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Abstract

Seasonal influenza is a major global health threat causing more than 500,000
deaths annually. Pandemic influenza can arise through antigenic shift, or when
novel influenza strains escape from animal reservoirs, and can affect a large
geographical area leading to a large number of deaths. Neither prior infection,
nor current vaccines, provide lasting protection due to the rapid antigenic
evolution of influenza virus. The discovery of broadly neutralising antibodies
(bnAbs) against influenza has opened the possibility of passive immunisation,
which could provide protection against multiple influenza strains. Passive
immunisation by parenteral administration of purified antibody is challenging,
hindered by high antibody production costs and the short half-life of antibody in
the circulation leading to relatively transient protection; however the use of viral
vectors to deliver bnAbs can begin to address these limitations. Studies
presented in this thesis investigated the feasibility of a novel, lung-targeting
lentiviral vector pseudotyped with the fusion (F) and haemagglutinin-
neuraminidase (HN) coat proteins from Sendai virus (rSIV.F/HN) as a gene

transfer agent for bnAb expression. Recombinant SIV.F/HN vector expressing



a secreted reporter protein Gaussia luciferase showed expression in the mouse
lung lumen 1 month after lung administration. A single dose of rSIV.F/HN
encoding novel anti-influenza bnAb (T1-3B) in a single Open Reading Frame
directed expression of T1-3B into the lung lumen and systemic circulation, and
conferred partial protection against lethal influenza challenge. Intramuscular
(IM) delivery of a recombinant adeno-associated virus vector (rAAV2/8),
previously reported to be effective against influenza challenge in mice, directed
levels of T1-3B that conferred complete protection against influenza challenge.
Daily repeat administrations of rSIV.F/HN did not improve protection against
influenza challenge, but the ability of this vector to be repeatedly administered
without loss of efficacy may be an advantage in potential clinical applications.
Engineering of the bnAb, into the IgA1 backbone greatly enhanced the potency
of several bnAbs and might improve influenza protection mediated by
rSIV.F/HN. In conclusion, prophylaxis provided by gene transfer during an
influenza pandemic might be feasible, providing long-lasting, more cost-
effective and time-responsive protection than traditional vaccines or parenteral

administration of therapeutic antibody.
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Chapter 1 Introduction

1.1 The influenza virus

1.1.1 Influenza virology

Influenza viruses (from the family Orthomyxoviridae) are enveloped, negative-
sense, single-stranded RNA viruses with segmented genomes. There are five
genera, including Influenza A, influenzavirus B, influenzavirus C, Thogotovirus
and Isavirus (infectious salmon anaemia virus) (Taubenberger and Kash, 2010).
The influenza virus genera differ in host range and pathogenicity and diverged
evolutionarily at least several thousand years ago (Suzuki and Nei, 2002).
Among all the subtypes, Influenza A virus (IAV) is the most virulent in humans
and has caused major outbreaks and pandemics. Wild aquatic birds are the
major reservoir of IAV, where it causes predominantly asymptomatic
gastrointestinal tract infection (Webster et al., 1992). Based on the antigenic
variation of the haemagglutinin (HA) and neuraminidase (NA) surface
glycoproteins, to date, there are 16 known subtypes of HA and nine known
subtypes of NA (Laver et al., 1984, Fouchier et al., 2005). However, only H1N1,
H2N2, H3N2, H5N1, H7N7 and HINZ2 subtypes have been isolated from human

(Claas et al., 1998, Guan et al., 1999, Fouchier et al., 2004).

1.1.2 The genome structure of influenza virus

The genome of the |IAV contains eight segments in the form of ribonucleoprotein

(RNP), which are numbered in order of decreasing length (Figure 1.1).






Figure 1.1 Structure of influenza A virus. The genome of influenza A virus is
composed of eight genomic negative-sense single-stranded RNA segments.
Each segment contains a coding region that encodes at least one protein, and
short 5’ and 3’ flanking sequences. Three segments encode core proteins that
form the virus polymerase complex: (1) basic polymerase 2 (PB2), (2) basic
polymerase 1 (PB1) and (3) acidic polymerase (PA). Two segments encode for
surface glycoproteins (4) haemagglutinin (HA) which is involved receptor
binding and viral entry and (6) neuraminidase (NA) which involved in viral
budding. Segment five encodes for the (5) nucleoprotein (NP) which binds to
viral RNAs. Segment seven encodes for two proteins; (7) Matrix 1 (M1) which
forms the viral capsid and Matrix 2 (M2) which acts an ion channel on the viral
membrane. Segment eight encodes for two proteins; (8) non-structural protein
1 (NS1) which affects cellular RNA transport, splicing and translation and
nuclear export protein (NEP) which mediates the export of ribonucleoprotein
(RNPs) from the host nucleus. A mature influenza virus is composed of the
nucleocapsid, and the membrane envelope acquired from host cells which
contain the HA, NA and M2 proteins supported by a layer of M1 proteins
underneath. The rod-shaped, double-helical viral ribonucleoprotein (VRNP)
(bottom diagram) forms the genome of the influenza virus. Each RNP contains
a NP bound-viral RNA and heterotrimeric viral polymerases (PA, PB1 and

PB2). The function of each viral component is discussed in detail in Section 1.1.



Segments one, two and three of the viral RNAs (VRNAs) encode Basic
Polymerase Protein 2 (PB2), Basic Polymerase Protein 1 (PB1) and Acidic
Polymerase (PA) respectively, which made up the influenza viral polymerase
(P complex). The P complex is a heterotrimer of subunits PB1, PB2 and PA
with a mass of around 250 kDA as part of the vVRNPs (Figure 1.1) (Area et al.,
2004, Coloma et al., 2009). The P complex carries out mRNA transcription and
replication (Das et al., 2010). The P complex possess helicase, ATP-binding
activities and acts as RNA polymerases for viral transcription and replication
(de la Luna et al., 1989). It also contains nuclear localisation signal that aids
the transportation of vVRNAs into the nucleus of host cells for viral transcription
and replication (Mukaigawa and Nayak, 1991, Perales et al., 1996). Segment
two and three also encode several other viral proteins known as PB1-F2 (Chen
etal.,, 2001), PB1-N40 (Wise et al., 2009), PA-X (Jagger et al., 2012), PA-N155

and PA-N182 (Muramoto et al., 2013).

Segment four encodes for the haemagglutinin (HA) which is responsible for the
binding of viral particles to sialic acid receptors on the cell surface (Weis et al.,
1988). 16 subtypes of HA have been identified in IAV and they can be divided
into two phylogenetic groups. The first group (Group 1) consists of H1, H2, H5,
H6, H8, H9, H11, H12, H13 and H16 subtypes and the second group (Group 2)

consists of H3, H4, H7, H10, H14 and H15 subtypes (Russell et al., 2006).

The HA molecule is a homotrimer that forms spikes on the viral lipid membrane
with two structurally distinct regions: a stem, consisting of a triple-stranded coill

of alpha-helices, and a globular head of antiparallel beta-sheet, positioned on



top of the stem (Wilson et al., 1981). The HA precursor, HAQ, is cleaved by
serine proteases in the lung into HA1 and HA2 at position 329. Thus post-
translational modification is necessary for the conformational change required
for fusion of viral and host membranes, and virus infectivity. The HA, portion
mediates the fusion of virus envelope with cell membranes, while the HA4
protein contains the sialic acid receptor binding and antigenic sites (reviewed

in Steinhauer DA, 1999).

The nucleoprotein (NP) is encoded by segment five. NP encapsidated the
VRNA and forms VRNP together with the other influenza polymerases. NP folds
into a crescent shape with a head and a body domain (Das et al., 2010). NP
contains a RNA-binding domain which binds the viral RNA in a nonspecific
pattern (Kobayashi et al., 1994, Albo et al., 1995). NP interacts with the viral
polymerase subunits and regulates viral RNA replication (Huang et al., 1990,
Perales and Ortin, 1997). NP is also involved in the nuclear export and import

of VRNPs (Mena et al., 1999, Robb et al., 2011).

Segment six encodes for the neuraminidase (NA), a homotetramer that
resembles a mushroom shape. Each influenza virus contains around 50 NA
tetramers that form clusters on the viral surface (Harris et al., 2006). Nine
subtypes of NA have been identified in IAV and they can be divided into two
phylogenetic groups. The first group (Group 1) consists of N1, N4, N5 and N8
subtypes and the second group (Group 2) consists of N2, N3, N6, N7 and N9
subtypes (Russell et al., 2006). NA comprises of four domains, an N-terminal

cytoplasmic domain, a hydrophobic transmembrane domain, a thin stalk



domain and a globular head domain (Air, 2012). The head domain contains the
enzyme active site (possess exosialidase activity) and calcium binding domain
which stabilises the enzyme structure at low pH (Suzuki et al., 2004). The
enzymatic reaction of NA helps to release newly formed progeny virions from
the host cell membranes during budding. NA also helps during viral entry.
Before reaching the target epithelia in the in airways, IAVs have to penetrate
the lungs mucus layer, a defensive layer of highly glycosylated mucins rich in
terminal sialic acid (SA) which act as decoys to trap IAVs. NA allows IAVs to
penetrate the mucus by cleaving these sialylated decoys (Cone, 2009, Duez et

al., 2009, Fahy and Dickey, 2010, Cohen et al., 2013)

Segment seven encodes two proteins: M1 which is a collinear transcription
product of segment seven and M2 which is produced by the spliced mRNA of
segment seven. The M1 protein comprises an N-terminal domain and a C-
terminal domain and contains a nuclear localisation signal (lto et al., 1991). The
M1 protein forms a layer underneath the cell membrane to separate the vVRNPs
from the viral membrane and stabilise the HA and NA on the viral membrane
(Figure 1.1) (Ruigrok et al., 1989, Zhang et al., 2012). The M1 protein has
several functions including inhibiting viral transcription by binding non-
specifically to RNA, regulating VRNP nuclear transport and inhibiting vVRNP
nuclear import (Martin and Helenius, 1991, Bui et al., 1996, Watanabe et al.,
1996). M2 is a type lll transmembrane protein that forms a homotetramer,
whose transmembrane domains form a proton-selective ion channel for pH
regulation (Holsinger and Lamb, 1991, Pinto et al., 1992). In the endosome of

infected cells, M2 allows the acidification of the interior of the viral particle which



then allows the vVRNPs to dissociate from M1 proteins facilitating nuclear import
(Martin and Helenius, 1991, Bui et al., 1996). During the later stage in the viral
life cycle, M2 maintains the high pH in the Golgi apparatus to stabilise the native
conformation of the newly synthesised HA for intracellular transport and viral

assembly (Takeuchi and Lamb, 1994).

NS1 is on a collinear mRNA derived from segment eight, which upon splicing
results in the synthesis of the nuclear export protein mRNA (NEP, previously
termed NS2) (Inglis et al., 1979, Lamb and Choppin, 1979). NS1 protein
consists of two functional domains: a N-terminal RNA-binding domain and a C-
terminal effector domain (Hatada and Fukuda, 1992, Qian et al., 1995, Chien
et al., 2004). NS1 exists as a homodimer, with both the RNA-binding and
effector domains contributing to multimerisation (Nemeroff et al., 1995). NS1 is
a multifunctioning protein. The RNA-binding domain is able to bind to bind to
RIG-I, thus prevent the activation of interferon response within host cells (Hale
et al.,, 2008). The RNA-binding domain also bind to dsRNA, polyA and U6
snRNA which blocks the host protein translation and allows the translation of
viral proteins (Lu et al., 1995). NS2 was originally known as one of the non-
structural protein. The NS2 protein was later on renamed as the nuclear export
protein (NEP) when its role in mediating the export of VRNPs from the host cell

nucleus was discovered (O'Neill et al., 1998).

1.1.3 Antigenic evolution of influenza virus

Influenza undergoes two types of antigenic evolution; antigenic drift and

antigenic shift. Antigenic drift is the gradual evolution of influenza strains due to
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accumulation of mutations on the antigenic sites (Both et al., 1983). Antigenic
drift is a subtle process, involving point mutations during viral replication within
antibody-binding sites in the HA and NA proteins (Boni et al., 2004, Finkenstadt
et al., 2005, Koelle et al., 2006). Antigenic drift occurs partly due to the error-
prone RNA dependent RNA polymerase (RdRP) which has no proof-reading
ability and in response to the selection pressure to evade human immunity
(Scholtissek, 1995, Plotkin et al., 2002, Smith et al., 2004, Koelle et al., 2006,
Chambers et al., 2015, Huang et al., 2015a). Antigenic drift is subtle and does
not normally change the conformation of the HA or NA but these mutations
sometimes cause changes to the HA and NA such that the binding of host
antibodies is affected, allowing the drifted strains to infect more rapidly among

the population (Webby and Webster, 2001).

Antigenic shift is the process by which two different influenza viruses exchange
and reassort intact genome segments. Antigenic shift can happen due to the
segmented nature of the viral genome and occurs when two or more distinct
influenza strain infect the same host cell. In a cell co-infected by two distinct
influenza strains (each carries eight genome segments), 256 different progeny
genotypes from the assortment of the viral segments are possible to be
generated from antigenic shift. Hence, antigenic shift has a great potential to
generate significant viral diversity and often a novel pandemic influenza strain.
Successful antigenic shift, generating a novel strain with enhanced pandemic
potential is estimated to occur about three times in a century (Potter, 2001).
Swine possess both a-2,3 and a-2,6 sialic acid containing receptors on their

respiratory surface which make them susceptible to both avian influenza and



human influenza viruses (Rogers and Paulson, 1983, Rogers and D'Souza,
1989). Hence, swine serves as a good mixing vessel for the reassortment of
viral genomes between human and avian influenza viruses when they both co-
infect the same cell (Ito et al., 1998). This theory was first proposed in 1985
based on the observation that human influenza viruses do not transmit easily
to birds and vice versa but much easier to swine (Scholtissek, 1990, Scholtissek,
1996). In fact, swine has been shown to transmit reassorted influenza viruses

to humans (Olsen et al., 2006, Robinson et al., 2007, Killian et al., 2013).

1.1.4 The life cycle of influenza virus

The life cycle of influenza is presented in Figure 1.2. The preference of
influenza binding to host cell depends on the nature of the glycosidic linkage
between the terminal SA and the penultimate galactose residue on the receptor
(Weis et al.,, 1988). Human influenza preferentially recognises SA linked to
galactose by a-2,6 linkages, whereas avian influenza prefer SA linked to
galactose via a-2,3 linkages (Rogers and Paulson, 1983, Suzuki, 1994,

Matrosovich et al., 1997).

1.1.5 Influenza - the disease

Influenza viruses cause acute respiratory infection in humans and they are
among the most common causes of human respiratory disease and associated
with high morbidity and mortality (Wright, 2007). Influenza viruses cause
seasonal influenza which leads to three to five million severe cases and about

250,000 to 500,000 deaths worldwide annually (Thompson et al., 2003, WHO,
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2016). Influenza viruses lead to seasonal influenza which affects the human
population annually and pandemic influenza when novel influenza strains
emerge from animal reservoir due to antigenic shift. An influenza pandemic is
an epidemic of an influenza that spreads on a worldwide scale in different
geographical regions. In the past century, pandemic influenza has occurred
every eight to 41 years and up to 50% of the population can be infected in a
single pandemic year (Beveridge, 1977, Simonsen, 1999). Four pandemic
outbreaks of influenza occurred in the past century; in 1918, 1957, 1968 and

2009 (Figure 1.3).

Although no human to human transmission has been reported to date, two
influenza subtypes known to be circulating in birds (H5N1 and H7N9) possess
risk for a potential future pandemic. High Pathogenic Avian Influenza (HPAI)
H5N1 was initially found to be endemic mainly in birds where it is highly
contagious and deadly for poultry. Since 2003, HPAI H5N1 has been
repeatedly crossing the species barrier and infecting humans. To date, there
have been 859 cases of human HPAI H5N1 infections with a mortality rate of
about 53% (WHO, 2017b). The increased number of human zoonotic infections
of HPAI H5N1, has triggered intense public health interest and concern for a
future pandemic (Wright, 2007). The first human case of H7N9 avian influenza
virus infection was detected in China in 2013. At the time of writing, there have
been 1,554 cases of human infections with a mortality rate of 39% (WHO,
2017a). So far, human-to-human transmission of H7N9 has been limited (Hu et
al., 2014). Mutations, or reassortment with circulating human viruses, might

enable HPAI H5N1 and H7N9 to efficiently infect and transmit among humans.
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Figure 1.2 Schematic of the influenza virus life cycle. 1. Attachment: Influenza
infection starts by attaching to sialylated host receptors (a-2,3 or a-2,6 sialic
acid) on the cellular surface. Viral entry is mediated by endocytosis. 2. Fusion:
In the host cell, endosomal acidification activates conformational changes in
HA, which leads to fusion between the viral and endosomal membrane. 3.
Uncoating: The viral M2 ion concurrently promotes acidification of the virion
core which leads to dissociation of the M1 proteins from the viral genome,
VRNPs are released from the endosome into the host nucleus. 4. Transcription:
The negative-sense VRNAs are converted into two positive-sense VRNAs:
Complementary RNA (cRNA) and, through a cap-snatching mechanism,
MRNA. The cRNA acts as a template for the production of negative-sense
VRNAs which are packaged into new virions. The mRNAs are transported to
the cytoplasm and translated into viral proteins by cellular ribosomes. Newly
translated viral proteins are transported to the nucleus (PB1, PB2, PA, M1 and
NEP) for viral genome replication or the plasma membrane (HA, NA and M2)
for packaging. 5. Replication: The viral RNA dependent RNA polymerase
(RdRP) initiates RNA synthesis internally on viral RNA and form vRNP together
with NP, PB1, PB2 and PA. vRNPs are then transported to the cytoplasm via

the help of NEP and M1 proteins. 6. Assembly and budding: Newly exported

VRNPs are trafficked to the plasma membrane and incorporated into progeny
virus particle containing HA, NA, M2 and M1 and newly formed virions bud off

to infect new cells.
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Since humans are lacking immunity against HPAI H5N1 and H7N9, these

viruses possess significant pandemic threat (CDC, 2017).

1.2 Treatment and prevention of influenza infections

1.2.1 Antiviral drugs

Currently, the only approved treatment for influenza are antivirals, of which
there are two major classes: the M2 inhibitors and the NA inhibitors. The M2
inhibitors block the M2 proton channel, preventing fusion of the virus in the
endosome and the subsequent migration of the vVRNPs into the nucleus. The
NA inhibitors block NA thus preventing the release of newly formed progeny
virions from infected cells. The M2 inhibitors, amantadine and rimantadine,
discovered in 1964, only act on IAV as other influenza viruses such as influenza
B lack the M2 ion channels. Its use has been limited due to the emergence of
a high number of M2 inhibitor-resistant influenza strains. For instance,
pandemic H1N1 (A/California/7/2009), most of the seasonal H3N2 viruses, and
H5N1 strains circulating in Southeast Asia have become resistant to the M2
inhibitors (Bright et al., 2006, Cheung et al., 2006, Monto, 2008, Saito et al.,
2008, Gubareva et al., 2010). There are currently two licensed NA inhibitors
globally, Zanamivir (Ralenza) and oseltamivir (Tamiflu). Zanamivir is
administered via oral inhalation and concentrated in the lungs and oropharynx
(Moscona, 2005). Zanamivir has poor oral bioavailability and this has limited its
use in the clinic as oral inhalation of zanamivir has been associated with
adverse events such as cough, fatal bronchospasm and decreased pulmonary
function and is not available for intubated patients (Ison, 2010). Oseltamivir was

later developed based on the knowledge and structure from zanamivir. There
13



are two other NA inhibitors; peramivir and laninamivir (Inavir) that have been
developed and licensed in Japan and are undergoing clinical trials in some
other countries (Babu et al., 2000, Koyama et al., 2010). Resistance to NA
inhibitors has been reported. For oseltamivir, during the initial use of the drug
in the clinic, the incidence of resistance in young children was reported to be
up to 18% (Kiso et al., 2004). Higher resistance levels were also observed in
immunocompromised patients and humans infected with H5N1 (de Jong et al.,
2005, Le et al., 2005, Baz et al., 2006, Ison et al., 2006). Compared to
oseltamivir, resistance to zanamivir is relatively rare (Thorlund et al., 2011),
however cases of zanamivir resistance were reported in China among patients
infected with H7N9 (Hu et al., 2013). Apart from that, there are several antivirals
targeting the viral polymerases currently being tested in clinical trials (Koszalka

etal., 2017).

1.2.2 Vaccination

1.2.2.1 Active immunisation

Vaccination against influenza is the most cost-effective method to prevent
infections (Osterhaus et al., 2011). Currently licensed influenza vaccines focus
mainly on eliciting humoral immunity against the viral HA protein to prevent viral
entry and require annual evaluation and reformulation to keep pace with the
antigenic evolution of circulating influenza strains. Selection of vaccine strains
is based on the global surveillance for circulating influenza strains, data

collected by the WHO Global Influenza Surveillance Network (GISN)
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Figure 1.3 A timeline of influenza pandemics and medical advances in the past
century. The timeline of influenza pandemics shows that the first recorded
influenza pandemic occurred in 1918 (Spanish flu, HIN1), claiming 50 million
lives worldwide. HIN1 remained epidemic after that but was replaced by H2N2
in 1957 by the Asian flu (H2N2) which remained in the human populations until
1968 pandemic where it was in turn replaced by the Hong Kong flu, H3N2 which
has remained epidemic to the current day. HIN1 re-emerged in 1977 but it did
not trigger a pandemic nor replace H3N2 but instead co-circulated with H3N2
until 2009 when it was replaced by the triple-reassorted H1N1 the cause of the
2009 pandemic flu. The 2009 pandemic H1N1 and H3N2 remain circulating in
the human populations today causing seasonal influenza. Influenza virus was
only identified in 1933, around 15 years after the Spanish flu pandemic (Smith
et al.,, 1995). The first influenza vaccine was developed and used for
vaccination in 1936 (Smorodintseff AA, 1937). Neuraminidase inhibitor,
zanamivir and oseltamivir were discovered in 1993 and 1997 respectively.
Details of influenza pandemics and medical advances are discussed in Section

1.1.5and 1.2.
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(Cox et al.,, 1994). The WHO consultation on the composition of influenza
vaccine is held twice a year to analyse the antigenic and genetic data collected
by the WHO GISN, to assess the need for an update of the vaccine. For the
northern hemisphere, the recommendation is made in February each year to
allow time for the vaccines to be manufactured for vaccination in October and
November. The process takes around 6-7 months from selection of specific
strains for inclusion in the vaccine to the production, packaging and delivery
(Gerdil, 2003). The maijority of the licensed influenza vaccines are produced in
embryonated eggs, a method first used in 1937 (Doherty, 2008). Currently
licensed influenza vaccines are either trivalent or quadrivalent. Trivalent
influenza vaccine (TIV) contains three influenza strains: two influenza A (H1N1
and H3N2) and one influenza B (Victoria or the Yamagata lineages).
Quadrivalent influenza vaccine (QIV), consisting of two influenza A (H1N1 and
H3N2) and two influenza B (Victoria and Yamagata lineages) strains, entered
the market in 2012 (Belshe, 2010, Ambrose and Levin, 2012). Characteristics,
advantages and disadvantages of currently licensed vaccines are summarised

in Table 1.1.

1.2.2.2 Passive immunisation

Passive immunisation, by means of delivering sera from recovered patients or
pathogen-specific monoclonal antibody (mAb), offers an alternative to
conventional vaccines. The first successful use of passive immunisation was
the passive treatment for diphtheria using sera in the late 19™ century
(Silverstein, 1989). Several other successful uses of passive immunisation

have been reported, including the use for the prevention of tetanus, auto-
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Table 1.1 Characteristics, advantages and disadvantages of currently available influenza vaccines

Vaccine format Type of Indications Vaccine content Products Disadvantages Advantages
immunity
Inactivated Predominantly For individuals of | Split virion or Qlv Strain specific Low reactivity
Trivalent humoral 6 months and subunit vaccine Fluarix immunity
inactivated (strain specific) older contains purified | FluLaval QIV protects
vaccine (TIV) HA proteins Fluzone Dependence on | against both
eggs for influenza B
Quadrivalent Contains 15ug TIV (eggs production lineages
inactivated (IM) or 9ug (ID) based)
vaccine (QlV) of each purified Afluria Lengthy
HA protein. Fluvirin production time
Fluzone
* 60 ug of each Annual
purified HA for TIV (MDCK- vaccination
the elderly (>65 | derived)
years old) Flucelvax Selection of
vaccine strains is
*TIV (high dose | based on
for >65 years prediction
old
Fluzone High- Require healthy
Dose immune system
for maximum
efficacy
Live attenuated - Humoral Mucosal Live viruses with | FluMist Dependence on Mucosal
(LAIV) - Cellular administration temperature- eggs for administration
- Mucosal sensitive and FluMist production

Trivalent

attenuating

Quadrivalent

18



Quadrivalent

(More cross-
reactive than
inactivated
vaccine)

For healthy
individuals
between the
ages of 2 and 49
years old

mutations (egg
based).

Lengthy
production time

Selection of
vaccine strains is
based on
prediction

Require healthy
immune system
for maximum
efficacy

Higher and
broader
response in
children.

Recombinant

Predominantly
humoral
(strain specific)

For adults aged
18 to 49 years
old.

For those who
are allergic to

eggs.

Recombinant
trivalent HA
vaccine with HA
proteins (135 ug
each) that are
expressed in
insect cells
(ExpressSF+)
expressed from
baculovirus
vector.

FluBlok

Strain specific
immunity

Annual
vaccincation

Selection of
vaccine strains is
based on
prediction

Require healthy
immune system
for maximum
efficacy

Rapid production

No infectious
virus during
production

No antigenic
changes during
production or
passaging

Does not rely on
egg supply

Source of the data: (Belshe et al., 2007, CDC, 2013, Wong and Webby, 2013, CDC, 2014, Krammer and Palese, 2015)
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inflammatory disorders and snake toxins (Keller and Stiehm, 2000). Passive
immunisation with mAb has been replacing sera with the advancement in
isolation and characterisation of mAb from animals and human (Brekke and
Loset, 2003). Neutralising antibodies alone have been shown to prevent the
spread of many diseases within populations and the role of antibodies against
infections is best exemplified by the passive transfer of maternal antibodies to
neonates (Zinkernagel, 2001, Chames et al., 2009, Plotkin, 2010). For a long
time, the conventional view was that passive immunisation against influenza
was not feasible due to the mAb being strain-specific along with the high
variability of viral glycoproteins and the capacity of influenza to undergo
antigenic evolution to escape from the antibody response. This view was
challenged following the isolation of antibodies that can neutralise multiple
influenza strains by targeting the conserved epitope on the HA stalk (reviewed
in (Corti and Lanzavecchia, 2013)). These antibodies, namely broadly
neutralising antibodies (bnAb) raised the possibility of using passive
immunisation to provide broad protection against multiple influenza strains.
Many bnAbs against influenza have been isolated, each with different HA
specificity and mechanism of action (Table 1.2). In details, these bnAbs could
neutralise influenza viruses via locking the HA trimer in a pre-fusion form and
prevent conformational change in the endosome (Ekiert et al., 2009, Sui et al.,
2009, Brandenburg et al., 2013), sterically blocks access of serine proteases to
cleave HAO into functioning HA1 and HAZ2 subunits (Ekiert et al., 2009,
Brandenburg et al., 2013) and also retain newly formed HA on infected host
cells’ surface to inhibit viral budding (Tan et al., 2014). Apart from the ability to

neutralise influenza viruses, these bnAbs could also confer protection via
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Table 1.2 Summary of influenza broadly neutralising antibodies (bnAbs)

. e Mechanism .
Antibody Specificity VH gene usage (if known) Isolation method Reference
C179 Group 1 HA stem Humanised murine - Hybridoma (Okuno et al., 1993)
Stabilises pre-fusion
state of HA and
CR6261 Group 1 HA stem 1-69 prevents membrane Phage display (Throsby et al.,
fusi 2008)
usion
Inhibits membrane
F10 Group 1 HA stem 1-69 fusion Phage display (Sui et al., 2009)
Single-cell sorting
D005 H1N1 and H5N1 - - and RT-PCR (Beerli et al., 2009)
TCN-032 H1N1 and H5N1 4-59 ) B cell proliferation (Granz%e%ao)et al.,
Inhibits membrane Single-plasma cell
Group 1 and 2 HA fusion and HAq .
F16, FI6v3 stem 3-30 cleavage culture (Corti et al., 2011)
InhiDits mermbrane | Lentiviral B cell
CRO0820 Group 2 HA stem 1-18 cleavage 0 immortalisation (Ekiert et al., 2011)
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Reduction of the
: amounts of viral Single-cell RT-PCR
CH65 H1N1 strains (HA 1-2 particles released | from plasma cells | (Whittle et al., 2011)
head) .
into the supernatant
co5 Group 1 and 2 HA 323 ) Phage display (Ekiert et al., 2012)
Group 1,2and B ) Blocks the HA pH- , (Dreyfus et al.,
CR9114 HA stem 1-69 induced fusion Phage display 2012)
i H3 strains (HA ) ) (Benjamin et al.,
D1-8 head) ASC 2014)
12D1 H3 s;rtaelgs) (HA Humanised murine - Hybridoma (Wang et al., 2010)
Group 1 and 2 HA . , Inhibit binding to , (Yoshida et al.,
S139/1 head Humanised murine sialic acid receptor Hybridoma 2009)
Isolation from
Group 1 and 2 HA ) Blocks the HA pH- | memory B cells & ex | (Kallewaard et al.,
MEDI8852 stem 6-1 induced fusion vivo affinity 2016)
maturation

VH: heavy chain V genes;

HA: haemagglutinin; ASC: antibody-secreting plasma cells; RT-PCR: reverse-transcription polymerase chain reaction
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antibody-dependent cell-mediated cytotoxicity (ADCC) and complement-
dependent cytotoxicity (Terajima et al., 2011, Jegaskanda et al., 2013, DiLillo
et al., 2014). Indeed, several of these bnAbs have shown promising results in

clinical trials (Nachbagauer and Krammer, 2017).

While passive immunisation by means of mAb delivery has many advantages
over conventional vaccines, there are several drawbacks. Firstly, mAbs have a
relatively short half-life in vivo; all of the currently licensed mAbs have a half-
life ranging from 2 days to 1 month which necessitates repeated and frequent
dosing for therapeutic benefit (Keizer et al., 2010). In addition, most mAbs are
needed in high concentration to achieve clinical efficacy, resulting in a high cost
for a therapeutic dose (Pescovitz, 2006, Chames et al., 2009). Furthermore,
mADbs require cold-chain storage and the administration of mAbs is complicated

requiring trained medical personnel (Keizer et al., 2010).

1.3 Vector-mediated passive immunisation against infectious diseases

To circumvent some of the limitations of passive immunisation, one strategy
has been to utilise a vector for the delivery of a transgene encoding relevant
antibodies. Such vectors can deliver antibody transgene into target cells where
they direct the expression of mAbs into the systemic circulation and/or the local
environment. Many vectors, including the non-viral and viral vectors previously
developed for gene therapy of genetic diseases, have been evaluated for this
approach and some have shown therapeutic benefits in animal models. (Table
1.3). This strategy was first tested using naked (non-complexed) plasmid DNA

encoding mAb delivered via electroporation, an approach that successfully
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yielded production of mAb, in mice and sheep (Tjelle et al., 2004). These
experiments demonstrated proof-of-principle for using vectors to mediate rapid
expression of mAb although the transient and sub-therapeutic level of mAb

mediated by plasmid DNA limits its clinical potential.

Further studies have been carried out with recombinant viral vectors including
recombinant Adenovirus (rAd), recombinant adeno-associated virus (rAAV)
and recombinant lentivirus (rLV) to express mAb against various infectious
diseases (Table 1.4). Recombinant lentiviral vectors have the ability to
transduce both dividing and non-dividing cells and when integrated into the host
genome can direct persistent transgene expression. They have been used to
transduce haematopoietic stem cells (HSC) for expression of a HIV bnAb b12
in vitro (Luo et al., 2009) and were used to direct expression of a HIV bnAb
2G12 in mice following ex vivo transduction of B cells (Joseph et al., 2010).
However, all studies using lentiviral vectors currently utilised ex vivo

transduction, no in vivo transduction study has been reported.

