpPSW 81N}|N9 ||80 Ul UONEJUSouoD Apognuy

183



Figure 5.2. Infliximab expression following transfection of an rAAV vector
genome plasmid in cell culture.

(A) pAAV2.CASl.infliximab vector genome (Table 2.1). WPRE, woodchuck
hepatitis virus regulatory element; Mir-T, micro RNA 142-p target sequence; SV40
polyA, simian virus 40 polyadenylation signal; CMV, cytomegalovirus; ITR, inverted
terminal repeat; CASI, compound promoter comprising CMV enhancer, chicken -
actin promoter and ubiquitin enhancer. (B) Adherent HEK293T cells (seeded at 5
x 10° cells/well in 12-well plates, n = 3 wells) were transfected with
pAAV2.CASl.infliximab or pCIlKsoGLux (a control plasmid, encoding Gaussia
luciferase) (Table 2.1; Section 2.4.2). Ninety-six hours after transfection, antibody
concentration in the supernatant was measured using human IgG ELISA (Section
2.7.4). Data are shown as individual values and mean + standard error of the mean.

Dotted line denotes lower limit of detection (LOD) (7.8 ng/ml).
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Figure 5.3. Infliximab expression following transduction of rAAV2/8 in cell
culture.

Adherent HEK293T cells (seeded at 5 x 10° cells/well in 6-well plates, n = 3 wells)
were transduced with 10" GC of rAAV2/8 CASI palivizumab or rAAV2/8 CASI
EGFPLux (Table 2.2) per well. Six days post-transduction, antibody levels in the
supernatant were measured using Human IgG ELISA (Section 2.7.4). Data are
shown as individual values and mean * standard error of the mean. Dotted line

denotes lower limit of detection (LOD) (7.8 ng/ml).
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Following confirmation that the vector expressed infliximab in mammalian cell
culture, an in vivo experiment was undertaken to determine the level and duration
of infliximab expression that can be achieved using rAAV2/8. Mice were
administered 10°, 10" or 10" GC of rAAV2/8 CASI infliximab via IM injection
(Section 2.6.5.3). Blood samples were collected at intervals up to 6 months post-
delivery (Section 2.6.6.1) and infliximab levels in the isolated serum measured
using human IgG ELISA (Section 2.7.4). As shown in Figure 5.4 A, administration
of the two highest doses of the vector (10'° or 10" GC, respectively) resulted in
robust, persistent expression of infliximab in the serum for at least 6 months. At the
latest time-point (Figure 5.4 B), the average infliximab serum levels in the 10" and
10" GC treatment groups were 9.81 and 88.9 ug/ml, respectively (p<0.01 and
p<0.001 compared with naive mice). Delivery of the lowest dose (10° GC) of the
vector resulted in initially detectable, but not significant, expression that declined

to undetectable levels in most animals by 6 months (Figure 5.4 B).

As infliximab does not cross-react with murine TNFa, a mouse model expressing
human TNFa, such as the Tg197 transgenic strain (Keffer et al., 1991) (further
discussed in Section 5.3.2) would be required to investigate the effectiveness of
rAAV-mediated infliximab gene transfer in ameliorating arthritis. However, due to
difficulties in obtaining and maintaining this model, assessing the functional effects
of rAAV-mediated infliximab expression had to be de-prioritised. Instead,
etanercept, which does cross-react with mouse TNFa and is also widely used in
the treatment of RA (Haraoui and Bykerk, 2007), was selected as an alternative

anti-TNFa biologic for further study in the remainder of this chapter.
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Figure 5.4. Infliximab expression following administration of rAAV2/8 to
mice.

Female BALB/c mice (n = 8) were administered 10°, 10"° or 10" GC of rAAV2/8
CASI infliximab via intramuscular injection (Section 2.6.5.3). Serum was obtained
by collecting blood from the tail vein (Section 2.6.6.1) at the indicated time-points
(A). Antibody concentration in the serum was measured using human IgG ELISA
(Section 2.7.4). (A) Infliximab concentration in the serum throughout the duration
of the experiment. (B) Individual values for serum antibody concentration at 6
months post-delivery. Data are shown as individual values and/or mean + standard
error of the mean. Significant differences between the values were determined
using Kruskal-Wallis test with Dunn’s post hoc test compared with naive mice. A
calculated p value of >0.05 was deemed non-significant as indicated with ns.
Calculated p values of <0.01 or <0.001 were deemed a significant difference as
indicated with two (**) or three stars (***), respectively. Dotted line denotes lower

limit of detection (LOD) (78 ng/ml).
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5.2.2 In vivo etanercept production using rAAV2/8 vectors

The protein sequence of etanercept (Appendix) was sourced from patent number
US7276477B2 (Osslund, 2003). The TNFR2, from which etanercept is derived
(Section 1.3.3), has a native signal sequence for secretion and it was speculated
that this might offer an improvement over the hGH signal sequence included in
palivizumab and infliximab cDNAs (Figure 4.1). Two cDNA constructs were
therefore designed for etanercept: one including the hGH signal sequence, and the
other containing the native TNFR2 signal sequence (Figure 5.5 A). The constructs
were codon optimised for Homo sapiens, depleted of CpG dinucleotides,
synthesised by GeneArt (Thermo Fisher Scientific) and sub-cloned into rAAV2
genome plasmid (Section 2.3.6) to create pAAV2.CASI.hGH-etanercept and
pAAV2.CASI.TNFR2-etanercept genomes (Table 2.1). Upon transfection in
HEK293T cells (Section 2.4.1), both genomes were found to direct detectable and
similar levels of expression of etanercept in the cell culture media supernatant
(Figure 5.5 B), and were used to produce rAAV2/8 CASI hGH-etanercept and
rAAV2/8 CASI TNFR2-etanercept (Table 2.2; Section 2.5.4). Both vectors were
found capable of transducing HEK293T cells and directing secretion of etanercept

into the cell culture media supernatant (Figure 5.6).

To determine whether expression of etanercept can be achieved in vivo following
rAAV2/8 delivery, mice received 10" or 10" GC of each vector via IM injection
(Section 2.6.5.3). Blood was sampled at intervals (Section 2.6.6.1) and etanercept
levels in the serum were measured using human IgG ELISA (Section 2.7.4). As
shown in Figure 5.7 A, the higher dose (10" GC) of each vector directed detectable

expression of etanercept in the serum for at least 56 days. At this time-point, the
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average concentration reached 5.02 and 5.73 pg/ml for rAAV2/8 CASI hGH-
etanercept and rAAV2/8 CASI TNFR2-etanercept, respectively (Figure 5.7 B).
Administration of the lower dose (10" GC) of either vector did not result in
detectable etanercept expression in the serum. There was no difference in
expression levels between the two vectors at any time-point (p<0.05), and the hGH
signal sequence-containing construct was selected for subsequent studies, as this
signal sequence has already been demonstrated to facilitate persistent mAb

expression from mouse muscle for at least 6 months (Figure 5.4).

For rAAV2/8-mediated in vivo etanercept gene transfer to be more applicable for
clinical use in RA patients, a method of controlling expression of the protein after
administration is highly desirable. The next section describes the investigation into

using SMASh for this purpose.
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Figure 5.5. Confirmation of etanercept expression following transfection of
rAAV vector genomes in cell culture.

(A) Signal sequences from the human growth hormone (hGH) and tumour necrosis
factor alpha receptor 2 (TNFR2) were fused to etanercept, which is 467 amino
acids (aa) long, at the N-terminus. (B) Adherent HEK293T cells (n = 3 wells) were
transfected with pAAV2.CASI.hGH-etanercept (hGH-etanercept),
pAAV2.CASI.TNFR2-etanercept (TNFR2-etanercept) or pEGFP-N1 (EGFP
control) (Table 2.1; Section 2.4.2). Ninety-six hours after transfection, antibody
concentration in the supernatant was measured using human IgG ELISA (Section
2.7.4). Data are shown as individual values and mean + standard error of the mean.

