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Abstract

The Hepatitis C virus (HCV) currently infects 1% of the global
population and is attributed to 400,000 deaths annually, thus presenting
a major public health threat. Persistent infection results in extensive
liver damage and is associated with the development of hepatocellular
carcinoma. Current treatments rely on highly effective therapeutic direct
acting antiviral compounds. However, these do not prevent reinfection.
The current WHO target for HCV elimination by 2030 is unlikely to be
met in the absence of a prophylactic vaccine. Approximately 25 % of
acute infections spontaneously resolve and several studies have
associated this outcome with the rapid production of broadly
neutralising antibodies that target the HCV envelope glycoproteins,

providing a goal for HCV vaccine candidates.

Virus-like particles (VLPs) offer a highly immunogenic and safe
vaccination approach. VLPs can induce greater titres of antibodies
compared to subunit vaccines due to the presence of multiple copies of
epitopes present in these structures. In addition to this, chimeric VLPs
allow the presentation of foreign viral epitopes to the immune system.
The Rubella virus (RV) induces long-lasting humoral responses upon
exposure following natural infection or vaccination. Recombinant
expression of the three RV structural proteins, capsid-E2-E1, leads to
the assembly of RV-LPs that are similar to infectious RV in both

morphology and immunogenicity.

This project explored the use of RVLPs as a vaccine platform for the

presentation of HCV envelope glycoproteins. First an in-house system



for the expression of RVLPs was established and validated. Following
this, a panel of Rubella-Hepatitis C virus (RH) chimeras were designed
and constructed using homologous recombination cloning methods.
Five RH constructs were generated and validated for VLP formation
and secretion. Of these constructs, one chimera, RH5, was found to
produce chimeric VLPs that incorporated the HCV envelope
glycoproteins. Furthermore, the RH5 chimeric VLPs reacted with
conformation sensitive anti-HCV antibodies. Finally, immunisation of
bovines with RH5 elicited autologous neutralising antibodies. This
project described the development and early validation of a novel

chimeric vaccine platform for HCV.
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Chapter 1 Introduction

1.1 Introduction to the Hepatitis C Virus

1.1.1 Impact

HCV is one of the causative agents of chronic viral hepatitis and
represents a major threat to global public health. Currently it is
estimated that HCV infects approximately 1% of the global population?.
Annually, 400,000 deaths are attributed to complications arising from
chronic HCV infection such as cirrhosis and HCC?. In the US, chronic
HCV infection is the leading cause of liver transplantation® and the
number of deaths caused by HCV outnumber those caused by HIV4. In
response to the public health impact of HCV, the WHO has set 2030 as

the target for HCV elimination®.

1.1.2 Transmission

As a blood borne virus, transmission of HCV occurs through contact
with contaminated blood. The highest risk group for acquiring HCV are
PWID®, who become exposed to contaminated blood via the sharing of
drug paraphernalia, this is one of the commonest routes of transmission
for HCV. Healthcare workers represent another high risk group for HCV
infection due to the increased risk of exposure contaminated blood
through needle stick injuries’. Prior to the screening of blood for medical
uses, transfusion of contaminated blood was an additional route of
transmission®?®. Vertical transmission of HCV can also occur either in
utero or intrapartum and may represent the main transmission route for
HCV in infants'%. Sexual transmission of HCV can occur and individuals

with more than 20 sexual partners are at a higher risk of becoming

17



infected!!. Sexual transmission of HCV has been found to be higher

amongst homosexual, HIV-positive males'?.

1.1.3 Pathology

Acute HCV infection is defined as the initial 6-month period of infection.
Symptoms of acute HCV infection include jaundice, abdominal pain,
fatigue, and fever, however approximately 30 % of acute cases present
with symptoms with the remaining cases being asymptomatic®.
Diagnosis of acute infection can be achieved through serological and
PCR assays to detect viral RNA3. However, given the high proportion
of asymptomatic cases, many acute infections may remain
undiagnosed. An estimated 25% of acute infections spontaneously
resolve within the first 12 months of acquiring infection!4. Individuals
who achieve SVC are more likely to clear subsequent reinfections!4. In
the absence of SVC the infection progresses to chronicity. Chronic
HCV can manifest for decades and symptoms include fatigue, weight
loss and cryoglobulinemia®®. Long term infection results in extensive
damage of the hepatic tissues leading to cirrhosis® which can result in
liver failure. In addition to this, chronic infection increases the risk of

HCC?.

1.1.4 Treatment

Currently there are no prophylactic or therapeutic vaccines that target
HCV?8, as such treatment relies solely on the use of therapeutic
compounds. Initially, HCV was treated with interferon alpha 2a which
was replaced with pegylated interferon and ribavirin. This latter

treatment achieved successful viral clearance in approximately 50% of
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cases?’®. These early approaches have since been improved upon with
the availability of DAAs which act as inhibitors of the HCV NS3/4A
serine protease, NS5A or NS5B-RdRp?° and achieve SVR in 95% of
cases?!.

Despite the success of DAAs there are multiple draw backs to their use.
Firstly, the high cost of these treatments limits their use to higher
income countries??. Secondly, the use of therapeutics requires the
detection of HCV. This can be challenging since acute HCV infections
can be asymptomatic and therefore are unlikely to be detected. Thirdly,
the efficacy of DAAs vary between HCV genotypes and subtypes?3,
some of which encode known RAS?4, This could limit the efficacy of
DAAs in regions with higher frequencies of RAS encoding HCV variants
such as regions of SSA which are estimated to harbour the 4r subtype
which encodes a NS5A RAS motif?>-28, Finally, successful DAA
treatment does not prevent reinfection?® therefore arguing for the
development of a prophylactic vaccine that could be used prior to

infection and also following successful SVR via DAA treatment.

1.1.5 Classification

HCV belongs to the Flaviviridae virus family which includes other
medically relevant viruses such as yellow fever virus, Zika virus and
West Nile virus®°. Until recently HCV was the sole member of the
Hepacivirus genus. However, in 2016 Smith et al.,3! published
phylogenetic analysis comparing HCV and other Hepacivirus-like
unclassified viruses with similar genome arrangements. This study

proposed the expansion of the Hepacivirus genus to include several
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new species with demarcation based on analysis of conserved amino
acid residues 1123-1566 (NS3) and 2536-3959 (NS5B)(referenced to
strain H77(accession number AF011751)3!, These novel species and
HCV have now been named as Hepacivirus A-N with HCV being
referred to as Hepacivirus C3!. The closest relative of HCV is the
Hepacivirus A virus, also known as EqHV, which is responsible for

acute and chronic viral hepatitis in equids3232,

1.1.6 Genetic Diversity

As species HCV exhibits extensive genetic diversity which is driven by
the introduction of mutations into the viral genome via the error prone
NS5B RdRp34. The diversity of HCV is classified into genotypes which
are based on a shared nucleotide sequence homology of 70%°3°. There
are currently 8 HCV genotypes°36, Intergenotype diversity is further
classified into subtypes which are denoted by lower case letters. The
nucleotide sequences diverge by 15% between subtypes®®. At the time

of writing there are 90 confirmed subtypes®.

An additional level of genetic diversity is found in infected individuals
with the establishment of a heterogeneous population of closely related
HCV isolates, referred to as a quasispecies®’3. This population arises
due to the propensity of HCV to produce high viral titres coupled with a
high mutation rate and a selective pressure driven by the host immune
response. Variability within the quasispeices is mostly focused to the
immunodominant HVR1 region located at the E2 N-terminus and is

linked to nAb evasion and progression to chronicity3%40.
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1.1.7 Epidemiology

HCV is present across the globe and is present on every inhabited
continent. The most recent study on the distribution of HCV genotypes
was performed by Petruzzeillo et al.,*! in which published data from
2000-2015 were collected to assess regional prevalence of HCV
genotypes. This study found that Gtl was the most prevalent
accounting for 49% of cases globally. Gt1 infections were dominant in
developed western countries, accounting for 74% of cases in North
America*l. Gt3 was found to be the second most dominant globally
whilst Gt4 and Gt2 were third and fourth, respectively. Whilst Gtl and
Gt3 were more prevalent in higher-income countries, Gt4 and Gt5 were
found to be more prevalent in developing nations where HCV
treatments are limited. Interestingly, Gt4 infections were dominant in

Egypt where they accounted for 96% of cases.

1.2 Molecular Biology of the Hepatitis C Virus

1.2.1 Genomic Structure

The HCV genome is a positive ssSRNA molecule, approximately 9.6 kb
in length. This genome consists of a single ORF that is flanked by UTRs
42 The 5 UTR contains an IRES site which is required for the
translation of the ORF*3. The ORF is translated as a 3000-residue
polypeptide that is subsequently cleaved via the action of both host
signal peptidases and auto-proteases to yield 10 viral proteins (Figure
1.1)*4. The first three proteins constitute the nucleocapsid core protein,
and the two envelope glycoproteins, E1 and E2. The remaining seven

proteins are non-structural and are involved in the replication of the viral

21



genome and assembly of the virus particle. The 3’ UTR contains a poly
UC tail followed by a conserved X region which act as regulatory

elements*>46 and aid viral genome packaging*’.

[ 5UTR || ORF J [ 3utr |
l Translation
3 y | T T R T y
(coe || Bt | E2 Jp7| Ns2 | nNs3 NS4A | Ns4B | NssA |  NssB |

| Structural | Nonstructural |

Figure 1. 1 Genome arrangement of the Hepatitis C virus.

The ORF undergoes translation to produce a polyprotein that is subsequently cleaved
at sites indicated by the arrows. Structural proteins and p7 are liberated by the action
of host cell proteases. Core protein undergoes further cleavage at the C-terminal by
signal peptide peptidase (dashed line) to remove the E1 signal peptide. NS2 contains
a cysteine protease that mediates cleavage of the NS2/NS3 junction. NS3 encodes an

auto protease which cleaves remaining non-structural proteins.

1.2.2 Structural Viral Proteins

1.2.2.1 Core Protein
The HCV-C protein is encoded in the first 191 residues of the

polyprotein N-terminus. Initial cleavage occurs in the ER lumen and is
mediated by host signal peptidases followed by cleavage by signal
peptide peptidase at around residue 17748. Mature HCV-C is
approximately 21 KDa in size and has two distinct domains (D1 and
D2)*. The N-terminus domain, D1 consists of residues 1-117 which
contain three clusters of basic residues resulting in hydrophilic
properties that are involved in RNA binding® and dimerization®Z. In
contrast, D2 is located at the C-terminus of HCV-C and is hydrophobic

in nature allowing for localisation to intracellular membranes®2. HCV-C
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protein has multiple roles in the virus life cycle including nucleocapsid

formation and viral genome packaging®.

1.2.2.2 Envelope Proteins
The HCV genome encodes two envelope proteins, E1 and E2. These

proteins are type | transmembrane proteins with N-terminal
ectodomains that undergo extensive glycosylation. Following
expression, E1 and E2 form intracellular non-covalent heterodimers®3
that are incorporated into the surface of the mature virion and form high
order covalent complexes®? that mediate viral entry into the host cell>*

and are attractive vaccine targets®®.

HCV-EL1 consists of residues 192-383 of the HCV polyprotein (H77
isolate)and contains four N-linked glycosylation sites (H77 isolate)®6:57
and 8 cystine residues®®. The TMD of HCV-E1 contains an ER retention
signal®® and a GxxxG oligomerization motif that is required for the
formation of the HCV-E1E2 heterodimer®®. Structural data for HCV-E1
is limited since this protein is susceptible to rapid proteolytic
degradation in mammalian expression systems and requires HCV-E2
for stabilisation5-62, Additionally, confirmation-sensitive antibodies
towards HCV-E1 are rare®3. Due to this challenge, bioinformatic
analysis was used to predict the structure of HCV-E1 which suggested
that it forms a classical truncated class Il fusion protein structure similar
to those found in Flaviviruses and Alphaviruses®. However, a crystal
structure of residues 192-271 has been resolved and was found to have
structural homology with human phosphatidylcholine transfer protein®®.

A putative fusion peptide at residues 272-285 (Figure 1.2B) suggests
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that membrane fusion may be mediated by this protein®>-%7. A similar
role has been suggested for Pestivirus E1%8. Finally, HCV-E1 homo-
trimers have been reported to be incorporated into the mature virus
particle®®. The formation of homo-trimers is also seen in other viral
fusion proteins such as the SARS-CoV2 spike protein (class I), VSV-G
protein® (class Ill) and the post fusion arrangement of class Il fusion
proteins such as RV-E171. Taken together this research suggests that

HCV-E1 may represent a novel class of fusion protein.

The E2 protein consists of residues 384-746 of the HCV polyprotein
(H77 isolate) and is the larger of the two envelope proteins. The E2
contains up to 11 glycosylation sites depending on the genotype and
has three regions of high sequence variability these are the N-terminus
region HVR-172 (residues 384-410), the HVR-2"3 (residues 450-485)
and the C-terminal IgVR"3 (residues 570-581) (Figure 1.2A). The HCV-
E2 protein contains multiple linear and discontinuous antigenic
domains, which have varying nomenclature and are referred to as
domains A-E’47°%, AR1-37% and Epitopes I-11I”” (Figure 1.2A). In addition
to these domains, AR4 and AR5 regions are present on the HCV-E1E2

heterodimer’s.

Crystallisation of the E2 protein was challenging due to the presence of
multiple glycans and the propensity of this protein to form
heterogeneous crystals. As a result of this, early structural predictions
were based on existing data for the E protein of Flaviviruses’87°.
However, crystal structures of truncated HCV-E2 core have shown that

the protein consists of a central immunoglobulin-like B-sandwich that is
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flanked by a-helices®%-82 which form a front and back layer (Figure
1.2B). This arrangement is structurally analogous to domain Il of
Flavivirus E protein and Alphavirus E1 proteins (Figure 1.2B). The
absence of a fusion peptide in HCV-E2 further supports the role of
HCV-E1 in mediating viral membrane fusion. Thus, these two proteins
likely work in conjunction, with HCV-E2 initiating cell entry via
attachment and HCV-E1 completing this process with the membrane
fusion event. At the time of writing this mechanism is unique to HCV,
thus the HCV-E1E2 heterodimer may represent a novel class of viral
fusion protein. A recent preprint study, Torrents de la Pefia et al., has
provided the first resolved structure of the complete HCV-E1E2 in
complex with AR4A, AT12009 and IGH505 antibodies®3. This structure
does not fit the current classes of viral fusion protein, further supporting

the argument for HCV-E1E2 to be allocated to a novel class.
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Figure 1. 2 The Hepatitis C Virus envelope glycoproteins.

A) Schematic representation of HCV-E1 and E2 envelope glycoproteins. HCV-E1
contains a putative fusion peptide (FP) and four glycosylation sites (N). HCV-E2
contains three variable regions, hypervariable region (HVR) 1 and 2, and an
intergenotypic variable region (IgVR) along with three linear epitopes (El-Ill) and 11
glycosylation sites. Both proteins contain transmembrane domains (TMD). The
numbering system is relative to the H77 isolate polyprotein. B) The determined crystal
structure of truncated HCV-E2 (PDB 6MEH) with labelled regions. For comparison, the
crystal structure of DENV-E (1OKE) is displayed, showing the three domains (DI-III).

The tip of DII contains a fusion loop (FL).

1.2.3 Non-Structural Viral Proteins
HCV encodes seven non-structural proteins which have roles in virus
assembly and genomic replication. The p7 protein belongs to a family of

ion channel forming viral proteins called viroporins which also includes
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the influenza protein, M28* and the HIV protein, Vpu®. p7 is 63 amino
acids long and is liberated from the HCV polyprotein via host signal
proteases®®. This protein has two TMD regions which span the ER
membrane with both N and C termini located in the luminal side®’ and a
positively charged cytoplasmic loop with conserved dibasic motif at
residues 33 and 35%, that is critical for activity®®. p7 monomers
oligomerize to form heptamers® which act as cation channels®°2,
Although not required for viral RNA replication, p7 is essential for the
production and release of virus particles®3-%° and the establishment of

infection in vivo®s.

The NS2 protein has a hydrophobic N-terminus with three TMDs®” and
a cytosolic C-terminal that contains a cysteine protease which mediates
cleavage of the NS2/NS3 junction®®. Proteolytic activity requires the
formation of NS2 homodimers in which the C-termini form a cysteine
protease with two composite active sites each formed by the residues
His143 and Glul63 of one monomer and Cys184 of the second
monomer®°. Cleavage of the NS2/NS3 junction is essential for the life
cycle of HCV®, however NS2 is not required for the replication of viral
RNA since subgenomic replicons encoding NS3-NS5B are capable of
replication?®. The first TMD region appears to have an important role in
the production of infectious virus particles since HCVcc intergenotypic
chimeras produce significantly higher titres when NS2- TMD1 is

genotype matched with the C-p7 region0.

NS3 is a multifunctional protein that contains the second autoprotease

of the HCV polyprotein, responsible for the cleavage of NS4A, NS4B,
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NS5A and NS5B. Structurally, the NS3 protease forms a trypsin-like
fold with residues His-57, Asp-81 and Ser-139 forming the active
site192.103 Activity of the NS3 serine protease also requires NS4A as a
cofactor'®4-197. The C-terminal helicase domain functions to unwind viral

RNA and functions independently of the NS3 N-terminal protease°®.

NS4A is 54 amino acids in length with a N-terminal TMD followed by a
region that interacts with the N-terminus of NS31%8, The C-terminus of
this protein contains and a region rich in acidic amino acids which aides
viral assembly and envelopment through interactions with the E1

glycoproteini®®,

The NS4B protein is involved in the formation of the replication
complex!!?, This protein is predicted to have four transmembrane
domains with both N and C termini regions located on the cytosolic
side!!l, The N-terminus contains two amphipathic a-helices which are
required for oligomerization!!?112 and results in the formation of the
membranous web'4, The C-terminal domain contains a nucleotide
binding motif which suggests that this protein tethers HCV RNA to the

replication complex15116,

NS5A is a phosphoprotein!!’ that consists of an N-terminal membrane
associated amphipathic a-helix followed by three structural domainst8.
Domains | and Il are required for RNA replication whereas domain Il
has roles in the assembly of the virus through interactions with the HCV

core proteint18,
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The NS5B protein is a 66KDa RdRp that consists of 591 amino acid
residues located at the C-terminus of the HCV polyprotein. Residues 1-
531 form the functional catalytic domain which is anchored to
intracellular membranes by a C-terminal TMD?*1°, The catalytic region
forms subdomains termed fingers, palm and thumb!?°. Residues 1-139
form the fingers domains, the palm domain contains the active site and
is discontinuous and made up of residues 188-225 and 287-371, the
thumb region stems residues 371-5291%°, In vitro, NS5B is capable RNA
polymerisation, in the absence of viral and host derived factors??.,

However, in vivo, NS5B forms part of the viral replication complex*?2.

1.2.4 Structure of the Hepatitis C virus virion

HCV virions are approximately 70-100 nm in diameter and exhibit a
high level of structural heterogeneity?3124, This is in contrast to
members of the Flavivirus genus which show highly ordered structures
that are approximately 50 nm in diameter and have a symmetrical
icosahedral shape'?®. The HCV virion is also associated with host-
derived ApoE, B and | proteins!23.124126-128 |n addition to this, density
gradient separation has shown that HCV has a buoyant density of 1.10
g/mL which is lower comparted to other envelope viruses and similar to

the density of VLDL 12%-131,

1.2.5 Hepatitis C virus Life Cycle
The life cycle of HCV is similar to that of other enveloped RNA viruses
which consists of six stages; attachment, entry, genome replication,

translation, assembly and release.
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The attachment of HCV virion to the membrane of the host cell is
achieved through multiple mechanism. One route involves the binding
of virus-associated ApoE protein to cell surface heparin sulphate,
particularly syndecan-113? and syndecan-4133, The importance of ApoE
in HCV attachment has been shown experimentally, demonstrating that
anti-ApoE antibodies can neutralise HCV entry'34 and the addition of
ApoE supplements to HCVcc cultures enhances infectivity*?’. HCV-E2
has also been shown to bind cell surface heparan sulphate suggesting
that this protein also contributes to viral attachment!3°, Attachment can
occur through interactions between virus-associated phosphatidylserine

and the cell surface receptor, TIM-1136,

Once the virion is attached to a permissive cell the entry process is
initiated. This process is mediated by the HCV-E1E2 heterodimer and
to date four essential host factors have been identified for the HCV
entry pathway; CD8113:138 SR-B11%° Occludin4®14l and Claudin4?.
The first stage of entry occurs through the binding of the HVR1 region
of HCV-E2 with SR-B1'%, This interaction induces a conformational
change in E2 from a ‘closed’ to an ‘open’ state'® that exposes the
HCV-E2 core and the CD81 binding loop (residues 519-535) allowing
for interactions with CD81%°. This sequence of events is supported by
the finding that HCV-E2 mutants harbouring a deletion of the HVR1
region exhibit a higher binding affinity for CD81%44. Furthermore, despite
the high sequence variability, HVR1 sequences maintain similar basic
residues suggesting that this feature is required for a role in entry4°.

The formation of the HCV-E2-CD81 complex triggers the recruitment of
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claudin and leads to clathrin-dependent endocytosis!4¢. The formation
of the endosome is followed by a pH decrease which triggers a
conformational change to the HCV-E1E2 that leads to membrane
fusion!4’. As discussed previously, this mechanism is currently

unknown.

Membrane fusion leads to the uncoating of the virus particle and
release of the viral genome into the cytoplasm#®. Translation of the
HCV genome occurs in a cap-independent manner via the IRES located
at in the 5’-UTR which interacts with the 40s subunit!4®-151, Viral
genome replication and translation is enhanced by the host derived
miR-122, which is abundant in hepatocytes, representing approximately
70 % of all miRNAs within the liver'®?. The miR-122 binds to the 5 UTR
of the viral RNA%3, protecting it from degradation!®*. Expression of viral
proteins induces a rearrangement of internal lipid membranes to form a
ER derived membranous web which contains both single and double
membranous vesicles!'4. This change is mediated primarily by the
NS5A and NS4B proteins'®®. DMVs provide the site for the formation of
the replication complex in which viral genomic RNA is replicated from a

negative RNA template®®®,

Virus assembly and budding occurs at the ER. The structural proteins
are liberated from the HCV polyprotein via host signal proteases with
the ectodomains of the E glycoproteins being translocated into the ER
lumen where they undergo folding and form intramolecular disulphide
bonds, aided by the chaperone protein calnexin!®’. Formation of the

HCV-E1E2 heterodimer also occurs at the ER and the TMD regions of
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these proteins are essential for this process!®®. The structural proteins
are essential for the assembly and budding of HCV virions this occurs
at the ER3%159 and is tightly linked to VLDL lipid droplet synthesis'°,
Mature infectious HCV particles have been isolated from the ER lumen
and COPII vesicles!®?, suggesting that following budding, HCV is

exported via the Golgi secretory pathway*6!.
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Figure 1. 3 Life cycle of HCV diagram.

ER invaginations, and budding of new particles through the ER-Golgi membranes.
Adapted from Mina et al'62.

1.3 Host Immune Responses to the Hepatitis C Virus
1.3.1 Innate Immune Responses

Innate immunity is the first line of defence against a pathogen and the
liver provides a unique environment that is enriched with NK cells,

Kupffer cells, macrophages and hepatic stellate cells which mediate

32



innate immune responses!®3. The innate response is initiated by the
recognition of PAMPS which are present on viral proteins and RNA.
The HCV-E1 and HCV-E2 glycoproteins are virion-associated PAMPS
that are recognised by the soluble PRRs such as MBL'%4 and L-
ficolin'®>, and membrane associated PRRs such as DC-SIGN?®¢,
Intracellular viral PAMPs are located on viral proteins and genomic RNA
and are detected via TLRs, NLRs and RLRs!¢71€8_|nteraction of PRRs
and PAMPs trigger signal cascades in innate cells which leads to the
production of proinflammatory cytokines IL-1p3, IL-18 and type | and type
[1l IFNs®°. The production of IFNs results in the upregulation of ISGs
that establish an antiviral response'’?. However, during HCV infection,
viral proteins such as HCV-C, E2, NS5A and the NS3/4A serine
protease can inhibit signal cascades leading to reduced expression of
ISGs'"1-174 providing an opportunity for the virus to evade the innate

response and establish a prolonged infection.

Innate immune responses also play a role in SVC. An important
example of this is the type Ill IFN gene IFNA4 which exhibits a SNP,
referred to as SNP rs12979860. Individuals with a C/C genotype at this
SNP achieve significantly higher rates of SVC compared to other
genotypes with approximately 50 % of cases clearing HCV175176_|n
addition to this, the NK cell inhibitory receptor, KIR2DL3 and its HLA-C1
ligand are associated with SVC'77:178, This results from a reduced
inhibition of NK cells, allowing cytotoxic activity towards infected

cells1?®,
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1.3.2 Cell-mediated Immunity

Cell mediated immune responses are one arm of the host adaptive
immune response and are mediated by T cells. During viral challenge
CD4+ Th cells and CD8+ CTLs perform major roles in controlling
infection. These subsets of T cells have distinct functions with CTLs
mediating the destruction of virus-infected cells through the recognition
of MHC-I restricted viral epitopes that are presented on the surface of
infected cells®. In contrast to this Th cells recognise MHC-II restricted
viral epitopes which trigger the release cytokines such as IFN-y, which
aid the CTL response and the establishment of memory T cells81-183,
The regulatory roles of Th cells are numerous and a subset of this
population, TrH cells, have been shown to aid activation of B cells'8?,
highlighting their involvement in the establishment of the humoral

response.