Another widely-used viral vector is rAAV, which has also been studied for mAb
delivery in vivo. Due to AAV packaging restraints (see Section 1.4), early
studies utilised smaller antibody variants such as single-chain variable
fragment (scFV) or immunoadhesins (Wuertzer et al., 2008, Wang et al., 2009,
Patel et al., 2014). The limited packaging capacity (around 4.68 kb) was
circumvented by using the 2A self-processing sequence from the foot and
mouth disease (HFMD) virus adjacent to a furin cleavage site (F2A) to facilitate

expression of full length mAb comprising both heavy and light IgG chains from
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Table 1.3 Summary of viral vectors used to express monoclonal antibodies against infectious diseases

Target Vector Ab type Ab Ab Transgene Animal Vector dose Delivery Ab czﬁiz:t?;lt‘ir:n Quantification References
diseases origin isotype promoter model(s) route (ug/ml) methods
200 (mice) )
Full- BALB/c, NSG, 1x10" GC F10 Anti-IgG ELISA | (Balazs et
rAAV2/8 length | uman IgG1 CASI ferrets 5x102GC M CR6261 10-100 (ferrets) (Bethyl) al., 2013)
ferrzgl_?tﬁz’sus 1x1007 GC (Limberis et
Influenza rAAV2/9 1A Human 1gG1 CAG ! 1x10"” GC IN Fi6 2 (BALF; mice) Western blot
macaques 13 al., 2013)
1x10° GC
Ad5 c?tl)rrf;?n - - cMmV BALB/c 1x107 PFU IN aHA-7 - - (Tutykhina
1x10" PFU etal., 2013)
Rosa26-Fluc,
FNRG 11 AR3A
HCV rAAV2/9 Ful- Human IgG1 CASI humanised 1x107GC IM AR3B 1000-3000 In house ELISA | (d&Jong et
length . al., 2014)
mice AR4A
Full- 11
. 1x10" GC 2A10 >1000; 100- (Deal et al.,
Malaria rAAV2/8 length Human 1gG1 CASI C57BL/6NCr IM 2C11 500 In house ELISA 2014)
Full- 1x10" PFU
Ad5 1 [\ (De et al.,
Anthrax rAAVIh.A10 length Mouse 1gG1 CMV C57BL/6 1x10" GC Intrapleural 14B7-1H - - 2008)
Full- 5x 10" GC i
Ad5 1 [\ - (Skaricic et
RSV rAAVIh.10 length Mouse 1gG1 CMV BALB/c 1x10" GC Intrapleural Palivizumab - - al., 2008)
T
rAAV2/9 SV Human - - CD1 14x1076C | ntracranial D10 - - (Mozdgg)a"'
D10
Prion 9 3:3
rAAV2/2 SV Human - cMv C57BI/6 9x10°GC | |ntracranial 6:4 - - (Wuertzer et
06 al., 2008)
pDNA Fab Mouse IgG1 CMV BALB/c 25 ug IM VRCO1 3.3 In house ELISA g\t"glthg'gfg;
Full Anti-lgG ELISA
. y NSG Ex vivo B (Bethyl) (Luo et al.,
HIV Lentivirus length Human 1gG1 - humanised 1000 MOI cell b12 1 2009)
Ful- NSG Ex vivo B (Joseph et
Lentivirus length Human 1gG1 hPGK humanised 100 ng p24 cell 2G12 40 ng/ml In house ELISA al., 2010)
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Bindazyme

Full- " Human Ig
5x10" GC Subclass (Lewis et al.,
rAAV2/2 length Human 1gG1 CMV, EF1a Rag-1 IM b12 8 Enzyme 2002)
Immunoassay
Kit
gts 400-500
b12 200-300
13 100
SCAAV2/2 1A Rhesus | IgG2 CMV Rhesus 2x107GC IM 2612 >250 In house ELISA | (Johnson et
macaques 2F5 al., 2009)
20
VRCO01 5250
4E10 20
B12 I
VRCO01 130
VRCO07 24
3BNC117
12A12 23
FAAV2/S Full- Human IgGA CASI NSG 1x10" GC M VRC-PGO4 30 Anti-IgG ELISA | (Balazs et
length humanised VRCO7G54W ‘713 (Bethyl) al., 2012)
NIH45-46G54W 256
PGT121 50
PGT128 300
PG9
NSG and BLT 11
Full- X 1x10" GC 10-1074 20 (Balazs et
rAAV2/8 length Human 1gG1 CASI humanised IM 3BNC117 300 In house ELISA al., 2014)
Full- 25x10"" GC .
Human NSG 1 eCD4-Ig (Horwitz et
rAAV2/8 length Human 1gG1 thyroglobulin humanised 2x10° GC [\ 75-180 In house ELISA al., 2013)
25x10" 35(’;'%12117
SCAAV2/1 IF“”' Rhesus | IgG2 cMv Rhesus particles M 10-1074 ; In house ELISA | (Gardner et
ength macaques NIH45-46 al., 2015)
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a single-ORF with a size that can be accommodated into rAAV and yielded high

levels of antibody expression (Fang et al., 2005a, Fang et al., 2007) (Figure 3.1)

1.3.1 Vector-mediated passive immunisation against influenza

With regards to influenza infection, several mAb expressing viral vectors have
achieved therapeutic benefits in animal models. Ad5, rAAV2/8 and rAAV2/9
have shown protection against influenza challenge in animal models (Tutykhina
et al., 2013). Although both rAAV and rAd appear to be equally protective
against influenza challenge, rAAV offers more persistent mAb transgene
expression and a safer clinical profile. rAAV has been used in the clinic for gene
therapy with no adverse effects were reported for up to 6 years (Gaudet et al.,
2016). This data shows the safety and efficacy of rAAV to direct long-term
clinical benefit. Another feature of rAAV is that it can be lyophilised and remains
stable at room temperature for months with negligible loss of function (Croyle
et al., 2001). This feature is important when such a drug is to be distributed
across areas where frozen storages may not be available during a disease
outbreak. For these reasons, rAAV2/8 delivered via intramuscular injection for
passive immunisation against influenza was chosen as a benchmark in this
study. (see Table 1.4 for the summary of viral vectors used for passive

immunisation against infectious diseases).

1.4 Adeno-associated virus

Adeno-associated virus (AAV) was discovered in 1965, as a subunit

contaminant of adenovirus preparations in the laboratory of Bob Atchison
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(Atchison et al., 1965, Hoggan et al., 1966) and is a small (25 nm), non-
pathogenic virus that has not been associated with any disease. AAV belongs
to the family Parvoviridae and is placed in the genus Dependovirus because it
is a replication deficient virus that depends on functions provided by a helper
virus (adenovirus or herpes virus) for productive replication in mammalian cells
(Atchison et al., 1965). However, in the absence of helper virus, AAV can
establish a latent infection by either integrating into a specific site in the
chromosome 19q13.4 or persisting in episomal form (Wu et al., 2006a).
Interestingly, AAV is the only mammalian DNA virus capable of site-specific

integration (Daya and Berns, 2008).

1.4.1 Structure of the adeno-associated virus genome

The AAV genome is a 4,680-nucleotide linear, single-stranded DNA of either
positive or negative sense containing two open reading frames (ORFs); the rep
gene and the cap gene, flanked by two inverted terminal repeats (ITRs) (Berns
and Rose, 1970, Wang et al., 2014). The ITR is a 145 base pair (bp) palindromic
sequence which can fold upon itself to maximize base pairing and form a T-
shaped hairpin structure which plays a crucial role in genome replication and
packaging (Carter et al., 1976, Gao et al., 2002a). In detail, the self-priming ITR
hairpins allow primase-independent synthesis of the second DNA strand by
itself serving as the template for the synthesis of the second complementary
strand. The rep and cap genes encode seven proteins needed for the

replication and packaging of the virus (Figure 1.4).
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Figure 1.4 Structure of the adeno-associated virus genome. Schematic
representation of the genome of the AAV. The AAV genome consists of the rep
and the cap genes, flanked by two inverted terminal repeats (ITRs); by utilising
two transcription initiation sites and alternative splicing, the left ORF (rep gene;
blue) produces four Rep proteins (Rep78, Rep68, Rep52 and Rep40) driven by
two promoters p5 and p19 (Jay et al., 1981). These trans-acting Rep proteins
are important in viral replication, genome packaging, site-specific integration as
well as gene expression regulation. The right ORF contains the cap gene
(green), which produces three viral capsid proteins (VP1, VP2, and VP3) using
the transcript of p40 promoter and also by alternative splicing. These viral
proteins (VP1, VP2 and VP3 in 1:1:10 molar ratio) assemble into an icosahedral
structure to form the AAV capsid which is involved in binding, internalization

and trafficking of virus within target cells (Daya and Berns, 2008).
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The AAV life cycle can be divided into two stages upon successful infection - a
lytic stage and a lysogenic stage. The lytic cycle occurs in the presence of
helper virus, as mentioned above, where AAV undergoes genome replication,
gene expression and virion production (Daya and Berns, 2008). In the absence
of helper virus, AAV enters the lysogenic stage in which there is limited
replication and repressed gene expression; at this stage the AAV genome
establishes latency by integrating into human chromosome 19 (Daya and Berns,

2008).

1.4.2 Recombinant adeno-associated viral vector

The first rAAV vector was produced in 1984, generated by removing 95% of the
viral genome (Samulski et al., 1982). At that time, recombinant AAV was
produced by transfecting vector and packaging constructs into cells infected by
adenovirus (Muzyczka, 1992). Later on, advancement in technology allowed
the production of recombinant AAV with the absence of wild type virus
(adenovirus or herpesvirus) and all the genes encoding proteins (E1a, E1b, E2a,
E4 and VA RNA) needed for rAAV production were contained and provided in
a helper plasmid (Ferrari et al., 1997, Daya and Berns, 2008). Each of the
essential viral proteins play a specific role in AAV production, for instance, E1A
is involved in transcriptional activation, E1B and E4 are involved in mRNA
maturation and VA and E2A are needed in translation enhancement (Ferrari et
al., 1996). With this method, rAAV can be generated by transfecting producer
cells with genome plasmid, packaging plasmid and helper plasmid without the
need of helper virus (see Figure 1.5). Currently, AAV vectors are produced by

triple transfection of HEK 293T cells
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Table 1.4 Recombinant adeno-associated virus vector (rAAV) serotypes, cellular receptors and tissue tropism

sialic acid

lung

AAV serotype Primary receptor(s) Co-receptor(s) Tissue tropism Reference(s)
Skeletal muscle. central (Chao et al., 2000, Wang et al., 2003,
a2,3/a2,6 N-linked S Loiler et al., 2005, Wu et al., 2006b,
"AAVI sialic acid - nervous system, retina, Lebherz et al., 2008, Ng et al., 2010)
pancreas v N9 v
(Koeberl et al., 1997, Bartlett et al., 1998,
Summerford and Samulski, 1998, Qing et
Vascular smooth muscle al., 1999, Richter et al., 2000, Manno et
[AAV2 HSPG FGFR, HGFR, laminin R, cell, skeletal muscle, al., 2003, Takeda et al., 2004,
integrin aVB5/a531 central nervous system, Kashiwakura et al., 2005, Akache et al.,
liver, kidney 2006, Asokan et al., 2006, Kurzeder et
al., 2007)
(Chao et al., 2000, Rabinowitz et al.,
Hepatocarcinoma. skeletal 2002, Akache et al., 2006, Blackburn et
rAAV3 HSPG HGFR, laminin R P ’ al., 2006, Glushakova et al., 2009, Ling
muscle
et al., 2010)
b . (Davidson et al., 2000, Kaludov et al.,
[AAV4 a2,30 Im_ked sialic ) central nervous system, 2001, Weber et al., 2003)
acid retina
(Chao et al., 2000, Davidson et al., 2000,
a2 3 N-linked sialic Skeletal muscle, central Kaludov et al., 2001, Di Pasquale et al.,
rAAV5 ’ . PDGRF nervous system, retina, 2003, Seiler et al., 2006, Lebherz et al.,
acid
lung 2008)
(AAV6G a2,3/a2,6 N-linked EGFR Skeletal muscle, heart, (Halbert et al., 2001, Blankinship et al.,

2004, Gregorevic et al., 2004, Wu et al.,
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2006b, Ng et al., 2010, Weller et al.,
2010, Zincarelli et al., 2010)

Skeletal muscle, central

(Gao et al., 2002b, Allocca et al., 2007,

rAAV7 - - . Taymans et al., 2007)
nervous system, retina
Liver. skeletal muscle (Gao et al., 2002b, Wang et al., 2005,
- ’ ’ Akache et al., 2006, Allocca et al., 2007,
rAAV8 - Laminin R central nervous system,
. Taymans et al., 2007)
retina, pancreas, heart
(Akache et al., 2006, Inagaki et al., 2006,
Liver, skeletal muscle, Bostick et al., 2007, Vandendriessche et
rAAV9 N-linked galactose Laminin R brain, lung, pancreas, al., 2007, Foust et al., 2009, Yue et al.,
heart 2011)
rAAV10 ) ) ) (Mori et al., 2004)
rAAVrh.10 ) ) ) (Gao et al., 2004)
FAAV 1 ) ) ) (Mori et al., 2004)
rAAV12 ) ) ) (Schmidt et al., 2008)

rAAVrh32.33

(Calcedo et al., 2009)

rAAV: recombinant adeno-associated viral vector; HSPG: heparan sulfate proteoglycan; FGFR: fibroblast growth factor receptor; HGFR:

hepatocyte growth factor receptor; EGFR: epidermal growth factor receptor; PDGREF: platelet-derived growth factor receptor
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with cis-genome plasmid, adenoviral helper plasmid and a chimeric packaging
plasmid in which the AAV2 rep gene is linked with cap genes of different AAV
serotypes (Gao et al., 2002a). There are more than 12 natural serotypes and
many variants of AAV have been isolated or generated (Mori et al., 2004,
Salganik et al., 2015). By combining different Cap genes with the AAV 2 rep
gene, many different rAAV vectors have been generated, such as AAV2/8 and
AAV2/9. These different types of rAAV can result in different vector tropisms,
which is useful for providing a selection of vectors to target different cell types.
The tropism and receptors for different AAV serotype are summarised in Table
1.4. Several problems have been tackled to improve the efficiency of single
stranded AAV (ssAAV) vectors. For example, the immediate-early step, also
known as the second-strand synthesis (see Section 1.4.1 above), was found to
be rate-limiting in the replication of ssAAV (Ferrari et al., 1996). To overcome
this, research has been carried out to find ways to bypass the second-strand
synthesis step which later led to the development of self-complementary rAAV
(scAAV). The scAAV vector, sometimes known as double-stranded rAAV
(dsAAV), is made by reducing the vector construct size by about half, to around
2,500 bp including two 145 bp ITRs (Wang et al., 2007). The advantage of
scAAV is that it can bypass the rate-limiting second-strand synthesis step, thus
increasing the AAV replication and genome expression in infected cells. The
disadvantage is that the packaging capacity of scAAV is greatly reduced
compared with ssAAV (Wang et al., 2007), restricted to incorporation of

transgenes no greater than 2,350 bp.
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Recombinant AAV fulfils several key criteria as a viral vector for gene therapy,
including: the ability to bind and enter target cells, the successful transfer to the
nucleus, the ability of the gene to be expressed in the nucleus for a sustained
period and the lack of reported toxicity (Daya and Berns, 2008). Owing to the
fact that the ITRs are the only sequences required in cis while rep and cap
genes can be delivered in trans (Xiao et al., 1997), many methods have been
established for the production of rAAV based on this important feature of AAV.
Furthermore, rAAV results in high transduction efficiencies ranging from 25 to
several hundred vector genome-containing particles (VGP) per transducing unit,
depending on the cell type (McCarty, 2008). Recombinant AAV vectors used
for gene therapy have been mostly based on AAV2 (Daya and Berns, 2008),
which was the first AAV isolate to be developed into recombinant vectors for
transgene delivery (Wu et al., 2006a). The addition of alternative capsid
variants to the basic rAAV2 vector has generated a wide variety of AAV
serotypes (such as rAAV2/8 and rAAV2/9) with potential tropisms for a range

of target tissues.

As of 2016, rAAV vectors have been used in nearly 200 clinical trials worldwide.
Examples of gene therapy applications where rAAV has been evaluated in
clinical trials are summarised in Table 1.5. In general, the rAAV vector is
considered a safe vector for gene therapy as it has not been associated with
any disease and the integrations of wild type AAV appears not to occur at
random sites in the genome. Several studies have reported a link between
rAAV infection and the development of hepatocellular carcinoma (HCC) in

rodent (Donsante et al., 2001, Donsante et al., 2007). However, contrary
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AAV genome

SITR Rep Cap 3'ITR

\

Genome plasmid Packaging plasmid

5’'ITR Promoter Transgene 3'ITR Promoter Rep Cap

Helper plasmid

Promoter E4 E2a VA

Figure 1.5 Plasmids needed to generate recombinant adeno-associated virus
vector. Schematic representation of the plasmids required to produce
recombinant adeno-associated virus (rAAV) vector. The AAV genome consists
of two genes, flanked by two inverted terminal repeats (ITRs); the Rep gene
which encodes four Rep proteins (Rep78, Rep68, Rep52 and Rep40) needed
for viral replication and the Cap gene which encodes the capsid proteins (VP1,
VP2 and VP3). The elements to produce rAAV are supplied in three different
plasmids: (1) the genome plasmid which contains the transgene and a promoter
flanked by the 5’ and 3’ ITRs; (2) the packaging plasmid, containing the Rep
and Cap gene of the selected AAV serotype; (3) the helper plasmid, which
contains genes from adenovirus (E4, E2a and VA) that mediate AAV replication.
Another adenoviral gene needed in AAV replication, E1, is supplied by the HEK

293T cells.
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findings defying this link have also been reported, indeed, no evidence for HCC
formation in dogs and non-human primates receiving rAAV vectors (Niemeyer
et al., 2009, Kaeppel et al., 2013b). Interestingly, one further study has
highlighted that the formation of HCC is highly influenced by vector dose,
enhancer/promoter selection and the timing of gene delivery (Chandler et al.,
2015).producer cells (HEK 293T) (not shown in the figure). Additional details

are provided in Section 1.4.2.

In conclusion, rAAV is a popular vector for gene therapy and became the first
gene therapy vector licenced for gene therapy in the European Union (Yla-
Herttuala, 2012). Thus, rAAV vectors have gained an excellent track record in
many pre-clinical gene-therapy studies and it has a great potential to be used

in many clinical settings in the future.

1.5 Retrovirus and Lentivirus

1.5.1 Retrovirus

Retroviruses belong to the Retroviridae family and are 80-100 nM diameter,
enveloped viruses. The virus was named based on the fact that the viral
genome requires the reverse transcriptase enzyme (Baltimore, 1970, Temin
and Mizutani, 1970) to convert the two genome copies of single-stranded
positive sense ribonucleic acid (RNA) into DNA in the infected host cells.
Retroviruses can be divided into several subfamilies such as

gammaretroviruses, spumaviruses and lentiviruses (discussed next).
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1.5.2 Lentivirus

Lentivirus (LV) is a genus of the Retroviridae family characterised by a long
incubation period prior to causing disease (Figure 1.6). Lentiviruses are a family
of enveloped, single-stranded RNA virus that integrate into the host genome.
They are further classified into five serogroups. The viral genome is around 9
to 11 kb pairs long and present in its integrated proviral DNA form, is flanked
by two long terminal repeats (LTRs). Each of the LTRs consists of three regions;
U3, R and U5. The U3 region contains a promoter that drives the expression of
the viral genome. The U3 or R regions contain a polyadenylation (pA) signal
which is involved in the cleavage and polyadenylation at the end of the 3’ R
region. There are some other important regions such as the packaging signal
(W) (Lever et al., 1989), splice donor and splice acceptor sites and the
polypurine tract (PPT) (Charneau et al., 1992). Examples of LV include Equine
Infectious Anaemia Virus (EIAV), Human Immunodeficiency Virus type 1 (HIV-
1), HIV type 2 (HIV-2), Simian Immunodeficiency Virus (SIV) and Feline

Immunodeficiency Virus (FIV).

1.5.3 The lentiviral vector

Recombinant lentiviral vectors (rLV) have also gained popularity in the gene
therapy field, due to several advantages over other viral vectors, including the
ability to accommodate larger transgenes compared with AAV, to transduce
non-dividing cells and to establish long-term transgene expression (Weinberg
et al., 1991, Bukrinsky et al., 1993). Recombinant LV vectors have been
developed for gene therapy based on: Equine Infectious Anaemia Virus (EIAV)

(Olsen, 1998), Feline immunodeficiency Virus (FIV) (Poeschla et al., 1998b),
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surface envelope protein (SU)

@ transmembrane envelope protein (TM)

host lipid membrane
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Figure 1.6 Prototypic retrovirus particle. Schematic representation of the
prototypic retroviral particle shows the viral RNA surrounded by the internal
structure made up of nucleocapsid (NC), capsid (CA) and matrix (MA) proteins.
The internal structure is protected by lipid membrane derived from host cells
contains the envelope glycoproteins (surface envelope protein (SU) and
transmembrane envelope protein (TM)). The viral particle also contains
enzymes reverse transcriptase (RT), integrase (IN), protease (PR) and a
transfer RNA (tRNA). In lentiviral particles, there are also regulatory and
accessory proteins such as Nef, Vif, Vpr and Vpx (in the case of Human

Immunodeficiency Virus (HIV)).
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Table 1.5 Summary of gene therapy clinical trials using adeno-associated virus vector (rAAV)

Clinical

Route of

Vector type Disease Transgene phase administration References
rAAV2 Haemonphilia B Factor [X Phase /Il Intramuscular (Manno et al., 2003)
rAAV8 P Phase /1l Intravenous (Nathwani et al., 2011)
TNF receptor-
rAAV2 RA immunoglobulin Fc | Phase Il | Intraarticular | (Mease etal, 2009, Mease et
fusion al., 2010)
Phase (Aitken et al., 2001, Moss et
"AAVZ CF CFTR UI/1b Aerosol al., 2004, Moss et al., 2007)
rAAV1 LPL deficiency LPL Phase /Il | Intramuscular | (S8 € Z: ;8?3’) Gaudet et
Leber's congenital (Maguire et al., 2008, Maguire
rAAV2 amaurogis RPEGS Phase /1l Subretinal et al., 2009a, Jacobson et al.,
2012, Bainbridge et al., 2015)
rAAV2 Choroideremia REP1 Phase /1l Subretinal (MacLaren et al., 2014)
(Janson et al., 2002, McPhee
rAAV2 Canavan’s disease Aspartoacylase Phase /Il Intracranial et al., 2006, Leone et al.,
2012)
rAAV1/2 chimera Microdystrophin Phase | Intramuscular (Bowles et al., 2012)
rAAV2 Muscular dystrophy | Alpha-Sacroglycan Phase | Intramuscular (Mendell;t:ll.,zzgfg), Mendell
rAAV1 Follistatin Phase /1l Intramuscular (Mendell et al., 2015)
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rAAV2 Phase /Il Intramuscular (Brantly et al., 2006)
AAT deficienc AAT
rAAV1 y Phase Il | Intramuscular | (oranty etal., 2009, Flotte et
al., 2011)
rAAV1 Severe heart failure SERCA2a Phase /Il Corc.mar}( artery | (Jaski etal., 2009, Jessup et
infusion al., 2011)

rAAV: recombinant adeno-associated viral vector; RA: rheumatoid arthritis; TNF: tumour necrosis factor; Fc: fragment crystallisable from
immunoglobulin; CF: cystic fibrosis; CFTR: cystic fibrosis transmembrane conductance regulator; LPL: lipoprotein lipase; RPEG5: retinal pigment
epithelium-specific protein 65 kDA; REP1: Rab 1 escort protein; AAT: alpha-1-antitrypsin; SERCA2a: sarcoplasmic reticulum calcium ATPase
2a; ARSA: Arylsulfatase A.

Ongoing and clinical trials prior to 2001 were not included in this table
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Table 1.6 Summary of gene therapy clinical trials using lentiviral vector (rLV)

Vector type Disease Transgene Clinical R.O L.Ite Of. References
phase administration
rHIV B-thalassemia B-globin Phase Il | Ex vivo (HSCs) (Ca"azzagg;%?"’o otal,
rHIV X-ALD ABCD1 Phase | Ex vivo (HSCs) | (Cartier and Aubourg, 2010)
rHIV WAS WAS Phase I/11 Ex vivo (HSCs) (Aiuti et al., 2013)
rHIV MLD ARSA Phase I/11 Ex vivo (HSCs) (Biffi et al., 2013)
rHIV CLL CAR Phase | Ex vivo (T cells) (Porter et al., 2011)
Tyrosine
rEAIV Parkinson hydroxylase, AADC Phase /1l Intracranial (Palfi et al., 2014)
and cyclohydrolase 1

rHIV: recombinant human immunodeficiency virus vector; rEIAV: recombinant equine aneamia infectious virus vector; CLL: chronic lymphocytic
leukemia; CAR: chimeric antigen receptor; AADC: aromatic amino acid decarboxylase; WAS: wiskott-aldrich syndrome; MLD: metachromatic
leukodystrophy; X-ALD: X-linked adrenoleukodystrophy; ABCD1: adenosine triphosphate (ATP)-binding cassette, subfamily D.

Ongoing and clinical trials prior to 2010 were not included in this table.
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HIV-1 (Naldini et al., 1996), HIV-2 (Poeschla et al., 1998a) and Simian

immunodeficiency Virus (SIV) (Nakajima et al., 2000, Negre et al., 2000).

For first generation rLV vectors, the different elements of the viral genome were
distributed between different plasmids (Naldini et al., 1996), such that a three-
plasmid system was developed for rLV production following transient
transfection into mammalian producer cells (see Figure 1.7). The packaging
plasmid consists of the proviral DNA, with the long-terminal repeats (LTR)
substituted by human cytomegalovirus immediate early enhancer and promoter
(CMVIE) (Foecking and Hofstetter, 1986) to drive expression of all viral proteins
needed for rLV production. This plasmid, however, is deficient for the
expression of the viral envelope and accessory protein vpu. The genome
plasmid, carries the transgene of interest, driven by an internal promoter and
the elements needed for packaging, reverse transcription and integration. The
third (pseudotype) plasmid contains the transgene encoding heterologous

envelope protein(s) to replace the HIV-1 Env protein.

In the second generation rLV (Zufferey et al., 1997), a three-plasmid similar to
the first generation rLV was employed except that env and the genes encoding
the accessory proteins (nef, vif, vpr and vpu) have been removed from the
production (also see Figure 1.7). Removal of the four accessory proteins
improve the safety of the rLV in such that if replication-competent rLVs are

generated, they would be devoid of all virulent factors.
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Figure 1.7 Plasmids required for first, second and third generation lentiviral
vectors. The first generation vectors (Naldini et al., 1996) are produced from a
three-plasmid system containing the different elements of the viral genome: (1)
packaging plasmid, which contains the proviral DNA but defective for Env and
Vpu (in yellow texts); (2) genome plasmid, containing the transgene, packaging
elements and a transgene promoter; (3) pseudotype plasmid, containing
surface glycoprotein from different viruses. The second generation (Zufferey
et al., 1997) is similar to the first generation but with env and the virulence
genes nef, vif, vpr and vpu deleted from the packaging plasmid. In the third
generation, a constitutive promoter (eg, CMV or the RSV promoter) is included
to replace the U3 region in the &’ LTR allowing the removal of tat gene and rev
is provided in a separate plasmid. Third generation lentiviral vector is made
self-activating (SIN) via the deletion of some key nucleotides (AU3) in the 3’
LTR of the genome plasmid (Miyoshi et al., 1998, Zufferey et al., 1998). The
post-transcriptional regulatory element of woodchuck hepatitis virus (WPRE) is
included to enhance gene expression (Zufferey et al., 1999). Additional details

are provided in Section 1.5
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To further improve clinical safety, the third generation rLV was developed (Dull
et al., 1998, Kim et al., 1998). In third generation rLV, a chimeric 5’ LTR was
introduced by replacing the U3 region with a heterologous constitutive promoter,
typically CMV or the Rous Sarcoma Virus (RSV) promoter (Gorman et al., 1982).
The Tat gene, which is needed for the expression of transgene via the
transactivation of the 5’ LTR, was removed since the transgene can now be
driven by the heterologous promoter. The rev gene which is needed for rLV
packaging is supplied in a separate plasmid. In term of safety, third generation
vectors are self-inactivating (SIN), via deletion of the promoter- enhancer region
of the 3" LTR (AU3), which contains elements such as transcription factor
binding sites and the TATA box needed to regulate the LTR (Miyoshi et al.,
1998, Zufferey et al., 1998). The proviral 5’ LTR is copied from the AU3 LTR
during reverse transcription. This eliminates the 5 LTR promoter activity
without affecting the transgene expression due to the inclusion of the
heterologous internal promoter. The post-transcriptional regulatory element of
woodchuck hepatitis virus (WPRE) was included to enhance transgene
expression (Zufferey et al., 1999). The SIN rLV has an improved safety profile
because it prevents the downstream transcription from the 3’ LTR into the
genomic DNA, which can lead to transactivation of downstream endogenous
oncogenes (Herman and Coffin, 1987). Risk of generating replication-
competent rLV is further reduced by reducing the chance of homologous
recombination between vector and packaging cassettes via separation of these

elements in separate plasmids.

45



1.5.4 Application of lentiviral vectors in gene therapy

Recombinant lentiviral vector has shown benefits for gene therapy in animal
models and most of the use of rLV in the clinical phase has been so far
restricted to ex vivo applications. Clinical trials using lentiviral vectors is

summarised in Table 1.6.

1.5.5 The development of recombinant lentiviral vector pseudotyping

Recombinant lentiviral vector is commonly pseudotyped with the glycoprotein
(G) from vesicular stomatitis virus (VSV) (LV-VSV-G) for broad tropism and
stability (Akkina 1996, Naldini, 1996b, Reiser 1996). Several other
glycoproteins have been used in rLV pseudotyping to alter their tropism such
as glycoproteins from filovirus (Medina et al., 2003), lyssavirus glycoproteins
(Badrane et al., 2001), lymphocytic choriomeningitis virus glycoproteins and

alphavirus glycoproteins (Kang et al., 2002).

The UK Cystic Fibrosis Gene Therapy Consortium (UKCFGTC) has been
developing non-viral and viral vectors for treatment of cystic fibrosis (CF) lung
disease. A non-viral gene transfer approach using plasmid DNA expressing the
CFTR cDNA complexed with cationic liposome GL67A has shown some clinical
benefit in a phase Ilb clinical trial (Alton et al., 2015). With a view to improving
efficiency, however, the group are also developing a Lentiviral approach. The
common rLV pseudotype based on VSV-G has no natural lung tropism because
its receptor, heparan sulphate proteoglycan, is located at the basolateral
surface of the lung epithelia and is not accessible from the lung lumen

(Guibinga et al., 2002, Gill and Hyde, 2014). For efficient lung transduction, the
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basolateral receptors can be accessible via the opening of tight junctions
between the airway epithelial cells, with adjuncts such as
lysophosphatidylcholine (LPC) and ethylene glycol-bis(B-aminoethyl ether)-
N,N,N’,N’-tetraacetic acid (EGTA), which need to be administered prior to rLV
administration. This use of ‘tight junction openers’ clinically could be
problematic in CF patients whose lungs have a high bacterial burden, possibly

risking systemic infections.

An alternative approach to improving transduction of the lung epithelium has
been to pseudotype rLV with glycoproteins from viruses with a natural tropism
for airway cells. Several glycoproteins have been used to pseudotype rLV to
improve uptake into the airway epithelium including glycoproteins from filovirus,
surface glycoproteins (HA, NA and M2) from influenza virus (McKay et al.,
2006), baculovirus GP64 surface protein (Sinn et al., 2008a) and Sendai virus

fusion (F) and haemagglutinin (HN) proteins (Mitomo et al., 2010b).

Lentiviral vectors based on Simian Immunodeficiency Virus (SIV) pseudotyped
with the F and HN proteins from Sendai virus (rSIV.F/HN) have shown efficient
lung tropism and high and persistent levels of transgene expression following
lung delivery in mice (Kobayashi et al., 2003a). A single dose of the F/HN
pseudotyped LV leads to robust and persistent transgene expression up to 2
years (the lifetime) of the mouse model (Mitomo et al., 2010b, Griesenbach et
al., 2012a). Furthermore, daily and monthly repeat administration of this vector
has been shown to be feasible, without toxicity and accompanying loss of

transgene expression (Griesenbach et al., 2012b). The mechanism by which
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this vector can be repeatedly administered without loss of efficacy is so far
unknown, but illustrates how rLV may be unique amongst viral vectors. This
vector has also been shown to efficiently transduce human air-liquid interface
(ALI) cultures in vitro and human lung slices ex vivo (Griesenbach et al., 2012b).
A regulatory-compliant version of this vector (rSIV.F/HN) has been developed
for clinical use (Alton et al., 2017) will be evaluated in CF patients for the

treatment of CF lung disease.

1.6 Aims

Many viral vectors have been studied in a non-clinical setting to provide
confirmation of passive immunisation (Table 1.5 and 1.6). None, however, has
made it to the clinic, and no direct comparison of viral vector platforms for this
purpose has been reported so far. The main aim of this study, therefore, is to
evaluate the feasibility of two widely-used viral gene delivery platforms (based
on AAV and LV) for delivery of novel bnAbs isolated from vaccinated donors to
the lung, for passive immunisation against influenza. In particular, rLV has not
been previously tested for influenza protection in this way. In addition to IN
delivery of rSIV.F/HN to the lung, IM delivery of the rAAV2/8 vector will be used
as a benchmark, since this strategy has previously shown to be effective in

providing long-term protection in mice (Balazs et al., 2013).
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Chapter 2 Materials and Methods

2.1 Materials

2.1.1. Reagents and solutions

All chemicals were supplied by Sigma-Aldrich (Gillingham, UK) unless
otherwise stated. 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). Where needed,
solutions were sterilised by autoclaving for 15 to 30 minutes (min) at 121°C, or
by filtration through a 0.22 pym surfactant-free cellulose acetate filter (Thermo
Fisher Scientific, Cramlington, UK). Solutions were stored at room temperature
(RT) 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.

Lysogeny broth (LB) was prepared using 1% (w/v) Tryptone (Ameresco, Solon,
OH, United States of America (USA)), 1% (w/v) Sodium chloride (Sigma), 0.5%
(w/v) granulated yeast extract (Merck) in 4 L Milli-Q water. LB agar was
prepared by additional of Select Agar (Life Technologies, Paisley, UK) into the
LB. Both LB and LB agar solutions were sterilised by autoclaving for 15 to 30
min at 121°C. Kanamycin (50 mg/mL, filter sterilised and stored at 4°C) (Sigma)
or Ampicillin (100 mg/mL, filter sterilised and stored at 4°C) (Sigma) was added

to a final concentration of 50 ug/mL or 100 pg/mL respectively before use.
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2.1.2 Mammalian cells

2.1.2.1 Cell culture conditions for the suspension HEK 293T cell line

Cells of the Human Embryonic Kidney 293T/17 cell line (referred to as HEK
293T cells (Graham et al., 1977, Rio et al., 1985, Dubridge et al., 1987, Lin et
al., 2014), previously adapted to suspension growth using sequential serum
reduction (gift from Lee Davies) were used. HEK 293T cultures were grown in
polycarbonate Erlenmeyer flasks (Corning) maintained on an orbital platform
with an orbital diameter of 1.9 cm (Thermo Fisher Scientific) in an 8% CO;
humidified agitating incubator (135 revolutions per minute (rpm)) (Thermo
Fisher Scientific) at 37°C in FreeStyle 293 Expression medium (FreeStyle) (Life
Technologies) without any serum or antibiotics. Cell growth and count was
determined using 0.2% trypan blue dye and a Neubauer haemocytometer
(Sigma). Cells were passaged twice a week by diluting to 3.5E5 live cells per

mL media.

2.1.2.2 Cell culture conditions for the adherent HEK 293T cell line

For production of rAAV vector and certain experiments as mentioned in the text,
adherent HEK 293T cells were used. Adherent HEK 293T cells were
maintained in Dulbecco’s Modified Eagle Medium (DMEM) (Life Technologies)
(2mM L-glutamine (Life Technologies), 10% foetal bovine serum (FBS) (Life
Technologies), 100 U/mL penicillin and 100 pg/mL streptomycin (Life
Technologies)) (D10). Cells were passaged to the required concentration twice

a week and received fresh medium during each passage.
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2.1.2.3 Cell culture conditions for the MDCK-SIAT1 cell line

Cells based on the Madin-Darby Canine Kidney Epithelial (MDCK) cell line were
used, specifically MDCK-SIAT1 with overexpression of human alpha-2,6 sialic
acid via stable transfection with the cDNA of human alpha2,6-sialytransferase
1 (SIAT1) (Matrosovich et al., 2003). The MDCK-SIAT1 cells were maintained
in D10 media, passaged to required concentration, receiving fresh medium

during each passage.

2.1.3 Plasmids

Broadly neutralising Abs (bnAbs) (IgG1) used in this study are expressed from
a single-ORF cDNA construct (Section 1.3). These constructs were designed
from the variable heavy (VH) and variable light (VL) sequences of the
respective antibody (Alain Townsend, personal communication) (Appendix I)
using the MacVector software (MacVector Inc., Apex, USA). Single-ORF bnAb
constructs were codon-optimised and synthesised as cDNA by GeneArt
(Invitrogen, Paisley, UK) and then sub-cloned into SIV or AAV genome
plasmids using the methods described below. Construction of SIV and AAV
bnAb genome plasmids are discussed in Section 3.3. Accessory plasmids
needed for rSIV.F/HN and rAAV2/8 production are described in Table 2.1.