Dotted line denotes lower limit of detection (LOD) (7.8 ng/ml).
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Figure 5.6. Etanercept expression following transduction of rAAV2/8 in cell
culture.

Adherent HEK293T cells (seeded in 6-well plates at 10° cells per well, n = 3 wells)
were transduced with 10'° GC of rAAV2/8 CASI hGH-etanercept or rAAV2/8 CASI
TNFR2-etanercept (Table 2.2). Six days post-transduction, antibody levels in the
supernatant were measured using human IgG ELISA (Section 2.7.4). Data are
shown as individual values and mean * standard error of the mean. Dotted line

denotes lower limit of detection (LOD) (7.8 ng/ml).
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Figure 5.7. Etanercept expression following administration of rAAV2/8 to
mice.

Female BALB/c mice (n = 5) were administered 10'° or 10" GC of rAAV2/8 CASI
hGH-etanercept or rAAV2/8 CASI TNFR2-etanercept via intramuscular injection
(Section 2.6.5.3). Serum was obtained by collecting blood from the tail vein
(Section 2.6.6.1) at the indicated time-points. (A) Etanercept concentration in the
serum was measured using human IgG ELISA (Section 2.7.4). Results are only
displayed for animals dosed with 10"" GC of rAAV, as there was no detectable
expression in the serum of animals from the lower dose (10" GC) treatment
groups. (B) Individual values for serum antibody concentration at 56 days post-
delivery. Data are shown as individual values and/or mean + standard error of the
mean. Significant differences between the values were determined using Kruskal-
Wallis test. A calculated p value of >0.05 was deemed non-significant as indicated

with ns. Dotted line denotes lower limit of detection (LOD) (78 ng/ml).
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5.2.3 Regulation of anti-TNFa expression using SMASh

A study was undertaken to demonstrate the ability of SMASh (Figure 5.1) to control
protein expression in vitro and thus replicate the findings of the study first
describing the tag (Chung et al., 2015). HEK293T cells were transfected (Section
2.4.2) with pG6.hCEFI.LUux-SMASh, which encodes firefly luciferase fused to
SMASh at the C-terminus, pG6.hCEFI.Lux (encoding luciferase without SMASh;
both gifts of lan Pringle), or a control plasmid pEGFP-N1 (Table 2.1) in the
presence or absence of 1 yM of the NS3 protease inhibitor asunaprevir (ASV).
Addition of ASV to cell culture media at the time of transfection resulted in a 24-
fold reduction in luciferase protein expression from pG6.hCEFI.Lux-SMASh
(p<0.001, Figure 5.9 A). The addition of ASV had no effect on luciferase expression

from the pG6.nCEFI.Lux control plasmid which did not contain SMASh.

To demonstrate that suppression of protein expression using SMASh is reversible,
Madin-Darby Canine Kidney (MDCK) cells, which are strongly adherent and do not
easily detach upon washing and replacement of media, were transfected (Section
2.4.2) with pG6.hCEFI.Lux-SMASh, pG6.nCEFI.Lux or the control plasmid
pEGFP-N1 (Table 2.1) in the presence or absence of 1 yM ASV. After 24 hours,
the cells were washed and the media replaced with one either containing or not
containing 1 yM ASV. A further 48 hours later, luciferase activity in the lysates was
measured. The schematic timeline of the experiment is shown in Figure 5.8 B.
Figure 5.9 C shows that the 32-fold reduction in luciferase expression from
pG6.hCEFI.Lux-SMASh after a 24-hour incubation with ASV (p<0.001) is

reversible, with luciferase activity returning to levels that are not significantly
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different from those recorded in the unsuppressed samples within 48 hours of

removal of the drug.

Having demonstrated reversible control of luciferase expression, an experiment
was undertaken to determine whether SMASh is effective in suppressing
expression of secretory proteins in vitro, in preparation for the possible use of
SMAShH in vivo. Plasmids pG6.hCEFI.soGLux-SMASh and pG6.hCEFI.etanercept-
SMASh (Table 2.1), encoding the secretory reporter protein GLux and etanercept,
respectively, fused to SMASh tag, were generated as described in Section 2.3.7.
HEK293T cells were transfected (Section 2.4.2) with pG6.hCEFI.soGLux-SMASh,
pG6.hCEFI.soGLux, pG6.hCEFl.etanercept-SMASh, pG6.hCEFI.etanercept or
the control plasmid pEGFP-N1 (Table 2.1) in the presence or absence of
asunaprevir. After 24 hours, GLux activity or etanercept concentration in the
supernatants were measured, as appropriate (Sections 2.7.3 and 2.7.4). As shown
in Figure 5.10 A, SMASh was only partially successful in suppressing expression
of GLux, with a 1.5-fold reduction in activity in the cell culture media supernatant in
the presence of asunaprevir (p<0.001). Expression from pG6.hCEFI.soGLux-
SMASh in the absence of the inhibitor was over 800-fold lower than from
pG6.hCEFIl.soGLux, indicating that the presence of the tag impairs the expression
or activity of GLux. In the case of etanercept, the protein was undetectable in the
supernatant of cells transfected with pG6.nCEFIl.etanercept-SMASh, with or
without inclusion of asunaprevir, even though abundant expression from

pG6.hCEFI.etanercept was observed (Figure 5.10 B).
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Figure 5.8. Reversible suppression of luciferase expression using SMASh.

(A) Adherent HEK293T cells (seeded at 5 x 10° cells/well in 12-well plates, n = 6
wells) were transfected with pG6.hCEFIl.Lux-SMASh  (Lux-SMASh),
pG4.hCEFI.Lux (Lux) or pEGFP-N1 (GFP control) (Table 2.1; Section 2.4.2) in the
presence or absence of 1 yM asunaprevir (ASV). After 24 hours, luciferase activity
in the lysates was measured using luminometry (Section 2.7.2). (B) Schematic of
experimental design. MDCK cells (seeded at 2 x 10* cells/well in 12-well plates, n
= 6 wells per group) were transfected with pG6.hCEFI.Lux-SMASh (Lux-SMASh),
pG6.hCEFI.Lux (Lux) or pEGFP-N1 (GFP control) (Section 2.4.2) in the presence
or absence of 1 yM ASV or equivalent amount of the diluent dimethyl sulfoxide
(DMSO, Sigma-Aldrich). After 24 hours, the cells were washed and fresh media
added containing either 1 yM ASV or DMSO. The cells were incubated for a further
48 hours, after which the cell lysates were collected (Section 2.4.3) and firefly
luciferase activity in the lysates measured using luminometry (Section 2.7.2). (C)
Firefly luciferase activity in the cell lysates. Data are shown as mean * standard
error of the mean. Significant differences between the values were determined
using ANOVA with Bonferroni’s post hoc test. A calculated p value of >0.05 was
deemed non-significant as indicated with ns. Calculated p values of <0.05 or
<0.001 were deemed a significant difference as indicated with one (*) or three stars

(***), respectively.
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Figure 5.9. Control of Gaussia luciferase and etanercept expression using
SMASh.