In the context of HCV infection, cytolytic CTLs and Th cell responses
are associated with disease outcome®*. HCV-specific T cells can be
detected during acute infection from week 12 and target epitopes on
both non-structural and structural HCV proteins!®, In patients that
progress to chronic infection, the HCV-specific Th cell population
collapses!®. CTLs become exhausted due to prolonged antigenic
stimulation®®” and dysfunctional resulting in a reduction in proliferation,
loss of cytolytic activity and continued secretion of IFN-y87. This
dysfunction is sustained following successful clearance of HCV
following DAA treatment!88. The CTL response can also become

ineffective due to the evolution of escape mutants!®, Circulating TrH
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cells persist during chronic infection and migrate to the liver'®. One
study found that limited activation of Tru cells was associated with a
delayed expansion of antigen specific memory B cells'®L. Upon viral
elimination with DAAs these cells exit the liver and appear to remain
functional, suggesting that this population could be a useful target for a

vaccine candidate190.192

The role of cell mediated immunity in SVC of HCV was initially shown
using antibody-mediated depletion of CD4+ Th cells and CD8+ CTLs in
Chimpanzees challenged with HCV193.1%4 Blockade of these responses
resulted in a failure to control the acute infection193194, Examination of
human cellular responses have shown that the generation and
persistence of broad HCV-specific CD4+ T cell are associated with
SVC19%.1% gGalinas et al.,'®! showed that expansion of activated Tr+ cell
during early acute infection was coupled with the early appearance of
anti-HCV-E2 memory B cells and the production of bnAbs in acute
infections that achieved SVC. Together this shows that cellular
immunity plays a key role in SVC and provides an insight into rational

vaccine design.

1.3.3 Humoral Responses

The humoral response plays a major role in combatting viral infections.
This response is mediated by B cells which become activated following
exposure to an antigen and develop into ASCs or alternatively become
MBCs which can be recalled following repeat exposure to the
pathogen!®7:198 There are multiple mechanisms by which Abs exert

antiviral effects such as Ab-dependent cellular cytotoxicity, Ab-
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dependent phagocytosis and complement activation9%:200, Neutralising
Abs directly bind to viruses through targeting epitopes present on the
surface proteins which may block attachment and/or membrane fusion

of the virus201.202,

HCV-specific Abs can be detected 4-6 weeks after exposure, and these
are dominated by IgG1 and IgG3 subclasses which target both
structural and nonstructural HCV viral proteins?%3-2%5, Titres of HCV-
specific IgM and IgA are highly variable and are found in both acute and

chronic cases?06:207,

HCV exposure also elicits nAbs which exclusively target the E
glycoproteins. The first evidence of nAb responses to HCV was
reported by Farci et al?®® who showed that heat inactivated human
serum isolated two years post-infection was able to neutralise HCV and
prevent infection in a Chimpanzee model. The timing of the nAb
response is crucial to disease outcome. Chronic infection is preceded
by a delay in nAb production during the acute phase'#2%, allowing time
for the viral quasispeices to become established and adapt to selective
pressures exerted by a humoral response leading to the production of a
nAb response that is incapable of clearing the infection4®21°, Although
the nAbs elicited during chronic infection are ineffective at resolving
HCV infection, isolated mAbs and polyclonal sera from chronically

infected individuals can exhibit cross-neutralising properties in

Vitr019l,211,212_
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The presence of nAbs circulating during chronic infection has led to
controversy regarding the role of humoral responses in SVC. This has
been further supported by reports of seronegative individuals
undergoing SVC?13214 suggesting that clearance was achieved solely
through cellular immunity. However, both studies defined seronegative
using commercially available ELISA that do not detect the HCV E
glycoproteins and thus they provide no information regarding the anti-
HCV nAb response in these cases. In a recent study, Mina et al?t®
demonstrated that serum from highly exposed, yet seronegative
individuals exhibited neutralising activity. Multiple studies have
correlated SVC with the rapid production of nAbs?0°.216-219 One study
by Walker et al?!” showed that SVC was preceded by the production of
nAbs with narrow activity towards the founder virus within the first 100
days of exposure. Additionally, circulating nAbs elicited during acute
infection display limited SHM, further supporting the hypothesis that
early production of nAbs aid SVC'°1220, Kinchen et al., developed a
plasma deconvolution method to assess the types of circulating
antibodies and found that SVC was associated with the generation of
AR3 and AR4 targeting Abs?*®, arguing for the inclusion of these

regions in a vaccine.

Further investigation into the B cell responses associated with SVC can
highlight the types of Abs that are required for this response and inform
rational vaccine design. For example, a recent study using single-cell

transcriptomics, identified the Vu3-23 and Vk3-11 families as associated

with SVC!!, Interestingly, these nAbs elicited during SVC show less
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SMH compared to circulating nAbs isolated during chronic infection with
comparable neutralising breadth!®*. In contrast, other studies have
found the VH1-69 gene to be associated with SVC?29221, There are also
several bnAbs isolated from chronically infected patients that utilize the
VH1-69 gene’6:191220.222.223 ysgge of the VH1-69 gene has been

reported for potent antiviral nAbs against influenza and HIV??4,

Taken together these findings show that humoral immunity contributes
to SVC and provides a goal for HCV vaccine design. Thus a vaccine
should induce bnAbs that target AR3 and AR4 regions and engage B

cell lineages that utilize Vi genes associated with SVC.

1.4 Models for Hepatitis C virus Infection

The use of models that simulate viral infection using both in vitro and in
vivo methods are essential for the assessment of vaccine candidate
efficacy. In vitro models allow for the detection and characterisation of
nAb responses in vaccinee sera. In vivo models are essential for the

validation of vaccine efficacy and safety.

1.4.1 In vitro Models

Early attempts to culture HCV in vitro from infected human serum were
hindered due to low viral titres??®, This issue was overcome with the
isolation of a Gt2a strain, JFH-1, which was unique in its ability to
produce high titres of virus when cultured in human hepatocytes??°.
Importantly, JFH-1 derived chimera can be generated in which the 5’
core-NS2 region can be replaced with sequences derived from foreign

HCV isolates to produce intergenotypic and intragenotypic chimeras?.
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Interestingly the chimera Jcl, derived from J6c-ns2, a gt2a isolate
produces up to 1000-fold higher virus titres compared to full length JFH-
1 cultures®, The generation of chimeras allows for genetically diverse
panels of HCV isolates be used to measure nAbs responses elicited by

vaccine candidates.

The production of HCVcc requires the isolation of a cDNA clone of the
viral genome inserted into a plasmid and placed downstream of an RNA
polymerase promoter and upstream of a restriction enzyme site??’.
Bacteriophage RNA polymerase enzymes, SP6 and T7 are typically
used in reverse genetic systems, however the T7 enzyme is preferred
since it has a higher fidelity rate compared to SP62%8, The plasmid is
linearized by restriction digest and then used as a template for in vitro
transcription to produce positive RNA transcript run offs. These
transcripts are then transfected into permissive cells which are then
grown. Confirmation of HCVcc release is typically achieved by serial
dilution of the transfected cell supernatant which is then used to infect a
permissive cell line which are then stained for the NS5A protein 3 days
post infecton??°, HCVcc methods have been further improved with the
selection of permissive cell lines such as the Huh 7.5 cell line?*° which
produces greater titres of HCVcc as a result of a mutation which
inactivates RIG-123%, The advantage of this method is that virus cultures
can be established with a known ancestor and any cell culture
adaptation mutations can be monitored. However, a disadvantage of
the HCVcc model is the need for a BCL-3 laboratory setting, limiting

their use to research groups with this resource.
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Retroviral pseudotype methods have been established for a wide
variety of viruses?®?. This technique utilises the ability of the retroviral
Gag protein, from HIV or MLV, to assemble and bud to produce an
enveloped particle. Co-expression of foreign viral envelope
glycoproteins leads to the incorporation of these proteins into the
membrane of the retroviral particle. This results in a retroviral particle
with a tropism determined by the foreign viral envelope protein.
Furthermore, co-expression of a reporter gene flanked by the retroviral
genome packaging signal results in incorporation of reporter-encoding
RNA into the PP. Entry of the PP into targets cells is therefore directly
proportional to the reporter signal detected in the target cells post-
infection. HCVpps have been successfully produced using both MLV?233
and HIV?34 derived packaging systems and show comparable antigenic
properties to the HCVcc model?®®. One advantage of this system is that
HCVpp are replication-deficient and thus can be produced in a BSL-2
setting, allowing research to be performed in the absence of a BSL-3,
HCVcc system. Furthermore, both MLV and HIV derived HCVpp
systems can incorporate patient derived HCV-E1E2 glycoproteins which
has led to the generation of large panels of HCV-E1E2 isolates that
have been characterised using well defined neutralising monoclonal
antibodies and patient derived sera?36-238, The establishment of the
patient-derived panels provides a useful tool to assess the efficacy of
vaccine candidates. However, at the time of writing there has been no
universally agreed standard panel of HCV isolates to assess vaccine

efficacy. This contrasts with the field of HIV vaccine research in which
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has adopted a HIVpp panel consisting of 109 isolates that was divided
into tiers of neutralisation sensitivities?3°. The use of such panels allows
for the detailed assessment of neutralisation breadth elicited by a

vaccine candidate.

1.4.2 in vivo Models

Initially, In vivo studies of HCV relied experimental challenge of
Chimpanzees which is the only non-human species that are permissive
to HCV infection?4°, Use of this model species has recently been halted
due to a moratorium on their use in research. Alternative approaches to
the Chimpanzee model has been the generation of chimeric mice?41-244,
One such model involves the transplantation of human hepatocytes into
young uPA**-SCID mice resulting in humanized livers that are
permissive to HCV infection?1242, Another method has been to produce
transgenic mice that express human CD81 and OCLN which permits
HCV infection and that can become chronic?*3244, These models have
limitations such as using immunocompetent mice, the absence of
pathological marks such as cirrhosis and are technically difficult to
produce?*®, Additionally, the murine B cell response to HCV-E2 differs
to that from humans in that the former produces antibodies skewed

towards linear epitopes rather than discontinuous epitopes?#°.

An attractive approach to evaluating HCV vaccine candidates is to use
closely related Hepacivirus species as a model. This approach would
allow the testing of a vaccine approach in the context of a natural
infection, which cannot currently be achieved for HCV. The closest

relative of HCV is the EqQHV which can be used to experimentally infect
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horses?4’. Alternatively, RHV has been proposed as a model for HCV
infection?48. One clear advantage of utilizing RHV over EqHV is the size
and availability of the host organism since rodents are routinely used in
biological research. It is important to note the potential limitations that
these systems pose. In the case of RHV, the rate of SVC is lower
compared to HCV in humans?#® and certain laboratory breeds of rats do
not appear to mount a CD8+ CTL response to RHV?%°. Given the
importance of SVC and CTL responses in HCV infection the absence of
these factors in this model could hinder vaccine research. In the case of
EqHV, SVC rates are approximately 60% within two months of
infection2°0 which is greater than SVC rates of HCV. This discrepancy
should be considered when testing vaccine efficacy since the EqHV
model could overestimate vaccine efficacy of HCV candidates in

humans.

1.5 Approaches to Hepatitis C Virus Vaccine Design
1.5.1 Inactivated Whole Virus

Inactivated virus vaccines have been successfully used for Rabies
virus?%?, Polio virus?®! and Tick-borne encephalitis?®?, a Flavivirus
species. Inactivated vaccines are highly immunogenic since they
present the virus in a near native confirmation. However in some
circumstances the inactivation process can distort epitopes?>32%4, The
improvements in HCVcc methods have led to inactivated whole HCV
vaccines being investigated?®>-25’, These studies have shown that
immunisation of mice?>25” and marmosets?>® with whole inactivated

HCVcc derived from a single isolate can elicit bnAb. Pihl et al.,?>” found
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that the immunogenicity of these particles was increased when
administered with the Addavax adjuvant, an analogue of the MF-59
adjuvant has been licenced for human use. Whilst the humoral
response to inactivated HCV has been reported, there has been limited
data on the cellular immunity following immunisation. Yokokawa et
al.,?>® showed that IFN-y expression was greater in spleen cells
harvested from marmosets immunised with HCVcc and the K3-SPG
adjuvant compared to an Alum adjuvant. Given these results and the
continued improvements in HCV purification methods?2%82%9 it is likely

that this candidate will continue to be investigated.

1.5.2 Recombinant Subunit Vaccines

Subunit vaccines are attractive approaches to vaccine design since
they have been successfully used for a range of vaccines?®. To date
HCV subunit vaccines have focused on targeting the HCV envelope
proteins to elicit a nAb response. Indeed, the first HCV vaccine
candidate to reach phase | clinical trials was a subunit vaccine
candidate which consisted of full length recombinant expressed E1E2
(rE1E2) derived from the Gt1 reference isolate, HCV-12%1, In an initial
vaccine study, seven chimpanzees were immunised with rE1E2 and
subsequently challenged with the homologous HCV-1 strain®6?, Five
Chimpanzees exhibited sterilising immunity upon challenge whilst two
acquired acute infections that were subsequently cleared?%2. This
vaccine candidate was trialled in healthy human volunteers who
received 4 ug, 20 ug or 100 pg does of rELE2, administered with the

MF59 adjuvant?6, Importantly, this vaccine was found to be safely
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tolerated in humans which is encouraging since any B-cell targeting
HCV vaccines will require these proteins. Immunisation with rE1E2
elicited both HCV-specific humoral and cellular responses with
polyfunctional CD4* T cells being detected and isolated sera exhibiting
HCV neutralization activity?6%.263, Further characterisation of the humoral
responses using competition ELISA assays showed that circulating
nAbs effectively competed for AR3, AR4, AR5, AS412 and the E1
epitope recognised by the IGH526 antibody?%4. An additional study
further tested the neutralising breadth of the 13 vaccinee serum
samples against a panel of HCVcc isolates from Gt 1-72%5. When tested
as single point 1:50 dilutions, 12 of the 13 sera samples exhibited
neutralising activity towards H77 (Gtla) of which five showed > 50%
neutralisation and two showed >80% neutralisationZ%®. The three
highest neutralising sera samples were further tested against a panel of
different genotypes with two samples exhibiting neutralising activity
towards all genotypes although the level of neutralisation was
variable?>. Take together these results demonstrate that immunisation
with a monovalent rE1E2 vaccine can elicit broadly cross-reactive nAbs
in humans, however, the level of neutralising activity was variable

between vaccinees.

Despite the encouraging results of the rELE2 candidate, a major issue
for this vaccine was producing enough for commercial scale up.
Purification of rELE2 from CHO cell lysate was performed via lectin
based affinity chromatography which was low affinity and co-purified

other host cell derived proteins?®®, To circumvent this problem
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alternative truncated envelope subunit vaccines have been
investigated. One such approach has been to investigate sE2
constructs which have been shown to elicit bnAbs in mice?®’. In addition
to this rational design of SE2 lead to the sE2a123 construct in which
HVR1 was deleted and HVR2 and IgVR were replaced with G/S linker
sequences to focus the immune response to conserved neutralising
epitopes?®®, When expressed in mammalian cell culture systems this
construct was secreted from transfected HEK-293 cells and SEC
analysis showed the presence of mono, dimer and two high molecular
weight aggregates, HMW1 and HMW22¢8 Interesting HMW1 fractions

elicited the highest anti-HCV-E2 titres compared to mono and dimer2¢2,

Investigation of SE2 vaccines has shown that truncation of E2 may yield
a protein that is sufficiently folded to elicited conformational nAb
response?%8, However, a disadvantage of SE2 is that this approach
neglects the targeting of AR4 and AR5 which require the formation of
the HCV-E1E2 heterodimer’®. Since mAbs targeting these regions
appear to be highly cross neutralising their inclusion in a subunit
vaccine would be warranted. Recently there have been multiple efforts
to generate sE1E2 constructs. In one approach the expression and
immunogenicity of truncated sE1E2, sE2E1 and SE21E was
assessed?%°. In this study the TMD of each protein were removed and a
linker sequence was inserted. Interestingly the sE21E construct used
an inverted HCV-E1 sequence to correct the orientation of HCV-E1
relative to HCV-E2, thus mimicking the arrangement of these proteins in

the heterodimer. These constructs were successfully expressed and
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secreted by transiently transfected HEK-293t cells and showed
reactivity to conformationally sensitive antibodies?%°. However there was
no reactivity to AR4A or AR5A antibodies showing that this approach
was unable to form these antigenic regions?%°, Other attempts include
the insertion of a Fc-tag between the ectodomains of HCV-E1 and
HCV-E2 which was compared to rE1E2 in mice and elicited autologous
nAbs towards pseudotyped H77 (Gtla) and heterologous neutralising
activity towards SA13 (Gt5a) with similar results?%8. Purification of Fc-
tagged proteins has been well documented and is performed regularly
at a commercial scale for therapeutic Abs using protein A and/or protein
G resins, it's inclusion in an HCV vaccine would therefore aid the
upscale process of this candidate. A more recent study reported that
insertion of a leucine zipper sequence and a furin cleavage site
between the ectodomains of HCV-E1 and HCV-E2 yielded a secreted
HCV-E1E2 heterodimer that was recognised by conformation sensitive
antibodies, including AR4A and AR5A?70. This candidate was also
shown to elicit similar autologous nAb titres compared to rE1IE2 when
tested in mice?’%. Given that these reports of SE1E2 are recent it is
likely that work is currently being performed to further investigate their

use a potential vaccine candidate.

1.5.3 Viral Vector Vaccines

Viral vectors can be used to mediate expression of a target antigen
within host cells following immunisation. The intracellular expression of
the target antigen results in potent CTL responses?’!. Given the

importance of CTL responses HCV SVC, this approach has been
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investigated for HCV T-cell targeting vaccines. To date, particular
attention has been focused on HuAd6, ChAd3 and MVA derived viral
vectors for HCV vaccines?’2273, In a phase | vaccine trial, a
heterologous prime boost of ChA3 and MVA encoding HCV NS3-NS5B
of a Gtlb isolate?’3. The encoded NS5b gene was inactivated through
mutagenesis and referred to as NSmut?’4. Cellular responses were
elicited towards all encoded HCV proteins upon immunisation with
ChAd3 -NSmut and these responses were enhanced following a single
boost 8 weeks post with MVA-NSmut?’3, This strategy was also tested
as a prophylactic vaccine in chronically infected individuals and was
found to have limited impact, with a poor CD4+ T-cell response and
limited vaccine induced CD8+ T cells?’®. Recently a phase /Il trial was
concluded in which the ChAd3-NSmut and MVA-NSmut vaccines were
administered to healthy individuals identified as at risk for HCV
infection?’6, Whilst this regime failed to prevent chronic infection in
vaccinees, there was an observed reduction in viral RNA?78. This result
highlights the need to elicit both cellular and humoral responses in order

to control HCV infection.

1.5.4 Virus-Like Particles

VLPs are an attractive approach to vaccine deign as provide a structure
that is representative of the native virus whilst lacking a genome and
thus both immunogenic and safe?’’. VLPs offer superior
immunogenicity compared to subunit vaccines?’® which results from the

ability of these structures to drain into lymph nodes ,provide greater
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immune cell activation and the presence of multiple PAMPs?’’. To date

there are two VLP based vaccines used in humans, HPV and HBV.

HCVLPs were first described by Baumert et al.,?”® which were
expressed in the SF9 insect cell line that had undergone transduction
with a recombinant baculovirus encoding HCV C-E1-E2. HCVLPs were
found to accumulate in cytoplasmic vesicles which could be liberated
through cell lysis?’®. Further research showed that these VLPs were
immunogenic in both mice and baboons?8:281, More recently, HCVLPs
have been revisited and produced using the human hepatoma cell line,
Huh 7282, These cells were transduced using an adenovirus vector
encoding HCV C-E1-E2, and intracellular HCVLPs were harvested
following mechanical lysis of the producer cells?®3. These particles have
been extensively characterised and show similar morphology to native
HCV particles'?6284, Early vaccine studies showed that immunisation
with H77 derived VLPs induced cross reactive Nabs in mice?®. This
work was further developed by generating VLPs derived from Gtlb, 3a
and 2a, that were then pooled to make a multi-valent vaccine?®. This
cocktail of VLPs was reported to induce nAb responses in both mice
and pigs?8>288_ |t should be noted however that whilst these results were
described as cross reactive, the neutralisation assays performed were
against autologous vaccine strains. To fully assess the neutralisation
breadth elicited by this multi-valent vaccine, the sera collected from the
vaccinated animals should be tested in an in vitro neutralisation assay
against a panel of HCV isolates that cover a range of neutralisation

sensitivities?38.287_ Finally, it is worth noting that the producer cells for
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this vaccine candidate are not suitable for the production of human
vaccines since Huh 7 cells are hepatoma cells?® therefore this
candidate would require validation in a cell line that has been approved

for human vaccine production.

1.5.5 Chimeric Virus-Like Particles

Chimeric VLPs offer an opportunity to exploit the VLP forming ability of
one viral species, to present the epitopes of a foreign virus and thus
direct an immune response to these regions?®®. This approach requires
the fusion of foreign targets to viral structural proteins to result in
incorporation of the target in the VLP. As such this technique is limited
to VLP systems that are structurally flexible and can tolerate the

presence of the vaccine target.

The HBVsAg is a transmembrane protein that readily forms VLP
structures when expressed in a recombinant system?°%2°1, This system
is the basis of commercial HBV vaccines. HBVsAg contains a
hydrophilic loop that is targeted by HBV nAbs and this region may be
replaced with foreign epitopes without compromising VLP assembly.
Linear epitopes of HCV have been inserted into this region and found to
be immunogenic in mice?°2293, In addition to this, both full length HCV-
E1 and HCV-E2 proteins can be incorporated into HBVsAg particles?%4,
Immunisation with these particles elicited cross neutralising antibodies
in rabbits 2°4-2%_ |n a recent study, a related virus, DHBV, was used to
generate chimeric VLPs presenting the sE2a123%°”. DHBV was shown to
incorporate sE2a123 into VLPs which were reactive to conformation

sensitive anti-HCV-E2 antibodies?®’. Immunisation of guinea pigs with a
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dose of VLPs equivalent to 10 pg of HCV-E2, elicited nAbs in 4/8
animals with 3 generating nAbs that could neutralise HCV isolates from
Gt1-7%°7, These results show that the B cell response in guinea pigs
was inconsistent and will require dosage optimisation to improve. In
addition, there was no comparison between the immunogenicity of
soluble sE2a123 and VLP-associated sEa123. A head-to-head comparison
of these vaccines would be useful to further asses the performance of
DHBYV as a vaccine platform. The use of DHBV may be advantageous,
since pre-existing immunity to HBV could impact the efficacy of HBV-

derived chimeric vaccine platforms?°’.

1.6 Introduction to the Rubella Virus

RV is a positive sense ssRNA virus that exclusively infects humans and
is the causative agent of rubella?®, a mild childhood disease that is
commonly referred to as German measles. As a respiratory virus,
transmission of RV occurs via aerosolized respiratory droplets which
are inhaled and establish an infection in the upper respiratory tract%.
Infection with RV can be asymptomatic or result in mild symptoms

which include a maculopapular rash and swollen lymph nodes?%.

RV is a public health concern because of its teratogenic properties
which arise when infection occurs during pregnancy leading to infection
of the developing foetus and the establishment of CRS2%. During CRS,
RV undergoes replication in a wide range of foetal organs resulting in
severe damage that leads to birth defects?%°. Common birth defects
caused by CRS are cataracts, congenital heart disease, hearing defects

and overall delayed growth of the feotus?®°-301, Outcomes of CRS are
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dependent on the time of infection, with the most severe outcomes

arising from infection during the first trimester of pregnancy?°°.

1.6.1 Classification and Genetic Diversity

RV is a member of the Rubivirus genus which belongs to the
Matonaviridae family. Until recently, the Rubivirus genus was classified
in the Togaviridae virus family along with the Alphavirus genus based
on similar virion structure of sSRNA genome size3%?, prior to the
sequencing of the RV genome3%3, Phylogenetic analyse of the RV
genome showed that this species shared greater sequence homology
with members of the Benyvirdae and Hepeviridae virus families than
members of the Alphavirus genus3%4, thus arguing for is removal from

the Togavirus family.

RV was the sole member of the Rubivirus genus however advances in
metagenomics have led to the identification of a further five species3°>-
308 The first of which was the Guangdong Chinese water snake
Rubivirus, reported in 2018 following a large scale survey of 214
vertebrate species3®®. In addition to this, two Rubiviruses, Rustrela virus
and Ruhugu virus have been identified in mammalian species in
Germany and Uganda, respectively3°®. Interestingly, mammals infected
with Rustrela virus were found to suffer acute encephalitis which was

absent in infected rodents306.:309,

As a species, RV is divided into two clades, referred to as clades 1 and
2, which share 90 % nucleotide sequence similarity3!°. Clades are

further divided into subclades. Clade 1 contains subclades 1a, 1B, 1C,
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1D, 1E, 1F, 1G, 1H, 1l and 1J, subclade 1a considered a provisional
classification and thus signified by a lower-case letter3':312, Clade 2 is

divided into subclades 2A, 2B and 2C31,

1.7 Molecular Biology of the Rubella Virus

1.7.1 Genomic Structure

RV is a positive ssRNA virus with a GC rich 9.6 kb genome that
consists of two ORFs, a 5’ genomic ORF that encodes a the non-
structural proteins p150 and p903%3, and a 3’ sub-genomic ORF that
encodes the three structure proteins RV-C, E2 and E1(Figure 1.4)393.313,
The genome is flanked by a 5" UTR and a 3’ UTR that encodes a poly A
tail*'4. A sub-genomic promoter is located between the two ORFs and is
required for the expression of the structural genes3*®. The genome
packaging signal resides within the NS-ORF, however packaging
requires large regions of this ORF suggesting that genome packaging is

dependent upon multiple RNA secondary structures in this region316.