Plasmids required to produce dual-ORF IgG1 and monomeric IgA1 antibodies
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Table 2.1 Plasmids used in this study

Plasmid

| Promoter |

Transgene

Source

Genome plasmids for rSIV.F/HN production in the studies

pSIV.hCEF.soGLux

(pGM358) hCEF soGLux Mary Connolly
PS'\(/F;*(‘;%AE'E; 3B hCEF Single-ORF T1-3B This study
P&égmngm CMV Single-ORF T1-3B This study

pSIV-(gngFLﬁ;;DSfSA hCEF Single-ORF 21-D8-5A This study
PS'V(-&\;"I\X 43‘16')385'“ cMV Single-ORF 21-D8-5A This study
pSI(\églaﬂgm hCEF Single-ORF F10 This study
P&égmngm CMV Single-ORF T1-3B This study

Genome plasmids for rAAV2/8 production in the studies

pAAV2.CASI.soGLux

(pGM453) CASI soGLux This study
rAAV2.CASI.EGFPLux .
(pGM452) CASI EGFPLux This study
Derivative of
pAAV2.CASI.F10 , )
(pGM449) CASI Single-ORF F10 (Bal%?;)t al.,
pAAV2.CASI.T13B , ] ) .
(pGM450) CASI Single-ORF T1-3B This study
pAAV2.CASI.21D85A , ] e .
(pGM451) CASI Single-ORF 21-D8-5A This study

Accessory plasmids for rSIV.F/HN production in the studies

pCMV.SIV.GagPol Gag and pol genes from
(PGM297) cMv SIV Addgene
pRSV.Rev
(pGM299) RSV Rev gene from SIV Addgene
o Derivative of
pCAG.SeV.Fct4 Gene for Sendai virus F _
(PGM301) CAG envelope protein (Kobayashi et

al., 2003b)

52




pCAG.SeV.EnvctHN
(pGM303)

CAG

Gene for Sendai virus HN
envelope protein

Derivative of
(Kobayashi et
al., 2003b)

Accessory plasmids for rAAV production in the studies

Rep gene from AAV

PAAV2/8 serotype 2 and Cap gene UPerér:)lector
from AAV serotype 8

pAdDeltaF6 E2a, E4 and VARNA genes | UPenn Vector

from adenovirus

Core

Plasmids for IgG1 production in the studies

pCMV.T13B.GH CMV T1-3B 1gG1 heavy chain | Alain Townsend
T1-3B IgG1 heavy chain ,

pCMV.T13B.GHAK CMmvV without C-terminal lysine This study
pCMV.T13B.k CMmvV T1-3B kappa (k) light chain | Alain Townsend
pCMV.21D85A.GH CMV 21'D8'5’2h'agif1 heavy | Alain Townsend

21-D8-5A 1gG1 heavy
pCMV.21D85A.GHAK CMV chain without C-terminal This study
lysine
PCMV.21D85A A cmy | #1D8-9A lambda (YISt | Ajain Townsend
pCMV.T25D.GH CMV T2-5D IgG1 heavy chain | Alain Townsend
pCMV.T25D.A CMmvV T2-5D « light chain Alain Townsend
pCMV.T25A.GH CMV T2-5A 1gG1 heavy chain | Alain Townsend
pCMV.T25A k CMmvV T2-5A « light chain Alain Townsend
pCMV.Q11C11.GH CMV Q11-C11 1gG1 heavy chain | Alain Townsend
pCMV.Q11C11.k CMmvV Q11-C11 k light chain Alain Townsend
pCMV.212C.GH CMV 2-12C 1gG1 heavy chain | Alain Townsend
pCMV.212C .k CMmvV 2-12C « light chain Alain Townsend
pCMV.T34B.GH CMV T3-4B 1gG1 heavy chain | Alain Townsend
pCMV.T34B.k CMmvV T3-4B « light chain Alain Townsend
pCMV.T26A.GH CMV T2-6A 1gG1 heavy chain | Alain Townsend
pCMV.T26A.A CMmvV T2-6A A light chain Alain Townsend
pCMV.Z3B2.GH CMV Z3-B2 1gG1 heavy chain | Alain Townsend
Z3-B2 IgG1 heavy chain ,

pCMV.Z3B2.GAH CMmvV with IgA1 hinge region This study
pCMV.Z3B2.A CMmvV Z3-B2 A light chain Alain Townsend
MEDI8852 IgG1 heavy (Kallewaard et

pCMV.MEDI8852.GH CMmvV chain al., 2016)

MEDI8852 IgG1 heavy
pCMV.MEDI8852.GAH CMmvV chain with IgA1 hinge This study

region
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pCMV.MEDI8852.k

CMV

MEDI8852 « light chain

(Kallewaard et
al., 2016)

Plasmids used for monomeric IgA1 production in the studies

pCMV.T13B.AH CMV T1-3B IgA1 heavy chain This study
pCMV.21D85A.AH CMV | 21-D8-5A IgA1 heavy chain |  This study
pCMV.T25D.AH CMV T2-5D IgA1 heavy chain This study
pCMV.T25A.AH CMV T2-5A IgA1 heavy chain This study
pCMV.Q11C11.AH CMV Q11-C11 IgA1 heavy chain This study
pCMV.212C.AH CMV 2-12C IgA1 heavy chain This study
pCMV.T34B.AH CMV T3-4B IgA1 heavy chain This study
pCMV.T26A.AH CMV T2-6A IgA1 heavy chain This study
pCMV.Z3B2.AH CMV Z3-B2 IgA1 heavy chain This study
pCMV.MEDI8852.AH | CMV MEDB%;;?;?” heavy This study

rAAV: recombinant adeno-associated virus; hCEF: a combination of human
CMV enhancer and human elongation factor 1 alpha promoter (Hyde et al.,
2008); CAG: modified chicken B-actin promoter with human cytomegalovirus
immediate early enhancer (Miyazaki et al., 1989); CMV: cytomegalovirus
enhancer/promoter; CASI (Balazs et al., 2013); a combination of the CMV
enhancer and chicken (3-actin promoter and novel intron containing elements
of the ubiquitin C enhancer/promoter; SIV: simian immunodeficiency virus;
soGLux: codon-optimised CpG-depleted Gaussia luciferase. EGFPLux:

enhanced green fluorescence protein fused to firefly luciferase at its N-terminal
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in this study are described in Tables 2.1. The amino acid sequence of these

antibodies can be found in Appendix I.

2.2 Methods

2.2.1 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, High Wycombe,
UK) for centrifuge tubes (Starstedt, Leicester, UK) and pots (Beckman), or the
Sorvall Legend RT with swing bucket for conical tubes (Corning). Centrifugation
using the J2-HS centrifuge was performed at 4°C while other centrifugations

were performed at RT.

2.2.2 Microscopy

Microscope slides were visualised using an Optiphot-2 optical microscope
(Nikon, Kingston upon Thames, UK). Plates and flasks were visualised with a
Leitz DM IRBE inverted optical microscope (Leica Microsystems, Milton Keynes,
UK) with a Lumen 200 Fluorescence lllumination System (Prior Scientific,
Rockland, MA, USA) for fluorescence microscopy. Microscopy images were
captured using an IPhone 6 smartphone at indicated magnification (Apple Inc,

CA, USA).
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2.2.3 Molecular cloning techniques

2.2.3.1 Gel electrophoresis

DNA was size-fractionated by agarose gel electrophoresis. Gels consisted of
0.7% agarose (Life Technologies), 500 ng/mL ethidium bromide (Sigma) in 1x
Tris-acetate-EDTA (TAE) buffer (40 mM Tris(hydroxylmethyl)aminomethane
(Tris)-aetate and 1 mM ethylenediaminetetraacetic acid (EDTA), pH 8.3).
Agarose was dissolved by heating in a microwave for 1.5 to 2 min, then allowed
to cool to hand-hot, with the 100 pL ethidium bromide or 7 yL SYBRgreen
(Invitrogen) added before pouring into a mould. Prior to electrophoresis, DNA
samples were mixed with 1 x Gel Loading Dye (NEB) in a final volume of 10 to
20 uL, then electrophoresed at 10 to 15 V/cm for 1 to 2 hours. To allow DNA
fragment size estimation, DNA standards, 500 ng of a 100 bp DNA ladder
(range 100 bp to 1517 bp) (NEB), one kb DNA ladder (range 500 bp to 10 kb),
or supercoiled DNA ladder (range 2 to 10 kb) (NEB), were included on each gel.
Following electrophoresis, DNA bands were visualised under UV (312 nm
wavelength), using GeneFlash Gel Documentation System (Syngene,

Cambridge, UK) and images were captured and saved.

2.2.3.2 Restriction enzyme digests

All restriction enzymes digests were performed using enzymes purchased from
New England Biolabs Ltd. (NEB), according to the manufacturer’s instructions.
Generally, a 20 yL reaction volume containing 2.5 ug of plasmid DNA was
incubated for 2 hours at the recommended temperature, using not more than

10% final enzyme concentration.
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2.2.3.3 Gel extraction of DNA fragments

Digested DNA was mixed with 1 x Gel Loading Dye (NEB) and electrophoresed
on a 0.7% agarose gel containing 100 pL ethidium bromide or 7 uyL SYBRgreen
(Invitrogen), alongside a 1 kb or 100 bp ladder (NEB). Bands were visualised
with long-wavelength UV light (366 nm), using a UVL-56 hand-held gel
illuminator (UVP Inc., California, USA). The QIAquick Gel Extraction Kit (Qiagen,
Crawley, UK) was used for fragment purification according to the
manufacturer’s instructions. The DNA fragments were eluted into 30 pL

nuclease-free water and stored at -20°C.

2.2.3.4 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 ul and incubated for at least 1 hour, and up to 18 hours,

at 18°C and stored at -20 °C until needed.

2.2.3.5 Bacterial transformation of plasmid DNA

All plasmid DNA constructs were transformed into E.coli Stbl3 chemically
competent cells (Invitrogen) according to the manufacturer’s instructions,
unless otherwise stated. Various dilutions of transformed cells were spread on
LB agar plates containing 50 pg/mL kanamycin or 100 pg/mL ampicillin to

isolate a single colony for subsequent amplification and analysis.
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2.2.3.6 Inoculation of bacterial colonies into growth media

A single transformed E.coli colony, grown overnight on selective LB agar plates
was inoculated into either 5 mL or 400 mL LB containing 50 pg/mL kanamycin
or 100 pg/mL ampicillin. Cultures were incubated overnight in an orbital shaking
incubator with an orbital diameter of 2.54 cm (Innova 4300, New Brunswick

Scientific, Edison, NJ, USA) at 175 rpm, at 34°C.

2.2.3.7 Purification of plasmid DNA from transformed bacteria

Small-scale (approximately 10 to 15 pg) preparations of plasmid DNA were
purified from 5 mL cultures using the Wizard Plus SV MiniPrep DNA Purification
System (Promega) according to manufacturer’s instructions. The DNA was
eluted in 100 pL nuclease-free water and stored at -20 °C. Large-scale
(approximately 1.5 to 2 mg) preparations of plasmid DNA 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.

2.2.3.8 Spectrophotometric quantification of DNA concentration in

solution

DNA concentration was measured spectrophotometrically using a NanoDrop
Spectrophotometer 2000 (Thermo Fisher Scientific) (range 0.002 to 15 mg/mL),

using the relationship between the absorption of UV light by DNA at 260 nm
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and the DNA concentration, with an optical density at 260 nm (OD2s) of 1.0 for
a 50 yg/mL solution of dsDNA. Each 2 yL 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 OD2,/OD2gg ratio,
rejecting preparations with values of < 1.8, which may be indicative of protein

contamination.

2.2.3.9 Polymerase Chain Reaction

Phusion HotStart 1| DNA Polymerase (Thermo Fisher Scientific) and primers
(Sigma) as indicated were used for the PCR, which was performed in an
Applied Biosystems 2720 Thermal Cycler (Thermo Fisher Scientific) under
conditions indicated. PCR products were resolved using agarose gel

electrophoresis, purified and quantified as described above.

2.2.3.10 Site-directed mutagenesis

Site-directed mutagenesis was employed to remove the C-terminal lysine-
encoding nucleotides from pCMV.T13B.GH and pCMV.21D85A.GH (Section
3.2.5). Site-directed mutagenesis was performed using the QuikChange
Lightning Site-Directed Mutagenesis Kit (Agilent Technologies, Stockport, UK).
Primers needed to create the mutagenesis were designed using the Agilent
website, and were synthesised as oligos (Sigma) (GM1041:
TCCCTGTCTCCGGGTTGAAGCTT and GM1042:
GGCCAAGCTTCAACCCGGAGACA). PCR was performed using the Applied

Biosystems 2720 Thermal Cycler (Thermo Fisher Scientific) under the following
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conditions: 1x QCLM buffer (Agilent Technologies), 100 ng of plasmid template,
11 pmole of primers and 10 umol of ANTP mix. PCR cycle was as following: 1
min at 95°C and 30 cycles at 95°C for 1 min, 55°C for 1 min and 65°C for 12
min. PCR products were digested with Dpn/ (10 U/uL) (Agilent Technologies)
for 1 hour at 37°C to remove the parental strand. Mutagenised plasmids were
transformed into XL-10-Gold Competent cells (Agilent Technologies) according
to the manufacturer’s instruction. Plasmids were then purified as described

above.

2.2.3.11 Gibson cloning

To generate plasmids expressing the human IgA1 heavy chain from the 1gG1
heavy chain expression plasmids (pCMV.GH) (Table 2.1). Gibson assembly
was chosen as it provides seamless and digestion-free cloning in a one-step
isothermal reaction via assembly of overlapping DNA fragments (Gibson et al.,
2009). Human IgA1 heavy constant region (IgA1Ch) (GenBank ID: AJ294729.1)
was synthesised as codon-optimised cDNA fragment by GeneArt (Invitogen).
Overlapping regions (20 to 25 nucleotides) compatible with pCMV.GH were
added to the 5’ and 3’ end of the IgA1CH cDNA fragment using PCR with the
following primers (GM1047: GTCACCGTCTCCTCAGCGTC and GM1048:
TCCGCCTCAGAAGGTACTCA) under the following conditions: 1x buffer HF
(Life Technologies), 30 ng/uL of pDNA template, 0/5 U Phusion polymerase
(Life Technologies), 1 yM of each primer and 200 pM of ANTP mix (Life
Technologies). The PCR profile consists of an initial denaturation step at 98°C
for 15 min, 40 cycles of denaturation (98°C for 10 s), primers annealing (66°C

for 30 s) and extension (72°C for 30 s) followed by a final extension step at
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72°C for 7 min. PCR products were purified as described above. The 1gG1
constant region in the pCMV.GH was removed via restriction digest (Sall-Kpnl)
and linearised fragments were purified as described above. Gibson assembly
was performed using the Gibson Assembly Cloning Kit (NEB) using 50 ng/uL
of pCMV.GH and 150 ng/uL of IgA1Cy with the Gibson Assembly Master Mix
(NEB) in a 20 pL reaction. Reaction was carried out using Applied Biosystems
2720 Thermal Cycler (Thermo Fisher Scientific) at 50°C for 1 hour. Assembled

plasmid was transformed and amplified as described above.

2.2.4 Polyethylenimine (PEI) transfection of plasmid DNA in mammalian

cells

Transient transfection of pDNA in HEK 293T cells using PEl-based transfection
agent was used in this study. Plasmid DNA were transfected into suspension
HEK 293T cells using 25 kDA branched polyethylemine (PEIl) (4.3 pg/uL)
(Sigma) at the N:P ratio of 15:1. For rAAV2/8 production, 25 kDA linear PEI (1
mg/mL) (Polysciences Inc, Hirschberg an der Bergstrasse, Germany) was used,
the ratio of pDNA was described in Table 2.2. For monoclonal antibodies and
rSIV.F/HN production, a total of 0.33 pg pDNA per 10° cells were transfected
using PElpro (PolyPlus, lllkirch-Graffenstaden, France) at a volume:mass ratio
of 2:1. Plasmid DNA and PEI or PEIlpro were allowed to form complexes for 20

min at RT before adding to HEK 293T cells.
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2.2.5 Viral vectors production

2.2.5.1 Large-scale lentiviral vector production

Recombinant lentiviral (rLV) vectors were produced by transient transfection
of suspension-cultured HEK 293T cells, according to previously established
conditions (Lee Davies, personal communication) using a mixture of five
plasmids at a total of 0.33ug plasmid DNA per 10° cells using PElpro (PolyPlus)
at a volume:mass ratio of 2:1. Recombinant SIV-based lentiviral vectors were
produced using the respective genome plasmid (see Table 3.2 and 3.3) and
four accessory plasmids (Table 2.1) in a mass ratio of genome
plasmid:pCMV.SIV.GagPol:pRSV.Rev:pCAG.SeV.Fct4:pCAG.SeV.EnvctHN

at 20:9:6:6:6.

HEK 293T cells were cultured in single-use 10 L (5 L working volume) WAVE
Cellbag bioreactors (GE Healthcare) mounted on a WAVE 20/50 rocking
platform (GE Healthcare). The Cellbag was inflated with 5% CO», primed with
2 L FreeStyle media containing 2.5 ml/L 10% Pluronic P-68 (Life Technologies),
seeded with HEK 293T cells to 0.8E6 cells/mL and incubated at 37°C, rocking
at 20 rpm with an 8° rocking angle for 48 hours. pH of the growth media was
automatically maintained at 7.2 by controlling the concentration of CO; in the
headspace and/or 7% sodium bicarbonate (Sigma). Subsequently cells were
transiently transfected using PElpro (PolyPlus), using the five-plasmid mixture
described above based on the cell counts in the cell bag. At approximately 18
hours post-transfection, 3 L of FreeStyle media, 7.5 mL of 10 % Pluronic P-68

(Life Technologies) and sufficient sodium butyrate (Sigma), a known enhancer
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of transfection efficiency and transgene expression (Gorman et al., 1983), to

achieve a concentration of 5 mM in the resultant 5 L culture was added.

Cells were also supplemented with 5 ml/L of 45 % glucose (Sigma) immediately
prior to and 48 hours post-transfection. Two separate additions of Benzonase
(5 U/L) (Merck) were added to remove nucleic acid contaminants; 48 hours post
transfection and again 1 hour before harvest. Magnesium chloride was added
to 1 mM 1 hour before harvest. At 72 hours post- transfection, the cell
supernatant was filtered through a chain comprising a GE Ultra 5um filter (GE
Healthcare, Little Chalfont, UK) and a AcroPak 0.8/0.45um filter (Pall,

Portsmouth, UK) and the filtrate was stored at -80°C.

Viral supernatant (1.5 L) was thawed and the Sendai F protein activated by
incubation (30 min, 37°C) with 0.05x TrypLEselect recombinant trypsin
analogue (Life Technologies). Activated virus 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 a 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 (150mM
NaCl, 25 mM HEPES pH 7.5) and eluted in high salt buffer (1M NaCl, 25 mM
HEPES pH 7.5). Virus containing fractions were identified by UV absorbance

peaks and diluted to a final volume of 100 mL in FreeStyle media (4°C) to
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maintain virus viability. Isolated virus was then concentrated and purified via
TFF using a KRIli TFF system (Spectrum Europe, Breda, The Netherlands).
Initially, 100 mL of virus in FreeStyle media 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-offs (MWCO). Concentrated virus was then
diafiltered against 10 diavolumes (100 mL) of FreeStyle media before a final
ultrafiltration volume reduction step yielding approximately 1.5 mL of final viral

product. Purified virus was split into appropriate aliquots and stored at -80°C.

2.2.5.1.1 Determination of Lentiviral titre

2.2.5.1.1.1 Viral particle titre (VP/mL)

Physical lentiviral particle titre (VP/ml) was determined by quantitative reverse
transcriptase PCR (qRT-PCR) using the Applied Biosystems 7900HT Fast
Real-Time PCR system (Thermo Fisher Scientific) as described (Alton et al.,
2017). Viral RNA from the Lentivirus produced as described above was
extracted using the QlAamp viral RNA mini kit (Qiagen) according to the
manufacturer’s instructions. During viral RNA extraction, residual DNA was
removed from the viral preparations by incubation with an excess of DNase

(Life Technologies). The viral RNA was quantified in triplicate using one-step
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Figure 3.7: Schematic to illustrate the generation of pCMV.AH using
Gibson cloning. The diagram shows the Gibson cloning used to generate
pCMV.AH (Table 2.1). IgG1 heavy constant region was removed from
pCMV.GH using Sall-Kpnl restriction digest. Human IgA1 heavy constant
region (IgA1Ch) (GenBank ID: AJ294729.1) was synthesised as codon-
optimised cDNA fragment by GeneArt (Invitogen). Overlapping regions (20 to
25 nucleotides) compatible with pCMV.GH were added to the 5’ and 3’ ends of
the IgA1CH cDNA fragment using PCR and the products were used to assemble
pCMV.AH using Gibson cloning. The assembled pCMV.AH was transformed

and amplified (not shown in diagram).
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TagMan gRT-PCR using QuantiTect (Qiagen) against a standard curve of RNA
mimics containing the Woodchuck Hepatitis Virus Posttranscriptional
Regulatory Element (WPRE) sequence (gift from Stephanie Sumner-Jones).
The primers used were as following: Forward: TGGCGTGGTGTGCACTGT;
Reverse: CCCGGAAAGGAGCTGACA; Probe: FAM-
TTGCTGACGCAACCCCCACTGG-TAMRA. The PCR profile contained an
initial reverse transcription step at 50°C for 30 min and initial denaturation step
at 95°C for 15 min followed by 40 cycles of 94°C for 15 seconds (s) and 60°C
for 1 min. Data generated was used to determine the viral particles per mL
(VP/mL) assuming each lentiviral particle contains 2 copies of viral RNA. This
assay was also used to measure vector-specific RNA expression in lung lysates
(Section 2.10.8) following transduction. Vector-specific RNA expression was
normalised against murine CFTR mRNA levels. Murine CFTR mRNA levels
were quantified using the same method as described above using the following
set of primers: Forward: AGCCAGCTTTATCTCCAAACTCTTC; Reverse:

GCTGTCTGTACCCTTTCCTCAAA; Probe: VIC-TCAGCTGGGAGCACAGC.

2.2.5.1.1.2 Functional titre (TTU/mL)

The functional titre of lentiviral vectors was determined based on the genomic
integration of WPRE DNA sequence. HEK 293F suspension cells were
transduced with dilutions of purified lentiviral vectors in FreeStyle media in the
presence of eight yg/mL of polybrene. Cells were incubated for 72 hours before
genomic DNA was extracted using the QlAamp blood DNA kit (Qiagen). The
integrated WPRE DNA was quantified against a standard curve of DNA mimics

containing the WPRE sequence (gift from Stephanie Sumner-Jones) using the
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following  primers: Forward: TGGCGTGGTGTGCACTGT; Reverse:
CCCGGAAAGGAGCTGACA; Probe: FAM-
TTGCTGACGCAACCCCCACTGG-TAMRA in triplicate using TagMan FAST
Universal Master Mix (Life Technologies), normalised against total ng DNA
determined using Nanodrop (Section 2.4.8). The PCR profile used was as
following: 50°C for 2 min, 95°C for 10 min followed by 40 cycles of 95°C for 15
s and 60°C for 1 min. Functional transducing units per mL of virus supernatant
(TTU/mL) was determined from the slope of a linear regression curve generated
from the dilution series using Prism 7 software (GraphPad Software, Inc., CA,
USA). Lentiviral production and quantification was performed with the help of

Lee Davies and lan Pringle.

2.2.5.2 Production of recombinant adeno-associated virus vector

The production of rAAV production was performed as described (Silva et al.,
2015). Briefly, 1.7E7 HEK 293T cells were seeded in a 175 cm? tissue culture
flask (Corning) with D10 supplemented with 4.5 g/L glucose. After 72 hours, or
when the cells were 80% confluent, each flask was then used to seed one 1,720
cm? surface area HYPERFlask (Corning); two HYPERFIlasks were used for
each rAAV preparation. The HEK 293T cells, seeded in HYPERflasks (Corning),
were transfected with 500 pg of the genome plasmid pAdDeltaF6 (Table 3.3),
and pAAV2/8 (calculation of plasmids ratio described in Table 2.2) using PEI
(Section 2.2.4) in DMEM (4.5 g/L glucose, 2mM L-glutamine, 2% FBS, 100
U/mL penicillin and 100 ug/mL streptomycin). After 72 hours, cells were pelleted

by centrifugation at 1,400 rcf for 10 min. Cell pellets were resuspended in lysis
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buffer (1M Tris(hydroxymethyl)aminomethane, 150mM NaCl) and pre-
dissolved EDTA-free protease inhibitor cocktail (Roche, Welwyn Garden City,
UK) was added to the manufacturers recommended concentration. Cell pellets
were then underwent four freeze-thaw cycles (freeze for 1 hour at -80°C and
thaw at 37°C waterbath for 30 min). Benzonase (Merck) was added to the cell
lysates for a final concentration of 50 U/mL followed by incubation at 37°C for

30 min. Cell lysates were then centrifuged at 3,700 rcf for 20 min.

Virus was purified by iodixanol gradient fractionation. lodixanol step-gradient
solutions were prepared according to the recipe in Table 2.3 with 60% iodixanol
(OptiPrep, Sigma), 5x PBS-MK (5x PBS, 12.5 mM MgCl,, 12.5 mM KCI), 5M

NaCl, Milli-Q water and 0.5% phenol red (Sigma).

The 15%, 25%, 40% and 60% iodixanol solutions (volumes stated in Table 2.3)
were layered in order underlaid in 32.4 mL OptiSeal tubes (Beckman) using a
Pasteur pipette (Appleton Woods Ltd, Birmingham, UK). In detailed, 7.2 mL of
15% was laid at 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 4 mL of 60% below the 40% fraction. The benzonase-treated cell lysate
(around 30 mL) was layered on top of the final 15% fraction in three tubes and
any remaining volume in the tube filled with lysis buffer. After centrifugation (~
500,000 rcf for 1.5 hours) in the Optima XPN-80 Ultracentrifuge (Beckman) with
the 70Ti rotor (Beckman), the tube was punctured at the junction between the
25% and 40% iodixanol steps using an 18-gauge (G) needle (Becton Dickinson)
and the 40% step was collected. The collected fraction was concentrated and

dialysed into PBS using Amicon Ultra-15 100K MWCO centrifugal devices
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Table 2.2 Ratio calculation of plasmids for rAAV production

Plasmid Size(kb) Amount per transfection (ug)
pAdDeltaF6 15.4 154 xR
pAAV2/8 7.3 7.3xR
pTransgene T TxR
Total K 500ug
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: plasmid containing transgene flanked by the AAV

serotype 2’s ITRs

Table 2.3 Preparation of iodixanol step-solutions for four iodixanol gradients

60% 5M | 5X PBS-
Step iodixanol | NaCl MK H:0 | Phenol red
15% 8 mL 64mL| 64mL | 112mL i
25% 10 mL - 4.8 mL 9.2 mL 40l
40% 13.4 mL - 4 mL 2.6 mL i
60% 20 mL - - - 40l

NaCl: sodium chloride; PBS-MK: phosphate buffer saline containing sodium

chloride, magnesium chloride and potassium chloride
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(Merck Millipore, UK). Purified rAAV was aliquoted and stored at —80°C.

2.2.5.2.1 Determination of recombinant adeno-associated virus vector

titre

For physical rAAV particle titre, the number of DNase-resistant Genome Copies
(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 2U of DNAse | (Life Technologies)
in 1x DNAse | buffer (Life Technologies) in a final volume of 10 pL for 20 min at
37°C to remove any residual pDNA or unpackaged viral DNA. Samples were
then diluted 1:10 with Milli-Q water and incubated at 100°C for 10 min to
denature the viral capsids and release the viral DNA. Samples were further
diluted 1:10 in Milli-Q water and the viral DNA was quantified in triplicate using
Tagman Fast Universal PCR Master Mix (Life Technologies) against a standard
curve of DNA mimics containing the WPRE sequence (gift from Stephanie
Sumner-Jones). The primers used were as follows: Forward:
TGGCGTGGTGTGCACTGT; Reverse: CCCGGAAAGGAGCTGACA,; Probe:
FAM-TTGCTGACGCAACCCCCACTGG-TAMRA. The gqPCR was performed
according to the following conditions: 50°C for 2 min followed by 40 cycles of
95°C for 10 s, 95°C for and 60°C for 1 min. Amplification data generated were

used to determine the DRGC/ mL.
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2.2.5.3 Functional validation of rSIV.F/HN and rAAV

Adherent HEK 293T cells were used to validate the transgene expression
directed by rSIV.F/HN and rAAV2/8 vectors produced. Approximately SE5 HEK
293T were seeded in a 12-well plate (Corning) in 1 mL of D10 and incubated at
37°C for 24 hours. Media was then replaced with 1 mL of fresh D10. The rAAV
(1E10 GC) or rSIV.F/HN (1E7 TTU) were added to each well and allowed to
infect for 6 days. Supernatants were removed and expression of the transgene
(GLux reporter or IgG) was quantified as described in Section 2.8 and 2.9.1,
respectively. For wells infected with rAAV2/8.CASI.EGFPLux, the presence of
EGFP-positive cells was determined 72 hours post-infection using a

fluorescence microscope.

2.2.6 In vitro assays

2.2.6.1 Gaussia Luciferase (GLux) Assay

The activity of Gaussia luciferase (GLux) in culture supernatant, serum and
broncho-alveolar lavage fluid (BALF) was determined by measuring the light
produced by the reaction catalysed by GLux in the presence of coelenterazine
(BioLux® Gaussia Luciferase Assay Kit, NEB) using the TD20/20 luminometer
(Promega). A volume of 50 yL of GLux assay substrate, diluted in GLux assay
buffer, was added to each 20 yL of serum (diluted 1 in 10 in TBS based on
estimation done previously (lan Pringle, personal communication) and BALF
(assayed neat). After 2 s, light output in arbitrary relative light units (RLU) was

measured over 10 s. All samples were read in duplicate.
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2.2.6.2 Anti-Human IgG Enzyme-linked Immunosorbent Assay

Anti-Human 1gG Enzyme-Linked Immunosorbent Assay (ELISA) was
performed using Human IgG ELISA kit (Bethyl Laboratories, Cambridge, UK)
according to the manufacturer’'s instructions. In brief, flat-bottomed 96-well
plates (Corning) were coated with goat anti-human IgG-Fc antibody at 10 pg/mL.
Plates were washed with TBS wash buffer (50mM Tris-Cl and 150 mM NacCl,
0.05% Tween 20, adjusted to pH 8.0) and blocked with blocking buffer (TBS,
1% BSA) overnight at 4°C. Samples diluted in sample diluent (TBS, 0.1% BSA,
0.05% Tween 20) were added to the plates. Serum was diluted 1:20 or 1:10
(depending on the volume of serum) and BALF samples were analysed without
dilution. After the 1-hour incubation, plates were washed with TBS wash buffer,
and HRP-conjugated goat anti-human IgG antibody (1: 200, 000) was added
and incubated at RT for 1 hour. Plates were then washed with TBS wash buffer
and 3,3',5,5'-tetramethylbenzidine (TMB) substrate was added to the dried
wells for 15 min in the dark. The colour reaction was stopped with the addition
of 0.18 M H,SO4 stop solution. Plates were read at 450 nm (ODasp) using
SpectraMAX 250 spectrophotometer plate reader (Molecular Devices,
Wokingham, UK). The concentration of human IgG in the samples were
determined using a standard curve generated using Human Reference Serum

(Bethyl) (range from 7.5 to 500ng/mL).

2.2.6.3 Anti-Influenza Haemagglutinin Enzyme-linked Immunosorbent

Assay

Anti-influenza haemagglutinin ELISA was performed as described previously

(Powell et al., 2012a) with slight modifications. Flat-bottomed 96-well plates
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(Corning) were coated with the H5 antigen (A/Vietnam/1203/2004) at 2 pg/mL
in 1x PBS containing 0.02% sodium azide (PBS/azide) and blocked with 5%
skimmed milk overnight. Alternatively, flat-bottom 96-well plates (Corning) were
coated with 3E4 MDCK cells expressing HA in DMEM and incubated overnight
at 37°C, 5% CO, (details of HA expressing MDCK cells used are described in
Table 2.4). Samples were added to the plates at various dilutions, starting from
1:2. After the 1-hour incubation, plates were washed with PBS/azide and
blocked with PBS containing 0.1% bovine serum albumin (BSA) (1x PBS/BSA),
and horseradish peroxidase (HRP)-conjugated Rabbit Anti-human IgG
antibody (Dako, Ely, UK) was then added at a 1:1,600 dilution in PBS. For the
experiment in Chapter 6 to compare binding activity of IgG and IgA, HRP-
conjugated Anti-Human Kappa Light Chain (Abcam) or HRP-conjugated Anti-
Human Lambda Light Chain secondary antibodies (Abcam) was added at a 1:
2,000 dilution in PBS/BSA. Plates were then washed with PBS, and 3,3’,5,5;-
Tetramethylbenzidine (TMB) substrate was added to the dried wells for 5 min
in the dark. The colour reaction was stopped with the addition of 1M H,SO,4 stop
solution. Plates were read at 450 nm (ODu4s0) using ClarioStar plate reader
(BMG Labtech, Ortenberg, Germany). Titres were calculated as fold-dilution of

samples that resulted in 50% binding to the plateau positive signal (ECsy).

2.2.6.4 Microneutralisation assay

Microneutralisation (MN) assays were performed using recombinant influenza
viruses expressing EGFP (S-eGFP)(Fang et al., 2005b, Powell et al., 2012a),
or using wild type or reassortant influenza virus (gift from Alain Townsend) (see

Table 2.4 for details of S-Flu, wild type and reassortant influenza strains) and
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MDCK-SIAT1 cells (Section 2.2.3). On a flat-bottom 96-well tissue culture dish
(Corning), supernatant or purified antibody were serially diluted 1:2, with PBS.
Between 2 and 4 haemagglutination units (HAU) of influenza virus (determined
previously by Alain Townsend) diluted in virus growth media (VGM) (DMEM/
0.1% BSA/ 10 mM HEPES (Life Technologies)) was then added to each well.
The mixtures of diluted supernatant and virus were incubated for 2 hours (5%
COg,, 37°C). After the incubation, 3E4 MDCK-SIAT1 cells in VGM were added
to each well. A virus-only control and a cells-only control were included for each
plate. Plates were incubated for 24 hours (5% CO», 37°C). Post-incubation, 10%
formalin was added to each well and plates were incubated at 4°C for 30 min.
For MN assays using S-eGFP, formalin was removed and plate was washed 3
times with 200 yL PBS. Wells were then filled with 100 pyL and GFP intensity
was quantified using a ClarioStar plate reader. For MN assays using wild type
influenza virus, 50 pL permeabilisation buffer (1x PBS/ 20 mM glycine, 0.5%
Triton) was added to the wells for 20 min at RT. The plate was then washed
with PBS and mouse anti-influenza A nucleoprotein (NP) antibody (0.3 ug/ mL)
(Abcam, Cambridge, UK) was added. After incubation for 1 hour at RT, plates
were washed 3 times with 200 yL PBS and goat anti-mouse IgG HRP
conjugated antibody (Dako) was added at 1:800 dilution and incubated for 1
hour at RT. Plates were then washed 3 times with 200 pL, and 50 yL TMB
substrate was added to the wells for 5 min in the dark. The colour reaction was
stopped with the addition of 50 pyL of 1M H2SO4 (VWR) stop solution. Plates
were read at 450 nm (ODys0) using a ClarioStar plate reader (BMG Labtech)
and titres reported as fold-dilution of samples that resulted in 50% reduction of

the GFP signal (Figure 2.1) or NP expression (ECsp).
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2.2.6.5 Urea assay

Urea Assay kit (Abcam) was used to determine the urea concentration in the
serum and matched BALF samples to determine the dilution of BALF. The
assay was performed according to the manufacturer’s instructions. Murine
serum (diluted 1:150) and BALF samples (diluted 1:10) were analysed on a flat-
bottom 96-well plate (Corning). A reaction mix consisting of OxiRed probe,
enzyme mix, developer and converter enzyme was added to each well. Plate
was then incubated at 37°C in dark. Plates were read at 570 nm (ODs70) using
SpectraMax i3x Multi-Mode Detection Platform (Molecular Devices,
Wokingham, UK). The concentration of urea in the samples was determined
using a standard curve generated using the urea standard supplied in the kit
(Abcam) (range from 0 to 5 nM/well urea). The fold-difference of the urea
concentration in the BALF and its matched serum sample was used to

determine the fold dilution of the BALF sample.