Adherent HEK293T cells (seeded at 5 x 10° cells/well in 12-well plates, n = 6 wells)
were transfected (Section 2.4.2) with pG6.hCEFIl.soGLux-SMASh (GLux-SMASh),
pG6.hCEFIl.soGLux (GLux), pG6.hCEFI.etanercept-SMASh (etanercept-SMASh),
pG6.hCEFI.etanercept (etanercept) or pEGFP-N1 (GFP control) (Table 2.1) in the
presence or absence of 1 yM asunaprevir (ASV). After 24 hours, the supernatants
were collected and (A) GLux and (B) etanercept levels measured, using GLux
assay (Section 2.7.3) and human IgG ELISA (Section 2.7.4), respectively. Data are
shown as mean = standard error of the mean. Significant differences between the
values were determined using ANOVA with Bonferroni’'s post hoc test (A) or
Student’s t-test (B). A calculated p value of >0.05 was deemed non-significant as
indicated with ns. A calculated p value of <0.001 was deemed a significant
difference as indicated with three stars (***). Dotted line denotes lower limit of

detection for human IgG ELISA (7.8 ng/ml).
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The lack of etanercept expression from pG6.hCEFIl.etanercept-SMASh was
unexpected. DNA sequencing revealed that no mutations were present in the
etanercept-SMASh cDNA or anywhere else in the plasmid (data not shown).
Quantification of MRNA expression using TagMan reverse-transcriptase PCR
assay (Section 2.7.5) demonstrated that the amount of mRNA transcribed from
pG6.hCEFI.etanercept-SMASh was not significantly different from that transcribed
from pG6.hCEFI.etanercept (Figure 5.10). This indicated that there was no specific
feature of the plasmid preventing mRNA transcription and instead suggested there

may be an issue at the level of translation or thereafter.

Further investigation into the biochemistry of NS3 protease suggested a possible
mechanism for the lack of expression of etanercept, which is outlined in Figure
5.11. The NS3 protease, which is normally localised to the cytoplasm (Wolk et al.,
2000), contains a cluster of three cysteine residues coordinating a zinc ion (Love
et al., 1996), which is required for correct folding of the protein (Stempniak et al.,
1997). It was hypothesised that the cysteine residues could become oxidised as
the etanercept-SMASh fusion protein is being translated in the ER, preventing the
binding of zinc to the cysteine cluster and thus blocking cleavage of the NS3 target
sequence even in the absence of ASV. Consequently, the entire SMASh tag would,
in all circumstances, remain fused to the protein of interest and the degron would
direct degradation of the whole fusion protein, such that no etanercept could be

expressed in the absence or presence of NS3 protease inhibitor.

To test this hypothesis, the SMASh tag was modified to remove the degron
sequence (Figure 5.12 A), which should prevent protein degradation and indicate

whether cleavage at the NS3 protease target site takes place when fused to
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etanercept. The NS3 protease is preceded by a Flag tag, enabling detection of
either the fusion protein or the cleaved NS3 protease by immunoblotting (Figure
5.12 B). A plasmid encoding etanercept fused to the modified, degron-less SMASh
tag was constructed as described in Section 2.3.7, generating
pG6.hCEFI.etanercept-NS3 (Table 2.1). HEK293T cells were transfected (Section
2.4.2) with the plasmid in the presence or absence of 1 yM ASV, and the lysates
and supernatants subjected to SDS-PAGE and immunoblotting for Flag (Section

2.7.6).

The results of immunoblotting are shown in Figure 5.13. The lysates from cells
transfected with pG6.nCEFIl.etanercept-NS3 which have not been subjected to
deglycosylation exhibit a single band, corresponding in size to dimeric etanercept
fused to NS3 protease (~200 kDa). This band is visible irrespective of incubation
of the cells with asunaprevir (ASV + and ASV -). Denaturation and deglycosylation
of protein samples (D +) resulted in a single band corresponding to monomeric
etanercept fused to NS3 protease (~100 kDa). A 23-kDa band, which would
represent the cleaved portion of the fusion protein, was not observed regardless of
whether ASV was present. It was therefore concluded that cleavage of NS3 target
sequence does not take place when the protease is fused to etanercept. No protein
bands were detected in the supernatants of transfected cells, suggesting that the
fusion protein was not secreted but remained inside the cell. The SMASh system
was therefore deemed an inadequate method with which to control expression of
etanercept in vivo following gene transfer. An alternative solution is discussed in

the next section.
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Figure 5.10. Quantification of mMRNA expression from etanercept-SMASh
plasmid construct.

Adherent HEK293T cells (seeded at 5 x 10° cells/well in 12-well plates, n = 6 wells)
were transfected with pG6.hCEFIl.etanercept (etanercept) or
pG6.hCEFI.etanercept-SMASh (etanercept-SMASh) (Table 2.1; Section 2.4.2).
After 24 hours, total RNA was extracted from the cell lysates and etanercept and
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) transcripts were quantified
using TagMan reverse transcriptase-PCR assay. The relative abundance of
etanercept-encoding transcripts was normalised to GAPDH expression and
expressed as a proportion of expression from pG6.hCEFIl.etanercept (Section
2.7.5). Data are shown as individual values and mean + standard error of the mean.
Significant differences between the values were determined using ANOVA with
Dunnett’s post hoc test compared with pG6.hCEFI|.etanercept. A calculated p value
of >0.05 was deemed non-significant as indicated with ns. A calculated p value of

<0.001 was deemed a significant difference as indicated with three stars (***).
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Figure 5.11. Schematic of consequence of fusing SMASh tag with a secreted
protein.

Following delivery to the cell, plasmid encoding the etanercept-SMASh fusion
construct is transcribed (1) and the mRNA translated. The secretory signal
sequence leads to docking of the ribosome-mRNA-nascent chain complex onto the
endoplasmic reticulum (ER), where the signal peptide is removed by a signal
peptidase and protein synthesis continues (2). In the absence of an inhibitor of NS3
protease, SMASh tag should remove itself (3) and etanercept should be secreted
from the cell (4). However, a cysteine cluster in the NS3 protease is presumed to
be oxidised in the ER, preventing correct folding and activity of the protein. The tag
therefore remains fused to etanercept and the degron directs degradation of the

entire fusion protein (5), such that no etanercept can be detected.
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Figure 5.12. Cleavage by NS3 protease in the absence of degron sequence.

(A) The putative degron was removed from the SMASh tag by deletion of the
truncated NS3 helicase domain and the NS4A cofactor (Figure 5.7 A), leaving
behind the cleavage signal sequence (green), the linker (black) with a Flag tag
(red) and NS3 protease (orange). (B) In the absence of NS3 protease inhibitor, the
protease should cleave its substrate, releasing the protein of interest. If the
protease is not functional, it will remain fused to the protein of interest, and the

entire fusion protein can be detected.
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Figure 5.13. Cleavage activity of NS3 protease fused to etanercept.

Adherent HEK293T cells (seeded at 108 cells/well in 6-well plates) were
transfected (Section 2.4.2) with pG6.hCEFI.etanercept-NS3 (Table 2.1) in the
presence or absence of 1 uM asunaprevir (ASV). After 24 hours, cell culture media
supernatants were collected and total protein was extracted from cell lysates and
optionally deglycosylated in denaturing conditions using Protein Deglycosylation
Mix Il (NEB) according to the manufacturer’s protocol (D + or -). The protein
samples were then subjected to SDS-PAGE, transferred onto a nitrocellulose
membrane and immunoblotted for Flag tag (Section 2.7.6). Molecular weight

markers, along with their weight in kDa, are indicated.
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5.3 Discussion