[ 5utR || ORF ] 24s RENGY
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Figure 1. 4 Genome arrangement of the Rubella Virus.

The viral RNA contains a genomic ORF and a subgenomic ORF (24s). Translation of
these yields two proteins. The non-structural protein is cleaved by an autoprotease
located in the p150 protein. The Structural polyprotein is cleaved by host cell signal

proteases.

52



1.7.2 Structural Proteins

RV-C is 300 residues long with the 22 residues at the C-terminus
serving as a RV-E2sp®Y’. Following cleavage, the RV-E2sp signal
peptide remains attached to RV-C, tethering it to the host ER-
membrane. RV-C contains both hydrophobic and hydrophilic regions to
allow for both membrane and nucleic acid interactions. RV-C also form
disulphide-linked homodimers which are incorporated into the

viron318:319,

RV has two envelope glycoproteins, RV-E2 and RV-E1. The smaller
glycoprotein is RV-E2 and consists of 282 residues and is
approximately 42-47 KDa3!’. RV-E1 is the larger of the two
glycoproteins consisting of 483 amino acid residues and has an
approximate molecular weight of 58 KDa3!’. Each of these envelope
proteins undergo N-linked glycosylation and it is thought that mature
RV-E2 undergoes heterogenous glycosylation since SDS-PAGE
separation of this protein shows the presence of a range of different
molecular weight isoforms. Both envelope glycoproteins are Type |
transmembrane proteins that also have cytoplasmic tails. The
transmembrane regions of these proteins are critical for the formation
covalently linked RV-E2E1 heterodimers that are required for virus

assembly320,

Currently there is no structural data available for RV-E2. A crystal
structure of truncated RV-Electo trimers expressed in S2 cells has been
reported’t. These trimers were crystalised at a neutral pH and showed

that RV-Electo has a structure like that of other class Il fusion proteins,
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with three B-sheet rich domains (Figure 1.5B)"*. Uniquely, domain Il
contained two fusion loops at residues 88-93 and 131-137 which were
in close proximity to form a fusion surface that was stabilised by a Ca?*
ion that interacted with residues N88 and D1367*. The presence of Ca?*
has been shown to be critical for virus infectivity since mutagenesis of

one the contact residues is lethal to cell cultured RV321,
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Figure 1. 5 The Rubella Virus envelope glycoproteins.

A) Schematic diagrams of the RV-E2 and RV-E1 glycoproteins. RV-E1 contains three
glycosylation sites (N) and contains two fusion loops (FL1 and FL2). RV-E2 contains
four glycosylation sites. Both glycoproteins contain a single transmembrane domain
(TMD). B) Crystal structure of RV-E1 (PDB 4B3V) showing three domains (I-111) and
C-terminal stem region (purple). The two fusions loops form a ‘fusion surface’ at the tip
of DII.
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1.7.3 Rubella Virus Assembly

Virus assembly occurs in the cis Golgi compartment and is mediated by
the three RV structural proteins which must converge at the budding
site?2, Since these proteins are initially localised to the ER upon
expression a series of trafficking event must occur to reach the budding
site. RV-C is tethered to ER membrane via the C-terminal RV-E2sp, this
association with an intracellular lipid membrane determines the
subcellular localisation of the protein. The cytoplasmic tail of RV-E2 is
seven residues long, of which five are arginines. This positively charged
domain is required for the localisation of RV-C to the Golgi. Garbutt et
al.,3?° demonstrated that mutagenesis of three arginine residues to
alanine prevent virus assembly and resulted in RV-C being absent from
the Golgi. However assembly was not hindered when the arginine
residues were replaced with lysine residues, showing that the function
of the RV-E2¢ytin RV-C localisation is mediated by the positive charge
of this domain32°, This process could be similar to the budding process
of Alphaviruses, in which a critical interaction between the cytoplasmic
domain of E2 and preassembled nucleocapsid is required for budding

although the exact driving force for this process remains unknown323,

Formation of the RV-E2E1 heterodimer is necessary for RV
assembly3?°. Heterodimerisation is mediated by the correct folding of
the ectodomain and TMD regions since replacement of these regions
with analogous regions of other viral envelope proteins prevents dimer
heterodimer formation32%:324, The C-terminus of RV-E1 contains an ER

retention signal, since when this protein is expressed in the absence of
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RV-E2, it remains in the ER3?°, In contrast, when expressed alone, RV-
E2 accumulated at the Golgi due to a Golgi retention signal located in
the TMD region of this protein3?®. Formation of the RV-E2E1
heterodimer results in the masking of the RV-EL1 retention signal and
export of this complex to the Golgi in a COPII-dependent manner3?’.
Thus, RV viral assembly is tightly linked to the correct heterodimer

formation.

Knowledge of the budding process for RV remains incomplete. It is
likely that this process is driven by interactions between the RV-C and
the C-termini of the RV-E2E1 heterodimer since RV-C does not
undergo budding in the absence of envelope heterodimer. This
contrasts with other viruses, for example the Gag polyprotein of
retroviruses can drive the budding to form enveloped particles in the

absence of a viral glycoprotein328.

Following budding, RV virions undergo a maturation process in the
Golgi lumen. The mechanism for this is currently unknown, however
TEM has shown that immature virions have a uniform electron density
which is then develop into a distinguishable core structure upon
maturation32°3%0, Cyro-EM of mature RV virions has shown that these
structures are approximately 90 nm in diameter and are pleomorphic33,
However, a common feature is the arrangement of anti-parallel rows of

the RV-E2E1 heterodimers330.331,
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1.8 Adaptive Immune Responses to Rubella Virus

1.8.1 Cellular Immunity

RV specific cellular responses are observed following natural infection
or vaccination332333, This response can be detected approximately
seven days prior to the appearance of anti-RV IgG33?. Mapping studies
have shown that all three structural proteins contain MHCII restricted
epitopes that stimulate CD4+ T cell proliferation334-338_ Additionally, the

N-terminus of RV-C contains a MHCI restricted epitope33.

1.8.2 Humoral Immunity

Humoral responses towards RV begin within the first week of exposure
with the production of IgM33°:340_ Interestingly, this response differs
between natural infection and vaccination, with higher IgM titres
observed following infection and vaccination inducing longer lived
IgM33°, RV-specific IgG can be detected within three weeks of
exposure33®, The affinity of circulating anti-RV IgG increases over a
period of 3 months following exposure33 and these antibodies remain
detectable for decades. RV-E1 has multiple neutralising epitopes that

span residues 202-283 of the protein34L,

1.8.3 Vaccination

Immunity to RV infection is achieved through natural infection or
vaccination with the attenuated isolate RA27/3. This strain was
developed in 1965 when RV was isolated from the lung tissue of an
aborted foetus and subsequently attenuated by serial passage in the
human cell line,WI-35, at 30°C34?, Attenuation resulted in the loss of

transmissibility and pathogenicity when administered to vaccinees3#2.
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Despite the safety of this vaccine, it is currently not recommended for
use during pregnancy3*’. In addition there are rare cases of vaccine
associated complications such as chronic arthritis®*® and Guillain—Barré

syndrome344,

Today the RA27/3 strain is administered as part of the tri-valent MMR
vaccine. MMR vaccination is performed during childhood with the first
dose at 1 years old and a second dose at 3 years old3#. Following the
first MMR dose, approximately 95 % of vaccinees are seropositive for
RV345, The immunity elicited towards RV is long lasting with anti-RV
antibodies being detectable in vaccinee sera decades after

immunisation346.

1.9 Applications of the Rubella Virus in Novel Vaccines

1.9.1 Live Attenuated Rubella Viral Vector

The ability of RV to induce long lasting immunity and to be safely
tolerated as a vaccine has led to interest in its use as a vaccine
platform. Development of a live, attenuated Rubella vaccine vector has
been ongoing for the past decade347-3%0, Initial work made use of the
previously reported Not deletion3!, a deletion of residues 512-720 of
p150 which can be tolerated by RV. With this in mind, Spadaccini et
al.,3% demonstrated that this region could be replaced with GFP which
was tolerated by RV and led to GFP expression in RV-infected cells.
Insertion of foreign viral epitopes within this region can elicit immune
responses in mice and non-human primates®*’. RV has also been
shown to tolerate insertions of foreign viral epitopes within the RV-24s

structural ORF. Insertion of HIV epitopes, fused with the RV-E2tmp are
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incorporated into the mature RV virion348, This highlights the ability of
RV to function as a chimeric vaccine platform and shows that the
assembly process of the virus can withstand the presence of foreign

viral epitopes.

1.9.2 Rubella Virus-Like Particles

The ability of the RV structural proteins to form VLPs in a genome-
independent manner was first reported by Hobman et al.,3?’. In this
system a cDNA clone of the 24s ORF was transduced into a COS cell
line. Following this RVLPs were detected in cell media and electron
microscopy showed the presence of VLPs with similar morphology to
native RV. In addition these VLPs produce similar anti RV antibody
titres in mice compared to native infectious RV virions, showing that

RVLPs are immunogenic3??,

1.10 Project Overview and Aims

As previously described, nAb responses directed towards the HCV-
E1E2 proteins play a major role in HCV SVC. Therefore, a B cell
targeting HCV vaccine should aim to elicit this response. The ability of
RV to induce long-lived humoral responses, form VLPs and exhibit
structural flexibility made this virus an interesting candidate for a novel
chimeric VLP based HCV-targeting vaccine. This project set out to
develop a novel Rubella-Hepatitis C (RH) VLP vaccine platform in
which the HCV-E1E2 proteins could be presented on the surface of
RVLPs. To investigate this approach, the project set out to achieve the

following aims:
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1. Establish and validate an in-house system for the production and

detection of RVLPs. This system would allow for the testing of
chimeric VLP constructs.

. Design and express a panel of RH chimeric constructs. The
assembly of RVLPs requires the correct trafficking of the RV-E
proteins to the Golgi®?°. This is mediated by the TMD and
cytoplasmic tails of these proteins3?°. A panel of RH chimeras
were designed in which the ectodomains of the RV-E proteins
were replaced with those of HCV-E proteins (Figure 1.6). These
chimeras were validated to produce chimeric RH-VLPs.

. The final aim was to investigate the immunogenicity of the
chimeric VLPs. To test this, the VLPs were incorporated into an
ongoing study to isolate anti-HCV monoclonal antibodies form
immunised bovines. Whilst this approach was not a vaccine trial
it provided insight into the ability of the VLPs to generate an anti-

HCV response.
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HCV-CE1E2
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Figure 1. 6 Schematic diagram outlining the design of Rubella-Hepatitis C
Chimeras.

The ectodomains of the Rubella virus envelope glycoproteins were replaced with the
ectodomains of the Hepatitis C virus envelope glycoproteins and tested for the

assembly of chimeric virus-like particles.
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Chapter 2 Materials and Methods

2.1 Plasmids and Constructs

All viral genes used in this project were subcloned into the mammalian
expression vector, pcDNA3.1 (Invitrogen), with exception of VSV-G
(GenBank accession ACK77583.1) which was expressed in a pMD2.G
vector (Addgene plasmid# 12259). The E1E2 sequence of HCV
reference isolate H773%? (GenBank accession AF011751) and RV-24s
region of the RA27/333 vaccine strain of RV (GenBank accession
JF727654) were used to generate RH chimeras. The H77-E1E2 genes
were readily available in the laboratory at the start of this project. For
RV-24s, synthetic gene fragments of RV-C and RV-E2E1
(corresponding to RV genome nucleotides 6512-7411 and 7316-9703,
respectively) were purchased from GeneStrings (GeneArt, Thermo
Scientific) as lyophilized preparations which were resuspended in
DEnuclease-free water (Thermo Fisher Scientific) to a final
concentration of 50 ng/pL and stored at -20 °C. Fragments were

designed with the following 5’ tag,5’-CAGTGTGGAATTCACC-3

(Sense), and 3’ tag, 5-TAAGAATTCTGCAGATATC-3’ (antisense),

which included vector specific regions homologous to EcoRI-digested
pcDNA3.1, a Kozak sequence on the 5’ tag and a stop codon on the 3’

tag.

2.2 Antibodies
Detection of RV-E1 and RV-E2 was achieved using mouse anti-RV-E1
(G36S clone, Thermo Fisher Scientific) and mouse anti-RV-E2 (D92G

clone, Thermo Fisher Scientific) antibodies, respectively. Both
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antibodies were supplied at a concentration of 100 pg/mL and were
used in western blot experiments at a 1:20 dilution. RV-C was detected
using the mouse anti-RV-C antibody, 9B11 (Abcam). This was supplied
at a concentration of 1 mg/mL and diluted 1:1000 for western blot
experiments. Polyclonal rabbit sera, 7w73%4, raised against RV-C was
previously provided by Tom Hobman (University of Alberta). The
loading control antibodies used in this project were goat anti-GAPDH
(Genscript) and mouse anti-B-actin (Thermo Fisher Scientific) which
were each used at a 1:1000 dilution. Western blot detection of HCV-E2
was achieved using a humanised AP33 kindly provided by Prof Arvind
Patel (University of Glasgow). The anti-HCV-E2 antibody, 1:7 was
kindly provided by Mats Person (Karolinkska Institutet). The anti-HCV-
E2 antibodies HC33.4, HC84.26, AR3A and AR4A were kindly provided
by Justin Bailey (Johns Hopkins School of Medicine). Mouse

monoclonal anti-HCV-E1 antibody was purchased from Native Antigen.

Secondary antibodies used for western blots were conjugated to HRP
enzymes. Detection of mouse primary antibodies was achieved using
an anti-mouse-HRP antibody (Dako) at a concentration of 1:1000.
Human antibodies were detected using the anti-Human, Fc specific
antibody (Sigma-Aldrich) at a 1:1000 dilution. Goat antibodies were
detected using a mouse anti-goat-HRP (Sigma-Aldrich) at 1:5000

working dilution.

2.3 Primers and PCR

Oligonucleotides were purchased from Eurofins Genomics or Merck.

Upon receipt, lyophilized primers were resuspended in nuclease-free
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water to a final concentration of 100 uM and working solution were
made at 10 pmol/uL. Primers were stored at -20 °C and discarded after

5 freeze/thaw cycles.

For amplification of targets required for cloning, high-fidelity Q5
polymerase 2x master mix (New England Biolabs) was used. In brief,
25 L reactions were set up according to the manufacturer’'s
instructions. PCR protocols were performed as follows; initial
denaturation at 98 °C for 30 sec, 35 cycles of melting at 98 °C for 10
sec, annealing for 20 sec and extension at 72 °C for 30 sec/Kb, with a
final extension at 72 °C for 2 min. Primer annealing temperature was
predicted using the NEB TM calculator (available at
tmcalculator.neb.com; New England BioLabs). PCR products were

purified using a Monarch® PCR clean kit (New England BioLabs).

Colony PCR screening of transformed E.coli colonies was performed
using HotStarTaq DNA polymerase (Qiagen). For detection of
recombinant pcDNA3.1 plasmids, screening was performed with T7F 5'-
TAATACGACTCACTATAGGG-3’ (sense) and bGHR, 5'-
TAGAAGGCACAGTCGAGG-3’ (antisense) primers. The colony PCR
protocol was performed as follows; initial denaturation at 95 °C for 15
min, 25 cycles of melting at 94 °C for 30 sec, annealing for 20 sec,

extension at 72 °C for 1 min/Kb, final extension at 72 °C for 10 min.

2.4 DNA Electrophoresis

Agarose gels were freshly made for DNA electrophoresis. In brief, 2 g

agarose (Sigma-Aldrich) was dissolved in 100 mL TAE buffer by
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heating with gentle agitation. Once dissolved, the solution was cooled
and 5 pL ethidium bromide (10 mg/mL) was added and mixed before
being poured into gel casts and left to set for 20 min. Set gels were
placed in chambers filled with TAE (0.5 pg/ mL ethidium bromide) and
used within two days. DNA samples were prepared for electrophoresis
by mixing 5 pL of sample with 0.5 uL 10x TriTrack loading buffer
(Thermo Fisher Scientific). Samples were loaded alongside 3.5 uL
GeneRuler molecular ladder (Thermo Fisher Scientific). Gels were run
at 90 V for 36 min and DNA bands were visualised using a UV

transilluminator.

2.5 Sanger Sequencing

All sequencing was performed externally by SourceBioscience
(Nottingham). Plasmids and PCR products were prepared for
sequencing according to company specifications with plasmids
submitted at a final concentration of 100 ng/uL and PCR products
submitted as 1:10 dilutions in nuclease-free water. For sequencing
inserts in the pcDNA3.1 vector, a T7F primer, 5'-
TAATACGACTCACTATAGGG-3’ (sense), and bGHR primer, 5'-
TAGAAGGCACAGTCGAGG-3’ (antisense), were used. For complete
coverage of chimeras, an additional HCV-E1F 5'-

CGCAGCTTCGACGTCATATC-3’ (sense) primer was used.

2.6 Design and Chimera cloning

Chimeric constructs were designed based on TMD predictions made
using the DASTM online software3°®. Constructs were made using two

cloning approaches (Figure 2.1A)which made use of two homologous
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recombination techniques, Gibson Assembly, and In-Fusion cloning. All

primer sequences can be found in appendix 1.

Cloning method 1 (Figure 2.1A), used SDM and Gibson assembly
cloning methods. First, SDM was used to create Rubcas vectors.
Rubcas F and RubcasR primers were used to delete RV-E2 and RV-E1
regions from pcDNA3.1-RV-24s by PCR with Q5 polymerase. The RV-
E1 C-terminus was maintained and varied between RH constructs.
Rubcas primers also introduced a BsiWI restriction site. PCR products
were used in a SDM kit reaction (New England BioLabs). In brief, 1 uL
of PCR product was added to 5 puL 2x KLD reaction buffer, 1 uL10 x
KLD enzyme mix and 3 pL nuclease-free water. The KLD reactions
were incubated at room temperature for 5 min and then transformed
into E.coli cells and isolated plasmids were confirmed by Sanger
sequencing. Rubcas vectors were linearized by incubating 50 ug of
Rubcas plasmid was with BsiWI enzyme at 55 °C overnight. BsiWI was
inactivated by heating to 65 °C for 20 min. Linearization of Rubcas
vectors was confirmed by DNA electrophoresis. Next, the ectodomain
regions of HCV-E1 and HCV-E2 were amplified. HCV-E1 was amplified
with a RH-E1F primer that encoded a 5’-15 bp homologous tag to the 3’
end of RV-C gene in the Rubcas vector, and a RH-E1R primer which
was specific to the 3’ end of HCV-E1 and this position varied between
chimeras. The RH-E1R primer also contained a large 5’-tag that
encoded half of the RV-E2 C-terminus region. RH-E2 was amplified
with a RH-E2F primer that was specific to the 5’ end of HCV-E2 and

contained a 5’-tag that encoded the remaining half of the RV-E2 C-
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terminus region and an additional 20 bp region that was homologous
the first 20 bp of the of the 5’ tag of the RH-E1R primer. RH-E2R was
specific to the 3’-end of the HCV-E2 which varied between chimeras
and contained a 5’-tag specific to the RV-E1 C-terminus region in the
Rubcas vector. Amplicons were purified by PCR clean up kit (New
England BioLabs) and quantified using Nanodrop. Chimeras were
assembled using Gibson assembly. Briefly, Rubcas, RH-E1 and RH-E2
were used at a 1:2:2 ratio, respectively, with reactions performed at a
final volume of 10 pL and incubated at 50 °C for 15 min. Finally, 2 uL of

each reaction was transformed into E. coli.

Cloning method 2 used the In-Fusion cloning method (Figure 2.1B).
First, pcDNA-RV-24s was linearized by PCR using RH-Vec primers.
Like the Rubcas primers, RH-Vec-R primers were specific to the 3’ end
of RV-C and RH-Vec-F was specific to the 3’-end of RV-E1 which
varied between chimeras to include different regions of the RV-E1 C-
terminus. Amplification of RH-Vec was achieved using Q5-polymerase.
RH-E1 and RH-E2 were amplified in the same way as described for
cloning approach 1. PCR products were purified and quantified. In-
fusion cloning were set up in 2.5 L reactions with RH-Vec, RH-E1 and
RH-E2 used at a 1:2:2 ratio, respectively, in a final volume of 2 uL
which was mixed with 0.5 pL 5x In-Fusion enzyme mix (Takara
BioTech). Reactions were incubated at 50 °C for 15 min and

transformed in E. coli cells immediately.
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Figure 2. 1 Cloning approaches used to generate RH chimeras.

A) Cloning approach 1, Rubcas vector was made by site directed mutagenesis to
delete RV-E2 and most RV-E1 ectodomain and insert a BsiWI site. Rubcas vector was
digested and HCV-E1 and HCV-E2 ectodomains were amplified with primers encoding
tags homologous to the 3’ end of RV-C and 5’ end of RV-E1-C-terminus. Inserts and
digested Rubcas were used in a Gibson assembly reaction for homologous
recombination. B) Cloning approach 2, linearized RH-vector was produced by PCR
amplification of pcDNA3.1-RV-24s. HCV-E1 and HCV-E2 ectodomains were amplified
using the same method as cloning approach 1. Vector and inserts underwent

homologous recombination by In-Fusion cloning.
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2.7 Bacterial transformation

Plasmids were transformed into Stellar (Takara Bio) or DH5a (New
England BioLabs) E. coli competent cells via the heat shock method.
Briefly, competent cells were thawed on ice and incubated with a
plasmid preparation for 30 min. The heat shock method was then
performed on both Stellar and DH5a cells by placing the aliquots in a
water bath set at 42 °C for 45 seconds and 30 seconds, respectively.
The cells were placed on ice and diluted in 250 uL prewarmed SOC
media (Takara Bio), then incubated at 37 °C in a shaking incubator set
at 300 rpm for 1 hr. Following this, 50 uL of the transformed cell
suspension was spread on to a prewarmed LB agar plate supplemented
with ampicillin at a final concentration of 100 pyg/mL and incubated
overnight at 37 °C. Single colonies were picked for colony PCR
screening. Positive colonies were used to seed suspension cultures for

plasmid purification.

2.8 Plasmid purification

2.8.1 Miniprep

Single colonies of transformed E.coli were picked from a LB agar plate
and used to inoculate 5 mL suspensions of LB-ampicillin Broth (100
png/mL). Suspension cultures were incubated at 37 °C overnight on an
orbital shaker set at 225 rpm. Grown cultures were harvested by
alkaline lysis using a GenElute miniprep kit (Sigma-Aldrich). Briefly,
cells were pelleted by centrifugation at 12,000 x g for 5 min. The
supernatant was discarded, and pellets were resuspended in 200 pL of

RNAse containing resuspension buffer. Cells were then lysed with the
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addition of 200 pL of lysis buffer and incubated at room temperature for
3 min. Lysis reaction was stopped by the addition of 350 pL of
neutralisation buffer which was mixed thoroughly by gentle inversion.
The solution was then centrifuged at 12,000 x g for 10 min to pellet cell
debris and precipitate. The supernatant was collected and loaded onto
a centrifuge column and centrifuged at 12,000 x g for 1 min. The
flowthrough was discarded and 750 pL of wash buffer was loaded on to
the column and centrifuged at 12,000 x g for 1 min. The flowthrough
was discarded, and the column was placed into a clean collection tube.
Plasmids were eluted in 50 pL of sterile molecular grade H20 and
centrifuged at 12,000 x g for 1 min. Purified plasmids were quantified

using a Nanodrop spectrophotometer (Thermo Fisher).

2.8.2 Midiprep

Single transformed E.coli colonies were picked and used to inoculate 5
mL suspension cultures. Following overnight incubation, 50 L of the
culture was used to inoculate 50 mL of LB broth in a 250 mL baffled
Erlenmeyer flask (Corning) which was then incubated overnight at 37 °C
with agitation at 225 rpm. The culture was harvested, and plasmid was
purified using the GenElute Midiprep HP kit (Sigma-Aldrich). In brief, the
suspension culture was centrifuged at 4500 x g for 10 min to pellet
cells. The supernatant was discarded, and cells were resuspended with
4 mL of chilled resuspension buffer containing RNAse. Cells were then
lysed with 4 mL of lysis buffer and incubated at room temperature for 5
min. Lysis was halted by the addition of 4 mL of chilled neutralisation

buffer. Following this 3 mL of binding buffer was added and the sample
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was loaded into a syringe filter and incubated at room temperature for 5
min. Spin columns were prepared with 4 mL of column preparation
solution and centrifuged at 3000 x g for 2 min. The following
centrifugation steps were performed at 3000 x g for 2 min. Flowthrough
was discarded and sample was loaded onto the column and
centrifuged. The column was washed with 4 mL of wash 1 solution and
centrifuged followed by a second wash with 4 mL of wash 2 solution.
Residual wash solution was removed by an additional centrifugation
step. The column was transferred to a fresh collection tube and 1 mL of
elution buffer was added and incubated for 1 min at room temperature
followed by centrifugation at 3000 x g for 5 min. Eluted plasmid was
guantified using a NanoDrop one (Thermo Fisher Scientific). Plasmids

were stored at 4 °C for further use.