2.2.7 Production of IgG1 and monomeric IgA1

IgG1 and monomeric IgA1 were produced by transient transfection of
suspension cultured HEK 293T cells (Section 2.2.1) with plasmids expressing
the IgG1 or IgA1 heavy and light chains (Tables 2.3 and 2.4) at an equal ratio
at 0.33 uyg pDNA per 10° cells using PElpro (PolyPlus) at a volume:mass ratio
of 2:1. Production of single-ORF IgG1 was performed using AAV genome
plasmids expressing the indicated bnAb (Table 3.3). Sodium butyrate (5mM)
and 150 mL of FreeStyle media were added 24 hours post-transfection. At 6

days post-transfection, the suspension cells were centrifuged at 1,400 rcf for 5
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min and the supernatant was filtered through 0.45 pm filter (Pall) and the filtrate

stored at 4°C.

2.2.7.1 Purification of IgG1 and monomeric IgA1

For 1gG1 purification, protein A-Sepharose (Sigma) was allowed to swell in 1
mL Tris-buffered saline (TBS) (50mM Tris-Cl, 150 mM NacCl, adjusted to pH 8.6)
in a washed column (Bio-Rad). Supernatant collected above was run through
the column and the column was washed with 50 to 100 mL of TBS buffer. The
IgG1 was eluted with 1 mL of citrate buffer (0.1M sodium citrate, 0.1M citric acid)
and filtrate was collected into several fraction tubes containing 300 pL Tris-Cl
buffer. For monomeric IgA1 purification, 1mL of peptide M/agarose (Invivogen,
CA, USA) was packed into a wash column (Bio-Rad) and equilibrated with
10mL of TBS buffer (pH 7.2). Supernatant was allowed to run through the
column, which was then washed with TBS buffer (pH 7.2). Monomeric IgA1 was
eluted using 1mL glycine buffer (0.2 M glycine (Sigma), pH 2.7) into several
fraction tubes containing 20 yL 2M Tris-Cl (pH 10.0). The protein concentration
in the collected fraction tubes was measured at ODyg, fractions containing a
high protein concentration were pooled, concentrated and buffer exchanged
into PBS (final volume around 250 to 500 pL) using Amicon Ultra-15 30K
MWCO (Merck Millipore) and stored at 4°C. The concentration of IgG was
calculated using the mass extinction coefficient of 1.37 at ODg for a 0.1% (1
mg/ mL) IgG1 solution. The concentration of monomeric IgA1 was calculated in

a similar way with the mass extinction coefficient of 1.32.
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2.2.8 Sodium dodecyl sulphate polyacrylamide gel electrophoresis

(SDS-PAGE)

One-dimensional SDS-PAGE was performed using precast 4-12% gradient
Bolt Bis-Tris Plus acrylamide gels (Life Technologies) according to the
manufacturer’s protocol. For IgG and IgA studies, affinity purified antibodies
were resolved under reducing and non-reducing conditions. Antibody (2.5 pg)
was added to Laemmli buffer (Laemmli, 1970) pre-mixed with 2-
betamercaptoethanol (5%) (reducing condition) or Laemmli buffer without any
reducing agent (non-reducing condition). Samples were heated at 95°C for 8
min before loading onto the gel. Following electrophoresis (200 V), gels were
stained for 1 hour with 50mL Quick Coomassie Blue (Generon, Maidenhead,
UK) followed by two de-staining washes (30 min each, 50 mL) using Milli-Q
water according to the manufacturer’s instructions. To determine the purity of
rAAV preparations, 10" DRGC of rAAV vector was diluted in 9 ML of 5x Protein
Loading Buffer (National Diagnostics) in a total volume of 36 yL and incubated
at 95°C for 10 min. Incubated samples were resolved on a pre-cast 4-12% Bolt
Bis-Tris Plus acrylamide gel (Life Technologies) as described above. The purity
of rAAV preparations was determined as a relative percentage of the viral
capsid proteins (VP1, VP2 and VP3) to other protein contaminants using

Imaged software (Schindelin et al., 2015).
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Figure 2.1 Determination of ECso values from in vitro microneutralisation
(MN) assay. (A) Microscopy images of the in vitro microneutralisation assay in
which MDCK-SIAT1 cells are infected with pseudotyped-influenza virus
carrying EGFP in the HA segment expressing HA or ZEBOV glycoprotein
(viewed at magnification of 100x) (Section 2.2.2). When performed in the
presence of titration of sera with neutralising activity, EGFP expression is
reduced in proportion to the decline in infected cells. B) Sample data from three
samples demonstrating no neutralising activity (black), medium (blue) and high
neutralising activity (red). X-axis represents the fold-dilution of serum. Data
from each sample are fit, using a nonlinear function and the fold-dilution, to

result in 50% of GFP signal reduction to determine the ECso value (green arrow)
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Table 2.4 Details of MDCK-HA, wild type influenza, reassortant influenza and S-eGFP used in this study

Origin of HA/EBOV GP

Origin of NA

S-eGFP/wild type influenza/

MDCK-HA Source
glycoprotein glycoprotein reassortant influenza
_ A/PuertoRico/8/1934 S-eGFP/H1/PR8 .
A/PuertoRico/8/1934 (H1) MDCK-H1(PRS8) : Alain Townsend
(N1) A/PR/8/1934 (Cambridge)

S-eGFP/H1/California

A/California/7/2009 (X179A)

- o MDCK-H1 (5:3 reassortant of A/PR/8/1934 ,
A/California/7/2009 (H1) | A/California/7/2009 (N1) Californi with the HA, NA and PB1 Alain Townsend
(California) segments of A/California/7/2009
(H1N1))
A/Belgium/4G0500/2014 - _ ,
(H1) A/California/7/2009 (N1) - S-eGFP/H1/Belgium Alain Townsend
AlVictoria/361/2011
S-eGFP/H3/Victoria
(N2)
MDCK-H3 A/Victoria/361/2011 (X217)
AlNictoria/361/2011 (H3 ) Alain Townsend
1 Avictoriaras1/2011 (Victoria) (6:2 reassortant of A/PR/8/1934
with the HA and NA segments of
(N2) AlVictoria/361/2011 (H3N2))
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A/Switzerland/97515293/2 AlVictoria/361/2011
- S-eGFP/H3/SW Alain Townsend
013 (H3) (N2)
A/HongKong/5738/2014 AlVictoria/361/2011
- S-eGFP/H3/HK Alain Townsend
(H3) (N2)
. A/PuertoRico/8/1934 MDCK-H5 . .
A/Vietnam/1203/2004 (H5) . S-eGFP/H5/Vietnam Alain Townsend
(N1) (Vietnam)
. A/PuertoRico/8/1934 . .
A/Anhui/1/2013 (H7N9) (N1) - S-eGFP/H7/Anhui Alain Townsend
_ A/PuertoRico/8/1934 MDCK-H7 _ _
A/Shanghai/1/2013 (H7) . S-eGFP/H7/Shanghai Alain Townsend
(N1) (Shanghai)
A/Netherlands/219/2003 A/PuertoRico/8/1934
- S-eGFP/H7/ Netherlands Alain Townsend
(H7) (N1)
A/PuertoRico/8/1934
A/NewYork/107/2003 (H7) (N1) - S-eGFP/H7/NY Alain Townsend

HA: haemagglutinin; NA: neuraminidase; MDCK-HA; Madin-Darby canine kidney epithelial cells stably expressing influenza
haemagglutinin; S-eGFP: recombinant influenza virus with EGFP gene flanking by the 3’ and 5’ untranslated region of the original
influenza haemagglutinin (HA) genome; reassortant influenza virus: replication competent influenza virus made from reassorting

A/PR/8 genome with the HA and NA from desired strains.
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2.2.9 Animal studies

All procedures involving laboratory mice were carried out at the Biomedical Services
Unit (BMS) (University of Oxford, John Radcliffe Hospital, Oxford, UK). The author, or
other licensed members of the Gene Medicine or Molecular Immunology groups
supervised or assisted the author in performing procedures. All procedures were
carried out under UK Home Office approved project and personal licenses for
performing experiments on animals under the terms of the Animals (Scientific
Procedures) Act 1986 (ASPA 1986). Mice were housed in accordance with the UK
Home Office ethical and welfare guidelines and fed on standard chow and water ad

libitum.

2.2.9.1 Mouse strains

Female BALB/c mice aged 5 to 7 weeks at point of procedure were purchased from
the BMS or Envigo RMS UK (Loughborough, UK), and were allowed to acclimatise for

at least 7 days prior to procedures being performed.

2.2.9.2 Mouse anaesthesia

For delivery to the lung via intranasal instillation (Section 2.10.3) and intramuscular
injection (Section 2.10.4), mice were anaesthetised using inhalation of Isoflurane
(University of Oxford Vet Services, Oxford, UK) until a balanced state of anaesthesia

was achieved, as determined by pedal withdrawal, tail pinch and depth of breathing.
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Table 2.5 Details of IgG1 and monomeric IgA1 produced in this study

Antibody | VH gene | Antibody HA/ EBOV GP s
g ource
name usage class specificity
1gG1 - ' Alain Townsend
T1-3B VH1-69 9 HA stem cross-reactive an . ow
IgA1 H1 & HS This study
IgG1 - i Alain T d
21-D8-5A | VHA4-39 9G HA head cross-reactive ain Townsen
IgA1 H1 & HS This study
IgG1 HA head specific H3 Alain Townsend
Q11-C11 | VH4-61 IgA1 (A/Victoria/361/2011) This study
IgG1 HA head specific H1 Alain Townsend
T2-6A | VH3-7 gAT (A/California/7/2009) This study
IgG1 Stem cross-reactive H1, This study
MEDI8852 VH6-1 H2, H3, H5 & H7 (pan- _
|gA1 influenza) This StUdy
IgG1 HA stem cross-reactive | Alain Townsend
Z3-B2 VH3-53
IgA1 H1, H3 and H7 This study
IgG1 HA head cross-reactive | Alain Townsend
T3-4B VH3-15
IgA1 H1 This study
IgG1 HA head cross-reactive | Alain Townsend
T3-5D VH3-23
IgA1 H1, H3 & H5 This study
IgG1 HA head cross-reactive | Alain Townsend
T2-5D VH3-15
IgA1 H1 This study
IgG1 HA stem cross-reactive | Alain Townsend
T2-5A VH1-69
IgA1 H1 & H5 This study
lgG1 HA head specific H1 Alain Townsend
212G VRS (A/California/7/2009) This study

VH: variable region of the antibody heavy chain; HA: haemagglutinin
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2.2.9.3 Delivery to the mouse lung via intranasal instillation

A volume of 50 pL or 100 uL of rLV vector (diluted in FreeStyle medium) was delivered
to the lung via intranasal instillation. In brief, the anaesthetised mouse was held
vertically with mouth closed. A single, continuous droplet was maintained during
topical application of the 50 pL or 100 uL virus to the nose (using a Gilson P200 pipette
(Gilson Inc., Middleton, W1, USA), with the liquid being drawn into the nasal cavity
and lungs as the mouse inhaled for breathing. Forinfluenza challenge study, wild type
influenza virus (H1N1 A/PR/8/1934) (gifts from Alain Townsend) diluted in 50 pyL VGM

was delivered via intranasal instillation in an identical manner.

2.2.9.4 Delivery to the mouse muscle via injection

A volume of 40 pL of rAAV vector (in 1x PBS) was delivered to the muscle via injection.
In brief, fur on one of the thighs of a mouse was removed and the mouse was
anaesthesised (Section 2.9.2). The thigh was cleaned with 70% ethanol and an rAAV
containing 30-gauge (30G) needle (B.Braun Medical Ltd, Sheffield, UK) was inserted

at 90° and the content was injected into the gastrocnemius muscle.

2.2.9.5 Delivery to the mouse peritoneal cavity via injection

A volume of 500 uL of affinity purified antibody (diluted in 1x PBS) was delivered to
the peritoneal cavity via injection. Mouse was restrained using the scruff method, the
ventral side of the mouse was exposed and the head was tilted down at a slight angle.
The abdomen of the mouse was then cleaned with 70% ethanol. The needle, with
bevel facing up was inserted at 30° into the lower right quadrant of the mouse

abdomen.
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2.2.9.6 Sampling of bronchoalveolar lavage fluid (BALF)

Mice were euthanised by cervical dislocation prior to BALF sampling. The trachea was
exposed by blunt dissection. A small tear was made in the trachea and a cannula (0.75
mm, Harvard Apparatus, Kent, UK), attached to a 21G (Becton Dickinson), was
inserted into the trachea and advanced until the end was immediately above the carina.
A 1 mL syringe, attached to the needle, was used to first infuse the lung with BALF
solution (PBS, 1 mg/mL BSA, 50 ymol/L EDTA) and then collect the infused fluid by
gentle aspiration. This was repeated twice; the collected fluid (3 x 1 mL for GLux
studies or 1 x 1 mL for bnAb studies) was pooled for each mouse and stored at -80°C

until further processing.

2.2.9.7 Sampling of serum

Mice were restrained throughout the procedure by placing the mouse in a mouse
restrainer exposing its tail. A small nick was made on the vein at the distal part of the
tail using a 21G needle (Becton Dickinson). Blood (not more than 15% of total blood
volume over 28 days) was collected using Microvette® CB 300 tube (Starstedt). The
collected blood was then allowed to clot at 4°C overnight before centrifugation for 10
min at 10,000 rcf. Serum was transferred into a separate Eppendorf tube. Serum was

stored at -80°C until further analysis.

2.2.9.8 Harvesting of lung tissue and preparation of lung lysate.

Mice were euthanised by cervical dislocation and the lungs were dissected and
removed. The tissue was rinsed in 10 mL PBS until most of blood on the surface of

the lung was removed, then immediately immersed in 300 yL 1x Reporter Lysis Buffer
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(RLB) (Promega) and placed on ice. Lungs were homogenised using FastPrep™
Lysing Matrix D tube (MP Biomedicals, Santa Ana, California, USA) and processed
using the FastPrep Instrument (MP Biomedicals) for 45 s at a speed setting of 4.0 m/s.
The homogenates were frozen at -80°C for at least 15 min. Upon thawing to RT, the
homogenates were mixed for 10 s and transferred to QlAshredder columns (Qiagen)
and centrifuged at 9,300 rcf for 2 min. The lysates were frozen at -80°C for at least 30
min, then thawed to RT and centrifuged for 10 min at 9,300 rcf. The supernatant was

transferred to a clean microcentrifuge tube and stored at -80°C for later analysis.

2.2.10 Statistical analyses.

Statistically significant difference between groups was determined by parametric tests
(unpaired t-test and one-way analysis of variance (ANOVA)) or non-parametric tests
(Mann-Whitney U test and Kruskal-Wallis H test) as appropriate using Prism 7
(GraphPad, USA) followed when appropriate by post-hoc tests using Dunn’s
corrections. Whenever appropriate, data were log-transformed prior to statistical
analysis to assure normality of data and equivalence of variance. A calculated p value
of > 0.05 was deemed non-significant (indicated with ‘ns’). Calculated p values of <
0.05, <0.01 or < 0.001 were deemed significant difference (indicated with single (*),
double (**) or triple asterisks (***), respectively). Error bars in figures represent the

standard error of the mean (SEM).
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Chapter 3 Generation of rSIV.F/HN and rAAV vectors for

passive immunisation against influenza infection.

3.1 Introduction

3.1.1 Selection of recombinant lentivirus and recombinant adeno-associated

virus vectors

Both rLV and rAAV vectors were considered for delivery of novel bnAbs. Lentiviral
vectors have been widely used in non-clinical and clinical gene therapy (Section 1.5)
and several have been pseudotyped for efficient airway delivery (Section 1.5.5). The
SlV-based lentiviral vector pseudotyped with Sendai virus's fusion (F) and
haemagglutinin-neuraminidase (HN) surface glycoproteins (section 1.5.5) has been
shown to express reporter transgene in the lung for the lifetime of a mouse after IN
delivery (Griesenbach et al., 2012b), without the need for the addition of tight-junction
openers. Furthermore, a regulator-compliant version of this vector (rSIV.F/HN) has
been shown to efficiently transduce (approximately 15%) mouse lung cells (Alton et
al., 2017). On the basis of these characteristics, rSIV.F/HN was selected as the
preferred rLV vector to evaluate for passive immunisation against influenza. This rLV
is third generation (Section 1.5.3; Figure 1.6) with a good safety profile (Dull et al.,
1998). The elements for rSIV.F/HN construction are distributed amongst five plasmids:
(i) the genome plasmid, which includes the antibody or reporter protein transgene
specific to the vector-type; and (iv-v) two packaging plasmids supplying the Sendai F

and HN pseudotyping proteins (Table 2.1).
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Many AAV serotypes are available (Section 1.4.2); for this study rAAV2/8 vector was
selected as it has been shown to direct protective levels of bnAb expression against
influenza in mice following a single IM injection (Balazs et al., 2013). The elements for
rAAV2/8 are distributed between three plasmids: (i) the genome plasmid which
contains the antibody or reporter protein transgenes flanked by the AAV ITRs; (ii) a
packaging plasmid providing AAV2 Rep and AAV8 Cap; and (iii) a helper plasmid
providing Adenovirus E2A, E4 and VA RNAs gene products that are needed in AAV
genome replication (Samulski and Shenk, 1988, Carter, 1992, Ward et al., 1998)

(Table 2.1). For details of plasmids used in this study see Table 2.1.

Production of both rSIV.F/HN and rAAV2/8 is initiated by transient co-transfection of
their constituent plasmids, five for rSIV.F/HN and three for rAAV2/8 (Table 2.1) into a
mammalian producer cell line (HEK 293T cells) (Section 2.2.5.1 & Section 2.2.5.2

respectively).

3.1.2 Selection of anti-influenza broadly neutralising antibodies

Three anti-influenza antibodies (F10, T1-3B and 21-D8-5A) were selected for this
study (Section 1.2.2.2). The F10 antibody has been shown to provide protection
against multiple influenza strains in mice mediated by rAAV2/8 following IM delivery
(Balazs et al., 2013). Antibody T1-3B was selected as it targets the conserved stem
region of the HA to neutralise multiple influenza strains and has shown protection in
mice against influenza challenge when given as purified antibody prophylactically
(Alain Townsend, personal communication). Antibody 21-D8-5A is a HA head-
targeting antibody which is less cross-reactive than T1-3B, but is more potent (lower

ECso) than T1-3B and has shown protection in mice when administered as purified
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antibody post-influenza challenge (Alain Townsend, personal communication).

Characteristics of these antibodies are summarised in Table 3.1.

3.1.3 Aim

This chapter describes the construction of rLV and rAAV vectors expressing reporter
protein, or anti-influenza single-ORF antibody transgenes, together with the

confirmation of their function in cell culture.
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Furin Amino 2A self-cleaving sequence from
cleavage site acid
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Figure 3.1 Schematic representation of the genome plasmid cDNA configuration. The
diagram illustrates the genome plasmid configuration used in all rAAV and rLV vectors
expressing antibodies from single-ORF described in this study. Antibody heavy and
light chains, consisting of VH (heavy variable region) and VL (light variable region),
and either a kappa or lambda constant region, are fused by F2A (furin/2A; green).
Each chain is prefixed with a SS (signal sequence; red), which is required for
translocation and secretion of the antibody. The components of the F2A cleavage site
are shown: foot-and-mouth disease virus (FMDV) 2A self-processing sequence
adjacent to a 4-amino acid spacer and a furin cleavage site. Modified WPRE (mMWPRE;
peach) was included to enhance transgene expression. A mir-142-3p target sequence
(Mir142-3pT; purple) was included to reduce transgene directed immunogenicity.
SV40 PolyA (SV40 PolyA; light blue) was included as transcription terminators. The

genome plasmid configuration is discussed in detail in Section 3.2.2.
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Table 3.1 Characteristics of broadly neutralising influenza haemagglutinin-specific

monoclonal antibodies used in this study

Haemagglutinin | VH gene Extent of
Antibody interacgt’i% n site usg e subtype Reference
9 reactivity
Alain Townsend
Stem i pH1, H1, (personal communication);
T1-38 cross-reactive VH1-69 H5 (Huang et al., 2015a)
Head .
, Alain Townsend
21-D8-5A cross-reactive VH3-15 H1, H5 (personal communication)
Stem pH1, H1, .
F10 cross-reactive VH1-69 H2. H5 (Sui et al., 2009)

pH1: haemagglutinin from 2009 pandemic H1N1 influenza (A/California/7/2009); VH: gene

encoding the variable region of the antibody heavy chain
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3.2 Results

3.2.1 Design of a single-Open Reading Frame (ORF) transgene for antibody

expression from vector genome plasmids

Recombinant AAV vector genomes have stringent length limitations (Hermonat et al.,
1997) resulting in restrictions on packaging capacity. To overcome this challenge,
antibody transgenes can be synthesised as small, single-ORF cDNAs, which can be
accommodated by the limited packaging capacity of AAV (Section 1.3; Figure 3.1).
The single-ORF cDNA comprises antibody heavy and light chain sequences fused by
the F2A sequence, consisting of a cellular protease furin adjacent to a 2A self-cleaving

sequence from the foot-and-mouth disease virus (FMDV) (F2A) (Fang et al., 2007).

The single-ORF strategy was used to design cDNAs expressing the selected
antibodies (F10, T1-3B and 21-D8-5A; Table 3.1) for both rAAV and rSIV vectors used
in this study. A 4-amino acid peptide linker (SGSG), the inclusion of which is found to
increase transgene expression, was incorporated between the furin and 2A
sequences in all single-ORF antibody constructs used in this study (Yang et al., 2008,
Fuchs et al., 2016) (Figure 3.1). Codon-optimised, single-ORF constructs for the T1-
3B and 21-D8-5A antibodies isolated from vaccinated donors (Alain Townsend,
personal communication), were designed from the original heavy and light chain
sequences (Appendix I). Both heavy and light chain antibody sequences were prefixed
with human growth hormone (HGH) signal sequences (Balazs et al., 2013). The DNA
sequence of the two HGH signal sequences in the single-ORF cDNAs were
differentially constrained, whilst maintaining identical protein coding, to minimise the

possibility of deleterious homologous recombination (Balazs et al., 2013). The single-
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ORF antibody cDNA constructs were designed using MacVector software and

synthesised by GeneArt (LifeTechnologies) (Section 2.1.3).

3.2.2 Construction of rSIV and rAAV genome plasmids

Once the single-ORF cDNAs had been synthesised, they were sub-cloned into
genome plasmids of both rAAV and rSIV (Section 2.2.3.2, 2.2.3.3, and 2.2.3.4), which
were then transformed, amplified and purified (Section 2.2.3.5, 2.2.3.6 and 2.2.3.7)
and confirmed using restriction enzymes Nhel and PsPOMI! (Section 2.2.3.2).
Transgenes in the AAV genome plasmids were driven by the CASI promoter (a
combination of the CMV enhancer and chicken (-actin promoter and novel intron
containing elements of the ubiquitin C enhancer/promoter; (Balazs et al., 2013)). The
CASI promoter was selected as it was previously shown to direct high and persistent
transgene expression in the murine muscle (Balazs et al., 2013). Three AAV2 genome
plasmids were generated: pAAV2.CASI.T13B, pAAV2.CASI.21D85A and
pAAV2.CASI.F10 (Table 3.3). For rSIV genome plasmids, transgenes were driven by
either the widely used CMV promoter, or the hCEF promoter (a combination of human
CMV enhancer and human elongation factor 1 alpha promoter (Hyde et al., 2008)).
The hCEF promoter was selected based on its ability to drive high and persistent
transgene expression in ALl cultures and the murine lung compared to other
promoters such as CMV and CAG (Alton et al., 2017). Altogether, six SIV genome
plasmids were constructed, containing single-ORF cDNAs for each of the three
antibodies: pSIV.hCEF.T13B, pSIV.hCEF.21D85A, pSIV.hCEF.F10, pSIV.CMV.T13B,
pSIV.CMV.21D85A and pSIV.CMV.F10 (Tables 3.3) as described in the methods in
Section 2.2.3. A micro RNA (mir142-3p) target sequence was included in all genome

plasmids to reduce transgene-directed immunogenicity (Brown et al., 2006). Genome
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plasmids were confirmed by digestion with restriction enzymes Nhel and PsPOMI.
Using a similar approach, rSIV and rAAV genome plasmids, expressing the GLux and

EGFPLux reporter transgenes were also constructed (Table 3.2).

3.2.3 Functional validation of rSIV and rAAV genome plasmids

To confirm expression of functional reporter proteins and antibodies from the genome
plasmids, HEK 293T cells were transfected with each of the individual rSIV or rAAV
genome plasmids (Table 3.2) as described in Section 2.24. For
pAAV2.CASI.EGFPLux, the presence of EGFP-positive cells was observed under the
fluorescence microscope at 72 hours post-transfection (Section 2.2.2); EGFP-positive
cells were observed in cells transfected with pAAV2.CASI.EGFPLux but not in the
non-transfected control (Figure 3.2). For pAAV2.CASI.soGLux, the presence of GLux
activity in the culture supernatant at 72 hours post-transfection was compared (Section
2.2.6.1) with the non-transfected control (Figure 3.3) and confirmed the function of
pAAV2.CASI.soGLux in cell culture. The ability of pSIV.nCEF.soGLux to express

GLux was previously confirmed (Lee Davies, personal communication).

For genome plasmids expressing T1-3B, 21-D8-5A or F10 antibodies, cell culture
supernatant was collected 72 hours post-transfection and anti-HA ELISA (Section
2.2.6.3) and microneutralisation assays (MN) (Section 2.2.6.4) were performed to
determine the functional titre of the expressed antibody in the supernatant. Figure 3.4
shows that all genome plasmids can express functional antibody in terms of HA-
binding and neutralising influenza infection in cell culture. Purified H5 protein and

recombinant HS influenza (S-eGFP/HS/Vietnam) (Table 2.4) were used in the assays
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because all three antibodies tested were known to bind and neutralise this influenza

strain (Alain Townsend, personal communication).

3.2.4 Functional assessment of antibodies expressed as single-ORF and dual-

ORF configurations

Before proceeding, it was important to investigate whether the single-ORF antibody
expression approach, including the F2A cleavage site, had affected the function of the
expressed antibodies. Therefore, the binding and neutralising titre of the affinity-
purified antibodies (Section 2.2.6.3 and 2.2.6.4) expressed from the single-ORF
constructs were compared with equivalent antibodies produced from two separate
ORFs (namely the dual-ORF approach). Single-ORF T1-3B and 21-D8-5A mAb are
produced by transfecting pAAV2.CASI.T13B and pAAV2.CASI.21D85A respectively
into suspension HEK 293T cells followed by purification using Sepharose A columns
(Section 2.2.7.1). For their dual-ORF equivalents, plasmids encoding the heavy and
light chains (pCMV.T13B.GH and pCMV.T13B.k or pCMV.21D85A.GH and
pCMV.21D85A.\) (Table 2.1; gifts from Alain Townsend) were used to transfect
suspension HEK 293T cells and purified using the same methods as above (Section
2.2.7.1). No difference was observed between T1-3B or 21-D8-5A antibodies
expressed from the single-ORF and their respective dual-ORF equivalents visualised
by SDS-PAGE (Figure 3.5). This suggests that the single-ORF constructs can

successfully assemble a full IgG1 molecule that is similar to the dual-ORF equivalent.

Inspection of the ELISA results (Figure 3.6), shows that for T1-3B, there was no

difference in antibody produced from the single-ORF cDNA compared with the dual-
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Table 3.2 Control SIV and AAV genome plasmids constructed

Plasmid name rSIVIrAAV T;f:;%‘::f Transgene
pSIV.hCEF.soGLux
(PGM358) rSIvV hCEF soglLux
pAAV2.CASI.soGLux
(PGM453) rAAV CASI soglLux
rAAV2.CASI.EGFPLux
(PGM452) rAAV CASI EGFPLux
Table 3.3 SIV and AAV genome plasmids constructed
Plasmid name rSIV/IrAAV T;f:;%f:f Transgene
pSIV.hCEF.T13B )
(PGM443) SIvV hCEF T1-3B
pSIV.CMV.T13B i
(PGM444) SIvV Cwmv T1-3B
pSIV.hCEF.21D85A na.
(DGM445) SIvV hCEF 21-D8-5A
pSIV.CMV.21D85A na.
(PGM446) SIvV Cwmv 21-D8-5A
pSIV.hCEF.F10
(PGM447) SIvV hCEF F10
pSIV.CMV.T13B i
(PGM448) SIvV Cmv T1-3B
pAAV2.CASIL.F10
(PCMA449) AAV CASI F10
pAAV2.CASI.T13B )
(PGM450) AAV CASI T1-3B
pAAV2.CASI.21D85A na.
(PGM451) AAV CASI 21-D8-5A

AAV: adeno-associated virus; hCEF: a combination of human CMV enhancer and human
elongation factor 1 alpha promoter; CMV: cytomegalovirus enhancer/promoter; CASI; a
combination of the CMV enhancer and chicken B-actin promoter and novel intron containing
elements of the ubiquitin C enhancer/promoter; SIV: simian immunodeficiency virus; soGLux:
codon-optimised CpG-depleted Gaussia luciferase. EGFPLux: enhanced green fluorescence

protein fused to firefly luciferase at its N-terminal
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Figure 3.2 EGFP-positive cells following transfection of pAAV2.CASI.EGFPLux plasmid.
Expression of EGFP in HEK 293T cells was observed 48 hours after transfection of
plasmid pAAV2.CASI.EGFPLux (pGM452; Table 3.2) (1E6 cells/mL in 2 mL FreeStyle
media, 3 yg plasmid and 6 ug of 25 kDa branched PEI; n=3; Section 2.2.4) using a
fluorescence microscope (viewed at 100x magnification) (Section 2.2.2). (A) and (B)
show two of the triplicate wells of cells transfected with pAAV2.CASI.EGFPLux
containing EGFP-positive cells. Non-transfected cells viewed under (C) fluorescence

and (D) bright field microscopes show no EGFP-positive cells.
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Figure 3.3 Levels of GLux activity following pAAV2.CASl.soGLux transfection in cell
culture. Expression of GLux reported as relative lights unit (RLU) in culture
supernatant following transfection of the genome plasmid pAAV2.CASI.soGLux in
HEK 293T cells (1E6 cells/mL in 2mL FreeStyle media, 3 pg plasmid and 6 ug of 25
kDa branched PEI; n=3; Section 2.2.4) was measured 72 hours post-transfection
(Section 2.2.6.1). Each data point represents one well of cells on a six-well plate
obtained from duplicate readings on the assays. Horizontal bars represent group
means. Statistical significance was determined by unpaired t-test. A calculated p value
of <0.001 was deemed a significant difference and indicated with triple asterisk (***)

on the graph.
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Figure 3.4 Supernatant binding titre (A) and neutralizing titre (B) produced by viral
genome plasmids in vitro. Following transfection of HEK 293T cells (1E6 cells/mL in
2mL FreeStyle media) with respective genome plasmids (3 pg plasmid and 6 ug of 25
kDa branched PEI; n=2 for pSIV.hCEF.F10, otherwise n=3; Section 2.2.4), expression
of functional antibody in the culture supernatant was tested against purified
haemagglutinin (H5) and S-eGFP/H5/Vietnam (Table 2.4). Binding titre (A) and
neutralising titre (B) expressed in fold ECsg in supernatant was measured 72 hours
post-transfection as described in Sections 2.2.6.3 and 2.2.6.4. Each data point
represents one well of cells on a six-well plate obtained from duplicate readings on the
assays. Horizontal bars represent group means. Value plotted at 1.5-fold ECsp in A
indicates no binding activity detected. Value plotted at 0.1-fold ECs in B indicates no

neutralising activity detected.
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ORF approach, in terms of binding to all HA tested (Figure 3.6A). However, for 21-D8-
5A, the single-ORF antibody, but not the dual-ORF equivalent, shows binding activity
towards H1 (A/California/07/2009) (Figure 3.6 B). The results also show that T1-3B
antibody produced from the single-ORF cDNA was more potent in terms of neutralising
activity with an approximately three-fold lower ECso value compared with the dual-
ORF T1-3B antibody, against all influenza strains tested (Figure 3.6 A). However,
there was no difference in neutralisation activity observed for 21-D8-5A against all
influenza strains tested (Figure 3.6 B). The overall results reveal a difference in
bioactivity between the single-ORF antibody and the dual-ORF equivalent, which has

not been reported previously.

3.2.5 Investigation of the effect of deletion of C-terminal lysines on the

bioactivity of broadly neutralising antibodies

The C-terminal of all IgG1 heavy chains is conserved, with the terminal amino acid
sequence SLSLSPGK. The C-terminal lysine is often removed by carboxypeptidases
(Cp) during production in cell culture via a process called C-terminal lysine clipping
(Fricker and Herbert, 1988, Harris, 1995, Dick et al., 2008). The degree of C-terminal
lysine clipping is thought to be related to the difference in the expression of Cp in
different producer cell lines, with retention of the C-terminal lysine residue being as
high as 50% when IgG is produced in B cell hybridoma, compared with as little as 5%
when expressed in a Chinese Hamster Ovary (CHO) cell line (Dick et al., 2008). The
degree of C-terminal lysine variation in antibody produced in the HEK 293T cells used

here has not been reported previously.