5.3.1 Serum anti-TNFa levels following rAAV2/8 administration

The studies presented in this chapter demonstrate sustained and robust
expression of anti-TNFa following rAAV2/8 administration to the muscle. Serum
levels of infliximab at 6 months post-delivery reached an average of 89 yg/ml in
the highest dose group (Figure 5.4). To estimate whether these levels are likely to
be therapeutically relevant, they were compared with literature reports of trough
serum levels in RA patients that correlate with remission of the disease. Following
injection of infliximab, trough serum levels of 1.15 or 2.03 pg/ml were found to be
associated with moderate and good clinical response, respectively (Mori, 2007).
Elsewhere, it was concluded that a trough level of approximately 1 ug/mlis required
to observe a response (St Clair et al., 2002). The levels of infliximab observed in
Figure 5.4 exceeded those quoted in the above studies, warranting progression to
investigations in an animal model. Due to the lack of cross-reactivity between
infliximab and mouse TNFa, the transgenic Tg197 mouse model expressing
human TNFa would have to be used for this purpose, but difficulties in sourcing
and maintaining this strain supported the decision to switch to a biologic which
cross-reacts with mouse TNFa. Etanercept was therefore selected for further
studies in this chapter such that a simpler mouse model could be used in which
RA is induced, such as the collagen-induced arthritis (CIA) model (further
discussed in Section 5.3.2). Etanercept has a further advantage of being encoded
by a smaller cDNA (1.5 kb), enabling accommodation of the SMASh tag into a
single vector and removing the need for a dual vector system. The levels of

etanercept achieved in the serum following rAAV2/8 administration reached
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approximately 5 uyg/ml at 56 days post-delivery. This is markedly lower than the
levels observed for infliximab at this time-point (69.2 yg/ml for a matched vector
dose) and likely reflects the difference in the half-lives of the two proteins: 7-12
days for infliximab (Klotz et al., 2007) and 68 hours for etanercept (Korth-Bradley
et al., 2000). Nonetheless, serum etanercept levels observed in this study compare
favourably with the 1-1.56 pg/ml trough levels in patients that are associated with
remission (Chen et al., 2015, Sanmarti et al., 2015), suggesting they could have a

therapeutic effect.

5.3.2 Future studies in animal models of RA

To demonstrate the therapeutic potential of rAAV2/8-mediated anti-TNFo gene
transfer, the ability of the vector to ameliorate disease symptoms in an animal
model could be tested. A number of transgenic and induced murine models have
been developed to aid research into treatment for RA (reviewed in Bevaart et al.,
2010). Transgenic lines develop RA spontaneously, an example of which is the
Tg197 line, which carries five copies of the human TNFa gene, with the 3’
untranslated region (UTR) replaced by that of the beta-globin gene leading to high
levels of expression of both soluble and membrane-bound human TNFa (Keffer et
al., 1991). Since this model expresses the human form of the cytokine, it would be
suitable for testing anti-TNFa biologics which do not cross-react with the mouse
protein, such as infliximab and golimumab (Shealy et al., 2010). To test the
effectiveness of rAAV-mediated etanercept gene transfer in vivo, an induced model
of RA could be used, such as the commonly used CIA. In this model, arthritis is

triggered by immunising the animals with type Il collagen with complete Freund’s
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adjuvant (Kannan et al., 2005). Pathological features are similar to those observed
in human RA (McNamee et al., 2015), as are the immunological mechanisms,
including the involvement of T-cells and cytokine-mediated signalling. The CIA
mouse model has been used to demonstrate that anti-TNFa is effective in both
prophylaxis and treatment of arthritic symptoms (Williams et al., 1992), setting
precedent for development of anti-TNFa biologics for treatment of RA. This model
would therefore be suitable to test whether administration of rAAV2/8 CASI
etanercept has the capability to reduce RA symptoms in vivo, and this is currently

being explored as an extension to the studies described in this chapter.

5.3.3 Regulation of anti-TNFa production following gene transfer

In this chapter, SMASh was investigated as a method of controlling etanercept
expression. Its main advantage is that it can be accommodated into a single rAAV
vector, removing the need for a dual vector system which would reduce transgene
expression levels compared to a single rAAV vector (Colella et al., 2014, Trapani
et al., 2014). Despite successful suppression of firefly luciferase expression (Figure
5.8), SMASh was not effective at controlling expression of secretory proteins GLux
and etanercept (Figure 5.10), presumably due to the lack of NS3 protease activity
when fused to a secretory protein. A potential solution to this issue could be
inclusion of a transmembrane (TM) region between etanercept and the SMASh
tag, as suggested in Figure 5.14 A. This would allow the SMASh portion of the
fusion protein to remain outside the ER and thus the NS3 protease to retain its
function. If a suitable linker containing a protease cleavage site was included,

etanercept could be cleaved from the TM region by an endogenous protease
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present in the Golgi apparatus or at the cell membrane, and ultimately secreted
(Figure 5.14 B). An example of a protease which could be utilised is TACE, also
called ADAM metallopeptidase domain 17 (ADAM17). It is a membrane-tethered
protein located in the trans-Golgi network and at the cell membrane which naturally
cleaves transmembrane molecules such as TNFa, TNFR1, TNFR2 and other
proteins to release their soluble portions (Figure 1.11). It is expressed in a wide
variety of tissues, including skeletal muscle (Black et al., 1997), rendering it

potentially useful for gene delivery to this site.

A hurdle to implementation of this proposal is the limited packaging capacity of
rAAV. In TNFR2, the region spanning the TACE cleavage site and the
transmembrane helix is at least 83 amino acids long, meaning an additional region
of ~250 bp would have to be accommodated in the vector. In the case of
etanercept, this would increase the genome size to 5.04 kb, which exceeds the
4.1-4.9 kb range reported to be optimal for packaging efficiency (Dong et al., 1996).
For this and other, larger transgenes such as single-ORF mAbs, the possibility of
substituting the 1.04 kb CASI enhancer/promoter for a smaller transcriptional
element would need to be explored in order to accommodate the SMASh system
into a single vector. A possible alternative could be the widely used 0.51 kb CMV
enhancer/promoter, which directs robust, long-term expression from the murine
muscle following rAAV2/8-mediated gene transfer, albeit at levels lower than CASI
(Balazs et al., 2011). The 0.70 kb hCEFI enhancer/promoter, developed for
persistent expression in the murine lung (Hyde et al., 2008), was used in vectors
delivered IN in Chapters 3 and 4. Its activity in the mouse muscle has not been
evaluated and could be investigated in the future in the context of rAAV2/8-

mediated gene transfer. Alternatively, a synthetic design approach could be

212



employed (Schlabach et al., 2010) to develop compact transcriptional elements
capable of driving high-level, persistent transgene expression from the muscle that
would allow accommodation of large cDNA constructs into a single rAAV vector.
Regrettably, such vector engineering and optimisation was outside of the time
available for this thesis and this approach was not explored. Further solutions
which could be explored to regulate expression of biologics following gene transfer

are discussed in Section 6.2.
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Figure 5.14. Proposed solution for retaining function of NS3 protease when
fused to a secretory protein.

(A) Schematic structure of the proposed fusion protein, with an intervening
transmembrane region between etanercept and SMASh tag. The transmembrane
region includes a cleavage site for a membrane protease present either in the Golgi
network, or at the cell membrane. (B) When the fusion protein is synthesised, the
transmembrane region ensures the SMASh tag remains outside the ER, thus
retaining functional activity of NS3 protease. In the presence of NS3 protease
inhibitor, cleavage of SMASh tag does not occur, and the entire fusion protein is
degraded. In the absence of NS3 protease inhibitor, NS3 protease cleaves its
target sequence in the transmembrane region, releasing etanercept from the tag,
which is subsequently degraded. The transmembrane etanercept is transported
from the ER to Golgi apparatus, where it may be processed by a resident protease
to release soluble etanercept into the lumen, from where it is secreted. The
transmembrane region may also be cleaved by a protease at the cell surface,

thereby releasing etanercept into the extracellular space.
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Chapter 6: Discussion

6.1. Invivo antibody expression following gene transfer

Parenteral administration of mAbs is used in the treatment of many diseases,
particularly cancer and autoimmune diseases, with the potential to increase
patients’ quality or even duration of life. However, due to the costs related to the
complexity of manufacture and purification, their use may be restricted if it is not
deemed cost-effective. For example, the anti-RSV mAb palivizumab, which costs
up to £6,000 per patient for a five-dose regimen (Marshall et al., 2008), is
recommended for use only in preterm neonates or infants with congenital heart
and lung disease (Section 1.2.3.2), despite the associated disease symptoms and
complications representing a considerable burden in the wider paediatric
population (Section 1.2.1). Another example is the anti-cancer drug trastuzumab,
which, despite being effective at treating metastatic breast cancer (Marty et al.,
2005, Vogel et al., 2002), has not been deemed cost-effective (Norum et al., 2005)
compared with the commonly used $50,000 per life-year threshold (Neumann et
al., 2014). Utilising gene therapy vectors to deliver therapeutic antibody genes
directly to individuals could offer an alternative solution if the cost of treatment per
patient can be reduced, with the added benefit of easing patient burden, as a single

dose of the gene transfer agent could offer long-lasting effects.