2.9 Mammalian cell culture

2.9.1 Maintenance of adherent cell lines

Adherent cell lines HEK-293T, Huh 7 and Vero-E6 were grown in
DMEM (Gibco) supplemented with 10 % heat inactivated foetal bovine
serum (Gibco) and 1 % non-essential amino acids (Gibco). Cells were
incubated at 37 °C and 5 % COa2. Cultures were passaged using trypsin
digest every 3-4 days and cells were discarded at passage 50. In brief,
DMEM was removed, and the cell monolayer was washed with 8 mL of
PBS. The PBS was removed and 7 mL of trypsin-EDTA (0.05 %)
(Gibco) was added to the cells and incubated at room temperature for 5
min. Once the monolayer was detached from the flask, trypsin digestion

was inactivated by the addition of 10 mL of DMEM. The cell suspension
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was then transferred to a 50 mL centrifuge tube (Falcon) and made up
to a 50 mL volume with DMEM. Cells were then counted with a
haemocytometer and centrifuged at 300 x g for 7 min. Supernatant was
removed and pelleted cells were resuspended in 10 mL of fresh DMEM.
New cultures were seeded at a cell density of 1-3 x10% cells/ cm?. The
final media volumes for a T175 and T75 flasks (Corning) were 30 mL

and 12 mL, respectively.

2.9.2 Maintenance of Suspension Cell Line

FreeStyle™ 293-F cells (Thermo Fisher Scientific) were cultivated in
FreeStyle™ F17 expression medium (Thermo Fisher Scientific)
supplemented with 1.5 % GlutaMAX™ (Gibco). Non-baffled Erlenmeyer
125 ml and 250 mL flasks (Corning) were used for 40 mL and 80 mL
cultures, respectively, and were agitated at 135 rpm and incubated at
37°C with 8% CO2. Smaller 15 mL cultures were propagated in 50 mL
mini bioreactors (Corning) and agitated at 250 rpm. Cells were
passaged every 3-4 days and subcultures were seeded at a density of 3

x10° cells/mL. Cultures were discarded after the 30" passage.

2.9.3 Generation of retroviral pseudotype particles

PPs where generated using the MLV packaging system, as previously
described?®%¢. In brief, 1.2x108 HEK-293T cells were seeded in a 10 cm?
Primaria coated dish (Corning) in 5 mL DMEM and incubated overnight.
Prior to transfection, 2 ug of MLV-Gag-Pol (phCMV-5349)233 MLV-
Luciferase (pTG126) and a plasmid encoding either HCV-E1E2 or VSV-
G, were diluted in Opti-MEM to a final volume of 300 pL and mixed with

a solution of 276 pL reduced serum Opti-MEM (Gibco) and 24 L of the
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cationic polymer, PEI (Life Sciences) (1 mg/mL PEI, 150 mM NacCl, pH
7.0). The plasmids and PEI were incubated for 1 hr at room
temperature. DMEM was removed from the 10 cm? dish of HEK-293t
cells and 7 mL of Opti-MEM was added slowly to minimise cell
detachment. Plasmid-PEI solution was added into a dropwise manner
to ensure even distribution. Cells were incubated for 6 hrs at 37 °C,
after which the Opti-MEM was replaced with 10 mL DMEM. Transfected
cells were grown for 72 hrs and harvested. HCVpp containing
supernatant was passed through a 0.45 uM syringe filter (Sartorius) and
stored at 4 °C. Producer cells were washed with 1 mL of room
temperature PBS and detached from the dishes using a cell scrapper
(Sarstedt). Disassociated cells were transferred to a 1.7 mL
microcentrifuge tube and lysed in 1 mL of lysis buffer (50 mM Tris, pH
7.4, 1% Triton, 1 mM EDTA, 150 mM NacCl, protease inhibitor tablet

(Sigma-Aldrich)).

2.9.4 In Vitro Pseudotype Particle Infection Assay

Huh 7 cells were plated 24 hrs prior to neutralisation assay at a density
of 15 x103 cells/ well in a 96 well, white, flat bottom plate (Corning).
DMEM was removed and 100 uL of PP supernatant was added per well
and cells were incubated for 4 hrs at 37 °C, 5 % CO:z. Following
infection, supernatant was removed from the Huh 7 cells and replaced
with 200 uL DMEM and were grown for 72 hrs at 37 °C, COz2. Luciferase
activity was measured using the Promega Luciferase assay kit. In brief,
DMEM was removed from Huh 7 cells and 50 uL lysis buffer (Promega)

was added per well and incubated for 30 min at room temperature with
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agitation. Luciferase activity was measured using a FLUROstar Omega
plate reader that was primed with luciferase substrate (Promega) and
injected 50 pL immediately before measuring luciferase activity. For
reading HCVpp infected cells, the gain was set to 3600 and for VSVpp

infected plates, the gain was set to 2000 to prevent signal saturation.

2.9.5 Virus-Like Particle Expression and Purification

VLPs were expressed in both HEK-293T and HEK-293F cell lines.
Transfection of HEK-293T cells was performed as described for the
generation of HCVpps. These cells were transfected with 2 pg of RV-
24s or chimera construct. Transfection of HEK-293F cells was
performed as follows in 15 mL, 30 mL, and 60 mL cultures. Briefly, 24
hrs prior to transfection cultures were seeded at a density of 7x10°
cells/mL. Enough plasmid to reach a final concentration of 1 pg/mL in
transfected cultures was diluted in Opti-MEM to a final volume of 500
uL. PEI was at a 3:1 ratio with plasmid and diluted in Opti-MEM to a
final volume of 500 uL. PEI and plasmid solutions were mixed and
incubated at room temperature for 1 hr. The HEK-293F cultures were
counted and the density was adjusted to 1. x10° cells/mL. The plasmid,
PEI and Opti-MEM solution was added to cells and the transfected
culture was grown for 72 hrs at 37, 8% CO2 with rotation. To harvest the
supernatant, cultures were subjected to centrifugation at 300 x g for 5
min to remove cells. The supernatant was further clarified by additional
centrifugation at 3000 x g for 20 min. Finally, supernatant was passed

through a 0.22 uM filter (Sartorius) and stored at 4 °C.
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Purification of VLPs was achieved by pelleting the supernatant onto a
20 % sucrose cushion. Briefly, sucrose was dissolved in PBS (Sigma-
Aldrich) to a final concentration of 20 % (w/v) and 1 mL or 3 mL was
loaded into a 10.4 mL or 26.3 mL polycarbonate ultracentrifuge tube
(Beckman- Coulter), respectively. Harvested supernatant was gently
pipetted onto the sucrose cushion and samples were centrifuged at
110,000 x g for 2.5 hrs at 4 °C. The 10.6 mL and 26.3 mL tubes were
centrifuged in a Type 70 Ti rotor (Beckman-Coulter) and Type 70.1 Ti
rotor (Beckman-Coulter), respectively. Following centrifugation,
supernatant was discarded, and pellets were resuspended overnight in

50 uL PBS and stored at —20 °C.

2.10 Protein Quantification

All protein samples were quantified using the BCA protein estimation kit
(Thermo Fisher Scientific) according to the manufacturer’s instructions.
Assays were performed in low-binding 96 well plates (Thermo Fisher
Scientific). Cell lysate and pelleted supernatant samples were diluted
1:5in lysis buffer and 1:2 in PBS, respectively. A standard curve was
made by serially diluting a BSA standard (Thermo Fisher Scientific) to 2
mg/mL, 1.5 mg/mL, 1 mg/mL, 0.75 mg/mL, 0.5 mg/mL, 0.25 mg/mL,
0.125 mg/mL, and 0.025 mg/mL. The diluent used to prepare the BSA
standards was lysis buffer and PBS for cell lysates and supernatant
pellets, respectively. A total of 10 uL of protein sample or standard was
added per well and 200 pL of freshly prepared BCA working reagent
(50:1 ratio of reagent A and B, respectively) was added. The microtitre

plate was then incubated at 37 °C for 30 min and absorbance was
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measured at 595 nm using a FLUROstar Omega plate reader. The
absorbance values for the BSA samples were used to generate a
standard curve from which the concentrations of unknown samples

were interpolated.

2.11 SDS-PAGE

Electrophoretic separation of protein samples was achieved using hand
cast polyacrylamide gels. Gels were made in duplicate and cast using
the Mini-PROTEAN® Tetra System (Bio-Rad). In brief, 15 mL of
resolving gel solution (12 % acrylamide, 380 mM Tris-HCI, pH 8.8, 0.1
% SDS, 0.002 % ammonium persulfate, 0.0015 % TEMED) was poured
into two 1.0 mm thick gel casts and overlayered with 400 uL of 100 %
propan-2-ol. The resolving gel was incubated for 30 min at room
temperature to allow polymerization to occur. The propan-2-ol was
removed and the top of the resolving gel was extensively washed with
dH20 and dried. Stacking gel solution (5 % acrylamide, 122 mM Tris-
HCI, pH 6.8, 0.1 % SDS, 0.001 % ammonium persulfate, 0.002 %
TEMED) was poured onto the resolving gel and a well comb was
inserted into the gel cast. The stacking gel solution was incubated at
room temperature for 30 min to allow for polymerisation. Immediately
following preparation, polyacrylamide gels were placed in a tetra cell
(Bio-Rad) tank filled with SDS-PAGE running buffer (25 mM Tris base,

192 mM glycine, 0.1% SDS).

Protein samples were mixed with 4 x Laemmli buffer3>” (277.8 mM Tris-
HCI, pH 6.8, 44.4 % (v/v) glycerol, 4.4 % SDS, 10 % B-ME) and heated

to 95 °C for 10 min. For nonreducing SDS-PAGE, 3-ME was omitted
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from the Laemmli buffer. Samples were loaded onto the polyacrylamide
gel alongside 4 pL of Spectra Broad Range Molecular weight marker
(Thermo Fisher Scientific). Reduced proteins were separated by
running the polyacrylamide gel at 70 V for 20 min followed by 150 V for

50 min.

2.12 Western Blot

Following SDS-PAGE, polyacrylamide gels were equilibrated in chilled
transfer buffer (25 mM Tris, 192 mM glycine, pH 8.3) for 10 min at room
temperature. PVDF membrane (Amersham) was activated in 100 %
methanol for 3 min and equilibrated in chilled transfer buffer along with
blotting paper. After equilibration, the gel, PVDF and blotting paper
were assembled onto a Trans-Blot Semi dry cell (Bio-Rad) and run at
100 mA for 1 hr. Following transfer, the PVYDF membrane was
incubated in blocking solution (PBS, 0.1 % Tween 20, 10 % skimmed
milk) overnight at 4 °C. Blocking buffer was removed and 10 mL of
primary antibody, diluted to a working concentration in buffer (PBS,
0.1% Tween 20, 5% skimmed milk), was added to the membrane and
incubated at room temperature for 1 hr with gentle agitation. Primary
antibody solution was removed and the PVDF membrane was washed
three times for 10 min in TPBS (0.1% Tween-20). All primary antibodies
were detected using secondary HRP-conjugated antibodies. A freshly
made secondary antibody working solution was added to the membrane
and incubated at room temperature for 1 hr with gentle agitation. The
secondary antibody solution was removed, and the membrane was

washed a further three times for 10 min in TPBS. Detection of
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membrane bound HRP was achieved using ECL substrate (Thermo
Fisher Scientific). In brief, 500 pL of each ECL substrate solution was
mixed during the final membrane wash. PVDF membrane was removed
from PBST and placed on a clear plastic sheet. ECL substrate was
added in a dropwise manner to the membrane to ensure complete
coverage and incubated at room temperature for 1 min. Excess ECL
substrate was removed by wicking. A second clear plastic sheet was
placed over the membrane and HRP activity was visualised using a gel

box. Captured images were exported as TIF files.

2.13 ELISA Assays

2.13.1 Lectin capture ELISA

Lectin capture of HCV glycoproteins was performed as previously
described?®®. Lectin from Galanthus nivalis (GNA) (Sigma- Aldrich) was
diluted in 0.05 M carbonate-bicarbonate, pH 9.6, to a final concentration
of 10 pg/mL and 50 uL per well of a Nunc MaxiSorp flat bottom plate
(Thermo Fisher Scientific). Plates were incubated overnight at 4 °C and
the coating solution was removed, and wells were blocked for 2 hrs at
room temperature with 200 pL of 5 % skimmed milk TPBS. Blocking
solution was then removed and the plate was washed once with 200 pL
of TPBS followed by a 90 min incubation at room temperature with
diluted antigen. Following removal of the sample each well was washed
in 200 uL TPBS three times and 50 pL of primary antibody diluted in
TPBS was added for 1 hr at room temperature. Plates were washed a
further three times in 200 uL TPBS and incubated with 50 pL of AP-

conjugated secondary antibody diluted in TPBS for 1 hr. Plates were
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washed a final three times in TTBS and tapped dry. Detection of bound
AP was achieved by adding 50 pL of pNPP substrate (Sigma-Aldrich) to
each well and measuring absorbance at 405 nm using a FLUROstar®

Omega plate reader.

2.13.2 Rubella Capsid Protein Capture ELISA

SWELISA was used to detect enveloped RV-C. MaxiSorp plates were
coated overnight at 4 °C with 50 puL/ well of anti-RV-C (9B11) diluted in
0.05 M carbonate-bicarbonate buffer to a concentration of 1 pg/mL.
Coating buffer was removed, and wells incubated with 200 pL of block
solution (3% BSA, TPBS) for 2 hrs. VLP samples were incubated in 1%
triton or PBS (native form) and incubated at for 30 min at room
temperature with occasional agitation. Blocking solution was removed
and wells were washed once with 200 uLTPBS. Wells were then
incubated with 50 pL of sample for 90 min at room temperature. Each
sample was used in triplicate and paired with an untreated with VLP
sample. Sample was removed and wells were washed three times with
200 pL TPBS. Captured RV-C was detected by addition of 50 L
polyclonal rabbit sera (7w7) raised against RV-C used at a 1:1000
dilution. Wells were incubated with sera for 1 hr at room temperature.
Sera was removed and wells were washed a further three times with
200 pL TPBS. Secondary anti-rabbit IgG- AP conjugate (Sigma) was
diluted 1:1000 and 50 pL was added per well and incubated for 1 hr at
room temperature. Secondary antibody was removed, and wells were

washed three times with TPBS. Detection of bound AP was achieved by
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adding 50 pL of pNPP to each well. Absorbance was measured at 405

nm using a FLUROstar® Omega plate reader.

2.14 Immunoprecipitation of VLPs

VLPs were isolated from cell culture supernatant using
immunoprecipitation with Protein A Dynbeads (Thermo Fisher
Scientific). Samples were pre-cleared with 15 pL of Protein A beads
overnight at 4 °C with rotation. 15 pL magnetic protein A beads were
incubated with 5 pg of anti-envelope protein antibody in a total volume
of 250 yL and incubated at room temperature for 1 hr with agitation.
Antibody-conjugated beads were pelleted gently by placing the
microcentrifuge tubes in a magnetic rack (Thermo Fisher Scientific),
supernatant was removed, and the antibody-bound beads were washed
once in 200 pL of TPBS. Antibody-bound beads were added to the
precleared samples and incubated overnight at 4 °C with agitation.
Beads were pelleted and the supernatant was removed. The beads
were then washed twice in 200 pL of TPBS. Pelleted beads were
resuspended in 20 pL PBS (1% Triton) and incubated at room
temperature for 30 min with occasional agitation. Beads were pelleted
and supernatant was collected and used for western blot analysis.
Removal of antibody-antigen complexes from the beads was achieved
by the addition of 20 uL Leammeli buffer with added B-ME. The beads
were then incubated at 95 °C for 10 min before pelleting and collection

of the supernatant.
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2.15 Endo H and PNGase treatment

Deglycosylation of protein samples was performed using either Endo H
or PNGase F (New England BioLabs). In brief, 20 ug of total protein
was used for each 20 uL reaction. Samples were incubated at 37 °C for
2 hrs to ensure complete cleavage of glycan groups. Samples were
then reduced with 6.7 pL of 4x Laemmeli buffer and heated to 95 °C for
10 min. Reduced samples were subsequently separated by SDS-PAGE

and target proteins were detected by western blot.

2.16 Electron Microscopy

Pelleted supernatant was resuspended in 50 pL fixing buffer (3%
glutaraldehyde, 0.1 M sodium cacodylate). Electron microscopy was
performed by Nicola Weston (Nanoscale and Microscale Research
Centre, University of Nottingham). Images were captured using a JEM-

2100F field emission electron microscope (JEOL).

2.17 Bovine Immunisation Methods

2.17.1 pMam-IgKL and sE2 Subcloning

The soluble protein expression cassette pMam-IgKL was designed by
Jonathan Ball and consisted of an Ig kappa leader sequence,
enterokinase site, twin strep tag, and a 6 x His-tag. A Btml site was
located between the kappa leader sequence and enterokinase site to
allow for insertion of genes of interest (Figure 2.2). The pMam-IgKL was
purchased from Genstrings and subcloned into EcoRI digest pcDNA3.1.

Vector was linearised by restriction with Bmtl (New England BioLabs).
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Soluble HCV-E2 constructs were designed based on previously
published construct which encoded residues 384-645 (H77 polyprotein
numbering)®2. The E2 ectodomains of HCV isolates UKNP2.4.1,
UKNP1.18.2, UKNP4.1.1 and UKNP3.1.1 were amplified from
pcDNA3.1 plasmids containing the full ELE2 sequences of these
isolates using the primers described in (Table 2.1). Amplicons were
subcloned into Bmtl digested pMam-IgKL vectors (Figure 2. 2) and sent
to Arvind Patel’s laboratory for expression and purification of sE2

for bovine immunisations. In addition to these sE2 constructs, purified

sE2 from isolates 1a80, 1b34 and J6 were provided by Justin Bailey.

Table 2. 1 sE2 PCR Primers.

Name refers to the UKNP isolate designation. Bold, underlined regions
represent homologous tags to subclone the amplicon into Bmtl digested
pMam-IgKL vector. Annealing temperatures (Ta) were determined using
the NEB Tm calculator.

Name Sequence (5'-3") Ta
2.4.1F [CCAGGTTCCACTGGIGAGACTCATACCACCGGC 66
24.1R |TTGTCGTCGTCGTCGccaatGTTGCATGCTGCTGACAATC
1.18.2F |CCAGGTTCCACTGGtCGGACCCGCACGACGGGG 69
1.18.2R [TTGTCGTCGTCGTCGccaatATTGCACGCGGCGTTGAGCC
4.1.1F |CCAGGTTCCACTGGtCAGACACGTTTGACTGGG 64
4.1.1R |TTGTCGTCGTCGTCGccaatGTTGCATGCCACTTCCATCC
3.1.1F [CCAGGTTCCACTGGITCTACATACACCACCGGT 63
3.1.1R |TTGTCGTCGTCGTCGccaatGTTGCAAGCGGCGGTAAACC
6.1.2F [CCAGGTTCCACTGGIGCAACCACCACCACCGCC 64
6.1.2R |[TTGTCGTCGTCGTCGccaatATTACATGCAGCGTCAAACC
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pMam-IgKL
»—{ IgKL | Bmtl | EK |  Strep | His =

1 Bmtl restriction

pMam-IgKL-sE2
p—{  gkL | E2 (384-645) [ EK | strep | His }=

Figure 2. 2 pMam-IgKL expression cassette schematic diagram.

Cassette consisted of a Ig Kappa leader sequence (IgKL), Bmtl restriction site,
enterokinase cleavage site (EK), twin strp tag (Strep) and 6x His tag (His). Cassette
was subcloned into pcDNAS3.1 and linearized by restriction digest using bmtl.
Linearized pMam-IgKL was then used as a vector for the insertion of HCV-E2

ectodomains (E2 384-645) by homologous recombination.

2.17.2 Bovine Immunisations

Two Holstein bullocks were immunised with 250 pg sE2 protein or 250
ug of RH5-VLPs. For the sE2 immunisation, the immunogen was diluted
in sterile PBS to a final volume of 500 pL and mixed with 500 uL of the
MF59%®-like adjuvant, AddaVax™ (Invivogen). Purified VLPs were
diluted to 500 pL in sterile PBS and mixed with 500 pL TiterMax® gold
adjuvant (Sigma-Aldrich). Immunisations were administered in the right

shoulder of each animal.

2.17.3 Isolation of Bovine Sera and PBMCs

Bovine blood was collected following immunisation via jugular bleeds
resulting in approximately 50 mL per animal per bleed. Blood samples
were diluted at a 2:1 ratio with prewarmed RPMI-1640 medium (Gibco).

20 mL of diluted blood was gently loaded onto 10 mL of prewarmed
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Histopaque-1077 and centrifuged at 800 x g for 30 min in a swing out
rotor. The top plasma layer was collected and stored at -20 °C for
further use. The PBMC layer was collected with a 1 mL pasture pipette,
placed in a fresh 50 mL tube, and diluted with 50 mL of RPMI-1640.
The diluted PBMCs were counted using a haemocytometer and
centrifuged at 400 x g for 10 min. Cells were resuspended in
mammalian cell freezing media (FBS, 10% DMSO (Sigma-Aldrich)) at a
density of 20x108 cells/mL and stored in liquid nitrogen vapour in 1 mL

aliquots.

2.17.4 Bovine Sera Reactivity ELISA

Detection of anti-HCV antibodies in bovine sera was achieved using
GNA-capture ELISA as previously described in this chapter. Lysates of
transfected cells expressing HCV-E1E2 were incubated on GNA coated
plates at a total protein concentration of 0.5 mg/mL. ELISA plates were
blocked with 3% BSA TPBS for 2 hrs. The BSA was essentially bovine
IgG-free. Aliquots of isolated bovine plasma were heat inactivated prior
to use by incubation at 56 °C for 30 min. Plasma was diluted 1:100 in
PBST and added to the plate for 1 hr. Bound bovine 1gG was detected

with an anti-Bovine AP (Sigma-Aldrich) at a 1:2000 dilution.

2.17.5 In vitro Pseudoparticle Neutralisation Assay

Neutralisation of PPs was tested by incubating the PP supernatants
with heat inactivated bovine sera for 1 hr. In brief 270 pyL of PP
supernatant was added to a V-well plate and incubated with 30 pL
bovine sera at a 1:10 dilution in PBS (Sigma-Aldrich), making the final

concentration of sera 1:100. PPs were incubated with Bovine sera from
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different timepoints at a single concentration. An uninhibited control of
270 pL PPs mixed with 30 uL PBS was used to define 100 % infectivity
with 0 % infectivity defined by 270 yL AE mixed with 30 pL PBS. PP
supernatant and sera were incubated in V-well plates for 1 hr at room
temperature and then used to infect Huh 7 cells as previously described
in this chapter. Following infection, PPs were removed from the cells
and replaced with 200 uL DMEM supplemented with Penicillin-
Streptomycin (Thermo Fisher Scientific) at a final concentration of 1 %
(200 units/mL penicillin, 100 pg/mL streptomycin). Luciferase activity
was measured in the same manner as described for the in vitro

infection assay.

2.18 Statistical Analysis

All statistical analysis was performed using GraphPad Prism 9 software.
To determine significance between multiple sample means, a one-way
ANOVA was performed. To identify which sample means were

significant, Tukey’s multiple comparison test was performed.

Antibody ECso values were determined using sample mean values from
each dilution point and curve fitting using a non-linear regression,

variable slope model in GraphPad Prism 9.
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Chapter 3 Generation of Rubella Virus Like
Particles

3.1 Introduction

The generation of RVLPs was initially described by Hobman et al.,3?’. In
this study a cDNA clone of the RV-24s ORF was subcloned into a
pCMV5 plasmid and transiently expressed in COS and BHK-21 cell
lines. Further studies have also made use of transiently transfected
CHO?3®? and developed BHK-21 cells that stably expressed RV-24s322,

To date there are no reports of RVLP production in HEK cell lines.

The first stage of this project set out to establish an in-house system to
produce RVLPs which could then be applied to the expression of
chimeric VLPs. The expression of RVLPs using the HEK-293T was
investigated since these are a human derived cell line and are regularly

used in our laboratory for mammalian protein expression.