100



kDa 1 2 3 4 5

Lane Antibody SDS-PAGE condition

2

Non-reducing

Non-reducing

Non-reducing

Non-reducing

—> 1gG

1gG heavy chain

Light chain

101



Figure 3.5 SDS-PAGE of antibodies expressed from single-ORF and dual-ORF
constructs. Single-ORF antibodies, and their dual-ORF equivalents were prepared
from HEK 293T cells transfected with (1,2) pCMV.T13B.H and pCMV.T13B.L, (3,4)
pAAV2.CASI.T13B, (5,6) pCMV.21D85A.H and pCMV.21D85A.L, and (7,8)
pAAV2.CASI.21D85A (Table 2.1). Antibodies were purified using Sepharose A column
(2.5 pg per lane; Section 2.2.7.1), and separated using SDS-PAGE under reducing
(1,3,5,7) and non-reducing (2,4,6,8) conditions and detected by staining with Quick
Coomassie Stain (Generon) (Section 2.2.8). The positions of the bands containing the
full IgG molecule, heavy chain and light chain are indicated. Protein markers (Bio-Rad)

ranging from 10 to 250 kDa were included.
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Figure 3.6 Binding and neutralising titre of single-ORF antibodies compared to their
dual-ORF equivalents. Single-ORF antibody T1-3B (A) and 21-D8-5A (B) and their
dual-ORF equivalents, prepared from transfection of pAAV2.CASI.T13B,
pAAV2.CASI.21D85A, pCMV.T13B.GH and pCMV.T13B.k, pCMV.21D85A.GH and
pCMV.21D85A.A (Table 2.1) into HEK 293T cells following purification using
Sepharose A column (Section 2.2.7.1) were compared. Binding and neutralising titre
were determined using anti-HA ELISA (Section 2.2.6.3) against various purified HA
proteins (Table 2.4) and microneutralisation (MN) assay (Section 2.2.6.4) against
various recombinant influenza strains (Table 2.4). Each data point represents the
mean of duplicate readings. The ECso was calculated as the concentration of antibody
that results in half-maximal response. In the MN assay, infection was expressed as
OD450 (influenza NP expression) when wild-type influenza was used and

fluorescence intensity when S-Flu (Table 2.4) was used.
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C-terminal lysine clipping has the potential to result in three possible 1gG isoforms,
because the C-terminal lysine can be present on both the heavy chains of the IgG
(K2), on either one of the heavy chains (K1), or missing in both of the heavy chains
(KO) (Figure 3.8). In the single-ORF IgG cDNA construct, to prevent heterogeneity at
the last amino acid of the heavy chain (with or without C-terminal lysine), the lysine-
coding nucleotides in the C-terminus of the heavy chain were removed from the
cDNAs. This produced a final amino acid sequence of SLSLSPG followed by a furin
cleavage site RKRR which has been shown to result in complete cleavage at the furin
site with expression of homogeneous antibody product in vitro (Fang et al., 2007)

(Figure 3.7).

Although the actual rate of C-terminal lysine clipping in the IgG production system
used here, with HEK 293T cells, was not determined, one can speculate that the final
IgG preparations could contain a heterogeneous mixture of IgG isoforms as described
above. To investigate the effect of potential heterogeneity of C-terminal lysine on the
bioactivity of T1-3B and 21-D8-5A IgG, lysine-encoding nucleotides were specifically
removed from the heavy chain cDNA of the dual-ORF construct using site-directed
mutagenesis (Section 2.2.3.10). Versions of T1-3B and 21-D8-5A dual-ORF IgG
without the C-terminal lysine (namely T1-3B AK and 21-D8-5A AK) were produced,
affinity purified (Section 2.2.7.1) and compared with the original T1-3B and 21-D8-5A
dual-ORF antibodies, using HA-ELISA and MN assays (Figure 3.9). The results show
that complete lysine removal does not affect the binding and neutralising activity of the
dual-ORF antibodies, therefore, the enhanced binding and neutralising activity of T1-
3B and 21-D8-5A single-ORF antibodies, seen in Figure 3.6, was not due to the

absence of the C-terminal lysine.
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- Vy IIgG Heavy constant----- SPGK] - Vi I Kapcp:r{SLtaanr:tbda ]
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Figure 3.7 Schematic to illustrate the dual-ORF and single-ORF IgG cDNA constructs.
The diagram shows elements within the expression cassettes of the dual-ORF I1gG
and the single-ORF IgG, along with their respective C-terminal amino acid sequences,
SPGK and SPG, on the heavy chain. In the single-ORF cDNA construct, nucleotides
encoding the C-terminal lysine (K) were specifically removed to prevent IgG
heterogeneity of C-terminal lysine variants, whereas the nucleotide encoding the C-

terminal lysine (K) is intact on the dual-ORF cDNA construct.
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3.2.6 Assessment of viral vector function in cell culture

Having validated the function of all viral genome plasmids constructed above, three
rSIV.F/HN (Table 3.4) and five rAAV2/8 (Table 3.5) viral vectors were produced at

large scale, purified and titrated (Section 2.2.5).

Recombinant LVs in this study were produced using a serum-free media, suspension
approach in a WAVE bioreactor (5 L culture) (Section 2.2.5.1). Crude virus
preparations were then purified using a two-stage purification strategy (Section
2.2.5.1), resulting in highly concentrated rLV in FreeStyle media. Recombinant AAVs
in this study were produced in adherent cells cultured in HYPERflasks (~1.1 L culture)
(Section 2.2.5.2). Crude virus preparations were purified using a two-stage purification

strategy (Section 2.2.5.2), resulting in highly concentrated rAAV in PBS.

The purity of rAAV vector can affect their transduction efficiency (Ayuso et al., 2010).
Protein bands corresponding to the viral capsids proteins, VP1, VP2, and VP3 can be
visualised on SDS-PAGE (Section 2.2.8) and their relative intensity can be assessed
along with contaminating cellular proteins. All rAAV preparations generated in this
study were analysed using SDS-PAGE and the purity was quantified using ImageJ
software (Abramoff et al., 2004). Results from the SDS-PAGE indicated that rAAV

preparations produced have a purity of >90% (Figure 3.10).

To validate the function of the viral vectors produced, HEK 293T cells were transduced

with each of the rSIV.F/HN or rAAV viral vectors (Table 3.4 and 3.5) using methods in

Section 2.2.5.3. For vector rAAV2/8.CASI.GLux, the GLux reporter
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Figure 3.8 Schematic illustrating possible IgG isoforms after C-terminal lysine clipping.
The diagram shows the three possible IgG isoforms with C-terminal lysine variants,
due to complete or incomplete C-terminal lysine clipping. The C-terminal lysine can
potentially be retained on both the heavy chains of the IgG (K2), on either one of the
heavy chains (K1), or completely absent in both heavy chains (K0O). Red represents

the heavy chains; blue represents the light chains of the IgG.
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Figure 3.9 Binding and neutralising titre of IgGs with the C-terminal lysines deleted
compared with their dual-ORF equivalents. C-terminal lysine-deleted IgG T1-3BAK (A)
and 21-D8-5AAK (B) and the dual-ORF equivalents were prepared from transfection
of pCMV.T13B.GHAK and pCMV.T13B.k, pCMV.21D85A.GHAK and
pCMV.21D85A.A, pCMV.T13B.GH and pCMV.T13B.k, pCMV.21D85A.GH and
pCMV.21D85A.A (Table 2.1) into HEK 293T cells, followed by purification using
Sepharose A column (Section 2.2.7.1). Binding and neutralising titres were
determined using anti-HA ELISA (Section 2.2.6.3) against various purified HA proteins
(Table 2.4) and microneutralisation (MN) assay (Section 2.2.6.4) against various
recombinant influenza strains (Table 2.4). Each data point represents the mean of
duplicate readings. The ECso was calculated as the concentration of antibody that
results in half-maximal response. In the MN assay, infection was expressed as OD450
(influenza NP expression) when wild-type influenza was used and fluorescence

intensity when S-Flu (Table 2.4) was used.
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the GLux reporter activity in the culture supernatant was tested (Section 2.2.6.1) and
Figure 3.11 shows that the transduced cells express significantly higher Glux activity
compared with the non-transduced control. For rAAV2/8.CASI.EGFPLux, the
presence of EGFP-positive cells was monitored with fluorescence microscopy to
confirm transduction and transgene expression (Figure 3.12). For vectors expressing
bnAbs, cell culture supernatant was collected 6 days post-transduction and anti-
human IgG ELISA (Section 2.2.6.2) was used to determine the levels of expressed
human 1gG in the supernatant. Anti-human IgG ELISA, instead of antigen-specific
ELISA, was used to facilitate comparison between viral vectors expressing human IgG
with different specificity, and for future comparisons. Figures 3.13 and 3.14 show that
all the rSIV.F/HN and rAAV2/8 vectors transduced HEK 293T and expressed around
100 to 300 ng/mL of human IgG in cell culture. The results confirmed the function of

virus preparations generated.

3.3 Discussion

The aim of the studies presented in this chapter was to generate new recombinant LV
and AAV vectors expressing antibodies, and to confirm their function in cell culture,

alongside control vectors expressing reporter genes.

In non-clinical settings, rAAV vectors are normally purified using a continuous caesium
chloride (CsCl) density gradient or an iodixanol step density gradient followed by
downstream concentration (Zolotukhin et al., 1999, Grimm et al., 2005). Here, an
iodixanol gradient followed by ultracentrifugation downstream processing was chosen

for purifying all the rAAV vectors used in this study, because of its
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Table 3.4 rSIV.F/HN produced in this study

Vector Vector | Promoter | Transgene | Genome plasmid Titre
type (TTU/ml)
rSIV.F/HN.hCEF.T13B SIvV hCEF T1-3B pSIV.nCEF.T13B | 1.08x10° or

(vGM152) (pGM443) 6.58x10°

rSIV.F/HN.hCEF.21D85A SIvV hCEF 21-D8-5A | pSIV.hCEF.21D85A | 4.72x10°
(VGM150) (PGM445)

rSIV.F/HN.hCEF.F10 SIvV hCEF F10 pSIV. hCEF.F10 3.08x10°
(VGM151) (PGM447)

Table 3.5 rAAV2/8 vectors generated in this study

AAV . Titre
Vector serotype Promoter | Transgene Genome plasmid (DRGC/mL)
rAAV2/8.CASI.
pAAV2.CASI.F10 13
F10 2/8 CASI F10 (PGM449) 1.20x10
rAAV2/8.CASI.
i pAAV2.CASI.T13B 13
T13B 2/8 CASI T1-3B (PGM450) 1.84x10
rAAV2/8.CASI.
na. pAAV2.CASI.21D85A 13
21D85A 2/8 CASI 21-D8-5A (PGM451) 1.36x10
rAAV2/8.CASI. pAAV2.CASI.EGFPL
EGFPLux 2/8 CASI EGFPLux ux 2.74x10"
(pGM452)
rAAV2/8.CASI.
pAAV2.CASI.soGLux 13
soGLux 2/8 CASI soGLux (PGM453) 2.07x10

rAAV2/8: recombinant adeno-associated virus serotype 2 packaged in serotype 8 capsid;
hCEF: a combination of human CMV enhancer and human elongation factor 1 alpha promoter;
CASI; a combination of the CMV enhancer and chicken B-actin promoter and novel intron
containing elements of the ubiquitin C enhancer/promoter; SIV: simian immunodeficiency virus;
soGLux: codon-optimised CpG-depleted Gaussia luciferase; EGFPLux: enhanced green

fluorescence protein fused to firefly luciferase at its N-terminal; DRGC (DNase-resistant

Genome Copies)
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Percent of total protein (%)
Lane 1 2 3 4 5
rAAV2/8 T1-3B 21-D8-5A F10 GLux EGFPLux
VP1 20.54 21.42 16.49 18.05 18.19
VP2 15.43 18.20 18.20 20.73 18.13
VP3 54.10 56.63 59.58 58.27 61.41
Impurities 9.92 3.75 5.72 2.95 2.28
Purity 90.10 96.25 94.28 97.05 97.72

Figure 3.10 Purity of rAAV vector preparations assessed by SDS-PAGE. Recombinant
AAV preparations were boiled to disintegrate the viral capsid (Section 2.2.8) and were
then (A) separated by SDS-PAGE (1E10 DRGC per lane) and visualised with Quick
Coomassie Stain (Generon) (Sections 2.2.8). The position of the AAV capsids protein
VP1, VP2, VP3 are indicated. The intensity of the protein bands was quantified using
ImagedJ (Section 2.2.8). (B) The table shows the calculated purity of rAAV vector

preparations using this approach.
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Figure 3.11 Levels of GLux activity present in the supernatant of HEK 293T cells
transduced with rAAV2/8.CASI.Glux. HEK 293T cells (0.5E6 cells/mL in 1mL D10
media) were transduced with rAAV2/8.CASI.GLux (1E10 DRGC rAAV2/8; n=4;
Section 2.2.5.3) and GLux activity was measured in culture supernatant 6 days post-
transduction (Section 2.2.6.1). Each data point represents one well of cells on a 12-
well plate obtained from duplicate readings on the assays. Horizontal bars represent
group means. Statistical significance was determined by unpaired t-test. A calculated
p value of <0.001 was deemed a significant difference and indicated with triple asterisk

(***) on the graph.
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(A) (B)

©

Figure 3.12 Expression of EGFP-positive cells following transduction of
rAAV2/8.CASI.EGFPLux vector in cell culture. HEK 293T cells (0.5E6 cells/mL in 1mL
D10 media) were transduced with rAAV2/8.CASI.EGFPLux (1E10 DRGC rAAV2/8;
n=4; Section 2.2.5.3) in a 12-well plate and EGFP expression observed 6 days post-
transduction using a fluorescence microscope (viewed at 100x magnification) (Section
2.2.2). (A) and (B) are two of the four wells transduced by rAAV2/8.CASI.EFPLux. A
representative image of control, non-transduced cells visualised under (C)
fluorescence and (D) bright field microscopy shows the absence of EGFP-positive

cells.
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Figure 3.13 Human IgG present in the supernatant of HEK 293T cells transduced with
rSIV.F/HN vectors. HEK 293T cells (0.5E6 cells/mL in 1mL D10 media) were
transduced with the rSIV.F/HN vectors indicated (1E7 TU rSIV.F/HN; n=4; Section
2.2.5.3) and human IgG was measured in the cell culture supernatant 6 days post-
transduction (Section 2.2.6.2). Each data point represents one well of cells on a 12-
well plate obtained from duplicate readings on the assays. Horizontal bars represent
group means. Dotted line denotes the lowest detection limit of the assay. Black dots
(group mean of 5 ng/mL) indicated no detectable human IgG in the supernatant from

non-transduced, control cells.
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Figure 3.14 Human IgG present in the supernatant of HEK 293T cells transduced by
rAAV2/8 vectors. HEK 293T cells (0.5E6 cells/mL in 1mL D10 media) were transduced
with the rAAV2/8 vectors indicated (1E10 DRGC rAAV2/8; n=4; Section 2.2.5.3) and
human IgG in culture supernatant was measured 6 days post-transduction (Section
2.2.6.2). Each data point represents one well of cells on a 12-well plate obtained from
duplicate readings on the assays. Horizontal bars represent group means. Dotted line
denotes the lowest detection limit of the assay. Black dots (group mean of 5 ng/mL)
indicated no detectable human IgG in the supernatant from non-transduced control

cells.
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simplicity and time-saving compared with the CsCl density gradient. It has also been
reported that this strategy is the most effective purification method to remove protein
contaminants, and maintain infectivity with high rAAV vector recovery compared with
CsClI gradients (Strobel et al., 2015); and resulted in rAAV preparations with > 90%
purity (Figure 3.10). Highly pure preparations are important for in vivo studies to
prevent unwanted immune reactions due to impurities from the viral preparations.
Purification using an iodixanol gradient, however, often results in a high proportion
(~20%) of empty capsids (missing the genome) compared with purification using CsCl
gradients (<1%). The ratio of fully encapsidated rAAV to empty rAAV particles was not
determined in this study. The rSIV.F/HN preparations used in this study were produced
using European Pharmacopoeia-compliant raw materials and plasmid constructs. This
resulted in highly pure rSIV.F/HN vectors, which have >99.9% host cell protein
removal and are of a comparable standard to virus produced for clinical use by
Contract Manufacturing Organisations (CMOs) (Steve Hyde, personal
communication). Furthermore, rSIV.F/HN produced using this approach had been

used successfully in animal studies with no product-related toxicity (Alton et al., 2017).

The bnAbs generated in this study are expressed from a single-ORF construct
(Section 3.2.1) to facilitate packaging of the genomes into rAAV vectors, which have
limited packaging capacity, making it difficult to package bnAb expressed from a dual-
ORF construct. Results from SDS-PAGE suggests that single-ORF constructs lead to
the assembly of a full IgG molecule that is similar to that produced using the dual-ORF
approach (Figure 3.5). Functional assays show that single-ORF bnABs T1-3B and 21-
D8-5A have enhanced bioactivity compared with their dual-ORF equivalents (Section

3.2.4 and Figure 3.6). This enhancement has not been previously reported. There are
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two possible hypotheses for the enhancement of the single-ORF bnAbs. Firstly, it is
possible that the complete absence of a C-terminal lysine in the single-ORF bnAbs,
as described in Section 3.2.5, could be responsible for the bioactivity enhancement.
The effect of C-terminal lysine on antigen binding or neutralisation has not been
reported before. It has been shown, however, that complete clipping of C-terminal
lysines is required for maximal complement activation, whereas partial removal of C-
terminal lysine compromises complement activation (Bremer et al., 2015). This is
because the positively charged C-terminal lysines lead to charge repulsion of 1gG
molecules, preventing the formation of IgG hexamer which is needed for complement
activation (Bremer et al., 2015). It was speculated that the absence of negatively
charge C-terminal lysine on IgG prevents charge repulsion between two IgG
molecules leading to the enhancement of neutralising activity. However, no
enhancement was observed when the dual-ORF bnAbs were expressed from cDNA
without C-terminal lysine (Figure 3.9). Another observation, that supports the
argument that C-terminal lysine was not the cause of the enhancement of T1-3B
single-ORF antibody, was that the enhancement of neutralising activity was only
observed with T1-3B, and not with 21-D8-5A. Enhancement of neutralisation might be
expected to also be observed with single-ORF 21-D8-5A if the complete absence of

C-terminal lysine was the cause.

The second hypothesis was that the enhancement of neutralisation could be due to
difference in antibody structure as a result of the remnant of F2A sequence during
antibody folding in the ER. As illustrated in Figure 3.15, the F2A cleavage occurs in
several stages and in different organelles. In the ER, while the heavy and light chain

polypeptides were formed and being folded into antibody, part of the F2A remnant
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sequence is still present and attached to the C-terminal of the heavy chains. These
remnant sequences are being cleaved off later in the Golgi network. It could be
speculated that the presence of the F2A remnant affects the antibody folding, which
might be responsible for the functional enhancement of single-ORF bnAbs. The results
show that the enhancement of neutralisation was only observed with T1-3B which is
a haemagglutinin stem-binding antibody. Whether the single-ORF construct enhances
all haemagglutinin stem-binding antibodies, or whether this is antibody-dependent

needs further exploration.

In summary, the data in this chapter suggest that the viral vectors generated here are
functional and that the single-ORF bnAb construct expresses antibody that is
comparable to the dual-ORF equivalent. Although cell culture experiments represent
a good model to confirm gene expression from viral vectors, they rarely predict efficacy
in animal models. The high purity of the virus preparations generated here facilitates

the testing of these vectors in animal models described in the next chapters.
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Figure 3.15 Schematic of possible mechanism of the expression of bnAb from single-
ORF cDNA. 1. Following transduction of viral vectors into the host cells, single-ORF
bnAb cDNA is transcribed into mRNA in the nucleus, mRNA enters cytoplasm and
attaches to ribosome and translation occurs. 2. Once the signal sequence emerges
from the ribosome, it is bound by a signal-recognition protein (SRP) which halts
translation (Walter et al., 1981). 3. The SRP delivers the ribosome/nascent
polypeptide complex to the SRP receptor in the ER membrane (Gilmore et al., 1982).
4. The signal sequence is inserted into the translocon and protein translation continues
(Gorlich et al., 1992) 5. As the polypeptide chain elongates, it passes through the
translocon channel into the lumen of the ER and the signal peptide is cleaved off by
signal peptidase and rapidly degraded (Blobel and Dobberstein, 1975a, Blobel and

Dobberstein, 1975b). 6. When the ribosomal Peptidyl Transferase Centre (PTC)
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recognizes the 2A sequence, “ribosomal skipping” occurs where translation is skipped
between the last two amino acid on the 2A sequence (glycine and proline). The first
polypeptide (heavy chain) is released into the lumen and the translation resumes at
proline followed by the second polypeptide (light chain) (Donnelly et al., 2001a,
Donnelly et al., 2001b). 7. Signal sequence together with the proline at its’ N-terminal
from the newly translated light chain is being cleaved off as it passes through the
translocon channel into the lumen. 8. Unfolded heavy and light chains polypeptide
undergo folding co-translationally into fully folded antibody. 9. Fully folded antibody
with remnant of F2A cleavage site attaches to the tip of the constant heavy chain. 10.
Newly synthesised antibodies with the F2A remnant are packaged into transport
vesicles that bud from the ER and fuse together to form new cis-Golgi cisternae. 11.
Cis-Golgi cisternae, with its antibody content, physically moves from the cis to trans-
Golgi network. 12. In the trans-Golgi network, furin (proprotein convertase) cleaves off
the furin cleavage site (RKRRY) leaving RKRR attached to the C-terminal of the heavy
chain (Nakayama, 1997). 13. Antibodies with the RKRR attached to the C-terminal of
the heavy chains are packaged into the secretory vesicle to the plasma membrane.
Decreasing pH in the secretory vesicles activate metallocarboxypeptidases which
cleave off C-terminal basic amino acid residues (V\RKRR) from the heavy chain
(Fricker and Snyder, 1982, Docherty and Hutton, 1983, Hook and Loh, 1984). 14.
Secretory vesicles carrying antibodies free of F2A remnant fused with plasma

membrane and secrete the antibodies extracellularly.
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Chapter 4 Lung antibody production mediated by rSIV.F/HN

4.1 Introduction

4.1.1 Antibody production in non-haematopoietic cells

Antibodies are produced naturally by B lymphocytes as part of the humoral immune
response, upon encounters with pathogens, but can also be produced ectopically from
other cells using gene transfer vectors. Previous studies using this approach are
discussed in Section 1.3, where vectors, both non-viral and viral, can deliver antibody
transgenes into target cells to direct the expression of mAbs into the systemic
circulation and/or the local environment. In Chapter 3, the construction of rSIV and
rAAV vectors expressing reporter protein, and anti-influenza single-ORF antibody

transgenes, was described along with confirmation of function in cell culture.

4.1.2 Selection of secreted reporter protein

Reporter assays can serve as a good marker, or proxy, to help understand the
transgene expression profile mediated by gene transfer vectors. In order to study the
expression profile of secreted proteins, such as antibodies, a number of commonly
used secretory reporter proteins are available. The secreted embryonic alkaline
phosphatase (SEAP) (Berger et al., 1988, Bao et al., 2000) has been used to study
gene expression following IM delivery of plasmids in mice (Abruzzese et al., 1999).
More recently, secreted luciferases have gained popularity as reporter proteins due to
their high sensitivity, lack of toxicity and smaller size. Secreted luciferase from the
marine organism Gaussia princeps (Wurdinger et al., 2008), commonly known as

GLux, converts the substrate coelentrazine into a bioluminescent signal and has been
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used in various cell-based and in vivo applications (Maguire et al., 2009b, Tannous,
2009). GLux offers several advantages; expression of GLux in the extracellular media
is linear to cell number, growth and proliferation (Tannous et al., 2005) and is
thermostable and pH resistant. Compared with SEAP, GLux is 20,000-fold more
sensitive in vitro (Badr et al., 2007) and at least 1,000-fold more sensitive in vivo such
that blood samples can be analysed directly without the need of further processing
(Wurdinger et al., 2008, Tannous, 2009). More importantly, GLux does not display
toxic effects in mammalian cells (Tannous et al., 2005), which makes GLux a good
reporter protein for long-term animal studies. In the airways, GLux was shown to be a
sensitive reporter protein for monitoring gene expression following administration of
non-viral vector into murine lungs (Griesenbach et al., 2011). Therefore, GLux was
selected as the reporter protein in this study to understand and compare secreted

transgene protein expression following rSIV.F/HN and rAAV2/8 delivery.

4.1.3 Aim

The aim of the studies described in this chapter was to study the feasibility of using
the lung to produce antibody mediated by rSIV.F/HN and compare with the antibody

expression profile produced by rAAV2/8 delivered to the muscle.

4.2 Results

4.2.1 Expression of secretory reporter protein Gaussia luciferase (GLux)

following intramuscular delivery of rAAV2/8 in mice

Studies have been reported in which rAAV2/8 expressing the F10 bnAb can result in

full protection against lethal influenza challenge following IM injection in mice (Balazs
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et al., 2013). Recombinant AAV2/8 (administered IM) was therefore selected as the
benchmark vector for bnAb expression in this study, with which to compare lung
delivery of rSIV.F/HN. It has also been shown, however, that antibody expression can
be specific to a selected antibody (Balazs et al., 2013); therefore, a study using
secreted reporter protein GLux was performed initially to facilitate comparison
between the two viral vectors. Mice were dosed with 1E9, 1E10 or 1E11 GC of
rAAV2/8.CASI.soGLux (Section 3.2.6) (Table 3.5) via IM injection (Section 2.2.9.4).
Serum was collected on day 7, 14 and 28 post-delivery and GLux activity was
determined (Section 2.2.6.1). Mice were culled at the end of the experiment (day 28)
and BALF was obtained to determine the GLux activity (Section 2.2.6.1). Dosing of
rAAV2/8.CASI.soGLux led to significant levels of GLux activity in the serum at all time-
points assessed, as early as day 7, which persisted throughout the course of the
experiment (Figure 4.1 A). There was no difference in GLux activity between mice
receiving 1E9 and 1E10 GC, and GLux activity in mice receiving 1E11 GC was
significantly higher than naive mice (p<0.001), around 10 to 20-fold higher than the
1E9 and 1E10 GC groups at all time-points assessed (Figure 4.1 A). GLux activity can
be detected in the ELF (Section 2.2.6.5) at around 1.2 to 7-fold lower than the GLux
activity in the serum (Figure 4.1 B & C). These data indicate the GLux expression
profile following a single dose of rAAV2/8 delivered via IM administration, with
persistent high levels expression in the systemic circulation, and lower but detectable
levels in the lung lumen (ELF). Gaussia luciferase activity in the ELF was corrected
from the BALF samples based on the dilution factor as determined using urea assay
(Section 2.2.6.2). The conversion of BALF to ELF is discussed in detail in Section

4.2.5.
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4.2.2 Expression of bnAb following intramuscular delivery of rAAV2/8 in mice.

Recombinant AAV2/8.CASI.T13B was produced to study the expression of bnAb in
vivo (Section 3.2.6 & Table 3.5) and mice were dosed with 1E9, 1E10 or 1E11 GC of
the vector (Section 2.2.5.2) via IM injection (Section 2.2.9.4). Serum was collected on
day 7, 14 and 28 post-delivery and the human IgG concentration (corresponding to
T1-3B levels) was determined (Section 2.2.6.2). Mice were culled at the end of the
experiment (day 28) and BALF was obtained to measure the human IgG levels in the
lung lumen (Section 2.2.6.2). Administration of 1E9, 1E10 or 1E11 GC of
rAAV2/8.CASI.T13B led to the expression of high levels of T1-3B in the serum at all
time-points assessed, as early as 7 days post-administration, which also persisted
throughout the course of the experiment (Figure 4.2). All treatment groups expressed
significantly higher levels of human IgG than the naive mice (1E9 GC, p<0.05; 1E10
GC, p<0.05; 1E11 GC, p<0.001) (Figure 4.3). Serum T1-3B levels in the treatment
groups ranged from 1.3 to 160 pug/mL, with a trend for a dose-related increase in T1-
3B expression. This confirms the ability of rAAV2/8 to direct expression of T1-3B bnAb
from the muscle, at serum levels similar to those reported for the F10 bnAb, between
100 and 200 pg/mL (Balazs et al., 2013). Importantly, at these high serum levels, F10
bnAb offered full protection against a lethal dose of influenza challenge in mice (Balazs
et al., 2013). Human IgG was also detected in the ELF at around 10 to 30-fold lower

than human IgG levels in the serum, ranging from 0.09 to 4.8 ug/mL
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Figure 4.1 Expression of GLux following IM delivery of rAAV2/8.CASI.GLux in mice.
Mice (female BALB/c, 5 to 7 weeks old) were dosed IM with rAAV2/8.CASI|.soGLux
(1E9 GC (green), 1E10 GC (blue) or 1E11 GC (red) per mouse, diluted in PBS) and
compared with naive mice (black) (n=6 for serum samples; n=4 for Epithelial Lining
Fluid (ELF) samples; Section 2.2.9.4) (Table 3.5). Serum was collected at the
indicated time-points and mice were culled at day 28 post-delivery to obtain BALF
(Sections 2.9.7 and 2.9.6). The GLux activity was measured in Relative Light Units
(RLU) in the serum and the ELF (Section 2.2.6.1). Data in (A) are presented as group
mean and standard errors of the mean (SEM). The GLux activity on day 28 in the
serum (B) and ELF (C) is shown; each dot represents one animal, with horizontal bars
representing group means. Statistical significance was determined by Kruskal-Wallis
test followed by Dunn’s post-hoc test. A calculated p value of <0.01 or <0.001 was
deemed a significant difference and indicated with double asterisks (**) or ftriple

asterisks (***) on the chart.
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Figure 4.2 Expression of T1-3B following IM delivery of rAAV2/8.CASI.T13B in mice.
Mice (female BALB/c, 5 to 7 weeks old) were dosed IM with rAAV2/8.CASI.T13B (1E9
GC (green), 1E10 GC (blue) or 1E11 GC (red) per mouse, diluted in PBS) and
compared with naive mice (black) (n=8; Section 2.2.9.4) (Table 3.5). Serum was
collected at the indicated time-points and mice were culled at day 28 post-delivery to
obtain BALF (Section 2.2.9.7 and 2.2.9.6). Human IgG levels in the serum and the
ELF were determined (Section 2.2.6.2). Data in (A) are presented as group mean and
standard errors of the mean (SEM). The T1-3B levels on day 28 in the serum (B) and
ELF (C), are shown. Each dot in (B) and (C) represents one animal, with horizontal
bars representing group means. Dotted lines in the graphs represent the lowest
detection limit of the assays; values below this line are extrapolated from the curve fit.
Values plotted at 1 ng/mL in (C) indicated no detectable human IgG. A calculated p
value of <0.05, <0.01 or <0.001 was deemed a significant difference and indicated

with a single asterisk (*), double asterisks (**) or triple asterisks (***) on the graph.
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(Figure 4.2 C). All treatment groups expressed significantly higher human IgG levels

in the ELF than naive mice (1E9 GC, p<0.01; 1E10 GC, p<0.01; 1E11 GC, p<0.001).

4.2.3 Expression of secreted reporter protein GLux following delivery of

rSIV.F/HN to the lungs of mice.

The rSIV.F/HN vector system has not previously been used for the expression of
antibody in mice. As a proof-of-principle study, a time-course experiment was
performed to determine the dose, kinetics and duration of transgene expression using
secretory reporter protein, GLux. Mice were dosed with 1E7 or 1E8 TU of
rSIV.F/HN.hCEF.soGLux (Section 2.2.9.3) via intranasal instillation (IN) (Section
2.2.9.3) and GLux activity measured (Section 2.2.6.1) in serum collected on day 7, 14
and 28 post-delivery. Mice were culled at the end of the experiment (day 28) and BALF
was collected to determine the GLux activity in the lung lumen (Section 2.2.9.6). Nasal
instillation of rSIV.F/HN.hCEF.soGLux led to significant levels of GLux activity in the
serum at all time-points assessed, from as early as 7 days post-administration, and
persisting for the duration of the experiment (Figure 4.3 A). Mice receiving
rSIV.F/HN.hCEF.soGLux at both doses expressed significantly higher GLux activity
than the naive control (p<0.05) (Figure 4.3 A). Although not statistically significant,
GLux activity in mice receiving 1E8 TU showed a general trend of about three-fold
higher than in mice receiving 1E7 TU. A substantial amount of GLux activity, which
was about 100,000-fold (5-log) higher than in the serum, was detected in the ELF on
day 28 (Figure 4.2 B). There was no apparent difference in GLux activity between the
1E7 TU and 1E8 TU treatment groups in the ELF. Overall, the results indicated that
high levels of GLux can be found locally within the lung lumen (ELF), with lower but

detectable levels distally in the systemic circulation (serum). Importantly, the general
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expression profiles obtained demonstrated the proof-of-principle for the use of
rSIV.F/HN to express antibody locally into the ELF and systemically into the circulation

following lung delivery.

4.2.4 Expression of bnAb T1-3B following delivery of rSIV.F/HN to the mouse

lung.

After confirming GLux expression mediated by rSIV.F/HN in the lung, concentrated
rSIV.F/HN.hCEF.T13B expressing T1-3B bnAb (Section 3.2.6; Table 3.4) was
produced (Section 2.2.5.1) and mice were dosed with 6E5, 6E6 or 5E7 TU via IN
(Section 2.2.9.3). Serum was collected at day 7, 14 and 28 post-delivery and T1-3B
expression was measured (Sections 2.2.9.7 and 2.2.6.2). At the end of the experiment
(day 28), mice were culled and BALF was collected to determine the T1-3B levels in
the lung lumen (Section 2.2.9.6). Nasal instillation of 6E6 and SE7 TU of
rSIV.F/HN.hCEF.T13B led to expression of significant levels of T1-3B in the serum at
all time-points assessed, as early as 7 days post-administration, which persisted for
the duration of the experiment (Figure 4.4 A). Serum T1-3B in mice receiving 6E5 TU
was only detected from day 14 onwards. Serum T1-3B expression in the treatment
groups showed an initial increment, reaching a plateau on day 14, ranging from 160
to 350 ng/mL. Only mice receiving the highest dose (5E7 TU) of
rSIV.F/HN.hCEF.T13B expressed T1-3B levels significantly higher than the serum
naive control (p<0.001) (Figure 4.4 A). Higher levels of T1-3B, ranging from 340 to
2,300 ng/mL, approximately 2 to 10-fold higher than the serum T1-3B levels, were
detected in the ELF on day 28 (Figure 4.2 B). All treatment groups expressed

significantly higher T1-3B than the naive mice (6E5 TU, p<0.05; 6E6 TU, p<0.01,
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Figure 4.3 Expression of GLux following intranasal delivery of rSIV.F/HN.hCEF.soGLux
in mice. Mice (female BALBJ/c, 5 to 7 weeks of age) were dosed via IN instillation with
rSIV.F/HN.hCEF.soGLux (1E7 TU (blue), 1E8 TU (red) per mouse, diluted in
FreeStyle media; n=6; Section 2.2.9.3) (Table 3.4) or remained naive (black). Serum
was collected at the indicated time-points and mice were culled on day 28 post-
delivery to obtain BALF (Sections 2.2.9.7 and 2.2.9.6). GLux activity in serum and the
ELF was measured (Section 2.2.6.1). Data in (A) are presented as group mean and
standard errors of the mean (SEM). GLux activity on day 28 in the serum (B) and ELF
(C) are shown. Each dot in (B) and (C) represents one animal; horizontal bars
represent group means. Statistical significance was determined by Kruskal-Wallis test
followed by Dunn’s post-hoc test. A calculated p value of <0.05 or <0.01was deemed
a significant difference and indicated with a single asterisk (*) or double asterisks (**)

on the graph.
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Figure 4.4 Expression of T1-3B following intranasal delivery of rSIV.F/HN.hCEF.T13B in
mice. Mice (female BALB/c, 5 to 7 weeks of age) were dosed via IN instillation with
rSIV.F/HN.hCEF.T13B (6E5 TU (green), 6E6 TU (blue), 5E7 TU (red) per mice, diluted
in FreeStyle media; n=8; Section 2.2.9.3) (Table 3.4) or remained naive (black). Serum
was collected at the indicated time-points and mice were culled on day 28 post-
delivery to collect BALF (Section 2.2.9.7 and 2.2.9.6). Human IgG levels in the serum
and the ELF were determined (Section 2.2.6.2). Data in (A) are presented as group
mean and standard errors of the mean (SEM). The T1-3B levels on day 28 in the
serum (B) and ELF (C) are shown. Each dot in (B) and (C) represents one animal,
horizontal bars represent group means. Dotted lines in the graphs represent the lowest
detection limit of the assays and values below this line are extrapolated from the curve
fit. Values plotted at 1 ng/mL in C indicated no detectable human IgG. A calculated p
value of <0.05, <0.01 or <0.001 was deemed a significant difference and indicated

with a single asterisk (*), double asterisks (**) or triple asterisks (***) on the graph.