Direct expression of mAbs in vivo has been shown to be effective in animal models
for a number of applications, including HIV (Balazs et al., 2011), influenza (Balazs
et al., 2013) and Ebola infections (Robert et al., 2017), amongst others. As

expression levels in vivo appear to be antibody-specific (Balazs et al., 2011), the
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use of different mAbs in the reported studies makes it difficult to draw definitive
conclusions about the relative efficiency of the various gene delivery platforms
used for mAb gene transfer (reviewed in Hollevoet and Declerck, 2017). The aim
of this thesis was to perform direct comparison of available gene transfer agents
for delivery of secretory protein to the circulation and lung lumen, and to evaluate
their efficacy using two model diseases: rheumatoid arthritis (RA) and RSV

infection.

In Chapter 3, a number of non-viral and viral gene transfer vectors were
investigated for delivery of secretory reporter protein to the circulation and lung
lumen. Non-viral gene transfer formulations have several advantages compared
with viral vectors, such as lower manufacturing costs and the lack of pre-existing
immunity (discussed in Section 1.1.4). A previous study evaluated three non-viral
gene transfer agents in sheep lung, employed as a large animal model of human
aerosol delivery: 25-kDa branched PEI, the cationic liposome GL67A (both
described in Section 1.1.4) and compacted DNA nanoparticles formulated with
polyethylene glycol-substituted lysine 30-mer (McLachlan et al., 2011). The
aerosol delivery efficiencies for PEI and GL67A were equivalent and superior to
the nanoparticle formulation in sheep (McLachlan et al., 2011); studies described
in Section 3.3.1 therefore focused on these two gene transfer agents. It was
hypothesised that the cationic lipid GL67A, which has been evaluated in the clinic
for treatment of CF (Alton et al., 2015), may be successful at delivering secretory
protein to the lung lumen and circulation. However, as shown in Figure 3.2, no
significant expression of GLux reporter protein was observed in the lung lumen or
circulation following delivery of a GL67A aerosol to the murine lung. New non-viral

formulations with improved efficiencies are continually being developed, such as
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novel nanoparticles comprising a nucleus-targeting core and a negatively charged
capsid-like shell, which can reportedly achieve >95% transfection efficiency in vitro
(Li et al., 2017a). It is rare that such high efficiencies in vitro translate into animal
models, but many lessons are being learned which may ultimately contribute to
improved transduction in vivo (van Haasteren et al., 2018). Optimisation of the
constituent plasmid sequence within non-viral formulations is an additional strategy
for increasing the levels and persistence of transgene expression. For example,
inclusion of scaffold/matrix attachment regions (S/MARs) — sequences which
mediate attachment of DNA to the nuclear matrix and facilitate replication of the
exogenous plasmid — was shown to facilitate expression of a reporter protein for
up to 1 year following delivery of pDNA to the retina of mice (Koirala et al., 2014).
The combination of emerging, highly efficient non-viral formulations with plasmid
sequences optimised for in vivo use could be explored for the purpose of secretory

protein production.

Studies in Chapter 3 also investigated the use of the viral gene transfer agents
rAAV and rSIV.F/HN. As outlined in Section 1.1.5.4, recombinant AAV has
emerged as a versatile vector for delivery of mAbs to the circulation, including for
prophylaxis against infectious agents such as influenza (Balazs et al., 2013), HIV
(Balazs et al., 2011) and Ebola (Robert et al., 2017), and was therefore selected
for study. The rAAV serotypes 8 and 9 were investigated in this thesis (Sections
3.2.4 and 3.2.6), since they have already been demonstrated to direct robust
expression of mAbs from the murine muscle (Fang et al., 2005) and lung (Limberis
et al., 2013), respectively. Excitingly, new capsids are continually being developed
through combinatorial and rational approaches that have desirable features such

as reduced sensitivity to pre-existing immunity (further discussed in Section 6.2),
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altered tropism and improved efficiency of tissue-specific transduction and
transgene expression; these could be explored in the future for mAb gene transfer
(also discussed in Section 3.3.3). The lentiviral vector rSIV.F/HN, which is currently
under investigation for treatment of CF lung disease (Alton et al., 2017), was
studied for lung gene transfer because of its ability to direct sustained expression
of secretory protein from the mouse lung (Paul-Smith et al., 2018). Delivery of
rAAV2/8 to the muscle was found to direct the highest levels of secretory reporter
GLux expression in the circulation, with robust expression maintained for at least
12 months (Figure 3.6). The lentiviral vector rSIV.F/HN was preferred for delivery
of protein to the lung lumen, resulting in sustained expression of GLux in this

compartment for at least 12 months (Figure 3.4).

The studies presented in Chapter 4 investigated transfer of palivizumab cDNA for
prophylaxis of RSV infection, used here as an application requiring delivery of mAb
to the lung and serum (Section 4.1). As described in Section 1.2.3, in the absence
of a licensed RSV vaccine, there is an urgent, unmet need for cost-effective
prophylaxis against this respiratory pathogen. Based on the sustained expression
of the GLux secretory reporter protein in the lung lining and circulation of mice
(Figures 3.4 and 3.6), rAAV2/8 and rSIV.F/HN were investigated for delivery of the
anti-RSV mAb palivizumab to the muscle and lung, respectively. Recombinant
AAV2/8 directed robust and sustained antibody expression in the serum, whilst
both vectors resulted in delivery of the mAb to the lung lumen (Figure 4.5). The
rSIV.F/HN was found to direct approximately 10-20-fold lower levels of expression
in the lung lining fluid compared with rAAV2/8 (Fig 4.5). This is at odds with results
obtained for GLux (Figures 3.4 and 3.6) and likely reflective of the differing modes

of transport of the two proteins across the lung epithelium, namely: non-specific
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pinocytosis for GLux (El-Amouri et al.,, 2013) and FcRn receptor-mediated
transcytosis for IgG (Roopenian and Akilesh, 2007) (Section 4.3.1). Importantly,
this suggests that GLux is not a useful indicator with which to predict levels of mAb

expression.

Despite the lower than expected palivizumab levels achieved with rSIV.F/HN in the
mouse lung (Fig 4.5), successful protection from RSV infection-induced weight loss
in mice was conferred by both rSIV.F/HN and rAAV2/8 (Figures 4.7 and 4.10),
indicating that both delivery platforms could be useful for this indication. In the
present study, the RSV challenge was carried out 28 days following vector delivery,
demonstrating protection for at least as long as is provided by a single dose of
palivizumab, which is administered monthly (Section 1.2.3.2). Ideally, a single dose
of a gene transfer vector would result in expression for the duration of the RSV
season, which lasts for 31 weeks (Rose et al., 2018), or even extend into
subsequent seasons, as children tend to be repeatedly infected (Glezen et al.,
1986) due to the lack of an effective acquired immune response (Chang and
Braciale, 2002). Expression conferred by IM delivery of rAAV2/8 IM is long-lasting,
with reports of sustained mAb production in the serum of mice for at least 64 weeks
(Balazs et al., 2013), and robust expression of palivizumab demonstrated here for
at least 6 months (Figure 4.5). If similar longevity could be recapitulated in patients,
protection conferred by this vector might be expected to last for at least 6 months
to >1 year. With rSIV.F/HN, significant palivizumab expression in the serum or
BALF could not be detected at 6 months post-delivery (Figure 4.5). The duration
of protection conferred by the vector therefore ought to be investigated in an
experiment where RSV challenge takes place 6 months after palivizumab gene

transfer in mice. If such sustained protection is not achieved with a single dose,
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subsequent doses of rSIV.F/HN could be used to boost palivizumab levels, as
successful readministration of the vector has been previously demonstrated in
mice without loss of activity (Alton et al., 2017). The possibility of achieving long-
term palivizumab expression through multiple administrations of rSIV.F/HN could

therefore be explored.