3.2 Results

3.2.1 Subcloning the Rubella virus 24s ORF

The RV genome has a GC content of 69%3%3, This characteristic makes
wild-type RV sequences less amenable to manipulation using molecular
biology techniques such as PCR and homologous recombination
cloning techniques, and lead to difficulties in plasmid propagation in
transformed E. coli cells. Thus, the first step of establishing a RVLP
system was to generate a sequence that decreased the GC content. To
achieve this, the RV-24s sub genomic ORF was codon optimised for
human cell expression using the GeneArt Strings service (Thermo

Fisher Scientific). Codon optimisation reduced the GC content from
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69% to 59% (Figure 3.1A). Given the size limitation of 3 Kb for
nucleotide fragment synthesis, optimised RV-24s sequence was
deconstructed into two nucleotide fragments encoding RV-C and RV-
E2E1. The synthesized fragments were designed with 15 bp vector
specific homologous tags which allowed for direct infusion cloning in to
EcoRlI digested pcDNA3.1. Colony PCR screening of transformed E.
coli colonies with vector specific primers showed the insertion of
approximately 1 Kb in 2/8 colonies for RV-C, and 2.4 Kb in 7/8 colonies
for RV-E2E1 (Figure 3. 1B). One positive colony from each construct
was selected and confirmed with Sanger sequencing. Full-length RV-
24s was reconstituted by amplification of RV-C and RV-E2E1 to
produce fragments with homologous tags at the 3’ end and 5’ end,
respectively. Amplification was confirmed by gel electrophoresis (Figure
3. 1C) and the products were subcloned into pcDNA3.1 by In-Fusion
cloning. Colony screening PCR confirmed the presence of an insert that
was approximately 3.2 Kb in 14/16 colonies (Figure 3. 1C). Sanger
sequencing confirmed the insertion of codon optimised RV-24s in

pcDNAS.1.
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Figure 3. 1 Subcloning of codon optimised RV-24s in to a pcDNAS3.1 vector.
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A) Nucleotide composition comparison between the wild-type RV-24s ORF (GenBank
accession JF727654.2) and a sequence codon optimised for human cell expressing
using GeneArt Strings (Thermo Fisher Scientific). B) DNA electrophoresis of colony
PCR screening following in-fusion cloning of codon optimised RV-C and RV-E2EL1 in
EcoRI digested pcDNAS3.1. Transformed colonies were screened with T7F and bGHR
primers. C) Reconstruction of the complete codon optimised RV-24s ORF. RV-C and
RV-E2E1 amplicons were amplified by PCR and subcloned in pcDNA3.1 vector via
homologous recombination. Transformed E.coli colonies were screened using T7 and
bGHR primers. Colony PCR positive (+) control was pcDNA3.1-H77E1E2, negative (-)
control PCRs contained no template. Ladder (L) band numbers refer to size in bp.
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3.2.2 Expression of Rubella 24s in two mammalian cell lines

The RV-24s encoding plasmid was transiently expressed in both Vero
and HEK-293T cell lines. Vero cells are commonly used to propagate
RV in cell culture®!” and therefore were used as a control group for the
expression of RVLPs. Following transfection with pcDNA3.1-RV-24s,
culture supernatants were pelleted on a 20% sucrose cushion and
producer cells were lysed. Western blot analysis confirmed the
presences of RV-C and RV-E2 in transfected HEK-293T cells (Figure 3.
2). Surprisingly, no detection of RV structural proteins was found in
Vero cell lysates whilst the GAPDH loading control confirmed that cell
lysate protein was successfully transferred (Figure 3. 2), showing that
RV-24s was not sufficiently expressed in the Vero cell line. Pelleted
supernatant from transfected HEK-293T contained detectable levels of
RV-C and RV-E2, indicative of RVLP secretion. RV-C was detected as
a single band with an approximate molecular weight of 36 KDa, in line
with previously published data®?’. RV-E2 migrated as a smear pattern,
approximately 42- 47 KDa (Figure 3. 2), suggesting that this protein
underwent heterogenous glycosylation as has been reported

previously3%°,
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Figure 3. 2 Western blot detection of intracellular and extracellular RV-C, RV-E2
and GAPDH from mammalian cells transiently transfected with pcDNA3.1-RV-
24s.

Transfected cells were lysed 72 hrs post transfection and supernatant was pelleted
through a 20 % sucrose cushion. All samples were quantified by microBCA assay. A
total of 10 pg protein was loaded per lane of each cell lysate. A total of 5 pug of protein
was loaded per lane of each pellet sample. Protein was separated by SDS-PAGE
using a 12 % acrylamide gel. RV-C was detected using the mouse anti-RV-C
monoclonal antibody, 9B11 (Abcam), used at 1 pg/mL. RV-E2 was detected with a
mouse anti-RV-E2 monoclonal antibody use at 5 pg/mL. A GAPDH loading control
was included. Numbers denote KDa values shown by a molecular weight marker.

Mock cells were included to confirm specificity of the anti-RV antibodies.
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3.2.3 Expression of Rubella Virus-like Particles in HEK-293T Cells
To further investigate the expression of RV-24s in HEK293T, cultures
were transfected with RV-24s or RV-C plus RV-E2E1 encoding
plasmids and secretion of structural proteins was compared to a
background signal produced by cultures transfected with either RV-C or
RV-E2E1 alone. Transient expression was confirmed by western blot
analysis of transfected cell lysates. Western blot of the pelleted
supernatant showed the presence of RV structural proteins (Figure 3.
3). RV-C was detected in RV-24s, RV-C+E2E1 and RV-C pelleted
supernatant however more intense bands were observed in RV-24s and
RV-C+E2E1 samples. RV-E2 and RV-E1 proteins were detected in RV-
24s, RV-C+E2E1 and RV-E2E1 pellet samples, with RV-24s and RV-
C+EZ2EL1 pellets showing more intense signals for both glycoproteins
compared to the RV-E2E1 pellet. No RV protein bands were observed
in mock samples. Taken together these results show that the secretion
of RV structural proteins was increased in cells transfected with all three

RV-24s structural proteins which was indicative of RVLP production.
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Figure 3. 3 Western blot detection of RV structural proteins from transfected
HEK-293T cells expressing complete RV-24s in cis and in trans.

Transiently transfected HEK-293T expressing RV24s, RV-C+RV-E2E1, RV-C, RV-
E2E1 with mock transfected cells as a negative control. 10 ug of total protein of cell
lysate was loaded per lane. 5 ug of total protein of pelleted supernatant was loaded
per lane. SDS-PAGE was performed on 12 % acrylamide gels and protein was

transferred to PVDF. Numbers denote KDa of molecular weight marker.



To further validate the secretion of RV-E1 and enveloped RV-C, antigen
capture ELISAs were performed (Figure 3. 4). A GNA lectin capture
assay, with RV-E1 detection, was used to assess secretion of viral
glycoproteins in RV-E2E1 expressing cell lysates, HCV-E1E2 lysate as
a GNA capture positive control. This approach failed to detect RV-E1,
with the highest concentration of lysate showing no signal above the
background signal produced by mock cell lysates. This showed that RV-
E1 was unable to be captured by the GNA lectin (Figure 3. 4A). To
overcome this, pelleted supernatant was serially diluted and coated
directly to microtitre plates (Figure 3. 4A). Lysate samples were not
directly coated due to the high total protein content of these samples.
Direct coating of RVLPs lead to a detection of RV-E1 in both RV-E2E1
and RV-24s pellets with signal being decreasing with sample
concentration (Figure 3. 4B). In line with the previous anti-RV-E1
western blot data, expression of RV-E2E1 alone resulted the release of
extracellular RV-E1, however the RV-24s pellet produced a greater
signal. Next, pelleted supernatant from RV-24s transfected cells were
tested for the presence of enveloped RV-C. This was achieved by
developing an RV-C capture ELISA assay, in which wells were coated
with an anti-RV-C monoclonal antibody and incubated with samples that
were untreated or lysed in 1% Triton for 30 min. Differences observed
between Triton treated and native samples would confirm the presence
of enveloped RV-C. This assay was performed with both supernatant
and pellets from RV-24s, RV-C, RV-E2E1 and mock cell cultures.

Supernatant from RV-24s and RV-C expressing cultures showed mean
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absorbance values that were greater than both mock and RV-E2E1
supernatants (Figure 3. 5), demonstrating the specificity of this assay
and confirming the previous western blot analysis showing the presence
of extracellular RV-C in the absence of RV-E2E1 (Figure 3. 3). There
was no significant difference observed between native and triton treated
RV-24s and RV-C supernatants. However, when pelleted supernatants
were used in this assay, a significant increase in absorbance was
detected in Triton-treated RV-24s compared to the untreated sample
(p<0.0001) (Figure 3. 5B). This increase was not observed in the
pelleted RV-C supernatant. This showed that expression of RV-24s, but

not RV-C, in HEK-293T cells led to the secretion of enveloped RV-C.
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Figure 3. 4 ELISA detection of RV-EL1.

A) GNA capture ELISA was performed to detect expression of RV-E1 in cell lysates.
HCV-E1E2 (H77 isolate) was used as a positive control for the assay and mock cell

lysates was used as a negative control. Lysates were serial diluted 3-fold, starting at a

1:3 dilution. B) Pelleted supernatant from RV-24s, RV-E2E1 and untransfected mock

cells were serially diluted 3-fold and directly coated onto microtitre plates. Bound RV-

E1 was detected using a mouse anti-RV-E1 monoclonal antibody at a 1 pg/mL.
concentration. HCV-E1E2 was detected with AP33 used at a 1 pg/mL concentration

Error bars represent standard deviation.
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Figure 3. 5 Detection of RV-C in native and Triton treated pelleted supernatant
by RV-C capture ELISA.

Supernatant from transiently transfected HEK-293T cells expressing RV-24s, RV-C,
RV-E2E1 and untransfected mock cells was pelleted and added to microtitre plates
coated with anti-RV-C at 1 pg/mL. Native pellets were untreated, triton treated pellets
were incubated in 1% triton for 30 min at room temperature. Captured RV-C was
detected with polyclonal anti-RV-C rabbit serum, 7w7, used at a 1:1000 dilution. Two-
way ANOVA was performed to test for statistical significance. Error bars represent

standard deviation. **** represents p<0.0001, ns represents p>0.05.
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To further validate this system, a co-IP assay was performed to show
that enveloped RV-C was associated with RV-E1. For this experiment,
an anti-RV-E1 monoclonal antibody was captured on magnetic protein
G beads and incubated with transfected cell supernatant. Following an
overnight incubation and washing, captured complexes were eluted
using 1% Triton and tested by western blot for the presence of RV-C.
The rationale for this elution method was to test for RV-E1l-associated
enveloped RV-C which would provide clear evidence of RVLPs.
Western blot analysis detected RV-C in the elution from anti-RV-E1
coated beads (Figure 3. 6A). Importantly, no RV-C was eluted from
protein G beads coated with an anti-HCV-E2 antibody or from beads
lacking an antibody. This showed that the capture of RV-C was
antibody-dependent and not a result of non-specific binding to the
protein G beads. The co-IP purified RV-C isolated was further
characterised by a non-reducing SDS-PAGE followed by western blot
(Figure 3. 6B). In the absence of the reducing agent, DTT, RV-C
migrated as a single band with a molecular weight of approximately 70
kDa, the expected weight of a RV-C homodimer. Under reducing
conditions, RV-C showed a molecular weight of approximately 36 kDa.
In contrast, intracellular RV-C from RV-24s expressing cells, showed
the presence of both monomeric and homodimer RV-C under non-
reducing conditions. Taken together this data showed that expression of
RV-24s in HEK293T cells leads to the secretion of enveloped,

covalently linked RV-C homodimers that were associated with the RV-
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E1 glycoprotein thus providing strong evidence for the presence of

RVLPs.
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Figure 3. 6 Immunoprecipitation of RVLPs and non-reducing SDS-PAGE of
intracellular and extracellular RV-C.

A) Immunoprecipitation of RVLPs from HEK-293T supernatant. Protein G beads were
precoated with anti-RV-E1 monoclonal antibody and captured RVLPs were lysed in
1% triton. Release of RV-C from lysed RVLPs was detected by anti-RV-C western
blot. Protein G beads without Ab and coated with anti-HCV-E2 antibody, 1:7, were
used as negative controls. B) Non-reducing and reduced RVLP-transfected HEK-293T
cell lysates and immunoprecipitated RVLPs were used in SDS-PAGE and RV-C was
detected by western blot. Non-reduced samples were boiled in Laemmli buffer without

DTT, reduced samples were boiled with DTT.
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Finally, TEM was used to visualise RVLPs. Pelleted supernatants of
RV-24s expressing HEK-293T cells were fixed in 3% glutaraldehyde,
loaded onto copper grids and negatively stained. The electron
micrographs showed that these pellets contained multiple pleomorphic
structures in both mock and RVLP samples (Figure 3. 7). It was not

possible to distinguish RVLPs using this method.

RVLP

Figure 3. 7 Electron microscopy of pelleted RVLP and Mock HEK-293T
Supernatant.

Supernatants were purified on a 20 % sucrose cushion and resuspended in 0.1 M
sodium cacodylate, 3 % glutaraldehyde. Samples were loaded onto copper grids and
negative stained. Images were taken at 16,500 x (A), 135,000 x (B) and 220,000 x

(©).
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3.3 Discussion

Previously described methods to produce RVLPs have made use of
multiple different mammalian cell lines although the use of human cells
and in particular the HEK-293T cell line, have not been reported in the
literature. This cell line has been used to express a range of VLPs360-364
and is routinely used in our laboratory for recombinant protein
expression. When considering mammalian expression systems to
produce human vaccines, and in particular constructs that encode viral
glycoproteins, the use of a human based expression system allows for
translational modifications that are more representative of the wild-type
virus, which has implications for the antigenicity of a vaccine. For these
reasons the HEK-293T cell line was assessed to produce RVLPs. Side-
by-side comparison with the Vero cell line showed that RV structural
proteins are expressed and secreted in HEK-293Ts. Interestingly
expression of RV-24s was not detectible in Vero cells. This may be due
to multiple factors; first, Vero cells originate from the species
Chlorocebus sabaeus whilst the RV-24s sequence was codon
optimised for human cell expression. Secondly the transient transfection
method could be less efficient in Vero cells compared to HEK-293T
cells. This factor could be overcome with an investigation into optimal
conditions for transient transfection. However, given the successful
expression of RVLPs using the HEK-293T cell line, optimisation of a

Vero expression system was outside the scope of this project.

The expression data shown in this chapter confirmed that transient

expression of RV-24s in HEK-293T cell cultures resulted in the
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secretion of the three RV structural proteins and that RV-C was
enveloped by a detergent-sensitive lipid membrane. Surprisingly,
pelleted supernatant from RV-C or RV-E2E1 expressing cultures
contained a detectable level of their respective structural proteins. This
was in contrast to Hobman et al.,*?’, who reported that the secretion of
RV structural proteins was dependent on the expression of RV-C, RV-
E2 and RV-E1. This difference could be explained by different detection
sensitivities since different primary antibodies were used in this study
compared to the previous described. Additionally, the pelleted samples
produced for this work were concentrated using a sucrose cushion
method which may result in the sedimentation of host cell debris. Given
that all three RV structural proteins are tethered to a lipid membrane, it
is likely that this background signal is the result of host cell debris.
Previous studies used purified RVLPs that were separated by density
on a sucrose gradient. This method would remove host-derived cell
debris and thus remove the background signal. Another reason for the
difference may be due high levels of expression in transiently
transfected HEK-293Ts due to the constitutive expression of the SV-40
T antigen which increases plasmid replication in the nucleus resulting in
greater expression efficiency3%5-367, Since the expression vector used in
these experiments was the pcDNA3.1 which encodes an SV-40 ORI

and would therefore be replicated within HEK-293T cells.

The isolation of detergent sensitive homodimeric RV-C is strong
evidence for the presence of RVLPs. Non-reducing SDS-PAGE of the

purified RV-C showed that this protein forms covalent homodimers
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which is in line with previous studies3!8. RV-C contains two cysteine
residues, Cys'>®and Cys'®’, and crystal structures of residues 127-277
of RV-C have shown that the dimer has twofold symmetry with
intermolecular disulphide bridges formed between Cys®>® and Cys!¥,
although Cys?'°3 has been identified as non-essential for RVLP
assembly3®. The mature RV virion has been estimated to contain
approximately 230 RV-C homodimers33! and these are arranged in
parallel strands under the lipid envelope that run in a perpendicular

orientation to the RV-E2E1 heterodimers on the virus surface319:330,

The use of TEM to visualise virus particles has been well documented
and it’s use for visualising both intracellular and extracellular RV virions
has been reported3®®. In this study applying TEM to pelleted cell
supernatant showed the presence of multiple structures in both mock
and RVLP samples, showing that host cell derived particles co-
sediment with RVLPs when purified using the sucrose cushion method.
The lack of distinguishable RVLPs also suggests that these particles
are expressed at low levels. It is also important to highlight that all the
TEM data published by the Hobman and Gillam research groups on
RVLPs was on intracellular particles which can be clearly identified by
the homogenous electron dense spherical structures within the lumen of
the cis Golgi apparatus®?’. Other studies investigating infectious RV,
purified using sucrose gradients have detected extracellular particles
with electron dense cores and a double-shell architecturg329-331:369.370,
These structures were absent from the TEM data collected for this

chapter. Furthermore, a protruding glycoprotein spike structure is often
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not visible for RV3'7, in contrast to other viruses such as coronaviruses
which have clearly identifiable surface spike structures®’!. There are
multiple approaches to improve this experiment which could be
employed separately or simultaneously. Firstly, sample purity could be
improved by further purifying RVLPs on a sucrose gradient. This
method would allow for the separation of sub cellular particles based on
density thus removing impurities and enriching for RVLPs. This method
would require validation by collecting fractions of the sucrose gradient
and performing a western blot for the three RV structural proteins.
Fractions that contain RV-C, RV-E2 and RV-E1 could then be pooled
and imaged. Secondly, immunogold labelling could be used to stain the
sample once on the copper grid. A primary anti-RV-E1 antibody could
be used followed by a gold conjugated secondary antibody. This would
allow for specific identification of RVLPs, in addition the association of a
gold particle of known size would allow for accurate measurements of
RVLPs to be performed. This approach has previously been used to
image HCVLPs®72. Additionally, the transient transfection protocol could
be optimised to increase RVLP production. Optimisation of this system
would require varying the amount of plasmid used in each transfection
and could also test a variety of different transfection reagents such as
the commercial reagents, Lipofectamine (Thermo Fisher Scientific) or
Trans-IT (Mirus Bio). Additionally, a stable transfected HEK-293T could
be generated and compared to different transient systems to select the
optimal culture conditions. Following optimisation, cell cultures could be

scaled up to increase the amount of input material. Larger volumes of
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supernatant could initially be purified on a 20 % sucrose cushion and
resuspended pellet could then be pooled to increase the VLP density.
Finally, different methods of sample preparation for TEM analysis could
be explored. Common sample preparation requires directly coating a
sample onto charged copper grids however one approach could be to
pre-coat a copper grid with an anti-RV-E1 antibody prior to the addition
of a VLP sample, thereby increasing the capture of RVLPs to the grid. A
similar approach has been used to visualise HCV virions'23, Ideally all
of these improvements would be used simultaneously to generate

robust informative TEM data.

This work has validated the expression of RVLPs using the HEK-293T
cell line. Another approach to confirm the expression of RVLP and
demonstrate functionality, would be to use a reporter system. One such
system that has been reported is the reverse genetics system in which
a cDNA clone of the RV genome was modified to replace the RV-24s
ORF with a GFP reporter gene®’3. This plasmid was linearized and
used as a template for in vitro transcription to produce mRNA
transcripts that were then transfected into a RV-24s stable expressing
BHK-21 cell line. This led to the encapsidation of reporter viral genomes
into the RVLPs and thus produced reporter viruses were capable of
single round of infection that could then be measured by GFP
expression in the permissive cell line. Further work by Claus et al.,316
used this system to identify a potential genome packaging signal
located between nucleotides 3986-5284. This was confirmed when

insertion of this region into a SINV replicon and resulted in
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encapsidation of progeny RNA into RVLPs. With this information it
could be possible to develop a simpler RV based reporter system in
which producer cells are co-transfected with RV-24s and a reporter
plasmid in which the reporter gene is flanked by the RV packaging
signal. A similar approach has been used for a SARS-CoV2 VLP
reporter system34 in which the genome packaging signal was placed
upstream of a luciferase reporter gene which was subsequently
packaged into VLPs and expressed in cell lines permissive to SARS-

CoV2 entry.

Towards the end of this project, an attempt to recapitulate a RVLP
reporter system was made. cDNA synthesis was performed on RNA
extracted from a single dose of the MMR vaccine. Unfortunately given
time constrains of this project, a full cDNA genome of the RA27/3
genome was not recovered. Future work should establish a reporter

system to further aid the validation of RVLP-based chimeras.
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Chapter 4 Design and Expression of
Chimeric Virus-Like Particles

4.1 Introduction

The primary aim of this project was to investigate the use of RVLPs to
incorporate HCV envelope proteins as a potential vaccine candidate for
HCV. A successful HCV B cell targeting vaccine will likely require the
presentation of correctly folded HCV-E1E2 ectodomains to ensure that
nAbs targeting key antigenic regions, such as those defined by mAbs
AR3, 4 and 5, are elicited upon vaccination!®, Thus, ensuring the
correct folding of the HCV-E1E2 was critical criteria for the screening of

chimeras.

The previous chapter detailed the establishment and validation of the
RVLP system in our laboratory. Compared to other VLP producing
systems which can require multiple plasmids at highly specific ratio
such as SARS-CoV2 VLPs3%4, the expression of RVLPs required the
transfection of a single plasmid encoding the RV-24s region. Previous
studies have demonstrated that RVLP assembly requires the correct
trafficking of RV-E2EL1 to the budding site at the cis Golgi
compartment32°, Trafficking of the RV-E2E1 is mediated by TMD and
cytoplasmic regions of these proteins. RV-Elrvp+cyt harbour a ER
retention signal®?® and export to the Golgi is mediated by RV-E2vp as
evidenced by the observation of chimeric VSV-G-E21mp+cyt
accumulation in the Golgi network when expressed in CHO cells326,
RV-E271mp+cyt regions are critical for heterodimerisation32° which results

in the RV-E1 ER retention signal becoming masked leading to export to
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the Golgi in a COPII mediated manner3?’. RV-Elct region is not critical
for RVLP assembly, however virions appear to accumulate within the
Golgi lumen and are not secreted when this region is replaced with
analogous regions of VSV-G32°, Whilst these experiments were
informative, they provided limited insight into the structural flexibility of
RVLPs. For example, fusion of RV-Eltmp+cyt to the VSV-Gecto abolished
RVLP formation confirming the importance of the formation of the RV-
E2E1 heterodimer in RVLP assembly. However, in this study there was
no chimera included in which dimer forming ectodomains were fused to
each of the RV E C-termini. Thus, it was unclear if RVLP assembly
could tolerate the inclusion of two foreign envelope protein
ectodomains. A level of structural flexibility has been demonstrated in
the attenuated full-length RV platform347:348 Insertion of HIV-GP140
epitopes fused to the RV-E2tmp have been shown to incorporate in the
secreted virions3*®. This demonstrated that RV assembly can tolerate
the insertion of small foreign epitopes when fused to the RV-E2 C-
termini. However, this construct also included full length RV-E1 and RV-
E2 proteins, which would facilitate assembly, and it is unclear if the
chimeric HIV-RV-E2 protein was incorporated passively since this

protein would likely be present at the site of assembly.

The objectives of this chapter were to first design chimeric RV-HCV
glycoproteins using predictions of the TMD regions for each of the
envelope glycoproteins to produce chimeras with different HCV-Eecto
and RV-Ermb+cyt fusion points. Secondly, chimeric glycoproteins were

generated using homology recombination cloning techniques to
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produce constructs in which chimeric glycoproteins were placed
downstream and in frame of RV-C. These constructs were expressed
and characterized using anti-HCV-E antibodies to assess folding and

VLP formation.

4.2 Results

4.2.1 Design of Chimeric Rubella- Hepatitis C Virus Glycoproteins
The first stage of designing the RH constructs was to define the TMD
regions of the HCV and RV E proteins. Prediction of the TMD regions of
each protein was made using the DASTM tool®>®. This algorithm
predicts the TMD based on a hydrophobicity profile determined by a
sliding window consisting of 11 residues and based on the Engelman-
Steitz hydrophobicity scale3>°374, A comparison is then made between
the query sequence and a reference library of known transmembrane
proteins®>°. This approach provides an important advantage over other
tools which make predictions based upon a hydrophobicity profile alone
which results in wrongly labelling hydrophobic regions of globular

proteins are TMD regions3%°.

Predictions of RV and HCV envelope protein TMDs were made using
the deduced amino acid sequences of the RA27/3 and H77 isolates,
respectively (Figure 4. 1). TMD regions were defined as residues that
scored 2.5 and above by the DASTM tool. The TMD regions of HCV-E1
and HCV-E2 were predicted encompass residues 353-378 and 716-
734, respectively, whereas the RV-E2 and RV-E1 TMD regions were
predicted to include residues 526-570 and 1033-1050, respectively.

These predictions are similar to the TMD regions defined in the
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literature for these proteins326:375376_ The results of these predictions
were used to define the TMD and the ectodomain regions of each viral

E protein.

H77 E1 C-terminus H77 E2 C-terminus
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Figure 4. 1 Prediction of TMD regions for RV and HCV envelope glycoproteins
using DASTM.

Graphical representation of TMD predictions made using the DASTM online tool.
HCV-E1 and HCV-E2 predictions were made using the H77 isolate (GenBank
accession AF011751), with amino acid residue numbering corresponding to their
position in the full-length polyprotein sequence. RV-E2 and RV-E1 TMD predictions
were made using the vaccine strain RA27/3 (GenBank accession JF727654) with
residue numbering corresponding to the position in the subgenomic 24s ORF. Blue

boxes highlight the predicted TMD regions.