139



Table 4.1 Summary of T1-3B expression levels mediated by rSIV.F/HN and rAAV2/8 in

mice on day 28 post vector delivery

rSIV.F/HN rAAV2/8
Dose (TU) Levels of T1-3B (ng/mL (SEM)) Dose (GC) Levels of T1-3B (ng/mL (SEM))
Serum ELF Serum ELF
6E5 161.45 (5.5) 341.6 (36.04) 1E9 (15;;9161? 80.4 (19.5)
6E6 (5213;) 2,067.6 (302) 1E10 ?;;%ii? 869.7 (264.4)
5E7 (?1246:) 2,032.7 (393.4) 1E11 %1662;11:;’ 4('275)59:)8

ELF: epithelial lining fluid; SEM: standard error of the mean; TU: transducing unit, GC: genome

copies; bnAb: broadly neutralising antibody (T1-3B)
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5E7 TU, p<0.001). Interestingly, there was no apparent difference in the level of T1-

3B expression between the treatment groups in the serum or the ELF.

4.2.5 Determination of the dilution of murine epithelial lining fluid (ELF) in

broncho-alveolar lavage fluid (BALF)

The lung epithelia are the main site of entry for influenza virus in the lung, and therefore
understanding the level of neutralising bnAb present in the ELF is an important
indicator of first line protection for influenza infection. Broncho-alveolar lavage (BAL),
and the subsequent collection of lavage fluid, is routinely used to sample lung cells
and to evaluate expression of transgene proteins secreted into the murine lung
(Griesenbach et al., 2011, Davies et al., 2012). However, BALF collection can be very
variable, which makes it difficult to reliably assess levels of secreted protein present
in the lung lumen. In addition, BAL dilutes the ELF hugely, depending on the volume
used for the BAL procedure. Therefore, to more reliably measure transgene protein
expressed in the ELF, it is necessary to calculate the degree of dilution of ELF when
performing BAL,; this should more accurately reflect the local concentration in the lung

lumen and its therapeutic relevance.

The most commonly used method for determining the dilution factor of BALF is to
perform a urea assay (Rennard, Basset, & al, 1986). Urea is a small organic molecule
that readily diffuses throughout the body compartments, and is thus present at a
constant concentration in all body compartments (Baughman, 2007). By measuring
the concentration of urea in serum and the BALF sample of the same mouse, the
degree to which the ELF has been diluted can be determined and used to calculate

the actual protein concentration in the ELF.
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Serum and BALF collected from mice (Sections 2.2.9.7 and 2.2.9.6, respectively) and
the urea dilution factor of the BALF were used to determine the dilution factor for the
GLux (3 mL BALF collected; Section 2.2.9.6) and bnAb studies (1 mL BALF collected;
Section 2.2.9.6). The average dilution factor of the BALF samples in the GLux studies
was 46-fold whereas for the bnAb studies, the dilution factor was 28—fold (Table 4.1).
These values were used to correct the protein levels in the BALF samples in the

respective studies.

4.3 Discussion

4.3.1 Lung and muscle bnAb expression mediated by viral vectors

Delivery of both rSIV.F/HN and rAAV2/8 resulted in persistent transgene expression
in vivo. The data show that GLux expression persisted for at least 1 month following a
single  administration  of  rSIV.F/HN.hCEF.soGLux (Figure 4.3) and
rAAV2/8.CASI.soGLux (day 28; Figure 4.1). Furthermore, in independent experiments,
administration of rAAV2/8.CASI.soGLux and rSIV.F/HN.hCEF.soGLux resulted in
GLux expression for at least 1 year (Agata Antepowicz; personal communication). In
the serum, both GLux and IgG expression following rAAV2/8 IM delivery showed a
trend for dose-related increments (Figures 4.1 and 4.2). However, for rSIV.F/HN
delivered to the lung, both GLux and IgG expression seem to plateau at a higher dose
(Figures 4.3 and 4.4). Although an apparent decline in GLux expression may be
observed between day 14 and 28 in mice receiving the highest dose (1E8 TU) of
rSIV.F/HN.hCEF.GLux (Figure 4.3 A), and a similar decline was seen in independent
experiments (Agata Antepowicz, personal communication), these trends were not

statistically significant.
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Table 4.2 Mean dilution factor of broncho-alveolar lavage fluid based on urea

concentration

(A) Gaussia luciferase studies

Dilution factor

N = 10 10 -
Mean 526.94 12.47 46.32
SD 91.52 3.79 17.09

(B) Antibody studies

Dilution factor

= 10 10 -
Mean 483.97 18.85 28.0
SD 119.65 5.79 10.42

BALF: broncho-alveolar lavage fluid; SD: standard deviation
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Any potential decline in expression is unlikely to be due to an immune response,
because if this were the case, one might expect the GLux expression to be eliminated
altogether. One concern is that the very high levels of GLux expression in the lung
epithelia (around five orders of magnitude above background; Figure 4.3), might
ultimately exceed the cells’ capacity for protein production and result in toxicity. It is
known, for example, that the protein-folding capacity of the endoplasmic reticulum (ER)
can be exceeded, leading to accumulation of unfolded and misfolded proteins
triggering the unfolded protein response (UPR) due to increased ER stress (Schroder
and Kaufman, 2005). The ER stress response, in turn, results in attempts to restore
cell homeostasis to preserve the lung epithelia, but if all attempts to restore

homeostasis fail, apoptosis or autophagy can ensue (reviewed in (Hetz, 2012)).

4.3.2 The expression route of GLux and bnAb following delivery of viral

vectors

Since rSIV.F/HN and rAAV2/8 were administered via different routes, the transgene
proteins are distributed via different pathways. The proposed expression and
distribution routes of IgG and GLux following rAAV2/8 IM or rSIV.F/HN IN delivery are
illustrated in Figure 4.5. For rAAV2/8 administered IM, transgene proteins expressed
in the muscle cells are secreted into the systemic circulation, then transported into the
capillaries of the lung and cross the lung epithelia into the lung lumen (detected in the
ELF). Both GLux and IgG are transported across the lung epithelia, but via different
pathways. The partitioning of GLux is not well understood, but one study has proposed
that movement of GLux across epithelia is mediated via non-specific pinocytosis (El-
Amouri et al., 2013). On the other hand, transcytosis of human IgG across lung

epithelial cells is receptor-specific; human IgG enters cells via pinocytosis or
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endocytosis, then binds to the rodent neonatal-Fc receptor (FcRn) (Ober et al., 2001)
present on the endosomal membrane (Tesar et al., 2006) at acidic pH (pH <6.5). The
IgG is then either transcytosed across to the apical membrane and released from the
FcRN receptor into the pH-neutral lung lumen, or recycled basolaterally into the blood
circulation (Raghavan et al., 1995, Ober et al., 2001). Interestingly, despite these
possible differences, the secreted portion between the lung lumen and serum of GLux

and IgG following IM delivery of rAAV2/8 is similar (Figures 4.1 B& Cand 4.2 B & C).

For rSIV.F/HN, transgene proteins are produced in the polarised lung epithelia, and
subsequently detected in the lung lumen (ELF) and serum. Since both GLux and
human 1IgG are ectopic proteins in the Ilung epithelia, their secretion
preference/mechanism is unknown. Mediated by FcRN, transportation of 1gG in
polarised cells occurs bidirectionally (Dickinson et al., 1999, Guo et al., 2016). The
FcRN can bind free IgG in the lung lumen and transport it basolaterally into the blood
circulation across the lung epithelia. IgG detected in the serum can therefore be a
result of direct secretion from the lung epithelia via the basolateral secretion pathway
or FcRN-mediated retro-transportation of IgG from the lung lumen into the serum
across the polarised lung epithelia, or via both pathways. However, it is not known
whether GLux in the serum was a result of direct basolateral secretion from the lung

epithelia, or a result of diffusion from the lung lumen.
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Figure 4.5 Proposed expression and distribution routes of IgG and GLux
following rSIV.F/HN IN delivery or rAAV2/8 IM delivery. Recombinant SIV.F/HN
transduces the lung epithelia to produce IgG (A) or GLux (B). Fully form 1gG (1)
or GLux (3) in the lung epithelia are being sorted into apical or basolateral
secretory pathway in the trans Golgi network (TGN). (2) Transport of IgG across
polarised cells is bidirectional (Dickinson et al., 1999, Guo et al., 2016), IgG can
be transported from the apical surface of a polarised cell into the basolateral
compartment mediated by FCRN (Dickinson et al., 1999, Guo et al., 2016).
GLux detected in the serum could be the result of basolateral expression from
the lung epithelia (3) or the result of retro-transportation from the lung lumen
into the serum (4). Recombinant AAV2/8 transduces the muscle cells to
produce IgG (C) or GLux (D) which is secreted into the serum and distributed
in the systemic circulation. (5) IgG is taken up into the lung epithelia via
pinocytosis or endocytosis. In the acidic endosome, 1gG binds to FCRN and is
transcytosed across to the apical surface, or recycled basolaterally into the
serum. (6) Since IgG transportation in polarised cells may occur bidirectionally,
IgG in the lung lumen can be retro-transported into the serum mediated by
FCcRN. (7) GLux is taken up into the lung epithelia via pinocytosis and
transcytosed across the epithelia into the lung lumen. (8) It is unknown if GLux
can be retro-transported from the apical compartment into the basolateral
compartment across the polarised epithelia. The proposed mechanisms do not
take account of uptake preference of IgG and GLux from serum into other tissue

compartments that might affect the levels of IgG and GLux in the serum.
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The uptake and retention of serum GLux and IgG into different compartments
or organs, which might affect their levels in the serum is unclear. The difference
in secretion/ transportation pathway and the secreted portion between IgG and
GLux in the serum and lung lumen (Figures 4.3 B & C and 4.4 B & C) indicate
that GLux might serve as a qualitative, but not quantitative, reporter protein to

study antibody expression mediated by lung gene transfer vectors.

4.3.3 Signal sequence and expression of ectopic proteins in the lung

epithelia

One possible reason for the difference in expression of GLux (Figure 4.3) and
IgG (Figure 4.4) from the rSIV.F/HN transduced lung epithelia is the use of
different signal sequences, required to direct newly synthesised proteins into
the ER lumen for secretion (illustrated in Figure 3.15). Signal sequences
(typically 20 to 30 amino acids in length) consist of a basic N domain, a
hydrophobic H domain and a polar C domain, and this tripartite structure is
shared between eukaryotes and prokaryotes (Hegde and Bernstein, 2006). The
translocation of secretory proteins into the ER lumen, guided by the signal
sequence, has been identified as a bottleneck in secretory protein expression
(Zhang et al., 2005, Knappskog et al., 2007, Kober et al., 2013). Signal
sequences are highly interchangeable between different species (Knappskog
et al., 2007), which allows the use of non-native signal peptide to increase
protein secretion. In this study, the single-ORF IgG construct was prefixed with
the HGH signal sequence (Section 3.2.1) whereas the GLux was prefixed with
the native GLux signal sequence. Since both GLux and IgG are ectopic proteins

in the lung epithelia, use of different signal sequence could influence their
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expression. Additionally, it is unknown if the same signal sequence would
function equally well in the different lung epithelial cell types transduced.
However, it is highly unlikely that signal sequences influence the directional
secretion preference of protein as the sorting process of protein into apical and
basolateral transport vesicles occurs at the TGN (reviewed in (Anitei and
Hoflack, 2011)). It may be worth investigating the use of different signal
sequences, such as the native GLux signal sequence, to increase IgG

expression into the lung lumen.

4.3.4 Conclusion

Comparison of the two vector delivery strategies at their respective maximum
doses, showed that rSIV.F/HN resulted in approximately 350 ng/mL of T1-3B
in the serum, which was about 600-fold lower than rAAV2/8 (100 to 200 pg/mL),
and 2.3 pg/mL of T1-3B in the ELF, which was around two-fold lower than
rAAV2/8 (4.8 ug/mL) (Table 4.1). The respiratory tract is the target for influenza
virus infection and it is generally accepted that antibody in the lung lumen plays
an important role in preventing influenza infection. While the in vivo minimum
protective serum concentration of T1-3B against lethal influenza challenge is
unknown, the ECso of T1-3B against wild type A/PR/8/34 H1N1 influenza virus
in the in vitro MN assay is around 1 pg/mL (Alain Townsend, personal
communication). The T1-3B levels in the ELF following IN delivery of rSIV.F/HN
is around two-fold higher than the in vitro ECsp, thus, a degree of protection
against influenza is expected. The studies presented in this chapter may be the
first to demonstrate that rSIV.F/HN can be used to transduce the lung epithelia

for production of bnAb, both systemically and locally into the lung lumen. These
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findings support the initiation of influenza challenge studies to determine the
protection mediated by rSIV.F/HN; and this work is discussed in Chapter 5.
Although specifically focused on expressing anti-influenza antibodies as part of
a passive immunisation strategy, these findings also support the possibility of
using the rSIV.F/HN vector to express antibodies against other infectious

diseases, particularly those infecting the respiratory system.
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Chapter 5 Single and repeat administration of
rSIV.F/HN for passive immunisation against influenza

in a mouse model.

5.1 Introduction

5.1.1 Mouse model for influenza challenge study

In Chapter 4, the ability of rSIV.F/HN to direct expression of IgG, both locally
and systemically, following lung delivery in a mouse model was demonstrated
and these promising results supported further experiments to test for protection
against challenge with influenza. One of the most commonly used methods in
non-clinical research on influenza vaccines and antiviral drugs is to study
potential efficacy in animal models of influenza challenge. Among the many
available animal models, mice are the most widely used largely for reasons of
simplicity and lower costs, compared with larger animal models. Although mice
are not naturally susceptible to infection by human influenza strains, several
mouse-adapted human influenza viruses have been developed; some early
human isolates, such as H1N1 A/PuertoRico/8/1934 (A/PR/8) and H1N1
A/Wisconsin/1933 (Smith et al., 1995), have become the prototype laboratory
influenza strains of choice in the mouse model (Bouvier and Lowen, 2010). A
number of distinct lineages of A/PR/8 H1N1 with different levels of virulence in
mice have been used; the A/PR/8 strain of the Cambridge lineage (used in this

study) is generally more virulent than those of the Mount Sinai lineage (Grimm
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et al., 2007). In this study, BALB/c mice and A/PR/8 (Cambridge) (Table 2.4)

were used to assess protection by antibody expressed from rSIV.F/HN.

5.1.2 Aim

The aim of the studies in this chapter was to investigate protection against
influenza in a mouse model, following lung delivery of rSIV.F/HN expressing

bnAb.

5.2 Results

5.2.1 Confirmation of complete protection against influenza virus

challenge in mouse model mediated by rAAV2/8.

Recombinant AAV2/8 vector (dose 1E11 GC) encoding a previously published
bnAb F10 has been shown to confer complete protection in mice against 10
LDso of A/PR/8 (lineage unknown) following IM delivery (Balazs et al., 2013).
The efficacy of the novel bnAb T1-3B used here (Table 2.5) was first tested
using the benchmark vector, rAAV2/8.CASI. Recombinant AAV2/8.CASI.T13B
virus was generated (Section 2.2.5.2) and the antibody expression profile
following IM delivery was determined as described earlier (Section 4.2.2). Mice
were given doses of 1E9, 1E10 or 1E11 GC of rAAV2/8.CASI.T13B via IM
injection (Section 2.2.9.4) and were then challenged with 10,000 TCIDso A/PR/8
(Table 2.4; equivalent to 150 LDsg) 28 days after rAAV2/8 delivery. Body weight
was monitored up to 14 days and mice that succumbed to 220% weight loss
were humanely sacrificed. A group of mice that remained naive was also

included as a negative control. All naive mice, and all those receiving 1E9 GC
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of rAAV2/8.CASI.T13B, succumbed to =220% weight loss by day 5 post-
influenza challenge (Figure 5.1). Approximately 20% of mice receiving the mid
dose of 1E10 GC of rAAV2/8.CASI.T13B survived, whereas 1E11 GC of
rAAV2/8.CASI.T13B prevented weight loss and yielded complete protection of
all mice from influenza challenge (p<0.01; log-rank test) (Figure 5.1). The
results showed that complete protection against lethal influenza challenge in
mice was achieved with the novel bnAb T1-3B, using the benchmark rAAV2/8
vector. In fact, here, an approximately 15-fold higher influenza challenge dose
was used compared with the influenza challenge dose used in the study by
Balazs et al (10 LDsg) (Balazs et al., 2013), demonstrating that the T1-3B bnAb
is at least as good as, if not better than, the published F10 bnAb in providing

protection against influenza when delivered using rAAV2/8.

5.2.2 Protection mediated by a single dose of rSIV.F/HN against 1,000

and 10,000 TCIDs, influenza challenge in mice.

Recombinant rSIV.F/HN.nCEF.T13B was generated (Section 2.2.5.1) and
bnAb expression was validated in vitro (Section 3.2.6) and in vivo (Section
4.24). Mice were given doses of 6E5 6E6 and S5E7 TU of
rSIV.F/HN.hnCEF.T13B diluted in FreeStyle via nasal instillation (Section
2.2.9.3). Since weight loss was the primary readout following a lethal dose of
influenza challenge, the effect of IN delivery of rSIV.F/HN on mouse weight was
first measured. Body weight was monitored for 7 days following IN delivery of
rSIV.F/HN at doses 6ES5, 6E6 and 5E7 TU; and it was confirmed that there was

no weight loss or apparent distress in the mice (Figure 5.2).
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Figure 5.1 Effect of rAAV2/8.CASI.T13B on protecting mice against 10,000 TCIDs,
influenza challenge. Mice (female BALB/c, 5 to 7 weeks) received
rAAV2/8.CASI.T13B (Table 3.5), 4 weeks prior to intranasal infection with
10,000 TCIDsp (150 LDsp) of A/PR/8/1934 H1N1, doses of 1E9 (green), 1E10
(blue) or 1E11 (red) GC per mouse in PBS or remained naive (black) (n=5 for
naive group and n=6 for the other groups; Section 2.2.9.4). The weight loss of
each mouse was monitored for the indicated time period (A to D) and when the
percentage change in body weight was 220% of the pre-challenge value the
mice were euthanised, as indicated in the Kaplan-Maier plot (E). Each line in A
to D represents the body weight changes of individual mice in the group.
Statistical significance was determined by log-rank test. A calculated p value of

<0.01 was deemed a significant difference and indicated with a double asterisk

(**).
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The same groups of mice were then challenged with 10,000 TCIDsp (150 LDsp)
of A/PR/8 28 days after rSIV.F/HN delivery and body weight was monitored for
up to 14 days; mice that succumbed to 220% weight loss were humanely
sacrificed. A group of mice receiving affinity-purified T1-3B bnAb (10 mg/kg) via
IP injection (Section 2.2.9.5) 24 hours pre-challenge was included as a control.
All naive mice succumbed to =20% weight loss by day 5 post-influenza
challenge and were humanely sacrificed. Similarly, all mice in the 6E5 and 6E6
TU dose groups succumbed to 20% weight loss and were humanely sacrificed.
In contrast, 20% (one out of five) of the mice in the high dose (5E7 TU) group
survived (Figure 5.3). Although complete protection was not achieved, all mice
receiving rSIV.F/HN.nCEF.T13B experienced a delayed onset of weight loss
and showed significantly prolonged survival compared with naive mice (6E5 TU,

p<0.05; 6E6 TU, p<0.01; 5E7 TU, p<0.05; log-rank test).

In order to study the extent of protection mediated by rSIV.F/HN.hCEF.T13B, a
similar challenge experiment was carried out with a 10-fold lower influenza
challenge dose (1,000 TCIDsg, 15 LDsp). All naive mice succumbed to 220%
weight loss by day 6 post-influenza challenge (Figure 5.4). Doses of 6E5 and
57 TU of rSIV.F/HN.hCEF.T13B conferred 20% and 50% protection,
respectively, whereas, surprisingly, none of the mice in the 6E6 TU group
survived (Figure 5.4). Although complete protection was not achieved, all mice
receiving rSIV.F/HN.nCEF.T13B experienced a delayed onset of weight loss
and significantly prolonged survival compared with naive mice (6E5 TU,

p<0.001; 6E6 TU, p<0.01; 5E7 TU, p<0.001; log-rank test). Overall, these
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Figure 5.2 Effect of intranasal delivery of rSIV.F/HN.hCEF.T13B on weight loss in
mice. Mice (female BALB/c, 5 to 7 weeks, n=6 per group) were dosed
intranasally with rSIV.F/HN.nCEF.T13B (6E5 (green), 6E6 (blue) or 5E7 (red)
TU per mouse) (Table 3.4) diluted in FreeStyle or remained naive to treatment
(black); Section 2.2.9.3). The body weight of each mouse was monitored for
the indicated time period and data are presented as the average body weight
change in each group. Error bars represent the standard error of the mean

(SEM).
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data demonstrated that lung delivery of rSIV.F/HN.hCEF.T13B can provide
passive immunity against influenza infection (up to 50% protection when given
as S5E7 TU), although at a lower level than observed with rAAV2/8 dosed IM

(Section 5.2.1).

5.2.3 Repeat administration of rSIV.F/HN to improve protection against

influenza challenge in mice

It has been previously shown that daily repeated IN administration of rSIV.F/HN
in mice can lead to an additive, dose-related increase in transgene expression
levels, and that repeated monthly administration was feasible without loss of
gene expression (Mitomo et al., 2010a, Griesenbach et al., 2012b). In order to
improve the expression of bnAb, and determine if this could lead to improved
protection against influenza, a strategy of daily repeated administration was
employed. Mice were dosed with a single or ten daily doses of
rSIV.F/HN.hCEF.T13B as summarised in Table 5.1. Six mice from each group
(two from the 1E8 TU x 10 dose group) were culled on day 28 following the final
administration of rSIV.F/HN.nCEF.T13B to obtain BALF (Section 2.2.9.6) and
the bnAb levels in the BALF were measured (Section 2.2.6.1). A further six mice
from each group were challenged with 1,000 TCIDsy (15 LDsg) of A/PR/8
(Section 2.2.9.3) and body weights were monitored for up to 14 days; mice that
succumbed to 220% weight loss were humanely sacrificed. A group of mice

that received no rSIV.F/HN (naive) was also included.
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Figure 5.3 Effect of rSIV.F/HN.hCEF.T13B on protecting mice against 10,000
TCIDs, influenza challenge. Mice (female BALB/c, 5 to 7 weeks) received
rSIV.F/HN.hCEF.T13B (Table 3.4), 4 weeks prior to intranasal infection with
10,000 TCIDso (150 LDsg) of A/PR/8/1934 H1N1, doses of 6E5 (green), 6E6
(blue) or 5E7 (red) TU per mouse in FreeStyle, or remained naive (black) (n=5
for 5E7 TU group and n=6 for the other groups; Section 2.2.9.3). The weight
loss of each mouse was monitored for the indicated time period (A to E) and
when the percentage change in body weight was 220% than the pre-challenge
value the mice were euthanised, as indicated in the Kaplan-Maier plots (F).
Each line in A to E represents the body weight changes of individual mice in
the group. Statistical significance was determined by log-rank test. A calculated
p value of <0.05 or <0.01 was deemed a significant difference and indicated

with single asterisk (*), or double asterisks (**) respectively.
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Figure 5.4 Effect of rSIV.F/HN.hCEF.T13B on protecting mice against 1,000
TCIDs influenza challenge. Mice (female BALB/c, 5 to 7 weeks) received
rSIV.F/HN.hCEF.T13B (Table 3.4), 4 weeks prior to intranasal infection with
1,000 TCIDso (15 LDso) of A/PR/8/1934 H1N1, doses of (6E5 (green), 6E6 (blue)
or 5E7 (red) TU per mouse in FreeStyle and naive (black); n=6; Section 2.2.9.3).
The weight loss of each mouse was monitored for the indicated time period (A
to D) and mice were euthanised when the weight loss 220% than the pre-
challenge body weight indicated in the Kaplan-Maier plot (E). Each line in A to
D represents the body weight changes of individual mice in the group. Statistical
significance was determined by log-rank test. A calculated p value of <0.01 or
<0.001 was deemed a significant difference and indicated with double asterisks

(**) or triple asterisks (***) respectively.
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Daily repeat dosing of 1E6 TU resulted in a significant increase in bnAb
expression (p<0.01) (Figure 5.5) and higher survival compared with a single
1E6 TU dose (Figure 5.6; survival: 1E6 TU, 0%; 1E6 TU x 10 doses, 16.6%)
(Figure 5.6). However, there was no significant difference in bnAb levels
between the single dose and repeat dosing groups for both 1E7 TU and 1E8
TU doses (Figure 5.5). Surprisingly, bnAb levels appeared to be lower in the
1E8 repeat dose group compared with the 1E8 single dose group; statistical
analysis was not performed due to the small sample size (n=2) in the 1E8 TU
x 10 doses group (Figure 5.5). When comparing groups of mice receiving the
same total dose, the bnAb levels in mice receiving 1E7 and 1E8 TU via a single
dose appeared to show a trend for higher bnAb compared with mice receiving
the equivalent dose via repeat dosing, but this was not statistically significant
(Figure 5.5 (mean = SEM): 1E7 TU, 890.2 ng/mL + 148; 1E6 TU x 10, 764.1
ng/mL + 155.7; 1E8 TU, 2,618 ng/mL + 472; 1E7 TU x 10, 1,286.6 ng/mL +

116).

Although complete influenza protection was not achieved, groups of mice
receiving 1E7 TU, 1E8 TU, 1E6 TU x 10 doses and 1E8 TU x 10 doses of
rSIV.F/HN showed significantly better survival compared with naive (Figure 5.6:
1E7 TU, p<0.001; 1E8 TU, p<0.01, 1E6 TU x 10 doses, p<0.01; 1E8 TU x 10
doses, p<0.01; log-rank test). Considering groups of mice that received the
same total dose, mice receiving 1E7 and 1E8 TU via a single dose appeared
to show better survival compared with mice receiving an equivalent dose via
repeat dosing (Figure 5.6 (survival): 1E7 TU, 33.3%; 1E6 TU x 10 doses, 16.7%)

(Figure 5.6 (survival): 1E8 TU, 33.3%; 1E7 TU x 10 doses, 0%). Repeated
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administration of a lower dose (1E6 TU) appeared to confer partial protection
(Figure 5.6: 16.67%) against lethal influenza challenge, while repeat dosing
1E7 TU or 1E8 TU did not confer protection (0%) in mice against 1,000 TCIDsg
influenza challenge. Overall, a single dose of 1E7 TU and 1E8 TU provided the
best protection in mice against 1,000 TCIDsp influenza challenge (Figure 5.6:

survival, 33.3%).

5.3 Discussion

5.3.1 Production of monoclonal antibody in the lung epithelia for

influenza protection mediated by rSIV.F/HN

The aim of this chapter was to investigate the efficacy of rSIV.F/HN as a lung
gene transfer vector to express bnAb and provide passive immunisation against
influenza in a mouse model. Although complete protection was not achieved,
mice receiving rSIV.F/HN.hCEF.T13B experienced a delayed onset of weight
loss and showed significantly improved survival compared with naive mice
upon challenge with both 1,000 TCIDs, (Figure 5.3) and 10,000 TCIDs, (Figure
5.4) of influenza. These results show that rSIV.F/HN could potentially be used
to provide passive immunisation against influenza, and perhaps other

respiratory infectious diseases.

Further investigations would need to focus on developing strategies to allow

rSIV.F/HN dosing to provide complete protection against influenza infection in

the mouse model as achieved using rAAV2/8 in the muscle.
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Repeated administration of viral vectors, especially with rAd vectors and rAAV,
is hindered by the strong immune responses to the viral vector delivered. A
previous study showed that IN delivery of GP64-pseudotyped feline
immunodeficiency virus to the mouse nasal mucosa resulted in only minimal
immune responses and that repeat administration is feasible (Sinn et al.,
2008b). It has also been shown that rSIV.F/HN can be repeat administered
daily to the lung to increase reporter transgene (Lux) expression and monthly
without losing transgene expression (Griesenbach et al., 2012b). Although the
underlying mechanism of how rSIV.F/HN escapes the immune response is
unknown, it has been shown that when given as five or ten daily doses,
rSIV.F/HN (1E6 TU per dose) generated transgene expression that was
significantly higher than in mice receiving a single total dose of 1E6 TU
(Griesenbach et al., 2012c). Here, a similar increment was observed in mice
receiving ten daily doses of 1E6 TU rSIV.F/HN.nCEF.T13B compared with a
single 1E6 TU dose but, surprisingly, the increment was not seen in mice
receiving repeat dosing with a higher dose of rSIV.F/HN (1E7 or 1E8 TU)
(Figure 5.6). Whether repeat administration of rSIV.FHN leads to increase in
the percentage of lung epithelia expressing the bnAb, or an increase in the
number of bnAb transgene copies/cell, requires further investigation.
Understanding this might provide more insight into why repeat administering a
higher dose (1E7 TU or 1E8 TU) of rSIV.F/HN does not lead to an increase in

bnAb expression.

In terms of protection against influenza, the data show that when considering

the same total dose (1E7 and 1E8 TU), mice receiving the dose in a single
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administration (Figure 5.6 B & C) appeared to experience a slower onset of
weight loss, and better survival, compared with mice receiving the equivalent
dose in ten daily administrations (Figure 5.6 D & E). The reason for this is
unclear. One might speculate that because mice receiving ten repeated doses
were also subjected to ten daily sessions of inhalation anaesthesia, this might
increase their susceptibility to influenza infections. Published studies show that
isoflurane anaesthetic as used here (Section 2.2.9.2) can lead to increased
serum corticosterone in BALB/c mice that lasts for several hours before
returning to baseline (Jacobsen et al., 2012). Corticosterone is the main effector
hormone in the stress response of mice, and acute and chronic elevations of
corticosterone are associated with immunological dysfunction (Padgett and
Glaser, 2003). Aside from this, the high volume of fluid delivered to the mouse
lung following repeat administration might also increase the susceptibility to
influenza infection. All mice in the repeat administration groups received a total
of 500 pL of fluid IN, over the course of 10 days, whereas mice in the single
dose group received only 50 pL of fluid. Although IN delivery of rSIV.F/HN did
not lead to any visible signs of distress in the mice, cellular or molecular
changes, for example changes in the cytokine profile, have not been
investigated in lung epithelia transduced with rSIV.F/HN. A previous study,
however, found that intravenous (IV) delivery of a rLV vector (resulting in
transduction mainly in the liver and spleen) could activate an interferon-
alpha/beta (IFNaf) response in BALB/c mice that lasted for several days, the
induction of which was independent of the surface glycoprotein pseudotype of
the rLV used (Brown et al., 2007). High IFNaf levels have been associated with

increased lung damage, morbidity and mortality in some
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Table 5.1 Dosing regimen used for rSIV.F/HN.hCEF.T13B repeat administration studies

Group/ Day 10 Total dose

1E6 TU X 10 1E6 1E6 1E6 1E6 1E6 1E6 1E6

1E7 TUXx 10 1E7 1E7 1E7 1E7 1E7 1E7 1E7 1E7 1E7 1E7 1E8
1E8 TUXx 10 1E8 1E8 1E8 1E8 1E8 1E8 1E8 1E8 1E8 1E8 1E9
1E6 TU - - - - - - - - - 1E6 1E6

1E7 TU - - - - - - - - - 1E7 1E7
1E8 TU - - - - - - - - - 1E8 1E8

i i i i i i i i i i i

TU: transducing unit
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Figure 5.5 Human IgG levels in the ELF following single and repeat intranasal
administration of rSIV.F/HN.hCEF.T13B. Expression of human IgG in the ELF
following single, or ten daily repeated, IN administrations of 1EG (green), 1E7
(blue) or 1E8 (red) TU of rSIV.F/HN.nCEF.T13B (Table 3.4) in mice (female
BALB/c, 5 to 7 weeks, n=2 for 1E8 TU x 10 doses group, n=6 for other groups;
Section 2.2.9.3). Mice were humanely culled at day 28 following rSIV.F/HN
administration and BALF was collected. Human IgG in the ELF was measured
(Section 2.2.6.1). Horizontal bars represent group means. Statistical
significance was determined by Mann-Whitney test to compare single and
repeat dosing groups. The dotted line represents the lowest detection limit of
the assays with values below this line extrapolated from the curve fit. A
calculated p value of <0.01 was deemed significant and indicated with double

asterisks (**).
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Figure 5.6 Effect of repeat administration of rSIV.F/HN.hCEF.T13B in protecting mice
against 1,000 TCIDs, influenza challenge. Mice (female BALB/c, 5 to 7 weeks) received
a single or ten daily doses of rSIV.F/HN.hCEF.T13B, 4 weeks prior to intranasal
infection with 1,000 TCIDso (15 LDso) of A/PR/8/1934 H1N1. A single dose of 1E6 (full
green line), 1E7 (full blue line) or 1E8 (full red line) TU or ten daily doses of 1E6 (dotted
green line), 1E7 (dotted blue line) or 1E8 (dotted red line) TU per mouse in FreeStyle
was administered. A group of mice also remained naive (black; n=6; Section 2.2.9.3).
The weight loss of each mouse was monitored for the indicated time period (A to G)
and mice were euthanised at a weight loss of 220% compared with the pre-challenge
body weight was observed, as indicated in the Kaplan-Maier graphs (H & ). Each line
in A to G represents the body weight changes of individual mice in the group. Statistical
significance was determined by log-rank test. A calculated p value of <0.01 or <0.001
was deemed a significant difference and indicated with double asterisks (**) or triple

asterisks (***) respectively.
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strains of influenza-infected mice (Davidson et al., 2014). Although the previous study
(Brown et al., 2007) showed that the IFNaf3 response resolves several days after rLV
delivery, it is unknown if repeat administration, and/or the high dose/volume of viral
vector, could affect the kinetics of the IFNaf response. Whether or not transduction of
lung epithelia by rSIV.F/HN leads to increased expression of IFNaf in the lung, and
whether this might affect subsequent resistance to influenza challenge, would require
further investigation. Taken together, however, the reduced survival of mice receiving
the higher dose of rSIV.F/HN via repeated administration could be due to a

combination of the factors described above.