In Chapter 5, the use of rAAV2/8 to transfer anti-TNFa biologic genes for treatment
of rheumatoid arthritis (RA) was investigated. This application was selected as a
model disease for delivery of mAbs to the circulation because of the high cost of
biologic treatment and prevalence of this condition in the general population
(Sections 1.1.7 and 1.3). Delivery of rAAV2/8 to the muscle of BALB/c mice was
found to direct robust expression of two anti-TNFa agents: infliximab and
etanercept (Figures 5.4 and 5.7). Due to the immunosuppressive nature of anti-
TNFa, small molecule-assisted shutoff (SMASh) was investigated as a method of
suppressing protein production. The system was however ineffective at controlling
expression of etanercept, as a component of the system — NS3 protease from HCV
— lost activity upon fusion to the biologic (Section 5.2.4). Alternative methods of
controlling expression in vivo following gene delivery need to be investigated,

which are further discussed in the section below.

6.2. Control of transgene expression following gene delivery

In theory, constitutive expression of mAbs against exogenous targets such as
infectious agents should not be harmful to patients, but a risk exists that this could

lead to the development of paraproteinaemia. Also called monoclonal
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gammopathy, this condition is characterised by the presence of excessive
monoclonal immunoglobulin in the blood and in severe cases may lead to
complications such as neuropathy (Rison and Beydoun, 2016). Although
commonly presenting in lymphoproliferative disorders such as multiple myeloma
(Percy and D’Sa, 2009), the majority of cases of paraproteinaemia are monoclonal
gammopathy of undetermined significance (MGUS) (Kyle et al., 2003), which
affects as many as 6% of the elderly (60-80 years old) population (Crawford et al.,
1987). These patients exhibit IgG serum levels of <30 mg/ml and do not usually
require active treatment, unless they progress to multiple myeloma, for which there
is a risk of 1% per year (Kyle et al., 2006). The levels of IgG expression achieved
in mice using rAAV2/8 (~90 ug/ml serum for palivizumab and infliximab at 6
months; Figures 4.5 and 5.4) are more than 300-fold lower than the 30 mg/ml cut-
off for asymptomatic myeloma (Cook and Macdonald, 2007), and thus unlikely to

be pathogenic in humans, especially if the delivered dose is carefully assessed.

In addition to minimising the risk of paraproteinaemia, the ability to control mAb
production following gene transfer might also reduce the chance of the patient
developing anti-drug immune responses and thus prolong or potentiate the
therapeutic effect of mAb gene transfer. Generation of anti-drug antibodies (ADA)
is associated with higher clearance, and thus lower serum levels, of palivizumab in
infants receiving RSV prophylaxis (Robbie et al., 2012). If mAb expression from a
single dose of vector lasted for more than a year, one might envisage
upregulating/switching on palivizumab expression during the RSV season and
downregulating/switching off expression outside of that period, which might help

minimise the risk of developing ADA.
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The ability to control the expression of a biologic following gene transfer will be
particularly helpful for indications such as RA, where the immunosuppressive
nature of the medication may necessitate cessation of therapy (Ding et al., 2010);
discussed in Section 5.2). Ideally, a regulatable expression system could also allow
physicians to fine-tune expression of the mAb to match the severity of the disease.
For example, RA patients experience periods of worsening disease activity called
“flares”, which are associated with particularly intense pain (Hewlett et al., 2012)
and are often unexplained and debilitating (Bykerk et al., 2014). Severe flares may
necessitate changes in treatment plan, such as an increase in the dose of a
biologic drug (Bykerk et al., 2016). The ability to regulate the expression of anti-
TNFa following gene transfer could therefore be useful for managing RA disease

flares and would also allow tapering of dose if symptoms are in remission.

Experiments in Section 5.2.3 were designed to explore the possibility of using
SMASh for controlling expression of a protein following gene transfer. This system
emerged as a promising candidate due to its effective suppression of protein
production and the ability to be accommodated within a single rAAV vector (Table
5.1). The SMASh system was, however, unsuccessful at controlling etanercept
expression in vitro (Figure 5.10), as the NS3 protease component of the tag

appeared to lose its function upon fusion to etanercept (Figure 5.14).

An alternative system which could be explored the ecdysone receptor-based
inducible gene regulation system called RheoSwitch (Karzenowski et al., 2006),
shown to be inducible upon administration of a small, pharmacologically inert
ligand activator veledimex and exhibiting undetectable basal activity (Palli et al.,

2003). RheoSwitch is currently being investigated for intratumoural administration
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of adenoviral vectors for treatment of glioblastoma (Barrett et al., 2018), with
preliminary results from a phase | trial indicating a good safety profile in humans
(Lebel et al., 2016). The system has also been shown to work in the context of
rAAV-mediated delivery of a reporter gene 1.5 kb in size (Karzenowski et al., 2006),
meaning that it could be used in combination with etanercept without the need for
a dual rAAV vector system. Although RheoSwitch successfully achieved a single
cycle of induction in mice and NHPs (Barrett et al., 2018), the ability of the system
to be repeatedly stimulated over a long period has not been tested and this is

currently being investigated as an extension to the studies presented in this thesis.

6.3. Immunity against rAAV and rSIV.F/HN

A key challenge to the effective translation of viral vector-mediated gene therapy
is likely to be pre-existing immunity to the vector. This is especially important for
rAAV as pre-existing immunity against naturally occurring AAV is common;
neutralising antibodies against AAV are present in a significant proportion of the
population, with highest seropositivity rates for AAV1 and 2 (67% and 72%,
respectively), followed by AAV9 (47%), AAV6 (46%), AAV5 (40%) and AAV8 (38%)
(Boutin et al., 2010). Ultimately, such pre-existing immunity could prevent a
substantial proportion of patients from benefiting from rAAV gene transfer.
Potential solutions have been proposed, including the addition of empty vector
particles, or “capsid decoys”, to final vector formulation for delivery, a strategy
shown to facilitate rAAV-mediated transduction in mice and NHPs in the presence

of neutralising anti-AAV antibodies (Mingozzi et al., 2013a).
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Alternatively, administration of two doses of B-cell depleting mAb rituximab to
patients resulted in a decrease in neutralising antibody titres against AAVS,
although the treatment was ineffective in a third of the studied subjects (Mingozzi
et al., 2013b). Combination of rituximab and the immunosuppressant cyclosporine
A in NHPs eliminated neutralising antibodies against transgene protein expressed
from rAAV2/8, and allowed readministration of an alternative serotype expressing
the same protein (factor 1X) (Mingozzi et al., 2012). This indicates that transient
immunosuppression might be used to not only eliminate pre-existing immunity to
the wild-type virus, but also acquired immunity to the transgene protein, potentially
prolonging duration of transgene expression. An alternative method of depleting
neutralising antibodies against AAV which does not increase the risk of infections
(Pohl et al., 1991) is plasmapheresis (Monteilhet et al., 2011). It is, however, an
invasive procedure which involves the replacement of plasma with a 20% solution
of albumin in saline and can cause serious adverse effects such as haemolysis,
drop in arterial blood pressure and arrhythmias in 2% of recipients (Szczeklik et

al., 2013, Wozniak et al., 2015).