The prediction of the TMD regions allowed a panel of five RH constructs
to be deigned (Figure 4. 2). Three of these constructs, RH1, RH2 and
RH5 were designed to fuse HCV-Eecto to the RV-ETmp regions, since the
TMD regions of the RV-E proteins are required for trafficking and VLP
assembly. The junctions for RH1 had been previously designed by
Jonathan Ball and Felix Ray. A further two constructs, RH3 and RH4
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were designed to include the HCV-Etmp regions with the RV-Ecyt
residues. These constructs because the HCV-E TMD domains have
important roles in HCV-E1E2 heterodimerization and it was unclear if
the cytoplasmic domains of RV-E proteins would facilitate VLP

assembly.

HCV-E1 ectodomain

H77 *?°WDMMMNWSPT AALVVAQLLR IPQAIMDMIA GAHWGVLAGI AYFSMVGNWA KVLWVLLLFA GVDA%"?
RH1 WDMMMNWS.. .....cccee cnnncnnanne soaaicnane veccenneas cnedicenes cann

RH2 WDOMMMNWSPT AALVVAQLLR IPQAIMDMIA GAH
RH3 WDMMMNWSPT AALVVAQLLR IPQAIMDMIA GAHWGVLAGI AYFSMVGNWA KVLWVLLLFA ....
RH4 WDOMMMNWSPT AALVVAQLLR IPQAIMDMIA GAHWGVLAGI AYFSMVGNWA KVLWVLLLFA ....
RHS WOMMMNWSPT AALVVAQLLR IPQAIMDMIA GAHI

HCV-E2 ectodomain

H77 T79%GVGSSIASWA IKWEYVVLLF LLLADARVCS CLWMMLLISQ AEA746
RH1 L1 N
RH2 GVGSSIASHA TH...vuovur covuennnne cafovnnnnnn wun
RH3 GVGSSIASWA IKWEYVVLLF LLLADARVCS CLWMMLLISQ AEA
RH4 GVGSSIASWA IKWEYVVLLF LLLADARVCS CIW....... ...
RHS GVGSSIASWA TH. ..ot ceveeenene cofiveennnn wun

RV-E2 TMD

RA27/3 °?'PASALWLATA NALSLDHALA AFVLLVPWVL IFMVICRRACR RRGAAAALTA VVLQGYNPPA YG°"?
RH1 PASALJALATA NALSLDHALA AFVLLVPWVL IFMVICRRACR RRGAAAALTA VVLQGYNPPA YG
RH2 ...l .ALSLDHALA AFVLLVPWVL IFMVICRRACR RRGAAAALTA VVLQGYNPPA YG
2 CRRACR RRGARAALTA VVLQGYNPPA YG
RE4  cecoliiiie siiiiaaaun cneieascas s CRRACR RRGAAAALTA VVLQGYNPPA YG
RHS ....0WLATA NALSLDHALA AFVLLVPWVL IFMVICRRACR RRGAAARLTA VVLQGYNPPA YG
RV-E1 TMD

RA27/3  !BAVSETRQTWA EWAAAHWWQL [TLGAICALLL AGLLACCAKC LYYLRGAIAP R!%%

RH1 AVSETRQTWA EWAAAHWWQL [FLGAICALLL AGLLACCAKC LYYLRGAIAP R

RH2 TLGAICALLL AGLLACCAKC LYYLRGAIAP R

RH3 FE P KC LYYLRGAIAP R

RH4 FE PO C LYYLRGAIAP R

RHS FLGAICALLL AGLLACCAKC LYYLRGAIAP R

Figure 4. 2 Alignment of RH chimeric glycoprotein amino acid sequences.

HCYV regions were numbered according to the H77 reference isolate polyprotein.
RA27/3 regions are numbered according to the residue number in the structural 24s

ORF. Blue boxes demark the predicted TMD regions of each glycoprotein.

4.2.2 Validation of Rubella virus Capsid Cleavage from Hepatitis C
virus E1E2 glycoproteins

Having designed the RH chimeric glycoproteins, the next step was to
assess if these constructs could be expressed in cis or trans with RV-C.

The RV-E2sp is located at the C-terminus of RV-C and is required for
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translocation of the RV-E2ecto into the ER lumen3®® and retention of RV-
C to the intracellular membranes3’"378, Cis expression of RH
glycoproteins would require efficient cleavage of the RV-E2sp from the
N-terminus of the HCV-Electodo. TO test this, a chimeric construct was
designed in which the RV-C gene replaced the HCV-E1sp, termed
RcapHE1E2. This was made by amplifying RV-C and HCV-AspE1E2 by
PCR with primers that introduced homologous tags for recombination
(Figure 4. 3A). Homologous recombination was performed using In-
fusion cloning and was confirmed with colony PCR screening (Figure 4.
3B) and Sanger sequencing. To assess the cleavage of RV-E2sp from
HCV-E1, RcapHE1E2 was used to generate pps using the MLV system,
since infectious pps would require cleavage of the RV-E2sp junction.
Following expression RcapHE1E2pps were tested in an infectivity
assay in the Huh 7 cell line (Figure 4. 3C). Interestingly, pps generated
using the RcapHE1E2 plasmid showed no significant difference
(p>0.05) in RLU compared to HCV-E1E2pps, demonstrating that
sufficient cleavage and translocation of HCV-E1 occurs when placed
downstream of a RV-E2sp sequence. Additionally, the co-expression of
RV-C with HCV-E1E2 also lead to no significant difference in RLU
(p>0.05) compared to HCV-E1E2pps however the mean RLU was
decreased. This was likely due to competition between RV-C and HCV-
E1E2 plasmid promoters for cellular expression machinery. This data
showed suggested that cis expression of chimeric glycoproteins with

RV-C would be a valid approach to chimera design.
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Figure 4. 3 Validation of RV-E2sp cleavage form HCV-EL1.

A) PCR amplification of RV-C and HCV-AspE1E2 was confirmed by DNA
electrophoresis. B) Amplicons ligated and subcloned in to pcDNA3.1 and a colony
screen PCR was performed on transformed E. coli cells. C) Infectivity assay using
Huh 7 cells. PPs were generated using a MLV backbone system and co-expression
with the following glycoprotein encoding plasmids; full-length HCV-E1E2 (H77 isolate),
RcapHE1EZ2, full-length HCV-E1E2+ RV-C, VSV-G. AE control served as a negative
control that lacked a viral glycoprotein. Cells only served as an addition negative
control to identify background luminescence of non-infected Huh 7 cells. Statistical
significance was determined using one-way ANOVA, non-significance (ns) was

determined when p>0.05.
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4.2.3 Assembly of Chimeric constructs

To generate recombinant plasmids of the RH panel, primers were
designed to amplify the HCV-Eecto regions and introduce large tags via
the HCV-Electo reverse primer and HCV-E2ecto forward primer that
would encode the RV-E21mbicyt region upon homologous recombination.
The first attempt to generate the RH2 and RH3 constructs used Gibson
assembly37® (Figure 4. 4). Initially, a pcDNA3.1 plasmid encoding wt
RV-24s sequence was used as a template for an SDM reaction to
delete residues 301-1032 for Rucas2 and 301-1050 for Rubcas3 and
introduce a restriction site for the BsiWI restriction enzyme (Figure 4.
4A). Amplification of the wt RV-24s plasmid was successful with both
sets of Rubcas primers. High molecular wight DNA bands were
observed when separated by electrophoresis, however the agarose
concentration was not low enough to provide sufficient resolution to
determine an accurate molecular weight for each amplicon, which
would be expected to be approximately 6.5 Kb (Figure 4. 4A). The PCR
products were used in an SDM reaction and transformed into
competent E. coli cells and confirmed by sangar sequencing. The HCV-
Eecto regions were amplified and subcloned into BsiWI digested Rubcas
vectors using Gibson assembly (Figure 4. 4B). Following transformation
of E. coli cells, colony screen PCRs were performed to confirm the
insertion of chimeric glycoprotein sequences (Figure 4. 4C). All
screened colonies showed the presence of Rubcas vectors and not
inserts of an expected 3 kb size that would correspond to a complete

chimeric construct. The Gibson assembly reactions were repeated twice
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for both RH2 and RH3 constructs, and these failed to produce
amplicons of the correct size. This data shows that this cloning

approach was not suitable to generate RH chimeras.
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Figure 4. 4 Gibson assembly cloning approach to generate RH chimeras.

A) Rubcas constructs were generated by PCR amplification from pcDNA3.1-RV-24s
template with RubcasF and RubcasR primers which was confirmed by DNA
electrophoresis. Rubcas products were ligated using a site directed mutagenesis
approach. Rubcas plasmids were linearised by BsiWI digestion prior to Gibson
assembly. B) HCV envelope glycoprotein ectodomains were amplified by PCR with
primers to introduce homologous recombination tags in addition to the RV-E2-TMD
region. Amplification was confirmed by DNA electrophoresis and these products were
used in a Gibson assembly reaction with respective linearized Rubcas vectors. C)
Colony screening PCRs of RH2 and RH3 transformed E. coli colonies using T7F and
bGHR primers. Positive control (+) was pcDNA3.1-RV-24s. Numbers denote in each
ladder (L) lane correspond to band size (bp).
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The second cloning approach used the In-Fusion cloning method and
the RV-24s template was the codon optimised sequence described in
the previous chapter. The codon optimisation process reduced the GC
content from 69 % to 59 % (Figure 3. 1A) making it more suitable for
molecular techniques. In contrast to the previous cloning approach the
Rubcas vectors were not produced. Instead of this, the vector was
amplified by PCR using a reverse primer specific to the 3’ end of the
RV-C sequence and a forward primer specific to the RV-Eltvp. The
amplification of the HCV-Eecto regions was the same as previous the
previous method with the exception that the RV specific tags matched

codon optimised sequences.

PCR amplification of the RH vectors was successful and produced large
molecular weight bands (Figure 4.5A). The amplification of all HCV-Eecto
was also successful and produced amplicons of approximately 700 bp
and 1.2 Kb for RH-E1 and RH-E2, respectively (Figure 4. 5A). The
vector, RH-E1 and RH-E2 components of each construct were
recombined in a 2.5 pL In-Fusion reaction. Colony PCR screening
confirmed the presence of 3 Kb amplicons between the T7 and bGH
regions of the pcDNA3.1 plasmid (Figure 4. 5B). Some bands were
observed that were above 3 Kb, which would correspond to full length
RV-24s region and shows that the pcDNA3.1-RV-24s template was
present from the vector PCR amplification. Colonies that showed an
insert of the expected size for a complete chimera were selected for

sequencing and confirmed to be correct (Figure 4. 5B).
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Figure 4. 5 In-Fusion cloning approach to produce generate chimeric
constructs.

A) An example of PCR amplification of RH-E1, RH-E2 and RH-Vector products
separated by DNA electrophoresis on a 2% agarose gel. B) Colony screen PCR
products generated using T7F and bGHR primers to amplify plasmid isolated from
transformed E. coli colonies. Negative (-) control was a PCR that lacked a plasmid
template, pcDNA3.1-RV-24s (R) and pcDNA3.1-HCV-E1E2 (H) controls were included
as positive PCR controls and to identify template flowthrough. The numbers noted in
each ladder lane referred to the size of each band (bp). Colonies that were confirmed

by Sanger sequencing and used in future expression experiments are coloured in red.

117



4.2.4 Expression of RH Chimeras in the HEK-293T cell line

To test the RH panel, the plasmids were expressed in HEK-293T cells
using the process described for RVLPs in in chapter 3. HCVpps and
RVLPs were also expressed as positive controls for HCV-E1E2 and
RV-C, respectively. The RcapHE1E2 plasmid (described in section

4.2.2) was also included.

Intracellular HCV-E2 was detected by western blot with a humanized
AP33 antibody (Figure 4. 6). The strongest signals were present in the
HCVpp and RcapHE1E2 lysates followed by RH5, RH1 and a faint
signal for RH2, RH3 and RH4. This variation in E2 signal was not due to
variable sample loading since the samples were normalized for total
protein and the actin loading control showed similar levels of protein per
lane (Figure 4. 6). The migration of the RH-E2 proteins was comparable
to HCV-E2, with migration corresponding to approximately 65 KDa. This
molecular weight was in line with previously published values3®°. RV-C
was detected all RH, RV-24s and RV-C expressing cell lysates. This
protein produced a band of approximately 36 KDa which was in line
with the observations in chapter 3 and published values. HCV-E1 was
detected in the lysates of HCVpp and RcapHE1E2 with an approximate
molecular wight of 35 KDa, whilst faint signals were observed for this

protein in all the chimera lysates (Figure 4. 6).

Extracellular viral proteins were detected by western blot on sucrose
pelleted supernatants (Figure 4. 6). Samples were normalized by total
protein loaded per lane of the acrylamide gel. Of the RH chimeras, RH5

showed a strong signal for HCV-E2 whilst RH1 and RH2 produced faint
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signals. RH3 and RH4 lanes did not show a detectable signal for HCV-
E2. RH5-E2 has a higher molecular weight than the HCV-E2
incorporated into HCVpps, with the most species corresponding to 65-
70 KDa or 70-100 KDa, respectively. Differences in predicted molecular
weight do not account for this change and could be the result of
differential glycosylation between the two glycoproteins which would in
turn alter the migration pattern. Release of RV-C was also observed in
RH5, although RH2 produced a similar signal. The strongest RV-C
signal was detected in the RV-24s pellet. Interestingly, pelleted RH5
was the only chimera sample to be recognised by the anti-HCV-E1
antibody. Furthermore, RH5 showed a higher level of HCV-E1 than
HCVpps. The RH5-E1 protein had an approximate molecular weight of
39 KDa which was heavier than HCV-E1 which had a molecular weight

of 35 KDa.
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Figure 4. 6 Western bot detection for the expression of RH chimeras in the HEK-
293T cell line.

HEK-293T cells were seeded in 10 cm” dishes 24 hrs prior to transfection with 2 pg of
each plasmid and grown for 72 hrs. Cells were lysed in lysis buffer and supernatant
was pelleted on a 20 % sucrose cushion and resuspended in 50 uL PBS. All samples
were quantified by BCA total protein estimation assay. A total of 10 ug and 5 pg of
total protein was loaded per lane of a 12 % polyacrylamide gel for lysate and pellet
samples, respectively. Proteins were separated by SDS-PAGE and transferred to
PVDF membranes using a Semi-dry transfer method. Humanised AP33 was used at a
concentration of 1.5 pg/mL to detect HCV-E2, a commercial mouse anti-HCV-E1
antibody was used to detect HCV-E1 at a concentration of pg/mL. RV-C was detected
using the mouse antibody, 9B11 antibody at a concentration of 1 pg/mL. As a loading
control for the western blot assay, actin was detected using a mouse anti-actin
antibody at a final concentration of 0.5 pg/mL. Mouse and Human antibodies were
detected with anti-mouse-HRP and anti-Human-HRP secondary antibodies,
respectively, each used at a 1:1000 dilution.
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Next, a GNA capture ELISA was used to investigate the expression of
HCV-E2 and gain insight into the conformation of the HCV-E2ecto for
each of the chimeras. Two well characterised anti-HCV-E2 antibodies
were used to detect HCV-E2, the mouse derived AP33 which binds to
the linear domain E epitope in a semi-conformational fashion®8!, and the
conformation-sensitive, human derived antibody,1:7%'1. Both
intracellular and extracellular HCV-E2 was measured using cell lysates
and pelleted supernatant, respectively (Figure 4. 7). Intracellular HCV-
E2 was detected for all chimeras with both antibodies producing signals
above the background values observed in the negative controls (Figure
4. 7A). Of the chimeras, RH5 gave the highest signal for both
antibodies, although these values were lower than the positive controls
with exception to the 1:7 signal for RcapHE1EZ2, which had a low signal.
In agreement with the western blot data, the highest extracellular RH-
E2 signal was detected in pelleted RH5 supernatant which was
significantly higher than the background signal produced by expression
of HCV-E1E2 for both AP33 (p<0.0001) and 1:7 (p<0.01) antibodies

(Figure 4. 7B).
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Figure 4. 7 GNA-capture ELISA of RH chimera expressing HEK-293T cell lysates
and pellets.

ELISA plates were precoated with GNA lectin at a final concentration of 10 pg/mL in

coating buffer. A) Lysates of transfected HEK-293T cells were captured on to GNA

coated plates. Lysates samples were normalised to a total protein concentration of 1

mg/mL prior to capture. B) Pelleted supernatant harvested from transfected HEK-293T

cells was loaded onto GNA coated ELISA plates. Samples were normalised to a total

protein concentration of 0.5 mg/mL. Detection of bound HCV-E2 was achieved using

humanised AP33 and 1:7 each at a final concentration of 10 pg/mL. Bound primary

antibodies were detected using an anti-Human-AP conjugated secondary antibody at

a 1:2000 dilution. Bound AP activity was measured by addition of a pNPP substrate.

Absorbance was measured 30 min after the addition of pNPP. Statistical significance
was determined using an one-way ANOVA, p<0.0001 (****), p<0.01 (**).
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4.2.5 Expression of RH Chimeras in the HEK-293F Cell line
Expression of the chimera panel was also tested in the suspension cell
line, HEK-293F. These cells are derived from the same ancestor as
HEK-293T but lack the SV-40 T antigen. These cells offer advantages
over HEK-293T, such as greater recombinant protein expression and
maintenance in serum-free media. In addition, these cells have been

approved for commercial vaccine production.

The expression of each chimera was performed in a scaled down, 15
mL culture. The experimental design mimicked that of the HEK-293T
expression experiments except for the HCVpp control group. Initial GNA
capture ELISA data of HEK-293F pellets no significant level of HCV-E2
was seen in HCVpp producer cells. An infection assay was performed
using the supernatant of HCVpp and VSVpp producing HEK-293F cells.
There was no detectable RLU produced in infected Huh 7 cells infected
with HCVpprek-293F and VSV-G infection exhibited a significant reduction
in RLU. This data confirmed that HEK-293F were unable to produce
detectable levels of HCVpp. As such the HCVpp control group was

expressed in HEK-293T.

Detection of viral proteins was confirmed by western blot analysis
(Figure 4. 8). A similar pattern of expression was observed in HEK-
293F to HEK-293T. In this system, RH5 produced the highest signal for
HCV-E2 in the pelleted supernatant, and it had an apparent molecular
weight of approximately 70 KDa. However, a higher molecular weight
band was also observed of 140 KDa, possibly representing a

homodimer, was observed in this lane. Faint signals for HCV-E2 were
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detected in the pellets of RH1 and HCV-E1E2. Interestingly, all pellet
samples from cultures expressing RV-C showed signals for this protein.
In contrast to the HEK-293T expression data, RV-24s showed a weaker
signal compared to the chimeras with RH4 and RH5 showing the

highest levels of secreted RV-C.
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Figure 4. 8 Western bot detection for the expression of RH chimeras in the HEK-
293F cell line.

HEK-293F cells were seeded at 0.7x10° cells/mL in 15 mL cultures 24 hrs prior to
transfection with 15 pg of each plasmid and grown for 72 hrs. Cells were lysed in lysis
buffer and supernatant was pelleted on a 20 % sucrose cushion and resuspended in
50 uL PBS. All samples were quantified by BCA total protein estimation assay. A total
of 10 ug and 5 pg of total protein was loaded per lane of a 12 % polyacrylamide gel for
lysate and pellet samples, respectively. Proteins were separated by SDS-PAGE and
transferred to PVDF membranes using a Semi-dry transfer method. Humanised AP33
was used at a concentration of 1.5 pg/mL to detect HCV-E2. RV-C was detected using
the mouse antibody, 9B11 antibody at a concentration of 1 pg/mL. RV-E1 was
detected using a mouse anti-RV-E1 antibody at a final concentration of 1 ug/mL. As a
loading control for the western blot assay, GAPDH was detected using a goat anti-
GAPDH antibody at a final concentration of 0.5 ug/mL. Mouse and Human antibodies
were detected with anti-mouse-HRP and anti-Human-HRP secondary antibodies,
respectively, each used at a 1:1000 dilution. Bound goat antibody was detected using
anti-goat-HRP at a 1:5000 dilution.
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ELISA data for the HEK-293F expression showed a similar pattern to
the HEK-293T data. The RH5 pellet produced the highest signal for
both AP33 and 1:7 which was significantly higher than the H77-E1E2
background signal (p<0.0001) (Figure 4. 9). Interestingly, background
signals for HCV-E1E2 and RcapHE1E2 control groups produced higher
signals than in HEK-293F than in HEK-293Ts. This increase in
background signal was likely due to the increased cell density of HEK-

293F cultures which resulted in sedimentation of more cellular debris.
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Figure 4. 9 GNA-capture ELISA of RH chimera expressing HEK-293F cell lysates

and pellets.

ELISA plates were precoated with GNA lectin at a final concentration of 10 pg/mL in
coating buffer. A) Lysates of transfected HEK-293F cells were captured on to GNA

coated plates. Lysates samples were normalised to a total protein concentration of 1

mg/mL prior to capture. B) Pelleted supernatant harvested from transfected HEK-293T
cells was loaded onto GNA coated ELISA plates. Samples were normalised to a total
protein concentration of 0.5 mg/mL. Detection of bound HCV-E2 was achieved using
humanised AP33 and 1:7 each at a final concentration of 10 pg/mL. Bound primary

antibodies were detected using an anti-Human-AP conjugated secondary antibody at

a 1:2000 dilution. Bound AP activity was measured by addition of a pNPP substrate.

Absorbance was measured 30 min after the addition of pNPP.
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The ELISA expression data for both HEK-293T and HEK-293F cell lines
was analysed statistically. Spearman rank correlation of the two data
sets showed that the expression correlates between the two cell lines
(Figure 4. 10). When the data sets were split into lysates and pellet
samples both cell lines showed a strong correlation (p<0.0001).
However pelleted samples correlated less well than the lysate samples
due to the increase in background signal produced by the HEK-293F
cell line. The expression data of both cell lines showed that RH5 was

the most promising candidate to further investigate for the formation of

RH-VLPs.
Lysates Pellets
35 35
3.0 .
. 3.0
r=0.9071
25 ‘e r=0.9938 25 p<0.0001
w p<0.0001 w?
2. 2.0 . . 20
= ¥
.
15 . wis
-
1.0 . . 10
.
05 . o8 _ .
0.0 R
00 05 10 15 20 25 30 35 0.0

0.0 0.5 1.0 1.5

HEK-293t HEK-293t

Figure 4. 10 Correlation between ELISA data collect from HEK-293T and HEK-
293F cell lines.

The ELISA data collected from intracellular and extracellular HCV-E2 expression
between the two cell lines were analysed for correlation. Data point is the mean value
(n=3) for each cell line. Correlation was determined using spearman rank method.

4.2.6 Validation of the RH5 chimera

Having shown that the RH5 chimera produced the highest level of
extracellular HCV-E2, and that this protein was recognised by a
conformation-sensitive anti-HCV-E2 antibody, the next step was to

investigate if RH5 produced VLPs. Firstly, to determine if the RH5-E2
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secretion was capsid dependent, the RH5 chimeric glycoproteins were
amplified from RH5 and subcloned into a pcDNA3.1 plasmid to
generate RH5-E1E2. This was then expressed in HEK-293F cells
alongside RH5 and RcapHEL1E2. Pelleted supernatant samples were
used in a GNA-capture ELISA and detected with 1:7 (Figure 4. 11).
Extracellular RH5-E2 was significantly higher when expressed in the full
RH5 construct compared to the RH5-E1E2 glycoproteins (p<0.0001)
(Figure 4. 11) and was protein concentration-dependent. Furthermore,
as was observed in the chimera panel experiments, RcapHE1E2
produced a detectable HCV-E2 however this was not significant from
RH-E1E2 and HCV-E1EZ2 levels. This showed that capsid-dependency
required the RV envelope protein TMD regions that were present in

RH5.
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Figure 4. 11 Comparison of HCV-E2 signal between RH5 chimera and
glycoproteins expressed in isolation.

GNA-capture ELISA was performed on pelleted supernatant collected from HEK-293F
cells transfected with RH5, RH5-E1E2, HCV-E1E2, RcapHEL1E?2 or RV-24s. Pellets
were normalized to a total protein concentration of 0.25 mg/mL. Statistical significance
was measured by one-way ANOVA, p<0.0001 (****),

The next step was to investigate the release of enveloped RV-C and
test for its association with RH5-E2. First a RV-C capture ELISA was
performed to detect enveloped RV-C in HEK-293F supernatant.
Treatment of the supernatant with Triton for both RVLP and RH5
produced significantly higher amounts of RV-C compared to the
untreated control (Figure 4. 12A). The end point dilution for RVLP was
1:16 whilst RH5 was 1:2. Showing that RH5 assembly was less efficient
than RVLPs. Finally, association of enveloped RV-C with RH5-E2 was
tested using the co-immunoprecipitation approach described for RVLPs

in the previous chapter (section 3.2.3). RV-C was eluted from protein G

130



beads conjugated with AP33, confirming that RH5 supernatant contains
RH5-E2-associated enveloped RV-C (Figure 4. 12B). No RV-C was
eluted from beads coated with anti-RV-E1 or unconjugated beads
incubated with RH5 supernatant, showing that the RV-C was captured
in an antibody-dependent manner. The anti-HCV-E2 conformation
sensitive antibody, 1:7, did not capture RV-C from any of the samples,
including the HCVpp supernatant which was tested for the presence of
MLV-p30. To confirm that this antibody was captured, the protein G
beads were boiled in Laemmli buffer and reduced protein was
separated by SDS-PAGE and detected by silver stain. The eluted
protein bands corresponded to the heavy and light chains of antibodies
and were present on in all three antibody-containing samples and
absent from the beads only group. This confirmed that 1:7 was present

on the beads.
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Figure 4. 12 Detection of HCV-E2 associated enveloped RV-C from RH5
expressing HEK-293F cells.