5.3.2 Relevant animal models for influenza challenge studies

The mouse model used in this study was relatively simple and inexpensive, however,
it is known that the mouse is not the best model for influenza infection for several
reasons. For instance, unlike humans, mice develop hypothermia instead of
hyperthermia in response to influenza infection (Yang and Evans, 1961). In addition
to the anatomy and histology of the murine respiratory tract being very different from
humans, the distribution of the viral receptor (SA) in the respiratory tract of mice is also
different (lbricevic et al., 2006). In mice, viral replication and tissue damage is often
concentrated in the lower, rather than the upper, respiratory tract and this has been
linked to the higher severity of infection than what normally occurs in human hosts
(Hatta et al., 2007). The ferret, on the other hand, is a more reliable model for influenza
study. First described in 1933, and used widely in influenza research (Smith et al.,
1995), ferrets are susceptible to most human influenza virus strains without prior
adaptation to the species and present symptoms similar to influenza-infected humans

such as nasal discharge and fever. The SA distribution in the ferret airways is also
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similar to human airways (van Riel et al., 2007, Xu et al., 2010). Since ferrets efficiently
transmit human influenza viruses, this model (via direct contact or aerosol
transmission) can be used to study the efficacy of viral vectors mediating immunisation
to prevent transmission of human viruses, such as occur in influenza pandemics and
seasonal influenza, whereas the mouse model does not to serve as a suitable model
for influenza virus transmission (Lowen et al., 2006). There are several drawbacks of
using ferrets, however, such as the high cost and the more stringent husbandry
requirements, which make it less accessible to most research groups. Another
noteworthy point of the studies described here is that a very high dose of influenza
(1,000 or 10,000 TCIDsp; Section 5.2.2) was used in the influenza challenge
experiments, which was several logs higher than the dose required to initiate influenza
infection in human via aerosol inhalation (0.6 to 3 TCIDsg) (Alford et al., 1966). The
median lethal dose (LDsp) of A/PR/8 (lineage unknown) in BALB/c was 100 plaque-
forming units (PFU) (Quan et al., 2008) and as little as 7 TCIDso of A/PR/8 (Cambridge)
was sufficient to lead to 20% weight loss in BALB/c (Powell et al., 2012b). In the mouse
model, the primary readout following a lethal dose of influenza challenge is weight loss
and death (euthanasia at a humane endpoint, approximating =220% weight loss
according to the ASPA 1986). There are also several secondary parameters to assess
influenza virus pathogenicity or vaccine efficacy, for instance, lung viral titres, increase
in lung weight and increase in 1-acid glycoprotein in cases where non-lethal influenza
strains or non-lethal doses of influenza were used (Sidwell and Smee, 2000). The
influenza challenge dose used in the studies described in this chapter was selected
based on the published dose for evaluating influenza vaccines and viral vector-
mediated immunoprophylaxis against influenza (Quan et al., 2010, Powell et al.,

2012b, Balazs et al., 2013, Limberis et al., 2013, Kamlangdee et al., 2014). It was
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found that a low-dose IN challenge in the ferret model results in slower viral replication,
but higher virus shedding, which more closely resembles the disease parameters of
natural influenza infection in humans (Marriott et al., 2014). This means that the failure
of rSIV.F/HN to provide complete protection in mice from a lethal dose does not
necessarily mean that it would not protect humans from natural influenza infections.
In fact, using a high-dose challenge model might obscure the real therapeutic effect of
antiviral drugs or vaccines (Marriott et al., 2014). A high-dose challenge mice model
might be more relevant for the study of influenza treatments, than for vaccines or
prophylaxis. It is therefore worth considering the low-dose challenge ferret model in
the future studies to evaluate the efficacy of rSIV.F/HN as a prophylaxis against

influenza infection.

5.3.3 Conclusion

In conclusion, the results show that rSIV.F/HN is a potential platform to mediate
passive immunisation against influenza virus and perhaps also other infectious
diseases. However, optimisation of this platform would be required to improve its
efficacy compared with the rAAV2/8 IM delivery approach. Further efforts have
focused on optimising the antibodies to improve rSIV.F/HN as a platform for passive

immunisation against influenza. This work is discussed in detail in Chapter 6.
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Chapter 6 Enhancement of anti-influenza broadly

neutralising antibodies activity via antibody engineering

6.1 Introduction

In Chapter 5, efforts were made to enhance the protective effects of rSIV.F/HN
expressing antibody against influenza infection by daily repeat administration, but
such an approach was not successful (Figure 5.6). In this chapter, studies on the bnAb
were performed in an attempt to improve their effectiveness against influenza. All of
the bnAbs against influenza investigated in this study were of the IgG1 isotype
(Section 3.1.2). To date, IgG (especially IgG1) predominates antibody-based
therapeutics in the market (Shepard et al., 2017). The potency of other antibody
isotypes as a treatment for influenza, especially IgA which is the main antibody isotype

at the mucosal surface (Macpherson et al., 2008), has yet to be explored.

6.1.1 Human immunoglobulins (lgs)

In humans, immunoglobulins (Igs) belong to the immunoglobulin super-family (IgSF)
and consist of two polypeptide chains, a heavy chain (H) and a light chain (L) that
assemble into a monomeric unit (HzL2). Both H and L chains contain one variable (V)
domain that forms the antigen binding site (known as the paratope; VH and VL) and
one or more constant (C) domains that have effector functions such as complement
binding, half-life length, interactions with the fragment-crystallizable recptors (FcRs)
and the isotype or subclass of the Ig (Figure 6.1). In a typical lg, there is a hinge region

linking the first (CH1) and second (CH2) C domains in the H chain (Figure 6.1)
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Figure 6.1 Schematic representation of the structure of a typical human
immunoglobulin (based on human IgG1) and the antigen binding domain. (A) Human
lgG1 consists of two heavy (H) and two light (L) chains linked by disulphide bonds.
Each of the H and L chains consists of one variable (V) domain and one or more
constant (C) domains. The fragment-antigen binding (Fab) region consists of CH1,
VH and the L chain. The fragment crystallizable region (Fc) consists of the CH2 and
CH3 domains. (B) The antigen binding domain (the paratope) of a human
immunoglobulin, consists of the VL and VH domains. Each V region consists of three
highly variable complementarity-determining regions (CDRs) sandwiched by four
relatively conserved framework (FRs) regions. Figure A is adapted from (Rosati et al.,

2014).
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, the length of which differs between different Ig isotypes. The C region can consist of
either a k or a A chain. In an intact Ig molecule, the H and L chains are linked by inter-

chain disulphide bonds and covalent bonds (Figure 6.1).

6.1.2 Structure of human IgA

There are two distinct human IgA subclasses, namely IgA1 and IgA2, present in both
monomeric and dimeric forms (Figure 6.2). In the serum, IgA is composed of
approximately 90% IgA1 and 10% IgA2. The sub-class proportions of mucosal IgA can
vary; in the nasal and male genital secretions approximately 80 to 90% is IgA1 but in
the saliva, colonic and female genital secretions this is only 60% IgA1 (Woof and
Russel 2011). IgA1 and IgA2 differ mainly in the length of their hinge region. IgA1 has
a long and flexible hinge region (19 amino acids, rich in proline, serine and threonine,
with between three and six O-linked glycosylation sites) (Tarelli et al., 2004, Woof and

Kerr, 2006). IgA and their different forms are illustrated in Figure 6.2.

6.1.3 Enhancement of bioactivity of bnAb in IgA backbone

The enhancement of binding and neutralisation of recombinant IgA compared with
their IgG equivalent, against influenza in in vitro assays, has been reported previously.
Two independent research groups observed enhancement in binding and neutralising
activity of humanised anti-HA antibodies in a human IgA backbone compared with
their 1gG equivalents (Muramatsu et al., 2014, He et al., 2015). Although the
mechanism was not investigated, it was hypothesised that the enhanced bioactivity of
IgA was due to the increased valency resulting from the increased flexibility of the IgA

constant region (Muramatsu et al., 2014).
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Figure 6.2 Schematic representation of the various forms of human IgA. Human IgA
exists as monomeric: IgA1, IgA2m(1), and IgA2m(2), and the dimeric (dlgA) and
secretory (S-IgA) forms (shown as dIgA1 and S-IgA1 in the diagram). Constant
regions of the heavy chain are shown in red and the variable domains of the heavy
chain in pink. Constant regions of the light chains are shown in dark blue and variable
regions in light blue. The joining (J) chain connecting two monomeric IgA1 is shown in
yellow and secretory component (SC) in purple. The O-linked sugars (on the IgA1
hinge) are shown as green circles, while N-linked oligosaccharides are shown in dark
blue. There are two IgA2 allotypic variants, namely IgA2m(1) and IgA2m(2), with
shorter hinge region (6 amino acids lacking O-linked glycosylation sites) (Kunkel et al.,
1969, Endo et al., 1994). Serum IgA is predominantly monomeric while IgA in the
mucosal secretions are mainly dimeric. Monomeric IgA forms dimeric IgA (dIgA) via
the linking of two monomeric IgA either spontaneously via its tailpiece region (might
form polymeric IgA via this mechanism) or by joining (J) chain polypeptides at the
penultimate cysteine residue at the C region of the IgA H chains via covalent binding
(Hendrickson et al., 1995, Brunke et al., 2013). Figure adopted from (Woof and Kerr,

2006).
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Figure 6.3 Crystallography models of intact human IgG1 and human IgA1. The ribbon
diagrams show the intact structure of both monomeric human IgA1 (PDB id: 11GA)
and human IgG1 (PDB id: 11GY). Human IgG1 and IgA1 consist of two heavy (H) and
light (L) chains. Each of the H and L chains consists of a variable (V) and one or more
constant (C) domains (indicated in the figure). The fragment-antigen binding (Fab)
region consists of CH1, VH and the L chain. The fragment crystallizable region (Fc)
consists of the CH2 and CH3 domains. Human IgA1 demonstrates a T-shape structure
due to the long and more flexible hinge region. Human IgG1 demonstrates a Y-shape

structure. Figures reproduced from (Harris et al., 1998, Boehm et al., 1999).

179



6.1.4 Aim

The studies in this chapter were designed to investigate the enhancement of bioactivity

of bnAb against influenza in the IgA1 backbone.

6.2 Results

6.2.1 Generation of recombinant anti-influenza HA IgA1

In order to investigate the effect of IgA1 backbone on the neutralising activity, a panel
of HA-targeting antibodies consisting of HA-head targeting specific antibodies, HA-
head targeting cross-reactive and HA-stem targeting antibodies were selected (Table
6.1). With the exception of MEDI8852, where the sequence was already published
(Kallewaard et al., 2016), all the IgG1 molecules studied in this chapter (Table 6.1)
were isolated from recovered patients or vaccinated donors via single-B cell cloning
of the H and L variable (Tiller et al., 2008, Wrammert et al., 2008). These were then
sub-cloned into the human IgG1 heavy constant backbone (plgG-AbVec) for IgG1
expression (Table 2.1). The equivalent IgA1 H expression plasmids were generated
by sub-cloning the V region of the H chain into human IgA1 backbone as described in
Section 2.2.3.11. Monomeric IgA1 was then expressed and affinity purified (Section
2.2.7) (Table 6.1). To confirm the production of recombinant IgA1, affinity purified IgA1
and their IgG1 equivalents were visualised using SDS-PAGE (Section 2.2.8). Results
from SDS-PAGE under reducing and non-reducing conditions showed that

recombinant IgA1 had been successfully produced (Figure 6.4).
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6.2.2 Comparison of neutralising and binding activity of recombinant IgA1 and

their IgG1 equivalents

6.2.2.1 Enhancement of neutralising activity in HA stem-targeting recombinant

IgA1

The neutralisation of IgA1 and their IgG1 equivalents was compared using the MN
assay against various influenza strains (Section 2.2.6.4). Neutralisation activity
against tested influenza strains was reported as ECso as shown in Figure 6.5 and
Table 6.2. Enhancement in neutralising activity was observed in several HA-stem
targeting bnAb (Figure 6.5). T1-3B IgA1 has a 11.7-fold increase in neutralising activity
against H5 A/Vietnam/1203/2004 compared with T1-3B IgG1. Previous studies have
observed a biased usage of the VH1-69 germline family in HA-stem targeting bnAb
(Lee and Wilson, 2015). In order to investigate if the germline family plays a role in
determining the enhancement observed in IgA1 backbone, T2-5A IgA1 and T1-3B
IgA1 were compared, since they were both encoded by the same germline family
(VH1-69) (Table 6.1). However, T2-5A IgA1, showed no enhancement in
neutralisation against any of the influenza strains tested (Table 6.2), suggesting that
the germline family might not predict enhancement in IgA1 backbone. MEDI8852 IgA1
showed a 10.8-fold enhancement in neutralising activity against H5
A/Vietnam/1203/2004 compared with MEDI8852 1gG1. Furthermore, MEDI8852 IgA1
also showed an enhancement in neutralising activity of three to 16-fold against all four

H7 strains tested compared with MEDI8852 |gG1 (Table 6.2).

Another key observation was that switching to the IgA1 backbone enhances cross-
reactivity of some antibodies against influenza. For instance, T2-5D IgG1 did not

neutralise H3 A/Victoria/361/2011, but did so in the IgA1 form. The neutralisation of
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T2-5D IgA1 remains similar to its IgG1 equivalent against H1 A/California/07/2009
(Table 6.2), suggesting switching to IgA1 backbone does not fundamentally change
the binding epitope of the antibody. Similarly, Z3-B2 in the IgG1 form did not neutralise
any of the four H7 strains tested, but neutralised H7 A/Shanghai/1/2013 in IgA1 form

(Table 6.2).

6.2.2.2 Enhancement only observed in H5 and H7 strains on all recombinant

IgA1 tested

In IgA1 that showed enhancement in neutralisation, it was expected that enhancement
should be observed in all HA as the IgA1 constant region should enhance the general
affinity of the paratope, but surprisingly, the enhancement seen with the IgA1 HA-stem
targeting antibodies was only observed with H5 and H7 influenza strains and not H1
or H3 strains (Table 6.2). The exception was T2-5D which cross-reacts with H3
AlVictoria/361/2011 only in IgA1 form. This observation was best demonstrated by
MEDI8852 which is known to neutralise all group 1 and group 2 influenza (Table 2.5).
The results show that enhancement in neutralising activity of MEDI8852 IgA1 was only
observed in H7 and H5 strains, but not H1 or H3 strains (Table 6.2). The Z3-B2 IgA1
showed cross-reactivity in one out of four H7 strains tested, but no enhancement with
the three H3 strains tested in comparison with Z3-B2 IgG1 (Table 6.2). These results

suggest that enhancement in neutralisation of IgA1 might be HA-dependent.

6.2.2.3 Decrease in neutralising activity of HA head-targeting recombinant IgA1

While most HA-head targeting antibodies demonstrate similar neutralising activity in

the IgA1 backbone compared with their IgG1 equivalents (Table 6.2), decreased
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neutralising activity was observed in several HA-head targeting antibodies: the 21-D8-
5A IgA1 has a 7.9-fold and 20-fold decrease in neutralising activity against H1
A/PR/8/1934 and H5 A/Vietnam/1203/2004, respectively (Table 6.2) and the T2-6A
IgA1 has a three-fold decrement in neutralising activity against A/California/07/2009
H1N1 compared with T2-6A IgG1. This suggests that the IgA1 backbone does not
enhance, and might even decrease, the neutralisation of HA-head targeting antibodies,

as shown in the six HA-head targeting IgA1 used in this study (Table 6.2).

6.2.2.4 No difference in binding affinity against HA was observed between IgA1

and their IgG1 equivalents

To investigate if the difference in neutralisation was associated with difference in
binding affinity against HA. The binding activity of several IgG1/IgA1 pairs of bnAbs
that showed differences in neutralisation (Table 6.2) was compared using HA-ELISA
(Section 2.2.6.3) against various HA (Table 2.4). The ELISA results show that there
was no difference in binding affinity between all of the 1IgG1/IgA1 pairs tested (Figure
6.6). Both Z3-B2 1gG1 and IgA1 showed similar binding affinity against H7
A/Shanghai/1/2013 (Figure 6.6 i) but only Z3-B2 IgA1 neutralised H7
A/Shanghai/1/2013 (Table 6.2), indicating that the IgA1 backbone does not change
the binding epitope of Z3-B2 against H7 A/Shanghai/1/2013, but allows neutralisation
to occur more potently. Similar to Z3-B2, MEDI8852 I1gG1 and IgA1 showed no
difference in binding activity against all four HA tested (Figure 6.6 v, vi, vii, viii) even
though enhancement in neutralisation against similar influenza strains was observed
(Section 6.1). 21-D8-5A IgA1 showed a 7.9 and 20.1-fold decrement in neutralising
H1 A/PR/8/1934 and H5 A/Vietnam/1203/2004 respectively compared to 21-D8-5A

IgG1 (Table 6.2) but there was no difference in binding activity was observed (Figure
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Table 6.1 IgG1 and monomeric IgA1 produced and investigated in this study

Antibody | VH gene | Antibody HA specificity
name usage class
IgG1
T2-6A VH3-7 IZA1 HA head specific H1 (A/California/7/2009)
1gG1 o .
2-12C VH5-51 gAT HA head specific H1 (A/California/7/2009)
1gG1 . L
Q11-C11 VH4-61 gAT HA head specific H3 (A/Victoria/361/2011)
lgG1 :
T2-5D VH3-15 gAT HA head cross-reactive H1
lgG1 :
T3-4B VH3-15 v HA head cross-reactive H1
g
lgG1 ,
21-D8-5A | VHA4-39 gAT HA head cross-reactive H1 & H5
IgG1 .
T1-3B VH1-69 gAT HA stem cross-reactive H1 & H5
IgG1 .
T2-5A VH1-69 o HA stem cross-reactive H1 & H5
g
IgG1 )
Z3-B2 VH3-53 gAT HA stem cross-reactive H1, H3 and H7
MEDI8852 | VHG6-1 :gi: Pan Influenza stem (all group 1 and group 2)

HA: influenza haemagglutinin; VH: gene encoding the variable region of the antibody heavy

chain; IgG1: human immunoglobulin G subclass 1; IgA1: human immunoglobulin A subclass

1
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Figure 6.4 Visualisation of recombinant IgA1 using SDS-PAGE. To confirm the
production of IgA1, Z3-B2 (lane 1 & 2), 2-12C (lane 3 & 4), Q11-C11 (lane 5 & 6) and
T2-5D (lane 7 & 8), both IgA1 and their IlgG1 equivalents, were prepared following
transient transfection of HEK 293T cells (Section 2.2.4) with plasmids pCMV.Z3B2.GH,
pCMV.Z3B2.AH and pCMV.Z3B2.A; pCMV.212C.GH, pCMV.212C.AH and
pCMV.212C.x; pCMV.Q11C11.GH, pCMV.Q11C11.AH and pCMV.Q11C11.x and
pCMV.T25D.GH, pCMV.T25D.AH and pCMV.T25D.k (Table 2.1). These were purified
using a Peptide M column (Section 2.2.7.1) and were separated by SDS-PAGE (2.5
ug per lane, Section 2.2.8) under reducing (bottom gel) and non-reducing (top gel)
conditions, and stained with Quick Coomassie Stain (Generon) (Section 2.2.8). The
position of the bands containing the full intact IgG1, IgA1 molecule, heavy and light
chains are indicated. A protein marker (Bio-Rad) ranging from 10 to 250 kDa was

included.
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Figure 6.5 In vitro neutralisation titre (EC50) of IgA1 and IgG1 equivalents against
various influenza strains. The MEDI8852 IgG1 and all IgA1 were produced via
transient transfection of HEK 293T cells with their respective expression plasmids
(Table 2.1), followed by purification using a Peptide M or Sepharose A column (Section
2.2.7.1). Other IlgG1s were obtained from Alain Townsend. The neutralisation titre
(ECsp) of each IgA1 was compared to its IgG1 equivalent using the MN assay (Section
2.2.6.4) against various influenza strains (Table 2.4). The IgA1 and IgG1 tested are
shown on the X-axis and the ECsg neutralising titre (ng/mL) is shown on the Y-axis.
The light blue background indicates HA-head targeting antibodies, the red background
indicates the HA-head cross-reactive antibodies and the light green background
indicates HA-stem cross-reactive antibodies. Each data point represents the mean
ECso (ng/mL) obtained from at least two independent assays. The ECs was calculated
as the concentration of antibody that results in half-maximal response. The fold-
difference of ECsy between IgA1 and their IgG1 equivalents is summarised in Table

6.2.
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Table 6.2 Summary of the neutralising titre (ECs) of IgA1 compared with their IgG1

equivalents
Antibody VH HA Influenza strain ECso (ng/mL) IgG/ | IgA/
usage subtype (S-eGFP) IgG1 IgA1 IgA | IgG
T2-6A VH3-7 H1 A/California/07/2009 7.5 225 | 03 SN
2-12C VH5-51 H1 A/California/07/2009 8.5 12 07 | 14
a11-c11 | vHa61 H1 A/California/07/2009 - - -
H3 AlVictoria/361/2011 18 19 09 | 1.1
H1 A/California/07/2009 156 149 1.0 | 1.0
T2-5D VH3-15 H3 AlNVictoria/361/2011 - 2237.5
T3-4B VH3-15 H1 A/California/07/2009 78 845 | 09 | 1.1
A/PuertoRico/8/1934 755 | 5935 | 0.4 SN
H1 A/California/07/2009 - - - -
21-D8-5A | VH4-39 A/Belgium/14G0500/2014 - - - -
H3 AlVictoria/361/2011 i - - -
H5 A/Vietnam/1203/2004 133 | 2674.5 | 0.05 |20
A/PuertoRico/8/1934 1603 | 13455 | 1.2 | 0.8
H1 A/California/07/2009 64 129.5 | 05 | 2.0
T1-3B VH1-69 A/Belgium/14G0500/2014 | 1525 | 364 | 0.4 [N
H3 AlVictoria/361/2011 i - - -
H5 A/Vietnam/1203/2004 906 775 | 11.7 | 0.1
A/PuertoRico/8/1934 1267 | 14025 [ 0.9 [ 1.1
H1 A/California/07/2009 2515 | 3655 | 0.7 [ 15
T2-5A VH1-69 A/Belgium/14G0500/2014 | 436.5 | 499 | 0.9 | 1.1
H3 AlVictoria/361/2011 i - - -
H5 A/Vietnam/1203/2004 8642 | 57415 | 15 [ 0.7
A/PuertoRico/8/1934 - - - -
H1 A/California/07/2009 1195 | 150 [ 0.8 | 1.3
A/Belgium/14G0500/2014 | 378.5 | 3935 | 1.0 | 1.0
AlVictoria/361/2011 3714.7 | 2359.7 | 1.6 | 06
H3 A/SW/9715293/2013 9041 | 6195 | 15 [ 0.7
Z3-B2 VH3-53 A/HongKong/5738/2014 | 787.5 | 656.5 | 1.2 | 0.8
H5 A/Vietnam/1203/2004 - - - -
A/Netherlands/219/2003 - - - -
H7 A/NewYork/107/2003 - - - -
A/Shanghai/1/2013 - 1008.8
A/Anhui/1/2013 - - - -
A/PuertoRico/8/1934 482 332 1.5 | 07
H1 A/California/07/2009 180.3 | 159 1.1 | 0.9
A/Belgium/14G0500/2014 | 246.5 | 2825 | 0.9 | 1.1
AlVictoria/361/2011 2813 [ 24545 | 11 [ 0.9
H3 A/SW/9715293/2013 3930 | 3659 | 1.1 | 0.9
MEDI8852 | VH6-1 A/HongKong/5738/2014 399 351.5 1.1 0.9
H5 A/Vietnam/1203/2004 1216 | 112.5 | 10.8 | 0.1
A/Netherlands/219/2003 | 3134.7 | 198.3 | 15.8 | 0.1
7 A/NewYork/107/2003 | 19755 | 707 | 2.8 | 0.4
A/Shanghai/1/2013 433 657 | 6.6 | 0.2
A/Anhui/1/2013 62433 | 195 | 32 | 0.3

The ECso represents the average values obtained from at least two separate experiments.
Fold-difference of ECsp more than two-fold between IgA1 and their IgG1 equivalents are
highlighted in yellow or red. Green colour indicates antibody that only neutralises in IgA1.

HA: influenza haemagglutinin; VH: gene encoding the variable region of the antibody heavy

chain; S-eGFP: recombinant influenza virus expressing eGFP.
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6.6 iii & iv). These results suggest that the IgA1 constant region does not affect the
binding affinity of the antibodies and the difference in neutralisation observed was not
due to enhanced binding affinity. .2.3 Investigation of the effect of the IgA1 hinge

region on the neutralising activity of IgG1

6.2.3.1 Generation of IgG1 with the IgA1 hinge region (IgGA)

Immunoglobulins A1 and their equivalent IgG1 share the same paratope (VH and VL),
and therefore the same HA specificity. It is possible that the enhanced neutralising
activity and cross-reactivity, observed in Figure 6.5, might be due to an enhanced
valency in IgA1, due to the wider and more flexible hinge region (Figure 6.3), as
hypothesised by (Muramatsu et al., 2014). The increased flexibility of the hinge might
allow the Fabs to have an extended reach towards their epitopes on the HA, especially
the stem region, resulting in more potent neutralisation. To investigate this, the
sequence encoding the human IgA1 hinge region was sub-cloned into the IgG1 heavy
chain sequence (in between the IgG1 CH1 and the IgG1 hinge) to generate an IgG1
with an IgA1 hinge, termed IgGA (Section 2.2.3.11; Figure 6.7). In the IgGA construct,
instead of replacing the IgG1 hinge region with the IgA1 hinge, an extension of the
IgA1 hinge region onto the original IgG1 hinge region was designed. This is because
the disulphide bonds that hold the two arms together in IgG1 are located in the 1gG1
hinge region, hence the removal of the native IgG1 hinge might compromise the
structure of the IgG1 (Figure 6.6). These cDNA constructs were confirmed by
sequencing and used to produce Z3-B2 and MEDI8852 IgGA (Section 2.2.7). Affinity

purified IgGA was visualised using SDS-PAGE to confirm the assembly of the IgGA
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molecules (Section 2.2.8) and SDS-PAGE showed that IgGA was successfully

produced (Figure 6.8).

6.2.3.2 Comparison of neutralising activity of the hybrid IgGA with

recombinant IgA1 and their IgG1 equivalents

The neutralisation of Z3-B2 and MEDI8852 IgGA and IgA1 and IgG1 equivalents was
compared using the MN assay against various influenza strains (Section 2.2.6.4).
MEDI8852 and Z3-B2 IgGA showed no enhancement in neutralisation against any of
the influenza strains tested (Figure 6.9). For both MEDI8852 IgGA and Z3-B2 IgGA,
the neutralisation remained similar to their IgG1 equivalents against the influenza
strains tested (Figure 6.9), suggesting the inclusion of a longer and more flexible
constant hinge region did not compromise the affinity of the paratope, but at the same

time, did not enhance the neutralisation activity of IgGA.
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Figure 6.6 Binding activity of IgA1 compared with the respective IgG1 equivalent. Z3-
B2 IgA1 (i & ii), 21-D8-5A IgA1 (iii & iv), MEDI8852 IgG1 and IgA1 (v, vi, vii, & viii)
were prepared from transfection of HEK 293T cells with plasmids pCMV.Z3B2.AH and
pCMV.Z3B2.A; pCMV.21D85A.AH and pCMV.21D85A.A; pCMV.MEDI8852.GH,
pCMV.MEDI8852.AH and pCMV.MEDI8852.k (Table 2.1), followed by purification
using a Peptide M column (Section 2.2.7.1). The Z3-B2 and 21-D8-5A IgG1s were
obtained from Alain Townsend. The binding activities of Z3-B2 IgA1, 21-D8-5A IgA1
and MEDI8852 IgA1 were compared with their IgG1 equivalents using HA-ELISA
(Section 2.2.6.3) against various HAs (Table 2.4). Each data point represents the
mean of duplicate readings. The ECso was calculated as the concentration of antibody

that results in half-maximal response.
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light chain
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Figure 6.7 Schematic of the IgGA construct generated in this study. The hinge region
of IgA1 was sub-cloned between the IgG1 Cu1 region and the IgG1 hinge region, to
generate IgGA. The IgG1 hinge region was retained in the IgGA construct since it
contains key disulphide bonds (black lines) that hold the two arms of IgG1 together.
Variable and constant regions of the IgG1 heavy chain are shown in dark blue and the
constant domains of the IgA1 heavy chain are shown in red. The light chains are

shown in light blue.

193



20 o,
150 —— Land
100 —— el
s o
_l > Heavy chain
" L -—_ —
- - v
5 - T 4-_> Light chain
20 il e
| —
s Dt —
1 e
H Antibody SDS-PAGE condition
1 MEDI8852 1gG Reducing
2 MEDI8852 IgA Reducing
3 MEDI8852 IgGA Reducing
4 MEDI8852 1gG Non-reducing
5 MEDI8852 IgA Non-reducing
6 MEDI8852 IgGA Non-reducing

Figure 6.8 Visualisation of MEDI8852 IgGA using SDS-PAGE. MEDI8852 IgGA,
comprising MEDI8852 IgG1 with the IgA1 hinge region, together with the
monomeric IgA1 and IgG1 equivalents, were prepared from transient
transfection of HEK 293T cells with plasmids pCMV.MEDI8852.GH,
pCMV.MEDI8852.AH, pCMV.MEDI8852.GAH and pCMV.MEDI8852.k (Table
2.1), purified using Sepharose A, separated by SDS-PAGE (3.0 ug per lane;
Section 2.2.7.1) under reducing and non-reducing conditions and detected with
Quick Coomassie Stain (Section 2.9). The position of the bands corresponding
to the heavy and light chains are indicated with arrows. Protein markers (Bio-

Rad) ranging from 10 to 250 kDA were included.
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6.3 Discussion

6.3.1 Enhancement of neutralising activity and cross-reactivity in HA-

stem targeting IgA1

In this chapter, the enhanced bioactivity of IgA1 bnAb was explored. Two
publications reported the enhancement of influenza bnAb in an IgA backbone
(Section 6.1.3). Enhancement in bioactivity of HA-targeting antibodies were
observed when they are switched to IgA isotype from IgG. Whereas the two
published studies only investigated one antibody (Muramatsu et al., 2014), or
only tested the antibodies against one influenza strain (Muramatsu et al., 2014,
He et al., 2015)) this chapter describes a more extensive study, with a panel of
bnAbs targeting different influenza strains and HA epitopes isolated from

humans.

Several findings were observed in this study. Firstly, similar to what has been
reported previously (He et al., 2015), enhancement in neutralising activity was
observed in HA-stem targeting antibodies when they were switched to the IgA1
backbone, with a three- to 16-fold enhancement compared with their 1gG1
equivalents, depending on influenza strains (Table 6.2). One observation that
has not been previously reported, however, is the enhancement in cross-
reactivity of neutralisation when influenza bnAb IgG1 are switched to IgA1. The
T2-5D and Z3-B2 IgA1 were shown to neutralise influenza strains that their

lgG1 equivalents did not (Table 6.2).

It has been previously reported that VH1-69-encoded HA-stem targeting bnAb

has a distinct molecular characteristic, consisting of a triad of amino acid
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Figure 6.9 Neutralising titre of IgGA compared to the IgG1 and IgA1 equivalents.
(A) MEDI8852 IgGA, (B) Z3-B2 IgGA and their IgG1 and IgA1 equivalents were
prepared from transfection of HEK 293T cells with plasmids
pCMV.MEDI8852.GAH, pCMV.MEDI8852.GH pCMV.MEDI8852.AH and
pCMV.MEDI8852.k or pCMV.Z3B2.GAH, pCMV.Z3B2.GH pCMV.Z3B2.AH
and pCMV.Z3B2.\ (Table 2.1) followed by purification using Sepharose A or
Peptide M column (Section 2.2.7.1). Neutralising titre was determined using MN
assay (Section 2.2.6.4) against various recombinant influenza strains (Table
2.4). Each data point represents the mean of duplicate readings. The ECsy was
calculated as the concentration of antibody that results in half-maximal
response. In the MN assay, infection was expressed as fluorescence intensity

when S-Flu (Table 2.4) was used.
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residues (Avnir et al., 2014) and that binding of these bnAbs with HA relies on
a hydrophobic amino acid, a conserved phenylalanine at position 54 in the
CDRZ2, and a tyrosine at position 98 in the CDRS3 region of the H chain (Avnir
et al., 2014). This led to the speculation that switching to IgA1 backbone might
enhance the neutralising activity of bnAbs that have the same molecular
signatures or germline family. However, the results in Section 6.2.2.1, with at
least two bnAbs encoded by VH1-69, suggest that the antibody germline family
does not predict enhancement in IgA1 backbone. This would need to be
confirmed by testing more bnAbs from the same germline family, although this
is difficult, because apart from VH1-69, no association between another
germline family and HA specificity has been reported. In the collection of bnAbs
used here, there are no other antibodies from the same germline family that
share the same HA specificity. Together, these data suggest that the
enhancement in IgA1 backbone is antibody-dependent and enhancement

cannot be predicted solely based on the antibody germline family.

To investigate if the more flexible IgA1 hinge region enhances the neutralisation
of IgG1, hybrid IgGAs were constructed, produced and tested for neutralisation
activity (Section 6.2.3). The results show that the inclusion of the IgA1 hinge in
IgG1 did not enhance neutralisation (Figure 6.7); the hybrid IgGA retained the
same neutralisation activity as the IgG equivalents. Although the structure of
the hybrid IgGA was not determined, it can be speculated that with the inclusion

of the long, proline-rich IgA1 hinge, IgGA should have a more flexible hinge
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region and possess an overall T-shape structure like IgA1 (Figure 6.7).
MEDI8852 and Z3-B2 IgGA molecules retained their neutralisation activity
against all influenza strains tested compared with their IgG equivalents (Figure
6.9), a result suggesting that the flexibility of the hinge region does not influence
the neutralisation activity of antibody. This finding is consistent with a study
reporting that the increased length and flexibility of the hinge region did not
increase the antigen binding of an antibody against Bacillus anthracis

(Hovenden et al., 2013).