A third approach involves the use of serotypes to which pre-existing immunity is
low, such as serotypes which naturally seldom occur in the human population. This
includes the NHP-derived AAVrh10 (Thwaite et al., 2014) and AAVrh74 (Duncan
et al., 2015), currently under investigation in clinical trials (Naso et al., 2017), and
a number of porcine serotypes (Bello et al., 2014). Strategies such as directed
evolution (Maheshri et al., 2006) and targeted mutagenesis (Lochrie et al., 2006)
have also been used to alter vector tropism and aid evasion of neutralising
antibodies (reviewed in Bartel et al., 2011). For example, novel serotypes

generated through capsid shuffing and recombination exhibited reduced
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seroreactivity against human sera compared to AAV1, 6 and 8 (Paulk et al.,
2018a). Altogether, a number of strategies have the potential to address the
problem of pre-existing neutralising antibodies to AAV in candidate patients for
gene transfer. The route of administration may also have an impact on the effect
of pre-existing immunity; it has been suggested that intramuscular delivery might
minimise the exposure of the vector to neutralising antibodies in the serum,
compared with intravenous injection (Calcedo and Wilson, 2013). This is consistent
with observations made in NHPs, where the same levels of naturally-occurring
neutralising antibodies that blocked hepatic transduction upon IV administration
did not block efficient expression following IM delivery in another study (Greig et
al., 2016, Li et al., 2011). These results indicate that pre-existing immunity might

be less of a problem in the context of IM delivery compared to the IV route.

Although pre-existing immunity in the population is regarded as less of an obstacle
in the context of lentiviral gene transfer (Annoni et al., 2013), innate immune
responses stimulated by the vector might limit the duration of expression. A type |
interferon response was observed in mice following IV administration of rLV
pseudotyped with VSV-G and GP64 glycoproteins, which limited the efficiency of
transduction and duration of expression in the liver (Brown et al., 2007). In contrast,
administration of F/HN-pseudotyped rLV to the mouse lung has been shown here
(Figure 3.4) and by others (Griesenbach et al., 2012, Mitomo et al., 2010, Paul-
Smith et al., 2018) to direct transgene expression sustained for 12-22 months.
Although mild acute toxicity was observed in animals which received rSIV.F/HN IN
(Alton et al., 2017), cytokine responses were not assessed, and the effect of innate
immune responses on the efficiency or stability of rSIV.F/HN-mediated gene

transfer in the lung ought to be investigated. Acquired immune responses to the
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envelope protein could also potentially interfere with the ability of the vector to
transduce human lungs. The rSIV.F/HN is pseudotyped with surface glycoproteins
from Sendai virus, which is a murine pathogen that does not naturally infect
humans (Section 1.1.6.2). The F and HN proteins, however, have a high sequence
homology with human parainfluenza virus (hPIV) (Gorman et al., 1990), for which
up to 80% of children are seropositive by 4 years of age (Parrott et al., 1962). Thus,
pre-existing immunity to hPIV could ultimately limit rSIV.F/HN transduction
efficiency in humans. Administration of human sera containing anti-hPIV antibodies
to mice via IP injection or IN instillation, however, did not appear to block or
diminish transduction with the vector 24 hours later (Alton et al.,, 2017). The
mechanism for this is unclear and may be related to the ability of lentiviral vectors
to be successfully re-administered without loss of efficacy (Alton et al., 2017, Sinn
et al., 2008). Nonetheless, the effect of pre-existing immunity on rSIV.F/HN-

mediated gene transfer in patients should be examined.

6.4. Delivery of antibody genes for other diseases

The two disease applications investigated in this thesis represented exemplars for
lung and systemic delivery which could be applicable to the use of other mAbs.
Observations from delivery of palivizumab cDNA as prophylaxis for RSV infection
could be applied to other respiratory infectious agents. Successful protection
against influenza challenge has been demonstrated in animal models via rAAV2/8
gene delivery to the muscle (Balazs et al., 2013) and rAAV2/9 lung (Limberis et al.,
2013). Gene transfer to the lung with rSIV.F/HN may also be suitable for delivering

mADs to the lung lumen to treat non-infectious diseases such as asthma. Examples
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include mepolizumab (Nucala; GlaxoSmithKline, Brentford, UK) (Fala, 2016) and
reslizumab (Cinqair; Teva, Petah Tikva, Israel) (Hom and Pisano, 2017), which
target interleukin-5 (IL-5), and omalizumab (Xolair; Genentech, San Francisco, CA,
USA) which targets immunoglobulin E (IgE) (Thomson and Chaudhuri, 2012).
These are currently administered systemically (Matucci et al., 2018), but
expressing them directly in the patient’s lungs might be beneficial. Interleukin-5
found in the BALF of asthma patients is associated with higher recruitment of
eosinophils (Ohnishi et al., 1993, Robinson et al., 1993), which play a central role
in pulmonary inflammation in asthma (Durham and Kay, 1985). Blocking the
cytokine directly in the lung through a sustained local expression of mepolizumab
or reslizumab could therefore be a useful strategy for treating this disease.
Localised production of the mAb with limited secretion into circulation, as observed
with rSIV.F/HN gene delivery (Figure 3.4), might be advantageous to limit systemic
effects of anti-IL-5 mADs, including side effects such as infection with herpes zoster
virus, cases of which have been observed in patients receiving mepolizumab (Fala,
2016). It might however be possible that both systemic and local action of the mAb
is required for effective treatment. Aerosolisation of the anti-IgE mAb omalizumab
to lungs of asthma patients was ineffective at relieving symptoms (Fahy et al.,
1999), suggesting that the presence of the mAb in lung alone is insufficient.
However, administration of an anti-interleukin-13 Fab fragment via inhaled aerosol
was shown to reduce allergic airway responses in an NHP model of asthma
(Lightwood et al., 2018). It remains to be seen whether the anti-IL-5 mAbs
mepolizumab and reslizumab are required predominantly in the lung or whether

systemic expression is also necessary.
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Another lung disease for which local mAb gene delivery could be useful is chronic
obstructive pulmonary disease (COPD), which is one of the top five leading causes
of death worldwide (Mathers and Loncar, 2006) and new treatments for which are
urgently needed. Clinical trials investigating the use of biologic antagonists of
TNFa (Aaron et al., 2013, Rennard et al., 2007), interleukin-8 (IL-8) (Mahler et al.,
2004) and IL-1 receptor (Calverley et al., 2017) in COPD patients have not shown
clinical benefit, and some observed an increased risk of cancer (Rennard et al.,
2013). Approximately 40% of COPD patients have an eosinophilic phenotype
(Singh et al., 2014), providing precedent for treatment of this subset with IL-5
antagonists, which has preliminarily proved effective (Pavord et al., 2017). Delivery
of mepolizumab or other immunosuppressant mAb cDNA for local production in
the lung by rSIV.F/HN could offer an effective treatment whilst also minimising risks
associated with systemic administration. A potential barrier to inhaled gene therapy
for this disease could be the mucus hypersecretion and airway obstruction
observed in COPD lungs, although the success of the inhaled non-viral formulation
GL67A/pGM169 for treatment of CF (Alton et al., 2015) suggests that gene delivery
to a lung partially obstructed with mucus is possible. First-in-human clinical trials
with rSIV.F/HN in CF patients should be performed in the next few years (Alton et
al., 2017) and the results will indicate whether this might be a feasible strategy for

COPD gene therapy.