A) RV-C capture ELISA performed on supernatant collected from RVLP and RH5
expressing HEK-293F cells. ELISA plates were precoated with anti-RV-C antibody
and incubated with untreated (Native) supernatant or triton lysed supernatant.
Captured RV-C was detected using polyclonal rabbit sera, 7w7, at a 1:1000 dilution.
Bound rabbit IgG was detected using an anti-rabbit-lgG-AP secondary antibody at a
1:1000 dilution. B) co-immunoprecipitation assay was performed on supernatant
harvested from HEK-293F cells transfected with RV-24s or RH5, and HEK-293T
supernatant from cells expressing HCVpps. Protein G beads were incubated with anti-
RV-E1, AP33 or 1:7 monoclonal antibodies. Supernatant collected after incubation
with antibody-bound beads was termed flowthrough and elution samples were
collected by treatment of beads with 1% triton. Samples were then analysed by
western blot for RV-C for RVLP and RH5 samples, and anti-MLV-p30 for HCVpp

samples.

To improve the expression of RH5-VLPs, the amount of plasmid
transfected into HEK-293F cultures was varied from 1 pg/mL to 8 pg/mL
and supernatants were pelleted and VLP production was measured
based on E2 signal (Figure 4. 13). Interestingly, there was no significant

difference between the HCV-E2 signal between cultures transfected
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with 1 pg/mL and 2 pg/mL. Increasing the plasmid concentration above

2 ug/mL led to a reduction in RH5-E2 signal.
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Figure 4. 13 Optimisation of RH5 expression in HEK-293F cells.

The amount of plasmid used to transfect 15 mL HEK-293F suspension cultures was
varied. To assess expression, a GNA capture ELISA was performed on pelleted
supernatant. A negative control of RH5-E1E2 was also included to measure
background signal of glycoprotein in each culture. Pellets from mock cell cultures were
also included. Detection of HCV-E2 was achieved using the anti-HCV-E2 antibody, 1:7

at a final concentration of 10 pg/mL.

4.2.7 Characterisation of Chimeric VLPs

The next step was to further characterise the RH5-VLPs. The first step
was to investigate the intermolecular covalent interactions of the
chimeric glycoproteins. This was done through comparisons between
protein migration in the presence and absence of a reducing agent.
Under non-reducing conditions, intracellular RH5-E2 showed high
molecular weight aggregates that were also observed in HCVpp
expressing cell lysates (Figure 4. 14). Monomeric intracellular RH-E2

was also detected which was also seen in the HCVpp cell lysate. When
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the same assay was performed on extracellular RH5-E2, all detectable
non-reduced RH-E2 displayed a higher molecular weight than the
monomer, with the protein migrating as a smear between 100- 140 KDa
(Figure 4. 14). This contrasted to the migration pattern of extracellular
HCVpp under non-reducing conditions which showed the presence of
monomeric HCV-E2, approximately 65 KDa, in addition to aggregates
above 140 KDa. Data for HCV-E1 in these experiments was limited
since under non-reducing conditions the signal for HCV-E1 was
abolished. It was unclear why this occurred since the same samples
were used for reducing and non-reducing SDS-PAGE. It was possible
that the epitope for the anti-HCV-E1 antibody was occluded under non-
reducing conditions. However, given that this antibody successfully
detected HCV-E1 and RH5-E1 in a subsequent ELISA assay (Figure 4.
22), in which the protein would be in a native conformation, this
explanation is unlikely to be correct. A repeat of this experiment will be

needed in which the sample volume is increased.
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Figure 4. 14 Reducing and non-reducing SDS-PAGE of Intracellular and
extracellular RH5 glycoproteins.

For intracellular glycoprotein analysis, transfected cell lysates were used. For

extracellular glycoprotein analysis, pelleted supernatant from transfected cells were
used. For reducing SDS-PAGE samples were boiled in Laemmli buffer containing 50

mM DTT (+DTT), non-reduced samples were boiled in Laemmli buffer that did not

contain DTT (-DTT). Western blotting was performed as previously described.
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Another level of characterisation was to investigate the glycosylation of
RH5-E2. Glycosylation of proteins can influence the immunogenic
properties3®?, Extracellular RH5-E2 was resistant to Endo-H treatment
and exhibited a similar migration pattern to the untreated sample
(Figure 4. 15). RH5-E2 was sensitive to PNaseF treatment since
migration of this protein was faster after treatment with this enzyme and
it size corresponded to approximately 40 KDa. This confirmed that RH5-
E2 was extensively glycosylated and resistance to Endo-H was
suggestive of glycan modification by Golgi associated glycosylase
enzymes. Interestingly, following PNGaseF treatment, RH5-E2
produced a double band pattern. This may suggest the presence of
glycan groups that were occluded from the PNGaseF enzyme during
treatment. RVLPs were tested alongside the RH5 sample and RV-E1
was also shown to be resistant to Endo-H and sensitive to PNGaseF,
although this reduction in molecular weight was less than that observed
for RH5-E2, suggesting less extensive glycosylation of this protein.
Extracellular RV-C was also tested following each treatment to
demonstrate that observed changes in molecular weight were due to

the activity of the deglycosylase enzymes.
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Figure 4. 15 Deglycosylation of RH5-VLPs and RVLPs.

Pelleted supernatant from transfected HEK-293F cells was treated with Endo H or
PNGase F deglycosylase enzymes or untreated. Samples were separated by SDS-
PAGE and used in western blot analysis. HCV-E2 was detected using the humanised
AP33 antibody at a 1.5 ug/mL concentration and RV-E1 was detected using a mouse
anti-RV-E1 antibody. A western blot for RV-C was also performed as a negative
control as the protein is no glycosylated and thus non-sensitive to Endo H or PNGase

F treatment.

4.2.8 Antigenic Characterisation of the RH5 Construct

The antigenicity of RH5 glycoproteins was further tested using a small
panel of previously characterised mAbs. These antibodies recognise
distinct regions of HCV-E2 (Figure 4. 16) and in the case of AR4A, the
HCV-E1E2 heterodimer. Intracellular RH-E1E2 was tested by GNA
capture ELISA of transfected cell lysates. Initial experiments were
performed at a single point antibody concentration of 10 pg/mL. Mock
cell lysates, a lysate from SARS-CoV2 spike protein lysate and an anti-
SARS-CoV2 human antibody, AT869, were included as antigen and
antibody negative controls (Figure 4. 17A). RH5-E1E2 was recognised

by all anti-HCV-E2 antibodies along with HCV-E1E2 lysate. SARS-
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CoV2-S lysate was not reactive to anti-HCV-E2 antibodies and was the
only lysate to be recognised by AT869 (Figure 4. 17A). These results
demonstrated the specificity of the assay and the mAb panel. The
reactivity of each anti-HCV antibody was normalized to the HC33.4
value for HCV-E1E2 and RH5-E1E2 lysates (Figure 4. 17B). When
normalized, the percentage signal of HC84.26 and AP33 showed no
significance between HCV-E1E2 and RH5-E1E2. Significant differences
were observed between the binding of 1:7 (p<0.001), AR4A (p<0.0001)
and AR3A (p<0.0001). Compared to HC33.4 (100 %), HCV-E1E2
showed mean signal of 84 % for AR3A, 84 % for AR4A and 80 % for
1:7. In contrast, compared to HC33.4 (100 %), RH5-E1E2 showed a
mean signal of 56 % for AR3A, 39 % for AR4A and 66 % for 1.7. This
showed that whilst RH5-E1E2 was recognised by all the anti-HCV
mADbs in the panel however, this sample contained fewer binding sites
for AR3A, AR4A and 1:7 compared to HCV-E1E2, highlighting

conformational differences.

138



Epitope | Epitope lI
¥’  HC33.4 ’ HCB84.26
AP33
Egltﬁ_{ge 11} AR3
’ AR3A

C-termini

C-termini

Figure 4. 16 Antigenic regions of HCV-E1E2.

Annotated crystal structure of HCV-E1E2 heterodimer (PDB 7T6X). HCV-E1 is shown
in blue and HCV-E2 is shown in tan. Regions highlighted in red depict the position of

each antigenic site. Figure was made using chimera38s,
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Figure 4. 17 Antigenicity of intracellular RH5 envelope glycoproteins.

A) Lysates of transfected HEK-293F cells were loaded onto GNA-coated ELISA plates

at a normalised total protein concentration 1 mg/mL. Primary antibodies were used at

a single concentration of 10 pg/mL. The AT869 was an anti-SARS-CoV2-Spike

antibody that was used as a negative control. Mock cell lysates and no protein groups

were included to demonstrate the specificity of the assay. Absorbance was measured

30 min after the addition of pNPP substrate. B) Values obtained from the single point

ELISA were normalised to the value of HC33.4.
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To further explore the nature of the mAb binding properties to RH-
E1EZ2, binding curves for each antibody were generated (Figure 4. 18).
Cell lysates were captured onto GNA coated plates and normalized to a
total protein concentration of 1 mg/mL. Each antibody was then diluted
in a five-fold series from a starting concentration of 50 pug/mL, and raw
absorbance values and normalized values were plotted (Figure 4. 18
and Figure 4. 19, respectively). The raw values of each binding curve
showed that a Bmax was observed for each of the anti-HCV antibodies
towards HCV-E1E2 and RH5-E1E2. A plateau in the signal was
observed for antibodies HC33.4, AP33, AR3A and AR4A, at the highest
concentrations each dilution series. This plateau occurred for both
HCV-E1E2 and RH5-E1E2 lysates. The 1:7 antibody did not reach a
signal plateau. The ECso values were determined using the data
collected in Figure 4. 19(shown in Figure 4. 20). The mAbs; HC33.4,
HC84.26, AP33 and AR3A showed comparable affinities for full length
H77-E1E2 and RH5-E1E2. The AR4A and 1:7 mAbs displayed a lower

affinity for RH5-E1E1 than H77-E1E2 (Figure 4. 20).
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Figure 4. 18 Antigenicity of intracellular RH5 envelope glycoproteins.

GNA capture ELISA was performed on lysates of transfected cells normalised to a

total protein concentration of 1 mg/mL. Each antibody was tested in a five-fold serial

dilution starting from 50 pug/mL for a total of eight points.
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Figure 4. 19 Antigenicity of intracellular RH5 envelope glycoproteins normalised

binding curves.

The raw absorbance values for each of the anti-HCV monoclonal antibodies was
normalised for HCV-E1E2 and RH5-E1E2 samples. 100 % binding was defined as the
absorbance value at 50 ug/mL of antibody. 0% was defined as the absorbance value

of the last point in the dilution series. These curves were used to estimate the EC_,

values for each antibody.
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Figure 4. 20 Determined EC50 values for antibody panel against intracellular
HCV-E1E2 and RH5-E1E2.

Values were determined from the normalised binding curves in the previous figure
4.19.

The next step was to investigate the antigenicity of extracellular RH5-
E1E2. Pelleted HCVpp, RH5, RH5-E1E2, SARS-CoV2pp and mock
supernatants were used in a GNA capture ELISA and viral
glycoproteins were detected with the mAb panel used at a single point
dilution (Figure 4. 21A). All anti-HCV antibodies reacted with HCVpps.
HC33.4, HC84.26, AR3A, AP33 and 1:7 reacted to RH5 to a level that
was significantly higher to the background signal produce by RH5-
E1E2. AR4A did not bind extracellular RH5 or RH5-E1E2. Binding
curves for the mAb panel were not performed on extracellular samples
due to the requirement for large cultures volumes to generate enough

material for this assay. Thus, to gain further insight into the antigenicity
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of extracellular RH5, each of the mAbs used in the ELISA experiments
in this section were used in a co-IP assay to isolate enveloped RV-C.
As previously described, elution was achieved using a Triton X100 lysis
method and eluted protein samples were analysed by western blot for
RV-C. The results reaffirmed the single point ELISA reactivity data,
with all anti-HCV mAbs, with exception to AR4A, isolating RV-C from
RH5 supernatant (Figure 4. 21B). Formation of the AR4 region requires
the HCV-E1E2 heterodimer, thus a final ELISA assay was performed
using the anti-HCV-E1 antibody (Figure 4. 22). Extracellular RH5-E1
was detected and was significantly higher than the RH-E1E2
background level (p<0.0001). This showed that both RH5-E1 and RH5-

E2 are secreted, however there was no formation of the AR4 region.

145



M HCVpp
3.0 Bl RH5
25 [ RH5-E1E2
e B SARS-CoV2pp
& 2.0 [ Mock
e .
o M No protein
g 15
1.0
0.5 a
0.0 liﬂi o NEHgnN Iﬂ.im Iini anfios BAlson Riggns
™ © g e %) ) A )
- Vv ) LY %) o N \'at
S » & & K >
FF v v v &
Antibody (10 pg/mL)
B)
©
AR
™ <
S 3 s S 9 2
QO O ¥ xa ~ 9O
I T € <« < «~ 9D
50 — 50
40— — 40
35— - — — 35
25— — 25

Figure 4. 21 Antigenicity of extracellular RH-5 glycoproteins.

A) Single point GNA-capture ELISA was performed on pelleted supernatant from
transfected HEK-293T cells expressing RH5, RH5-E1E2, HCVpps and SARS-
CoV2pps. Each antibody was used at a final concentration of 10 pg/mL. Pellet
samples were normalised to a total protein concentration of 0.5 mg/mL. B) co-
immunoprecipitation was performed on RH5 supernatant. Protein G Dynabeads were
incubated with each of the monoclonal antibodies. Purified IgG from human sera was
used as an irrelevant antibody control alongside a beads only negative control.
Following incubation with the RH5 supernatant, bound VLPs were lysed with 1%
Triton X100 and eluted protein was analysed by western blot for RV-C as described

previously.
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Figure 4. 22 ELISA detection of extracellular RH5-E1.

Single point GNA capture ELISA on pelleted supernatant from HEK-293T cells
expressing RH5, HCVpps, RH5-E1E2, SARS-CoV2pps or mock transfected cells. The
anti-HCV-E1 antibody was used at a final concentration of 5 pg/mL. Statistical analysis
was performed using a one-way ANOVA, p<0.0001 (****), p>0.05 (ns).

4.3 Discussion

This chapter set out to design and test chimeric RH chimeric constructs
to produce VLPs that could have a role as a potential HCV vaccine
candidate. Initial design of the chimeras was based on in silico
prediction of the TMDs and ectodomains of each glycoprotein. Using
this information, chimeric glycoproteins were generated using
homologous recombination techniques. This approach was initially
hampered due to high GC content, however this challenge was

overcome with the switch from WT RV-24s to a sequence that was
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codon optimised for human cell expression. The small panel of
chimeras that were made had varying fusion points for each HCV-Eecto
and RV-Erwmp. Interestingly the expression of these glycoproteins
differed greatly despite some constructs having minor differences in the
fusion point position. This suggests limited structural flexibility in the
stem regions of these viral glycoproteins. Surprisingly, the RH5 chimera
produced promising results during the initial screening of chimeras. This
expression was robust and repeatable and showed the secretion of the
three viral structural proteins encoded by this construct. Furthermore, it
was demonstrated that conformation sensitive anti-HCV-E2 antibodies
were capable of isolating detergent sensitive RV-C, providing clear

evidence for the generation of chimeric VLPs.

It has previously been shown that the TMD regions of each HCV
glycoprotein are critical for the formation of the HCV-E1E2
heterodimer!®®. However, in this work it has been demonstrated that
intracellular RH5-E1E2 was present and reactive to the AR4A antibody.
At the time of writing this is the first evidence that HCV-Eecto fused to the
TMD regions of foreign viral proteins has resulted in the formation of the
HCV-E1E2 heterodimer. Perhaps the closest examples of this in the
literature are the recent studies describing the formation of soluble
HCV-E1E2270.384 The discrepancy between intracellular and
extracellular AR4A could be explained by two possibilities; firstly, RH5-
E1E2 that forms the AR4 epitope does not incorporate into the RH5-
VLPs. This may be the result of incorrect trafficking or a steric

hinderance caused by this heterodimer at the virus budding site. This

148



could be investigated by using the mAb panel for immunofluorescence
assays on the producer cells to determine the subcellular location of
AR4-reactive RH5-E1E2. Secondly, RH5-E1E2 could incorporate into
the VLPs which then undergo a conformational change during VLP
maturation in Golgi lumen. Testing this theory would be challenging
since immature and mature RV particles cannot be distinguished using
protein-based methods. This in contrast to other viruses such as
Flaviviruses, in which immature and mature virions can be distinguished
by western blot detection of prM and M protein38°38 respectively. To
test for AR4A reactivity in immature RH5-VLPs, producer cells would
need to be lysed mechanically, in the absence of a detergent followed
by purification of immature VLPs using the sucrose cushion method.
Further investigation into the loss the AR4 domain in RH5-E1E2 would

inform further optimisation of this vaccine candidate.

The absence of AR4 from the RH5-VLPs does not invalidate this
construct as a vaccine candidate. There are multiple candidates
currently being developed that do not include this region?68.297.387 gnd
there is evidence collected in vitro, that the AR3 antibodies alone confer
a high barrier to resistance3®, Additionally, no data was collected in the
project on the reactivity of AR5 recognising antibodies, which also
requires the HCV-E1E2 heterodimer but does not overlap with AR47S,
This vaccine candidate may have benefits for its inclusion of HCV-E1
epitopes as has been demonstrated for HBV-chimeric VLPs in which it

was found that immunisation of rabbits with a mix of HBV-HCV-E1 and
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HBV-HCV-E2 VLPs produced greater nAb titres compared to animals

immunized with HBV-HCV-E1E22%4,

A key question that this chapter raises is what is the structure of these
chimeric VLPs? For the reasons described in the previous chapter
regarding sample purity, no TEM analysis was performed on these
VLPs. However, one would expect the structure of these VLPs would be
comparable the reported structure of RV. It would be of great interest to
observe the spatial arrangement of the chimeric glycoprotein spikes on
the surface of the VLP since this would have implications for the
immunogenicity of the VLP. Such work would require a highly
specialized facility but would be an important step in characterising

these VLPs.

Another question raised by this work is are VLPs functional? Testing the
VLPs for functionality would give further insight into the structure and
presentation of the HCV-E1E2 ectodomains on the surface of the VLP.
This question was not answered due to the absence of a RVLP-based
reporter system as described in the previous chapter. Additionally, this
could not be answered using the commonly used PP systems that are

regularly used our laboratory.

This chapter provides a proof of principle for chimeric RH-VLPs and
demonstrates a level of structural flexibility not previously described for
RV, raising the question of what other foreign viral glycoproteins could
be insert into this construct? And does presentation of HCV-E1E2

epitopes in this way elicit an immune response?
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Chapter 5 Immunisation of Bovines with
Soluble HCV E2 and Chimeric VLPs

5.1 Introduction

Therapeutic mAbs have important roles in combatting viral infections.
Recent examples during the COVID-19 pandemic have exemplified the
requirement for these treatments to be investigated3®. Passive
immunisation of therapeutic mAbs that block virus entry are of particular
interest as possible treatments for HCV3%:391, Despite the success of
DAAs, therapeutic mAbs targeting HCV could offer advantages when
used in combination with DAAs or administered following treatment
failure. These treatments could also play a protective role following liver
transplantation®°2. For example, administration of the antibody, MBL-
HCV1 was shown to delay viral rebound following liver transplantation
in patients with chronic HCV infection3%° and other mAbs have been

shown to prevent HCV infection in transgenic mice393:3%4,

The specificity of an Ab is determined by the CDR regions of which
there are three located in the variable domain of the heavy and light
chains and form a paratope resulting in antigenic specificity. The
CDRH3 region has been shown to be a key determinant of antigenic
specificity®%®. Regarding antiviral nAbs, the CDRH3 domain has been
shown to mediate antigenic interaction for Abs targeting HIV3%,
Influenza3®®” and HCV®2. It has been proposed that extended CDRH3s
improve nAb potency through subverting the glycan shield of viral

glycoproteins. For example, CDRHS3 regions of nAbs such as the anti-
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HIV envelope mAb, PGT128, has been shown to insert between glycan

groups to interact directly with the protein surface3963%,

In the Human B-cell repertoire, CDRH3s are usually limited to around
26 amino acids long3%%4%, By contrast, the B-cell repertoire of the
domestic bovine species, Bos taurus, contain a subset of Abs which
encode CDRH3s of up to 70 residues long, termed ultra-long#°, which
are encoded by the VH1-7, Dhg2 and Jhz2-2 genes?®1492, These UL-CDRH3
regions form a knob and stalk structure projecting form the heavy chain
variable region®3 (Figure 5. 1). The knob structure is cysteine-rich with
intermolecular disulphide bridges and mediates antigenic
interaction#044%5_ As a result of this unique structure, these Abs can
access conserved epitopes that are normally occluded from human
Abs*%, |t is thought that through targeting these highly conserved
regions, mAbs can be generated that exert a high barrier to resistance,

thus limiting viral escape.
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Figure 5. 1 Structures of Mouse, Human and Bovine IgG Fab regions.

Mouse anti-HCV-E2 antibody AP33 (PDB 4GAJ). Human anti-HCV-E2 neutralising
antibody AR3C (PDB 6MEF). Bovine EO3 fab (PDB 51JV) isolated from animals

immunised with bovine diarrhoea virus although the antigen of this Fab was unknown.

Generation of UL-CDRH3 antibodies can be achieved using both in
vitro and in vivo methods?#%4%7, A recent study generated a bovine UL-
CDRH3 heavy chain library, expressed as surface scFv, from naive
animals that were then screened for neutralizing activity towards SARS-
CoV2pps?%. This approach led to the isolation of a scFv that could
target both SARS-CoV2 and SARS-CoV. Since the isolated heavy
chain was isolated from a SARS-CoV2 naive animal, it would be
expected that no affinity maturation or somatic hypermutation would
have been selected for in vivo, thus future work could investigate
potential mutations to improve the scFv performance. In contrast,
affinity matured antigen specific UL-CDRH3 Abs can be isolated from

animals following immunisation4°7:4%8 or infection“°°.

Immunisation of bovines with trimeric HIV gp-140 over a course of four

years was found to induce high titres of cross-neutralising antibodies in
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the colostrum#19, Interestingly, this study found that repeated
homologous boosting did not enhance neutralisation breadth of the
sera. In a separate study using a homologous primer/ boost strategy,
Sok et al.,*” immunised bovines with the BG505 SOSIP HIV gp-140
trimer#!! for 381 days. In this study cross-neutralising Abs were induced
over the course of the experiment, with one animal displaying broad
cross neutralising sera after a single boost. In addition to this, anti-HIV
UL-CDRH3 nAbs were isolated of which the mAb, NC-Cow1, encoded a
CDRH3 region of 60 residues and showed neutralisation activity
towards 72 % of a 117 HIVpp panel*®’. This study demonstrated that

bovine UL-CDRH3 nAbs can be elicited towards human viruses.

To date there has been no report of the immunogenicity of HCV
envelope glycoproteins in bovines. Elicitation of bovine nAbs could lead
to the isolation of novel UL-CDRH3 Abs with potent cross reactivity. As
such this chapter set out to assess the immunogenicity of HCV
glycoproteins in two male B. taurus. Firstly, animals were immunised
with sE2, based on a previously described construct®?, derived from five
HCV isolates. Following six immunisations with sg2, a further three
immunisations with the RH5-VLPs described in chapter 4 were
administered. Humoral responses were measured over the course of
this study by isolating plasma following immunisation and testing for

HCV-specific 1gG.
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5.2 Results

5.2.1 Validation of Immunogens

Soluble HCV-E2 proteins derived from UKNP4.1.1, UKNP3.2.1, 1a80,
1b34 and J6 were validated in house by the groups that produced the
protein. For the RH5-VLPs, a single point ELISA was performed for
each batch (Figure 5. 2). To show that the single point concentration of
pelleted RH5-VLPs was not saturating the ELISA plate, a two-fold
dilution series was performed using previously generated RH5 pellets
(Figure 5. 2A). This dilution series did not reach a plateau showing that
observed similarities between each VLP batch was real and not the
result of assay saturation. The three RH5-VLP batches that were
generated in house showed no significant difference between the
means absorbance values (p>0.05) confirming that each immunisation

contained similar amounts of VLPs (Figure 5. 2B).
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Figure 5. 2 GNA capture ELISA of RH5-VLPs produced for immunisation.

A) A two-fold dilution series was performed using pelleted RH5-VLPs to ensure the
ELISA plate to test for saturation. Dilution series started at 500 pg/mL of total protein.
B) RH5-VLPs were expressed in HEK-293F cells and supernatant was pelleted on a
20 % sucrose cushion. For immunizations VLPs were expressed as 3 independent
batches (VLP-1, 2, 3). A GNA ELISA was performed with pellet RH5-VLPs at a
normalised total protein concentration of 250 ug/mL. HCVpps expressed in HEK-293t
were used as a positive control group. HCV-E2 was detected using the anti-HCV-E2
antibody 1:7 at a concentration of 10 pg/mL. Each data point represents the mean
absorbance value with error bars representing the standard deviation. Statistical
significance between the means of each RH5-VLP was tested using a one-way
ANOVA, ns (p>0.05).