It has been a central dogma in the immunology field that antigen specificity is
solely dependent on the V regions, but it was later discovered that the C regions
also confer antigen binding function (Torres and Casadevall, 2008). Several
groups have reported that different antibody isotypes or subclasses, all with
identical V regions, possess different affinity and/or specificity in antigen
binding for both polysaccharide and peptide antigen (Cooper et al., 1993,
Pritsch et al., 2000, McLean et al., 2002, Torres et al., 2005, Tudor et al., 2012).
These works led to the suggestion that the C region can exert an allosteric
effect on the paratope and influence antigen interactions. Further studies on
dissecting the mechanism of how the C regions influence the paratope showed
that the C and V regions are structurally coupled and affect each other during
antigen binding (Janda and Casadevall, 2010). The C region can affect the
structural rigidity of the V region (Correa et al., 2013) and the energy landscape
on the paratope (Janda et al., 2012). Together with the IgGA results, it is
suggested that the increased length and flexibility of the hinge region alone do

not enhance the neutralisation of the antibody and the enhancement observed
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in IgA1 was probably due to the allosteric effect on the paratope exerted by the

IgA1 C region, although this needs further confirmation.

It was surprising that there was no difference in HA binding affinity between
those 1gG1/IgA1 pairs which showed differences in neutralisation (Figure 6.6),
as there is an expectation that an enhancement in neutralisation would be
associated with enhancement in binding affinity to the antigen, as reported
previously (Muramatsu et al., 2014, He et al., 2015). One explanation is that
the difference in neutralisation is associated with a difference in binding kinetics
(association rate (Kon) and dissociation rate(Ko)) of IgG1 and IgA1 against HA
that does not show up on ELISA used in this studies that measures antibody
affinity at a steady equilibrium state. The binding kinetics could be measured
using avidity ELISA or Surface Plasmon Resonance (SPR), which might
provide more insight on the difference in the interactions between HA and 1gG1
or IgA1. Changes in mAb binding kinetics have been found to affect

neutralisation of respiratory syncytial virus (Bates et al., 2014).

6.3.2 Enhancement in neutralising activity in H5 and H7 strains

Another intriguing observation was that the enhancement in IgA1 HA-stem
targeting was observed with H5 and H7 strains only, and not with H3 or H1
strains (Table 6.2). He et al., 2015 reported neutralisation enhancement in two
recombinant HA-stem targeting IgA1, although only one influenza strain was
tested in the study and it contained a chimeric HA (the globular head region of
H5 A/Vietham/1203/2004 and stem region of H1 A/PR/8/1934). It is possible

that the difference in stability between HA/IgG1 and HA/IgA1 complexes within
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the acidic endosome might be responsible for the enhancement neutralisation
of HA-stem targeting IgA1. The HA stem region contains a fusion peptide
required for viral-endosomal fusion due to gradual acidification of the
endosome upon internalisation of the virus in the host cell (Wiley and Skehel,
1987). Most HA-stem targeting antibodies neutralise infection via blocking the
fusion between the viral and endosomal membranes (Brandenburg et al., 2013).
It is known that different HA subtypes undergo conformation change for fusion
at different pH (Scholtissek, 1985). It is possible that the HA/IgA1 complex has
a higher stability at its fusion pH compared with HA/IgG1. This speculation is
established only if the H5 and H7 have a lower fusion pH than H3 and H1, since
enhancement in neutralisation in IlgA1 was observed in H5 and H7. Although
the fusion pH of the HA used in this study was not determined, it has been
reported that H1 and H3 subtypes have a lower fusion pH (around pH 5.2 to
5.4) compared with H5 and H7 subtypes (around pH 5.9 to 6.0) (Galloway et
al., 2013, Zaraket et al., 2013, Gabbard et al., 2014). It is therefore unlikely that
the enhanced neutralisation seen in H5 and H7 with IgA1 was due to enhanced
stability of the HA/IgA1 complexes in the acidic endosome. Recombinant
influenza virus expressing eGFP (S-eGFP) (Table 2.4) was used in the MN
assays in this study. It has been previously established that S-eGFP is
comparable to wild type in neutralisation (Alain Townsend, personal
communication.) MN assays with wild type H5 and H7 influenza were not
performed due to technical difficulties, but it could be interesting to compare the
neutralisation of IgG1 and IgA1 with wild type H5 and H7 influenza to see if

similar enhancement is seen in IgA1.
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6.3.3 Decreased neutralising activity in HA-head targeting IgA1

Most of the HA-head targeting IgA1 tested in this study show no difference in
neutralisation compared with their IgG1 equivalents. This is probably because
only a tiny amount of antibody is needed to saturate the HA-head to prevent
infection (via blocking attachment of virus to the host cells) compared with HA-
stem (via blocking of viral membrane fusion) which requires more antibody.
Approximately 10 to 100-fold less HA-head targeting IgG1 is needed to block
influenza infection in cell culture compared with HA-stem-targeting 1I9G (Huang
et al., 2015b). This could be because the HA head region is more accessible to

the antibodies and can be neutralised more potently.

Decreased neutralisation was observed in HA-head targeting IgA1 (21-D8-5A
and T2-6A) (Table 2.1) ranging from three- to 20-fold, a finding contrary to
Muramatsu et al., 2014 who reported an enhancement of neutralising activity
of a HA-head targeting cross-reactive IgA compared with its IgG equivalent.
Possible differences include that the IgA used by Muramatsu et al., (2014) was
produced via hybridoma technology by fusing mouse antibody-secreting cells
with myeloma cells (Kohler and Milstein, 1975), and the IgA subclass was
unknown, whereas all IgAs used in this study were IgA1. The IgA produced was
also found to be a mixture of monomeric and polymeric forms (Muramatsu et
al., 2014) whereas the IgA1 produced in this study were shown to be largely
monomeric (Figure 6.4). It is possible that the polymeric IgA present in the study
by Muramatsu et al., (2014) might be responsible for the enhancement

observed. Also, the IgA used was a chimeric mouse antibody, and such
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decreased neutralisation has been reported previously for a chimeric mouse

HA-stem targeting IgA (Mak et al., 2014).

HA-head targeting mAb can neutralise in one of two ways: either via inserting
the CDR3 region into the receptor binding side (RBS) to mimic sialic acid
binding thereby blocking sialic acid recognition when the binding site overlaps
the RBS, or via steric hindrance when they bind elsewhere on the HA globular
head (Knossow and Skehel, 2006). As discussed above, the C domains can
affect the paratope and can influence steric hindrance of an antibody (Nason et
al., 2001). The exact neutralisation mechanism of 21-D8-5A and T2-6A,
whether via mimicking sialic acid binding or steric hindrance, is not known. The
results suggest that switching to IgA1 might reduce the potency of HA-head
targeting antibodies that act via steric hindrance. This, however, requires

further investigation.

A study reported that, from the PBMC repertoire isolated from healthy human
donors, a substantial portion of IgA-secreting B cells were HA-stem targeting
(He et al., 2015). This indicates that, in nature at least, HA-head targeting V
regions might not be favourable for class-switching into IgA, probably because
of the reduced neutralisation of HA-head targeting IgA, which is consistent with

the findings in this chapter.

6.3.4 Conclusion

The results presented in this chapter show that influenza HA-stem targeting

bnAbs can be made more potent in neutralisation by switching them into an
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IgA1 backbone; further investigation is needed to elucidate the mechanism.
While this chapter focuses on the neutralisation, the effector function of IgA1,
such as ADCC, could also be investigated to show if the IgA1 backbone (the
Fc region) has an enhanced effector function compared with IgG1, which could
result in enhanced elimination of influenza infected-cells. Furthermore, the
efficacy of IgA1 could be compared with IgG1 in animal models to investigate if
the enhanced neutralisation of IgA1 in vitro were translated into improved
protection against influenza in vivo. Overall, this chapter demonstrates the
enhanced potency of anti-influenza IgA1 in neutralising influenza infection and
supports studies to express IgA1 using viral vectors. The enhanced efficacy of
IgA1 could ultimately translate into lower viral vector doses, and therefore lower

costs, for higher therapeutic efficacy.
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Chapter 7 Discussion

7.1 Viral vectors for passive immunisation against influenza

The discovery of broadly neutralising antibodies (bnAbs) has opened up the possibility
of passive immunisation by means of delivering sera from recovered patients, or
pathogen-specific monoclonal antibody (mAb), as an alternative to conventional
vaccines. While the parenteral administration of purified antibody is limited by high
antibody production costs, and only transient protection due to the relatively short half-
life of the delivered antibody in the circulation, the use of viral vectors to deliver bnAbs

can perhaps overcome these limitations.

The aim of this thesis was to study the potential of rSIV.F/HN as a bnAb gene transfer
agent to the lung for passive immunisation against influenza. Initially developed for
cystic fibrosis (CF) gene therapy, rSIV.F/HN has shown promising results in non-
clinical studies and will be tested in dose-escalating Phase I/ll safety and efficacy
studies in due course (Alton et al., 2017). Influenza was selected as a disease model
because i) there is a need for novel, effective prophylaxis approaches for the emerging
influenza pandemics; ii) of the discovery of influenza bnAbs, including some novel
bnAbs isolated by collaborator Alain Townsend from recovered patients/vaccinated
donors, offering broad protection against multiple strains of influenza, and iii) influenza
is a respiratory disease, production of bnAb at the initial site of infection (lung)
mediated by rSIV.F/HN could provide effective protection. Studies were designed to
investigate expression of bnAb from rSIV.F/HN to confer protection against influenza

infection in the mouse model. As rSIV.F/HN had not been previously tested in this way,
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delivery of rAAV2/8 vector to the muscle was also included since this latter approach

was reported to be effective against influenza challenge in mice (Balazs et al., 2013).

Studies in Chapter 3 focussed on the design of the bnAb expression construct and the
production of viral vectors expressing the secreted GLux reporter protein and selected
bnAbs. The latter were expressed from a single-ORF cDNA construct (Figure 3.1), to
facilitate packaging of the genome into viral vectors with limited packaging capacity,

and were found to be as least as potent as their dual-ORF equivalents (Section 3.2.4).

In Chapters 4 and 5, it was confirmed that rAAV2/8 delivered to the muscle expressed
high levels of bnAb, and was capable of conferring 100% protection against influenza
challenge in the mouse model (Sections 4.2.2 and 5.2.1), consistent with previous
findings (Balazs et al., 2013). This also confirmed the efficacy of the novel T1-3B bnAb
(Table 2.5) for protection against lethal influenza challenge mediated by a viral vector.
Initial proof-of-principle using GLux showed that rSIV.F/HN delivered to the lung can
direct expression of soluble protein both into the lung lumen and systemic circulation
(Section 4.2.3). Consistent with this proof-of-principle study, the ability of rSIV.F/HN
vector to express T1-3B bnAb, both locally in the lung and the circulation following
lung delivery to mice, was demonstrated (Section 4.2.4). However, GLux and bnAb
resulted in different expression profiles, suggesting that GLux might not be a useful
proxy for bnAb expression mediated by viral vectors (Section 4.3.3). Comparing bnAb
expression following rAAV2/8 IM delivery and rSIV.F/HN IN delivery, rAAV2/8 directed
around 1,000-fold higher serum bnAb than rSIV.F/HN, whereas the bnAb levels in the
lung lumen were comparable using both delivery strategies. This suggests that IM

delivery of rAAV2/8 may be a better approach for mAb expression where high levels
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of mADb are needed in the serum, whereas IN delivery of rSIV.F/HN and IM delivery of

rAAV2/8 are equivalent for expression of mAb within the lung lumen.

In Chapter 5, mice receiving rSIV.F/HN expressing T1-3B were challenged with
influenza to determine the extent of rSIV.F/HN mediated protection. A single dose of
rSIV.F/HN conferred partial protection against lethal dose of influenza challenge
(Section 5.2.2), representing, to the best of our knowledge, the first demonstration of
rLV vector expressing therapeutic bnAb and conferring protection against influenza in
vivo. As discussed above, although the 1gG levels in the lung lumen for both rSIV.F/HN
and rAAV2/8 treated mice prior to influenza challenge were similar, mice receiving
rAAV2/8 demonstrated full protection against influenza challenge (150 LDso) whereas
mice receiving rSIV.F/HN only conferred partial protection against influenza challenge
(15 LDso). This supports the suggestion that of serum IgG helps prevent influenza
infection which has been suggested previously (Ito et al., 2003, Renegar et al., 2004).
One can imagine during an influenza infection, the depleted IgG in the lung lumen
could be continuously replenished from the high serum IgG which was being produced
in the muscle mediated by rAAV2/8 whereas the protection against influenza in mice
receiving rSIV.F/HN IN probably relies solely on the IgG levels in the lung lumen. As
discussed in Section 5.3.2, the mouse model serves as a convenient and relatively
inexpensive animal model for influenza studies but it is not the most relevant. To better
recapitulate and predict the efficacy of viral vector-mediated passive immunisation in
humans, a more relevant animal model for future studies would be ferrets. Ferrets
have a similar airway SA distribution to humans and are naturally susceptible to human
influenza viruses. More importantly, unlike mice, ferrets can be used to study

transmission of influenza via direct contact or aerosol transmission, which more

208



closely resembles the natural infection route of influenza in humans (Bouvier and

Lowen, 2010).

In order to improve the protection against influenza mediated by rSIV.F/HN, two
strategies were investigated. The first strategy was the use of daily repeated
administration, which has been previously shown to increase reporter transgene
expression in mice with low dose (1E6 TU) of rSIV.F/HN (Griesenbach et al.,
2012c)(Section 5.2.3). Consistent with previous findings (Griesenbach et al., 2012b),
bnAb expression increased significantly when lower dose (1E6 TU) of rSIV.F/HN was
repeat administered daily which also led to higher survival against influenza challenge
(Figure 5.6) However, this daily repeat administration strategy did not lead to
increased bnAb expression, and did not improve protection, with a higher dose of
rSIV.F/HN (1E7 and 1E8 TU) (Figure 5.6). As discussed in Section 5.1.1, the reason
was unclear and requires further investigation. It is possible that the failure of the daily
repeat administration approach to improve protection against influenza could be due
to the repeated sessions of inhalation anaesthesia, the high (overall) volume of fluid
delivered to the mouse lung, or a resultant cytokine response due to higher viral dose,
a combination of which might increase the susceptibility of the mice to influenza

infection.

The second strategy aimed to improve rSIV.F/HN-mediated protection against
influenza involved antibody engineering (Chapter 6). Engineering of bnAb into human
IgA was attempted, based on previous studies that reported bioactivity enhancement
of influenza bnAb in IgA form (Section 6.1.3). Indeed, an enhancement in

neutralisation was observed with several of our novel bnAbs, including T1-3B, against
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the two potential pandemic influenza strains H5 and H7, when they were engineered
into the human IgA1 isotype (Section 6.3.2.1). If expressed using viral vectors, the
enhanced potency of influenza-targeting IgA1 could mean higher therapeutic efficacy,
lower viral vector dose and lower overall costs. However, the enhanced potency of
IgA1 compared to their IgG1 equivalents was only tested in cell culture in this study,

whether the enhancement holds true in vivo requires further investigation.

7.2 Potential issues for the translation of rAAV2/8 and rSIV.F/HN approaches

into the clinic

Recombinant AAV is a promising vector for gene therapy, becoming the first gene
therapy vector licenced for gene therapy in the European Union (Yla-Herttuala, 2012).
Apart from its excellent track record in animal models, rAAV is non-pathogenic in
humans, has a good safety profile in the clinic (Nathwani et al., 2011, Gaudet et al.,
2013) and has been shown to direct expression of various mAbs at high levels in
animal models (Table 1.3). In this study, published findings were confirmed and
showed that rAAV2/8 delivered IM can direct high levels of bnAb expression in the
serum (Section 4.2.2), providing complete protection against influenza infection in
mice (Section 5.2.1). Inconsistencies in the translation of rAAV transgene expression
from animal models to humans have been reported. For example, in the Haemophilia
B clinical trial using rAAV2/8 delivered via IV route, less than 1% of serum Factor IX
was detected in patients (Nathwani et al., 2011) which was not proportional to levels
achieved in mice (160%) and NHP (40%) (Nathwani et al., 2006), even though the
vector doses per body weight used were similar or higher in humans. The discrepancy,
however, was not seen when the same dose of rAAV expressing FIX was delivered

IM in mice, dogs and humans (Manno et al., 2003). The published reports suggest that
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the inconsistency of transgene expression following rAAV delivery between animals
and humans is dependent on the delivery method and that IM delivery leads to more
consistent cross-species transgene expression. Based on this, it might be reasonable
to extrapolate the bnAb expression in mice obtained in this study into proportional

bnAb expression in humans.

One of the biggest hurdles for the clinical realisation of rAAV gene therapy is the
presence of pre-existing immunity in the human population, which can hinder rAAV
transduction. It has been reported that around 30 to 60% of the human population is
seropositive against various AAV serotypes, with the highest being against AAV1 and
AAV2 (Calcedo et al., 2009, Boutin et al., 2010). Furthermore, humoral immunity
triggered following the first rAAV administration is likely to prevent repeated
administration of the same AAV serotype, as observed in non-clinical studies
(Sumner-dones et al., 2007, Wang et al., 2009). A lack of ability to repeatedly
administer rAAV vectors means that a patient could only be successfully treated on
one occasion; this limits the opportunity for an individual to receive multiple doses of
rAAV for long-term treatment, or subsequent doses for treatment of other diseases in
the future. A possible solution is that alternative AAV serotype/variants could be used
in subsequent AAV administrations to avoid this issue (Riviere et al., 2006), provided
the variants have similar tissue tropism and there is no cross-reactivity between them.
This approach has been tested successfully in animal models (Halbert et al., 2000,
Davidoff et al., 2005), but it has been reported that cross-reactive antibodies against
AAV serotypes 2, 7 and 8 have developed in subjects receiving rAAV1 (Flotte et al.,
2011). This problem potentially limits the wider use of rAAV for applications requiring

long-term expression and/or requiring repeated administration. It is likely that gene
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transfer for expression of influenza antibodies will require repeated administration of
viral vectors to achieve therapeutic levels of expression and especially to keep pace

with the highly evolving influenza virus.

While IM delivery of rAAV in mice is relatively simple and requires only a single
injection (Section 2.2.9.4), the procedure is much more complicated in human and
may require 40 or more injections at multiple muscles to maximise transduction of
muscle cells (Gaudet et al., 2013). Furthermore, due to the high number of injections
needed, the patient has to be put under spinal anaesthesia. This makes mass
vaccination of the population during disease outbreaks with such a delivery strategy

impractical.

Unlike rAAV, rSIV.F/HN offers the possibility of successful repeat administration. In
mice, monthly doses of rSIV.F/HN did not result in loss of transgene expression
(Griesenbach et al., 2012b), which has been observed when two or more doses of
other viral vectors were delivered to the murine lung (Sumner-Jones et al., 2007). The
Sendai virus (mouse parainfluenza virus) used for rSIV pseudotyping in this study
shares high sequence homology with human parainfluenza virus and pre-existing
neutralising mAb against parainfluenza virus in the human populations might prevent
transduction of rSIV.F/HN. However, it has been shown that the lung transduction of
rSIV.F/HN was not inhibited in mice pre-treated with neutralising antibodies against
human parainfluenza virus isolated from the human population (Alton et al., 2017).
The reason why it is possible to repeatedly administer rSIV.F/HN without loss of
efficacy is currently unknown, but might relate to the speed with which the virus enters

the cell via the F/HN pseudotype (Alton et al., 2017). Together, these observations
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suggest that repeated administration of rSIV.F/HN in humans might also be possible,
which would be beneficial for passive immunisation as well as treatment of chronic

diseases.

For delivery of rSIV.F/HN, the aim is to deliver to the human lung via a non-invasive
aerosol-generating nebuliser. Preliminary studies have shown that rSIV.F/HN remains
stable in nasal spray bottles and clinical-grade catheters, which allow nasal and
regional lung delivery (Alton et al., 2017). Although the use of a nebuliser is non-
invasive, the delivery device utilised needs careful selection, as such devices can be
relatively inefficient, leading to additional unwanted expense for wide-spread use in

large target populations.

7.3 Potential viral vector related toxicity

The potential toxicity of viral vectors, in particular those that can integrate into the host
genome, is a valid concern. Wild type AAV has been long considered a non-
pathogenic virus with integration at a safe harbour in chromosome 19 (namely AAVS1
site) mediated by the Rep protein (Kotin et al., 1990). A recent study has found that
wild type AAV2 can integrate within a known oncogene in around 5% of hepatocellular
carcinomas, suggesting potential genotoxicity risks of AAV (Nault et al., 2015),
although following this controversial report, a later publication challenged the initial
findings and suggested an alternative conclusion (Berns et al., 2015). In the rAAV
vector, due to the absence of rep gene, integration appears to occur rarely and
randomly into the host genome (Miller et al., 2005, Kaeppel et al., 2013a). In the clinic,
no genotoxicity has been so far reported in patients receiving rAAV1 gene therapy

intramuscularly for up to 6 years (Gaudet et al., 2016), but rAAV vectors possess
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genotoxicity risks in mice which were influenced by the selection of
enhancers/promoter sequence, the transgene, vector dose and timing of vector
delivery (Chandler et al., 2015). These findings highlight the importance of attending

to rAAV vector design to reduce risk of genotoxicity.

The rSIV.F/HN vector offers several advantages as a lung gene transfer agent. The
lung-targeting rSIV.F/HN efficiently transduces 15% of mouse lung epithelial cells
including ciliated airway epithelial cells, goblet cells, club cells and type | and Il
pneumocytes at the maximum feasible dose, without the need of tight-junction
openers prior to administration (Alton et al., 2017). The integration of rLV into the host
genome of dividing and non-dividing cells renders rSIV.F/HN suitable for applications
requiring long-term transgene expression, but possible genotoxicity has been a major
concern. It has been shown in animal models and cell culture that rLV exhibits
insertional mutagenesis (Bokhoven et al., 2009), although rLV is generally less
mutagenic than y-retroviral vectors (Hematti et al., 2004, Montini et al., 2009). Unlike
y-retroviral vectors, rLV has a strong preference to integrate within transcriptional units
in actively transcribing genes instead of near the transcription start site (TSS), hence
a reduced chance of trans-activating adjacent proto-oncogenes (Wu et al., 2003,
Hematti et al., 2004, Mitchell et al., 2004, Niederer and Bangham, 2014). The
integration site bias of rLV is also influenced by the activity status of the transduced
cells (Brady et al., 2009), and there are many other factors that affect genotoxicity
including the vector design, the transgene, the transduced cell type and host factors
such as underlying diseases and age (Montini et al., 2009, David and Doherty, 2017).
Integration site analysis of rSIV.F/HN in the mouse lungs revealed no preference for

integration near oncogenic loci, showing the reduced likelihood of oncogenesis (Alton
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et al., 2017). In terms of vector design, rSIV.F/HN is a self-inactivating (SIN) vector,
lacking 3’ LTR viral promoter and enhancer activity (Section 1.5.3), which greatly
reduces the risk of insertional mutagenesis (Cesana et al., 2014) and the generation
of splice-variant transcripts of genes located near the vicinity of integration sites

compared with y-retroviral vectors (Cesana et al., 2012, Moiani et al., 2012).

One possible adverse effect of mAb expression mediated by viral vectors is the
persistent overexpression of the mAb which might lead to a pathological condition
called paraproteinemia (also known as monoclonal gammopathy). Paraproteinemia is
characterised by the presence of excessive (single) mAb in the circulation, often
caused by immune-proliferative diseases or haematological cancers such as multiple
myeloma or monoclonal gammopathy of underdetermined significance (MGUS).
Paraproteinemia has been linked to pathological conditions such as neuropathy,
oculopathy, dermopathy, coagulopathy, autoimmunity and nephropathy (reviewed in
(Glavey and Leung, 2016)). Based on the high serum bnAb expression levels with
rAAV2/8 in mice (Section 4.2.2), this delivery approach might pose a risk of
paraproteinemia. Thus, careful assessment of the delivered dose may be particularly

important for the successful development of rAAV2/8 vectors in this context.

These possible toxicities highlight the importance of careful vector design, extensive
genotoxicity studies and fine tuning of the expression levels of bnAb by optimising the
vector dose and constraining expression via careful selection of promoters/enhancers,

to maximise therapeutic effect while avoiding side-effects.
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7.4 Future directions

The enhanced potency of IgA1 bnAb demonstrated in Chapter 6 is supportive of
studies to express IgA1 bnAb using viral vectors. If this approach translates into
enhanced in vivo efficacy, this could ultimately result in lower viral vector doses, and
therefore lower costs required to achieve immunological protection. Influenza
replication is highly error-prone, and selection of ‘escape mutants’ is highly likely to
occur if a single antibody is used (O’ Donnell et al 2012). Although the HA stem region
is less permissive for escape mutations, because it is structurally constrained,
selection of escape mutations from HA-stem targeting bnAbs has been reported (Chai
et al., 2016). Thus, the therapeutic efficacy of using of a single bnAb regimen, even
with the HA-targeting bnAb, might be hampered by the emergence of escape mutants.
Furthermore, a mass vaccination of the human population expressing the same single
bnAb is likely to exert a greater immunological pressure on influenza, further promoting
generation of escape mutations. To circumvent this problem, a cocktail of non-
competing bnAbs could be used to reduce the chances of selecting escape mutants
and, at the same time, confer broader protection. Delivery of a cocktail of affinity-
purified bnAbs has been shown to successfully prevent formation of escape mutants
in H5N1 influenza (Prabakaran et al., 2009). Furthermore, to reduce the
immunological pressure on a single target on the influenza virus, antibodies targeting
other influenza surface glycoproteins, such as the NA which is involved in influenza
virus budding, could be included (Section 1.1.2); NA-targeting mAbs have been shown
to protect against influenza challenge in the mouse model (Wan et al., 2013, Wan et
al., 2015). Several NA-targeting bnAbs have been isolated (Alain Townsend, personal
communication) and one in particular, Z2-B3 that cross-reacts with N1 and N9

influenza, has shown protection in mice against a lethal dose of A/PR/8 H1N1
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challenge given prophylactically (data not shown). This highlights the therapeutic

potential of NA-targeting bnAbs and the utility of including them in the cocktails.

One concern with the expression of a cocktail of antibodies mediated by viral vectors
is that it might lead to random association of antibody heavy and light chains when
two or more different antibody genes are being expressed in the same host cell, a
phenomenon commonly observed in bispecific antibody production (Schaefer et al.,
2016). A cocktail comprising two different bnAbs could theoretically result in 16 bnAb
combinations, and this random chain association might result in non-functional or low
efficacy bnAb. To overcome this problem, scFV, encoded on a single intact protein
chain, instead of full-length bnAb, encoded on two chains, could be used, although, it
would be important to first investigate the efficacy of scFV compared with their full

length bnAb equivalents.

Influenza protection investigated in this thesis was evaluated using a standard lab
influenza strain (A/PR/8 H1N1) performed in commonly available, relatively low
containment Biosafety Level 2 (BSL-2) facilities. However, for future influenza
pandemic preparedness, efficacy of viral vectors ought to be tested against potential
future pandemic strains, such as the HPAI H5N1 and H7N9. Such strains are
categorised as BSL-3 pathogens by the WHO due to their highly virulent nature and
animal challenge experiments with these strains can only be carried out in BSL-3 or
BSL-4 facilities. Due to the limited number of BSL-3 or 4 facilities, and their associated
high experimental costs, testing of vaccines or treatments against these viruses has
been restricted. To circumvent this problem, BSL-2 compatible, firefly luciferase

expressing, replication-deficient recombinant H5 and H7 influenza (S-Lux), based on
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S-Flu (Powell et al., 2012a) are being developed. The S-Lux could be used as a
surrogate to study potential pandemic influenza in animal models in BSL-2 facilities,

using non-invasive bioluminescent imaging, greatly simplifying progress in the field.

7.5 Conclusions

This thesis investigated the feasibility of using rSIV.F/HN to express bnAb for passive
immunisation against influenza, comparing it with the published rAAV2/8 IM approach.
Both vectors need further development and testing, and have challenges that need
addressing. However, given the data presented in this thesis, passive immunisation
clearly offers an alternative to conventional vaccines particularly in high-risk groups
that often respond only poorly to conventional vaccination. One can envisage that
during an influenza pandemic, viral vectors carrying bnAb matching the pandemic
strain could be used immediately for ring vaccination in the affected areas. In addition,
the availability of pre-tested cocktails of suitable bnAbs could facilitate a swift response
to an influenza outbreak, rapidly protecting key health workers and crucial
infrastructure personnel from infection. Such an approach could also be applicable
for other infectious diseases; indeed, preliminary experiments show that rAAV2/8
delivered to the muscle directed high levels expression of Zaire Ebola neutralising
antibodies at potentially therapeutic levels (data not shown). Taken together, the
studies in this thesis provide evidence for use of viral vectors to mediate passive
immunisation against influenza, potentially more cost-effective and long-lasting than

conventional approaches.
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Appendix | Amino acid sequence of the variable regions of the antibodies used in this

study

Antibody

Heavy Chain

Light chain

V-gene and
allele

Variable region amino acid sequence

Locus

Variable region amino acid sequence

T1-3B

1-69*01

TGVHSEVQLVQSGAEVRKPGSSVKVSCKPSGGIFNK
YAVTWVRQAPGQGLEWMGGIIAVFRTTNYAHKFQG
RVTISADESMNTVYLELRSLRSDDTAVYYCARGPNYY
NSYMDVWGKGTTVTVSSA

kappa

EIVLTQSPGTLSLSPGERATLSCRVSQSLTNR
DLAWYQQQPGQAPRLLIHGASTRATGIPDRFS
GSGSGTEFTLTISRLEPEDFAVYYCQQYGTSP

QTFGQGTKVEIK

21-D8-5A

4-39*03

QLQLQESGPGLVKSSETLSLTCTVSGDSVSNKIFYW

GWVRQPPGKGLEWIGSLYSGGNTYYNPSLQSRVTM

SVDTSKNQFSLKLTSVTAAADTAMYFCARHFPYDDV
LTGYSSHFDYWGQGILVTVSSASTK

lambda

TGSWAQSALTQPPSASGTPGQRVTVSCSGS

RSNIGNNAVNWYQQLPGTAPKLIIYTNDQRPS

GVPDRFSGSKSGTSASLAITGLQSEDEADYYC
ATWDDSVNGVFGTGTRVTVLGQPK

T2-5D

3-15*01

EVQLVESGGDLVKPGGSLRLSCAASGFTFSYASMTW

VRQAPGKGLEWVGRIKSLEWGGTTDYAAPVRGRFTI

SRDDSKNTLYLQMNSLNTEDTAVYFCVTAATHDYYD
TYGYSNYWGRGTLVTVSS

kappa

DIVMTQSPLSLPVTPGEPASISCRSSRSVQRS

NGYNYLEWYLQKPGQSPQLLIYVASNRASGV

PDRFSGSGSGTDFTLKISRVEAEDVGVYYCM
QTLETPQTFGQGTKVEIK

MEDI8852

6-1*01

HSQVQLQQSGPGLVKPSQTLSLTCAISGDSVSSYNA

VWNWIRQSPSRGLEWLGRTYYRSGWYNDYAESVKS

RITINPDTSKNQFSLQLNSVTPEDTAVYYCARSGHITV
FGVNVDAFDMWGQGTMVTVSS

kappa

DIQMTQSPSSLSASVGDRVTITCRTSQSLSSY

THWYQQKPGKAPKLLLYAASSRGSGVPSRFS

GSGSGTDFTLTISSLQPEDFATYYCQQSRTFG
QGTKVEIK

T2-5A

1-69*01

EVQLVESGAEVKKPGSSVKVSCRTSGGIFNSYGITW

VRQAPGQGLEWMGGILAIFRTTKYAQRFQGRVTISA

DESMNTVYMELSGLRSDDTAVYYCARGPTYYNSYM
DVWGKGTTVTVSS

kappa

EIVLTQSPGTLSLSPGERATLSCRVSQSLSSN

NLAWYQKKPGQAPRLLIHGAFTRATGIPDRFS

GSGSGTEFTLSISRLEAEDFAVYYCQQYGSSP
QTFGQGTKVEIK

T3-4B

3-15*01

EVQLLESGGDLIKPGGSLRLSCVASGFTFSYASMSW
VRQAPGKGLEWVGRIKSLEWGGTTDYSAAVNGRFTI

kappa

DIVMTQSPLSLPVTPGEPASISCRSSQSVQRD
NGYYYLDWYVQKPGQSPQLLIYVASNRAPGV
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SRDDSKNTVYLHMTSLKIEDTAVYYCVTAATNDYYDT
YGYSDYWGQGTLVTVSS

PDRFSGRGSGTDFTLKISRVEAEDVGVYYCM
QTLQTPQTFGQGTKVEIK

TGVHSEVQLVESGGGLVQPGGSLRLTCATSGFSFNS
YWMTWVRQAPGKGLEWVANINQVGSEIYYVDSVKG

TGSWAQSVLTQPPSVSGAPGQRVTISCTGSS
SNIGAGYDVHWYQLLPGTAPKLLIYAFSDRPS

T2-6A 3-7°01 RFTISRDNAKNSLYLQMNSLRADDTAVYYCARQGSF lambda GVPDRFSGSKSGTSASLAITGLQAEDEGDYYC
ADTYFYYYAMDVWGQGTTVTVSS QSYDTGLSGLEVVFGGGTKLTVLGQPK
TGVHSQVQLVESGGGLIQPGGSLRLSCAASGFTVSN TGSWAQSALTQPPSASGSPGQSVTISCTGTS
73-B2 3.53%01 NYMTWVRQAPGRGLEWVSVIFSGGTTYYADSVKDR lambda SDVGSYNYVSWYQQHPGKAPKLMIYEVSKRP
FTISRDNSKNTLYLQMNSLRVEETAVYYCARFLVLRY SGVPDRFSGSKSGNTASLTVSGLQTEDEADY
FDWPNYAMDVWGRGTTVTVSSASTK YCSTHAGSNNLVLFGGGTRLSVLGQPK
TGVHSEVQLVQSGAEVKKPGESLKISCKGSGNGFTT TGVHSEIVLTQSPGTLSLSPGDRATLSCRASQ
2.12C 5-55*01 YWIGWVRQVPGKGLEWMGIIYPDDSDTRYSPSFQG kappa SVSSSFLAWYQQKPGQAPRLLMYGASRRATG
QVSISADKSISTAFLQWSSLKASDTAMYFCARLGDVE PP IPDRFSGSGSGTDFTLTISRLEPEDFAVYYCQ
TAMVGQDAFHIWGQGTMVTVSS QYDSSPFTFGGGTKVEIKRTV
TGVHSQLQLQESGPGLVKPSQTLSLTCTVSGGSISS TGSWAQSVLTQPPSVSAAPGQTVTISCSGSS
Q11-C11 4-61%02 GAYYWNWIRQPAGKGLEWIGHVYFSGTTNYSPSLKS lambda PNIGINYVSWYLHLPGTAPKLLIYDNDKRPSGI

RVTISVDTSKNQFSLNLNSVTAADTAVYYCARSPCGG
NCYIGEGEGWDFYYSYMDVWGRGTTVTVSS

PDRFSGSKSGTSATLVITGLQSGDEADYYCGT
WDSSLSAVVFGGGTKLTVLGQPK
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