Local delivery of mAbs through gene transfer could also be a useful approach in
the treatment of lung cancer, which is the leading cause of cancer-related deaths
(Siegel et al., 2018). Examples of mAbs which could be delivered in this way
include bevacizumab (Avastin), an anti-vascular endothelial growth factor (VEGF)

mADb approved for treatment of non-small cell lung cancer (Sandler et al., 2006).
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Cetuximab has also been investigated for treatment of lung cancer, although its
effect is modest (Pirker et al., 2009) and it has not been approved for this indication.

For metastatic disease, systemic administration of the mAb might be preferred.

Studies in Chapter 5 described delivery of TNFa antagonists infliximab and
etanercept for treatment of RA, with robust and sustained expression achieved
from rAAV2/8 (Figures 5.4 and 5.7). These drugs are used to treat a number of
other autoimmune diseases the pathoaetiology of which involves TNFa: Crohn’s
disease, ulcerative colitis, psoriasis and ankylosing spondylitis (Section 1.3.3).
Delivery of cDNA encoding those biologics through rAAV2/8 injection could
therefore offer alternative means of treatment for those disorders. Due to the
immunosuppressive nature of treatment with anti-TNF o biologics, development of
regulatable expression system (discussed in Section 6.2) will be important for the

success of such applications.

6.5. Implications and future directions

Intramuscular delivery of rAAV2/8 has previously emerged as an effective vehicle
for mAb gene transfer (Section 1.1.5.4), including for respiratory applications such
as influenza infection (Balazs et al., 2013). For such indications, delivery of mAb
to the lung could directly target the site of infection or disease whilst limiting
systemic side-effects (discussed in Section 6.4). Here, it was shown that rSIV.F/HN
delivered IN was equally effective at protecting mice from RSV-induced weight loss
as rAAV2/8 delivered IM (Section 4.2.4), indicating that this delivery platform could

be used if systemic expression of the mAb is undesirable. For mAbs which are
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associated with serious side effects, such as TNFa antagonists, the ability to
regulate expression following gene transfer will be crucial. Although SMASh
(Chung et al., 2015) was identified as a promising candidate system (Section 5.1),
it failed to control expression of secretory proteins (Section 5.2.4). Alternative
means of controlling expression therefore need to be developed to ensure

acceptable safety of stable gene transfer of such mAbs in patients.

For mAb gene transfer using rAAV2/8 or rSIV.F/HN to be feasible in the clinic, the
cost of the vector must offer substantial savings relative to parenteral
administration. The costs of gene therapy based on viral vectors have thus far been
prohibitive; the most notable case is perhaps Glybera’s (alipogene tiparvovec) $1-
million price tag (Morrison, 2015), which, combined with limited demand, ultimately
led to its withdrawal from the market (Senior, 2017). However, continued
improvements are being made to large-scale viral vector production (reviewed in
Clément and Grieger, 2016, van der Loo and Wright, 2016), which, combined with
a high demand for the product, as is the case for many mAbs, should progressively
reduce the costs of therapy such that in the future, antibody gene transfer might

become a cost-effective alternative to parenteral administration.
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Appendix

Amino acid sequences of the biologics used in this thesis

Protein

Chain

Sequence

Palivizumab

Heavy

QVTLRESGPALWKPTOTLTLTCTFSGFSLSTSGMSVGWIRQPPGKA
LEWLADIWWDDKKDYNPSLKSRLTISKDTSKNQVVLKVTNMDPADTA
TYYCARSMITNWYFDWWGAGTTVTVSSASTKGPSVFPLAPSSKSTS
GGTAALGCLVKDYFPEPVTVSWNSGALTSGVHTFPAVLQSSGLYSL
SSWWTVPSSSLGTOTYICNVNHKPSNTKVDKRVEPKSCDKTHTCPP
CPAPELLGGPSWFLFPPKPKDTLMISRTPEVTCVVVDVSHEDPEVKF
NWYWDGVEVHNAKTKPREEQYNSTYRVNSWLWLHQDWLNGKEYK
CKVSNKALPAPIEKTISKAKGOPREPOWYTLPPSREEMTKNOWSLTC
LVKGFYPSDIAVEWESNGOPENNYKTTPPVLDSDGSFFLYSKLTVDK
SRWQQGNWFSCSVMHEALHNHYTOKSLSLSPG

Light

DIQMTQSPSTLSASVGDRVTITCKCOLSWGYMHWYOQKPGKAPKLL
[YDTSKLASGVPSRFSGSGSGTEFTLTISSLQPDDFATYYCFQGSGY
PFTFGGGTKLEIKRTVAAPSVFIFPPSDEQLKSGTASVWCLLNNFYPR
EAKWOWKVDNALQSGNSQESVTEQDSKDSTYSLSSTLTLSKADYEK
HKWYACEVTHQGLSSPWTKSFNRGEC

Infliximab

Heavy

LATMATGSRTSLLLAFGLLCLPWLQEGSAEVKLEESGGGLVQPGGS
MKLSCVASGFIFSNHWMNWVRQSPEKGLEWVAEIRSKSINSATHYA
ESVKGRFTISRDDSKSAVYLQMTDLRTEDTGVYYCSRNYYGSTYDY
WGQGTTLTVSSASTKGPSVFPLAPSSKSTSGGTAALGCLVKDYFPE
PVTVSWNSGALTSGVHTFPAVLQSSGLYSLSSVVTVPSSSLGTQTYI
CNVNHKPSNTKVDKKVEPKSCDKTHTCPPCPAPELLGGPSVFLFPP

KPKDTLMISRTPEVTCVVVDVSHEDPEVKFNWYVDGVEVHNAKTKP
REEQYNSTYRVVSVLTVLHQDWLNGKEYKCKVSNKALPAPIEKTISK
AKGQPREPQVYTLPPSRDELTKNQVSLTCLVKGFYPSDIAVEWESN

GQPENNYKTTPPVLDSDGSFFLYSKLTVDKSRWQQGNVFSCSVMH

EALHNHYTQKSLSLSPG

Light

MATGSRTSLLLAFGLLCLPWLQEGSADILLTQSPAILSVSPGERVSFS
CRASQFVGSSIHWYQQRTNGSPRLLIKYASESMSGIPSRFSGSGSG

TDFTLSINTVESEDIADYYCQQSHSWPFTFGSGTNLEVKRTVAAPSYV
FIFPPSDEQLKSGTASVVCLLNNFYPREAKVQWKVDNALQSGNSQE

SVTEQDSKDSTYSLSSTLTLSKADYEKHKVYACEVTHQGLSSPVTKS
FNRGEC

Etanercept

N/A

LATMATGSRTSLLLAFGLLCLPWLQEGSALPAQVAFTPYAPEPGSTC
RLREYYDQTAQMCCSKCSPGQHAKVFCTKTSDTVCDSCEDSTYTQL
WNWVPECLSCGSRCSSDQVETQACTREQNRICTCRPGWYCALSKQ
EGCRLCAPLRKCRPGFGVARPGTETSDVVCKPCAPGTFSNTTSSTDI
CRPHQICNVVAIPGNASMDAVCTSTSPTRSMAPGAVHLPQPVSTRS
QHTQPTPEPSTAPSTSFLLPMGPSPPAEGSTGDEPKSCDKTHTCPP
CPAPELLGGPSVFLFPPKPKDTLMISRTPEVTCVVVDVSHEDPEVKF
NWYVDGVEVHNAKTKPREEQYNSTYRVVSVLTVLHQDWLNGKEYK
CKVSNKALPAPIEKTISKAKGQPREPQVYTLPPSREEMTKNQVSLTCL
VKGFYPSDIAVEWESNGQPENNYKTTPPVLDSDGSFFLYSKLTVDKS
RWQQGNVFSCSVMHEALHNHYTQKSLSLSPGK
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