The immunisations were performed over a period of 679 days (Figure 5.
3). The first six doses contained a total of 250 ug of SE2 protein and
was administered over the first 280 days of the experiment (Figure 5.
3A) Three 250 pg doses of chimeric RH5-VLPs were administered from
day 616 to 679. Bovine antibody secreting cells have been shown to
peak at four days post boost following immunisation with an inactivated
FMDV antigen and remain detectable at least six days afterwards*'2.
Based on this observation, blood samples taken within six days of
immunisation were harvested for PBMCs. During the course of this

experiment the same two animals were immunised with 250 pg S1,
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spike and 200 ug trimeric spike antigens derived from SARS-CoV2
(Figure 5. 3B). This provided an oppurtunity to compare the
immunogencity of two unrelated viral glycoproteins within the same

animals.
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Figure 5. 3 Immunisation schedule.

A) immunisation schedule for HCV immunogens. B) Immunisation schedule for SARS-

CoV2 immunogens.

5.2.2 Plasma reactivity following immunisation

The humoral response was assessed by testing the reactivity of isolated
plasma with lysates of HCV-E1E2 expressing HEK-293T cells captured
on a GNA coated ELISA plate (Figure 5. 4). Immunisation with sE2
elicited limited IgG towards HCV-E2 with days 280 and 295 showing the
highest reactivity to H77 and 1a80 for animal 13 (Figure 5. 4A). This

reactivity was lost by day 610 and was recovered by day 655 following
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immunization with two doses of RH5-VLPs which showed significantly
higher reactivity compared to day 0 and was comparable to day 295 in
animal 13. A similar pattern was observed for animal 18 although the
absorbance values were lower compared to animal 13 and no sE2
immunisations resulted in reactivity above the positive threshold.
Interestingly, the peak reactivity towards H77-E1E2 occurred at different
time points for each animal. Animal 13 also showed reactivity towards
1b34-E1E2 from day 620 to day 683. This contrasted with animal 18
which showed no reactivity to this isolate. A similar pattern was also
observed for the isolate, UKNP4.1.1-E1E2, with animal 18 showing no
reactivity towards these glycoproteins and animal 13 showing low level
reactivity from day 620 onwards. This level of reactivity did not increase

following subsequent RH5-VLP immunisations.

Plasma reactivity was also tested against the chimeric RH5-E1E2
glycoproteins (Figure 5. 4). The reactivity pattern was remarkably like
that of the H77-E1E2 glycoproteins. In animal 13, reactivity following
RH5-VLP immunisation appeared on day 620 and day 659 for animal
18. Peak reactivity occurred at the same timepoint for each animal as

was observed for H77-E1E2 glycoproteins.

158



A) H77 1a80 1b34
20 20 20
15 15 15
£ i £ £
3 1.0 - 2 1.0 8
8 s %] 2 gm )
< 0.5 * - < < te lege
e iy S ---- 0.5 L] ¢ 0.5 - Le
- _ esefjreccodioccnaa .
(N X LR R R i eSS el
i i L] le g 3o B8 f o o g g
00— 0. veuds .a"" thywenete
S ESIFISFEL S S P BSPPOPPLLSE S P BEFFEFPELSE
Day Day Day
UKNP 3.1.2 UKNP 4.1.1 J6
2.0 20 2.0
15 15 15
H £ H
S0 1.0 210
a8 H] 2
< < S
0.5 0.5 1 0.5
TR e gy s 8y - DRI I N ey o o
0.0 0.0 0.0
DN a0 AP I T RN P L T e ] DN 10 4D gD D 0 DD D DD s DN A0 4D 0 oD D D Al 6 D D
PP PESLIPPELELSE VEREFPREIEEEE VP RETFPE I EEE S
Day Day Day
Mock RH5-E1E2
20 25
15 20
E E L ]
£ £15
$1.0 H E
8 810
< < ] . ; L
05 0.5 3 b
Y
Eesretlpua®ang D......l........
0. !
O P R PP LS DA DD P S P ELSFESPEESE

Day
B) -
sod (£
25 B
220 & s
15
1.0
0.5 %
oot L
S N o
EA NA}:’{-\":&:V TS
S8
FFE S
E1E2 Lysate

Day

Figure 5. 4 Bovine plasma reactivity towards different HCV isolate
glycoproteins.

A) Lysates from HEK-293T cells expressing HCV-E1E2 were captured onto GNA

coated ELISA plates. Plasma from each timepoint was used at a 1:100 dilution and
bound bovine IgG was detected with a anti-bovine-1gG alkaline phosphatase
secondary antibody. Each data point represents the mean absorbance with error bars
presenting the standard deviation. Dashed lines represent the positive signal
threshold, determined by the mean value of day 0 + 3SD. B) detection of HCV-E2 in
all lysates using the 1:7 antibody at a final concentration of 10 pg/mL, performed to

confirm the expression of recombinant HCV-E1E2 in lysates used to test plasma

reactivity.
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To further investigate the magnitude of the humoral response following
immunisation, the HCV-specific IgG was titrated for the final two
timepoints, day 680 and day 683 (Figure 5. 5). The plasma was diluted
in a twofold serial dilution starting at dilution factor of 1:100. For
comparison the serially diluted plasma was also tested for SARS-CoV2
spike protein specific IgG. The dilution series demonstrated that the
HCV-E1E2 specific IgG was present at a low titre in the plasma.
Surprisingly, at a 1:200 dilution the day 683 plasma from animal 13 did
not show significantly higher absorbance compared to the day 0 plasma
control. In contrast, the same plasma samples contained SARS-CoV2
specific IgG that had an endpoint titration of 1600 and 3200 for animals

13 and 18, respectively (Figure 5. 5).
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Figure 5. 5 Titration of HCV and SARS-CoV2 specific IgG in bovine plasma.

Bovine plasma was from day 0, 680 and 683 was used in a two-fold serial dilution
starting from a 1:100 dilution. Dilutions were added to GNA coated ELISA plates
previously incubated with lysates of HCV-E1E2 or SARS-CoV2-Spike expressing
HEK-293T cells. Bound IgG was detected with an anti-bovine 1gG alkaline

phosphatase conjugated secondary antibody.

5.2.3 Generation of neutralising antibodies in plasma

Having shown that the isolated plasma from each animal contained
HCV-specific IgG. The next step was to investigate if this humoral
response contained nAbs. To test this, HCVpp expressed with the H77
isolate envelope glycoproteins were used in a neutralisation assay
(Figure 5. 6A). The plasma from each timepoint was tested at a 1:50
dilution. Timepoints 21-295 showed no significant decrease in HCVpp
infectivity compared to the day 0 plasma (p>0.05) (Figure 5. 6). At day
610, isolated plasma showed an inhibitory effect on HCVpp entry with

animals 13 and 18 showing a 32 % (p=0.1873) and 38 % (p=0.0517)
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decrease in HCVpp infectivity, respectively, compared to day 0.

Plasma from animal 13 showed significant decrease in HCVpp
infectivity was observed, when compared to day 0, for day 620
(p<0.01), day 624, 655, 659, 680 and 683 (p<0.0001) (Figure 5. 6A). A
similar pattern was observed for animal 18 with all the time points after
day 610 showing significant decreases in HCVpp infectivity (p<0.0001),
compared to day O (Figure 5. 6A). The lowest HCVpp infectivity was
observed on day 680 and 683 for animal 13 with a mean infectivity of 20
% and 24.5 %, respectively. For animal 18, days 659 and 680 showed
the greatest reduction in HCVpp infectivity with a means of 35.6 % and

39.5%, respectively.

To confirm that the neutralising activity exhibited by the bovine plasma
was specific HCVpps and not the result of a non-specific interaction in
the neutralisation assay. A repeat assay was performed with VSVpps
(Figure 5. 6B). These animals had not been immunized with this viral
glycoprotein nor had they been immunized with the glycoprotein of a
closely related virus, thus it was hypothesized that the plasma would
not show any neutralising activity towards this PP. Incubation of plasma
from day 0 and day 610-683 showed no neutralising effect upon the
VSVpp, confirming that the neutralisation activity observed towards
HCVpp was glycoprotein specific. In addition to this, HCVpp inhibition
correlated with plasma reactivity towards H77-E1E2 for both animals
although this was not significant for animal 18 (p=0.1) (Figure 5. 6C). In
contrast to HCVpp neutralisation, the plasma from days 610, 680 and

683 showed potent neutralisation of autologous SARS-CoV2pps. With
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exception of day 680 for animal 13, all post immunisation plasma led to

complete neutralisation of PPs (Figure 5. 7).
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Figure 5. 6 Neutralisation activity towards HCVpps with post-immunisation
bovine plasma.

Retroviral HCVpps (H77 isolate) (A) and VSVpps (B) were incubated with plasma

from animal 13 and 18 at a final dilution of 1:100. PPs were then used to infect Huh 7

cells which were the incubated for 72 hrs and measured for luciferase activity. RLU

was normalised to a PBS+ HCVpp control (100 % infectivity) and a PBS+ AE control

(0 % infectivity). Statistical significance was determined using one-way ANOVA. C)

Spearman correlation was performed to compare autologous plasma reactivity with

HCVpp neutralization.
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Figure 5. 7 Neutralisation of SARS-CoV2pps using bovine plasma.

Retroviral SARS-COV2pps were incubated with plasma from animal 13 and 18 at a
final dilution of 1:100. PPs were then used to infect Huh 7 cells which were the
incubated for 72 hrs and measured for luciferase activity. RLU was normalised to a
PBS+ HCVpp control (100 % infectivity) and a PBS+ AE control (0 % infectivity). This
this experiment was performed by Dr Theocharis Tsoleridis (University of Nottingham)
and kindly provided for inclusion in this chapter.

5.3 Discussion

This chapter presents the first data on the immunogenicity of HCV
glycoproteins in bovines. Immunisation with a previously described sE2
construct elicited limited reactivity in isolated plasma and exhibited no
detectable nAbs using an in vitro PP neutralisation assay. Immunisation
with the chimeric RH5-VLPs induced greater levels of HCV-E1E2
specific IgG that was reactivity to heterologous HCV glycoproteins and

correlated with autologous neutralising activity. Titration experiments

164



demonstrated that HCV-specific IgG was present at low concentrations,
even in plasma samples with peak reactivity. In contrast, SARS-CoV2
Spike-specific IgG was shown to be present at significantly higher levels
in both animals. This difference between IgG titres suggests that HCV-
E1E2 are poorly immunogenic in bovines. This could be the result of
poorly ordered glycoprotein as improved immunogenicity has been
shown of HIV gp has been shown to elicit bnAbs in shorter time spans
compared to more disordered constructs*®’. Soluble HCV-E2 constructs
are known to exhibit structural flexibility, making this protein notoriously
difficult to crystalise. The sE2 construct used for immunisation in this
work was initially developed for structural work and remains the most
complete structure of HCV-E2 to date. Whilst this suggests this
construct is well ordered it is worth noting that to resolve this structure,
the sE2 was co-expressed with the fab fragments of anti-HCV-E2 mAbs
to stabilise the structure®?. As such it is therefore conceivable that the
poor immunogenicity of this sE2 was the result of poorly ordered

antigen.

Regarding the RH5-VLPs, this immunogen elicited greater humoral
responses than the se2. The structural heterogeny of these VLPs is not
known. It can be speculated that the structure would be similar to that of
RVLPs which are pleomorphic but share a common feature of anti-
parallel arrangements of RV-E2E1 heterodimers®3!. The question of
whether a similar pattern of HCV-E1E2 heterodimers is present on the
surface of RH5-VLPs remains to be determined. VLPs are regarded as

more immunogenic than a subunit vaccine counterpart due to them
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containing multiple copies of epitopes?’’. Thus, it is possible that this
was one reason for the observed increase in plasma reactivity following

immunisation.

This work was not performed to compare sE2 and RH5-VLPs, and such
a comparison cannot be made for several reasons. Firstly, immunogens
from different isolates were used for SE2 and RH5-VLPs. Thus, it
cannot be ruled out that higher plasma reactivity following RH5-VLP
immunisation was the result of the H77-E2 being a more potent
immunogen than that of the other isolates used for the SE2 construct.
Secondly, the dose of each the two immunogens were not normalised.
The sE2 dose were based on total protein quantification following
purification whilst RH5-VLPs were quantified by total protein of pelleted
transfected cell supernatants. The later preparation would contain host
cell derived proteins and fewer copies of the HCV-E2 antigen. This
issue could be overcome by quantifying the VLPs by the amount of
HCV-E2 in the sample. This could be done by performing an ELISA
assay that would include a standard curve of purified sE2, derived from
the H77 isolate. The dosage of RH5-VLPs could then be defined in
terms of HCV-E2 rather than total protein. Finally, the immunisation
schedule for these animals was an initial primer/boost with sg2 followed
by further booster doses of RH5-VLPs. Therefore, the differences
observed in plasma reactivity towards RH5-VLPs could be the result of
a B-cell response that was established by the SE2 immunisations.
Although plasma from day 610, prior to the first RH5-VLP immunisation,

showed no reactivity towards HCV-E1EZ2 it was likely that an
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established pre-existing B-cell response contributed to the observed
immunogenicity of RH5-VLPs. This likelihood prevents accurate
assessment of the immunogenicity of RH5-VLPs and could be
prevented in future experiments by immunising naive animals with RH5-
VLPs and comparing post-immunisation serum reactivity with pre-

immunisation serum.

Due to time limitations of this project several experiments were not
preformed. One series of experiments was to map the antibody
response to HCV-E1E2. This could be done using a competition ELISA
assay in which bovine 1gG could compete with anti-HCV-E1E2
antibodies with known epitopes such as the panel of mAbs used in the
previous chapter. Linear HCV-E2 epitopes could also be used to further
characterise the bovine humoral response to HCV-E2 as has been
performed for human serum samples*'3. Another approach would be a
denaturing ELISA to determine the distinguish between conformational
and no-conformation sensitive Abs. One additional area to investigate
was the ability of the plasma to neutralise heterologous HCV isolates.
Although given the low cross reactivity the plasma exhibited towards the
E1E2 proteins of different HCV isolates, cross-neutralisation would

likely be limited.

Future work should aim to perform a longer immunisation trial, possibly
spanning years, with plasma reactivity monitored throughout this
process. A longer immunisation schedule may provide time for
immunised animals to generate a high titre cross-neutralising humoral

response, which would be essential to proceed to isolating mAbs.
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Based on the data in this chapter it can be argued that this
immunisation should use RH5-VLPSs, since naive animals immunized
with sE2 produced limited response. However, a wider question would
be which isolates to immunise with? The isolates selected for the SE2
constructs in this study were identified since they have previously been
shown to be resistant to nAbs?09.236.238  However, in a recent study
characterising Ab responses following reinfection following SVC,
Frumento et al.,*** demonstrated that greater neutralising breadth was
observed in the sera of individuals that were infected with nAb sensitive
isolates compared to those that were reinfected with more nAb resistant
strains. This has clear implications for vaccine design, such as which
isolates to base immunogens on, but also on how a vaccine might be
administered such as a heterologous primer/ boost strategy with nAb
sensitive isolates. Although this study was regarding natural infection
and clearance in humans, it would be of interest and relevance to this
work, to test immunisation with nAb-sensitive isolates to elicit potent

cross reactivity UL-CDRH3 bovine mAbs.
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Chapter 6 Discussion and Future Work

This project set out to design a chimeric RH VLP vaccine platform. To
that end, the work detailed in this thesis described the successful
production of such chimeric VLPs that have been validated with western
blot, co-IP and ELISA based techniques. The successful assembly of
RH5-VLPs demonstrated a level of structural flexibility not previously
described for RV. The recognition of RH5-VLPs by a panel of anti-HCV
has shown that that these VLPs present important HCV-E antigenic
regions, such as AR3, which will be vital for B cell targeting vaccines

against HCV.

One aspect to consider when designing chimeric vaccines is the impact
of pre-existing immunity towards the vector virus. This is of particular
concern if neutralising epitopes of the vector virus are included in the
vaccine. For example, the previously described RV vaccine vector
system includes the full ectodomain of the RV-E1, the main target of
RV-specific nAbs®#1. Therefore, the ability of this vaccine to induce
responses the foreign viral epitope target, could be hinder especially if
the individual has previously been vaccinated against RV. This problem
could be circumvented or minimised if it was administered as childhood
vaccine. Regarding the RH5 vaccine platform, pre-existing RV nAbs are
expected to be non-reactive to these VLPs since the ectodomains of the
RV envelope glycoproteins are not present. It would be expected that
immunisation with these VLPs would stimulate pre-existing cellular
immunity, however the impact of this upon the establishment of new B

cell responses to HCV-E1E2 may not impact vaccine efficacy.
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The most immediate experiments required to further progress this
project would be a small animal immunisation study. This is a common
requirement for early preclinical vaccine candidates. For this study four
groups should be included which would be immunised with either: Rh5-
VLPs, HCV-sE2, RVLPs and PBS only control group. In order to
normalise the dose of antigen, animals should be immunised with a
dose of RH5-VLP, equivalent to HCV-sE2 to allow for accurate
comparison of the two immunogens. The Dosage of RVLPs should be
determined based on the amount of enveloped RV-C in a dose of the
normalised RH5-VLPs to ensure a similar amount of RVLPs are used in
the immunisation. Sera from the animals should be screened initially
for homologous reactivity and in vitro neutralising activity followed by
extensive characterisation against a panel of HCV isolates with varying

neutralisation sensitivities28’.

This work focused on chimeras that incorporated HCV-E1E2 from the
reference isolate strain H77, an isolate that originates from HCV
passaged in Chimpanzees32. This isolate has been commonly used in
early testing of HCV vaccine candidates. However, it could be argued
that proteins derived from patient isolates may be better suited,
particularly those derived from patients that went on to achieve SVC.
Furthermore, it is possible that a vaccine that induces pan-neutralising
immune responses will be needed to be multivalent, requiring antigens
derived from multiple HCV isolates to enhance targeting breadth. Thus,
one avenue for future work on this vaccine candidate should involve

testing the production of RH5-VLPs using a variety of genetically
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diverse HCV isolates. Selection of these isolates could be based on the
neutralisation profile of each isolate. Characterisation of neutralisation
sensitivities for different HCV isolates has demonstrated that isolates
form clusters that are do not correlate with genetic distance*'®. Thus, it
may be advantageous to selected HCV-E1E2 sequences from distinct
neutralisation clusters to be included in a multivalent vaccine. An
alternative approach could be to use isolates that engage unmutated
ancestors of nAbs. For example, the HCV-E2 protein of isolate 1b57
can be recognised by predicted unmutated ancestors of nAbs
suggesting a potential role for this antigen in B cell priming. Importantly
for this work, the expansion of the RH5 construct to include a panel of
HCV isolates would be relatively simple to establish since the stem
regions of HCV-E1 and HCV-E2 are relatively conserved making it clear
which residues are analogous to the H77 isolate included in RH5.
Indeed, the challenge of generating a panel of vaccine constructs lies in
what immunisation schedule induces the best immune response. This
work would require considerable resources since a multivalent vaccine
could be administered as a homologous or heterologous prime/ boost

strategy.

The use of RH5-VLPs could also extend to the presentation of modified
HCV-E antigens. Immunisation with rationally designed HCV-E
glycoproteins has become increasingly common?8. For example, a
recent study showed that immunogenicity of a mutated HCV-sE2,
harbouring a F442NYT mutation that introduced a glycosylation site to

reduce CD81 binding, was enhanced in mice**®. It would be of interest
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to test these immunogens in the context of RH5-VLPs to assess

immunogenicity.

It would also be insightful to explore the performance of RH5 with
envelope glycoproteins derived from different Hepacivirus species,
particularly EQHV. This could be done for two reasons. Firstly, there is
currently no EqHV vaccine, thus the Rubella-EqHV chimera VLP could
be considered a vaccine candidate towards this virus. Secondly, EqHV
is the closest relative of HCV, and it could be argued that successful
generation of chimeric VLPs using this virus would infer that other HCV
isolates could be successfully incorporated into this system. Thirdly, as
already discussed in the introduction chapter of this thesis, EQHV
provides an analogous model for HCV infection and so characterisation
the Rubella-EqHV candidate in this model would of interest. This piece
of work was initially started during this project, with two chimeric
constructs based on EQHV-E1E2 sequences isolated in our laboratory.
However due to time limitations, the plasmids for these constructs were

made but not tested.

Another aspect of future work would be to investigate the use of the
RHS5 chimera in the context of a full-length RV-genome with the 24s
ORF replaced with RH5 construct. This could produce a replication-
competent, attenuated chimeric virus. A similar approach has been
used successfully in the rVSV-AG-EBOV vaccine*!’. The next step
towards developing this system would be to generate a RV-based
reporter system that can then be used to assess the functionality of the

RH5 envelope glycoproteins.
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This project has proposed a novel HCV vaccine candidate. As a result
of this, several questions have arisen from this work that were unable to
be answered in this thesis. There are a wealth of experiments required

to fully explore the potential of this candidate.

Despite the advances in the treatment of HCV using DAAS, pressure for
an effective vaccine remains. The ability to provide long lasting,
protective immunity towards infection will be essential for meeting
current elimination targets. Current understanding of immune responses
in individuals who achieved SVC have highlighted the importance of
both humoral and cellular immune responses. VLP based vaccines are
highly immunogenic, stimulating both cellular and humoral arms of the
adaptive immune system. VLPs therefore provide a valid line of

research into the development of novel HCV vaccines.
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Appendix 1- Chimera cloning primers

Cloning approach 1 primers.

RV and HCV regions are coloured blue and red, respectively. Orange bases were
introduced to form a BsiWI restriction site following recombination. Sites involved in
homologous recombination are in bold underlined font.

Name Nucleotide Sequence (5'-3")

RubcasR |ACGGCGCGCGCGGTGCCAAC

Rubcas2F |ACGCTCACTCTGGGCGCCATTTGCG

Rubcas3F IACGCCAAATGCTTGTACTACTTGCGCGGC

RH-E1F TGGCACCGCGCGCGCCTACCAAGTGCGCAATTCCT
GCGGCGACAGGCGCGGCGGCACACCATAAATATCAGGACCCAC

RH2-E1R GGGACCAACAGGACAAAGGCCGCGAACGCGTGGTCAAGAGACA
GCGCCCAGTGAGCACCAGCGAT
CGCCGCGCCTGTCGCCGCCGCGGLGLCCGLLGLLGLCLCCTCACC

RH2-E2F GCAGTCGTCCTGCAGGGGTACAACCCCCCCGCCTATGGCGAAA
CCCACGTCACCG
CAAATGGCGCCCAGAGTGAGCTTAATGGCCCAGGACG

RH2-E2R
CCCCTGCAGGACGACTGCGGTGAGGGLCGGLCGGLGGLGLLGe
GGCGGCGACAGGCGCGGCGLCGLCGTCGACGCC

RH3-E1R
CCGCAGTCGTCCTGCAGGGGTACAACCCCCCCGCCTATGGCGA

RH3-E2F  [AACCCACGTCACCG

RH3-E2R |GTACAAGCATTTGGCCGCCTCCGCTTGG
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Cloning approach 2 primers. RV and HCV regions are coloured blue and red,

respectively.
Name Nucleotide Sequence (5'-3")
RH-VecR |AGCTCTGGCTGTTCCAAC
RH-E1F CCGTTGGAACAGCCAGAGCTTACCAAGTGCGCAATTCCTC

CTGAATGGGCCGCTGCTCACTGGTGGCAACTGACACTGGGAGC

RH1-VecF TATC

RH1-EIR |GCCAGCCACAGAGCAGAGGCTGGGGACCAGTTCATCATCATA

RH1-E2F [GCCTCTGCTCTGTGGCTGGCCACAGCCAATGCTCTGTCTCTGGA
TCAT
GTGAGCAGCGGCCCATTCAGCCCATGTCTGTCTGGTTTCGGAC

RHI-E2R  [ACGGCGCTTGACCCTACCC
TTCTGCAGACCATGAAGATCAGCACCCAAGGAACCAGCAGCAC

RH2-E1R |AAAGGCGGCCAGGGCATGATCCAGAGACAGAGCCCAGTGAGCA
CCAGCGAT
GATCTTCATGGTCTGCAGAAGGGCCTGCAGAAGAAGAGGCGCT

RH2-E2F GCTGCTGCTCTGACAGCCGTGGTTCTGCAGGGCTATAACCCTCC
TGCCTATGGCGAAACCCACGTCACC

RH2-E2R |CAGATAGCTCCCAGTGTCAGCTTAATGGCCCAGGACG

RH2-VecF |CTGACACTGGGAGCTATCTG

RH3-E1R CCCTGCAGAACCACGGCTGTCAGAGCAGCAGCAGCGCCTCTTC
TTCTGCAGGCCCTTCTGCAGGCAAATAGCAGCAGCACTA

RH3-E2F ACAGCCGTGGTTCTGCAGGGCTATAACCCTCCTGCCTATGGCG
AAACCCACGTCACCG

RH3-E2R |CGCAGGTAGTACAGGCACTTGGCCTCAGCCTGGGATAT

RH3-VecF |AAGTGCCTGTACTACCTGCG

RH4-E2R |CGCAGGTAGTACAGGCACTTCCACAAGCAGGAGCAGA
TTCTGCAGACCATGAAGATCAGCACCCAAGGAACCAGCAGCAC

RH5-E1R |JAAAGGCGGCCAGGGCATGATCCAGAGACAGAGCATTGGCTGTG

GCCAGCCACAGCCAGTGAGCACCAGCGAT
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