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Abstract

Hepatitis C virus (HCV) infection is the leading cause of liver transplantation, cirrhosis and
cancer. HCV genotype &), the second most common genotype worldwide, shows a high
level of resistance to direacting antivirals and a more rapid progression to chronic liver
disease. Currently, tools available to stu@y3 are limited and needed to achieve a greater
understanding of the mechanisms driving disease pathology. Molecular biology techniques
include modification of subgenomic replicoand infectouscell culturevirusclonesby inserting
epitope tagsnto domain Il of NS5A to assgaetein plasticity, alluding taifferent functional

roles of NS5AIn different GTsand comparison of5T2 and GT3 NS5A interactome to host
proteins. Contradictory to GT2,ssessment of tagge@T13 clonesfor genomereplicationand

virus productiorshowed that tags are best tolerated at the very C terminus of NS&fyesting

that GT3 NS5A domain Il may have different functions compared to other HCV GTs.
Recapitulating the complexity of HCV interactiansvitro has been investigated by infecting
monolayer and spheroid cultures of Huh7 (hepatocyte}2L(Xtellate) and THPImpnocyte

cells. Maintenance of liver ardbcture and the gold standard for studying liver fibrosis was
investigated by infecting human precision cut liver slices (PCLS). Altering the complexity of
possible HC*ell interactions (monolayer vs spheroid infections), exposes the difficulty of
recaptuing celicell interactionsin vitro and the mechanisms required for the progression of
fibrosis. The data suggests differences betwedBT2 and GT3 capabilities to infecin the
presence ofHuh?, LX2 and THP1 cells that may be indicative of the poor P@E&ttion
observed foIGT3. By independently investigating the viral genome separately from altering the
composition of cell culture experiments, various layers of the human liver physiology during HCV
infection can be investigated. This is a crucial requirement for studying ribgrgssion of

fibrosis in HCV patients.
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Chapter llntroduction

1.1.Introduction to hepatitis C virus

1.1.1. Impact of HCV discovery

Since its discovery in 1989, hepatitis C virus (HCV) remains a global health burden with
an estimated 1% of the global population (equating to 71.1 million viraemic individuals)
currently suffering from persisteiCMnfection. Despite developments in antiviral treatments,
only 12 of 194 countries in 2018 were on target to accomplish the \¢#0Dof eliminating HCV
infection by 2030By 2030, WHGtrategy to eliminate infection includeedudion of HCV
infections by 80 %, redudeHC\Vrelated mortality by 6 %, diagnose 90 % of HCV patients and
treat 80 % of HCV infectioiSpearman et al., 2019Despite efforts to eradicate the infectipn
which can cause livepathology such as fibrosis, cirrhosis, steatosis and hepatocellular
carcinoma (HCC), an estimated 1.5 million people were infected globally if2p&&rman et
al., 2019) The most common route of transmission is intravenous drug injection. However,
invasive procedures or injection based therapies using contaminated instruments are a common
route of transmissiorfHauri et al., 2004)0Other modes of HCV infection include motte+child
and sexual transmission routéSpearman et al., 2019%ince the discovery of the virager 30
years agg major advancements in treating the infection vieabeen made However, key
biological questions underpinning the mechanisms which HCV induces pathogenesis have still

to be fully elucidated.



1.1.2. HCV molecular biology and replication

1.1.2.1. Replication

TheFlaviviridagamily containdour generg HCV is a member of théepacivirugenus.
Similar to otherFlaviviridaeviruses, HCV is enveloped in a lipid bilayer which holds a
nucleocapsid containing a positksense single stranded RNA genome (ssKNsK), 2006)The
nature of the RNA genome allows it to serve directly as messenger RNA (mMRNA). The presence
of an internal ribosomal entry site (IRE8jediates binding to the ribosomal subunits and
initiation of viral genome translatiorfFukushi et al., 1994; Morozov & Lagaye, 20T&)e
3Sy2YS O2y il A~y 8 -¢hdngiedddddénkingm Single open reading frame (ORF)
of approximately 90309099 nucleotides. A polyprotein, approximately 30B033 amino acids
(aa)dependent on the GTis translated from the single ORF and and posttranslationally
cleaved by viral and cellular proteag@ustin et al., 2016; Fraser & Doudna, 2007; Morozov &
Lagaye, 2018)Figurel.1, Table 11). Viral entry into the cell can be described in two phases.
Primarily, viral glycoproteins E1 and E2 alongside host derived lipids and apolipoproteins (Apo)
allowing the first interaction with ApoE with the cell surface heparaphate proteoglycans
(HSPGs) or with the scavenger receptor, class B type-RIJSR®econdly, the EH2 complex is
primed by a chain of interactions/eiateractions involving different components such asBBR
cluster of differentiation 8{CD8) and tightjunction proteins; claudifl (CLDN1) and occludin

(OCLN}AlazardDany et al., 2019)
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Figure 1.1Hepatitis C virus life cycle.

The hepatitis C virus (HCV), surrounded by lipoprotein, attaches to a hepatocyte cell via various receptors.
(2) After viral attachment, the virus enters the cell through clatimiediated endocytosis. (3) Uncoating

of the viral particle is triggered byvwopH in the endosome. This results in virus and host membranes
fusion followed by disintegration of the viral capsid. Consequently, the positive (+) single stranded (ss)
RNA viral genome is released into the cytoplasm (4). (5) The genomic viral RNétlistdineslated into

a polyprotein which undergoes cleavage into single proteins by viral and host proteases (6). HCV genome
can be categorised into structural and nettuctural proteins. Triangles refers to the method of protein
cleavage; yellovg signalpeptide peptidase, black signal peptidase, blue NS2/NS3 protease and-red

NS3 protease. (7) A membranous web forms via the synthesis of virus proteins, particularly NS4A and
NS5B, interacting with host factors causing the reorganization of host memérahe membranous web
promotes the replication of the virus RNA genome via the production of a negajiwerise RNA
intermediate. (8) Viral progeny obtain E1 and E2 glycoproteins (the envelope) as it is packaged inside the
endoplasmic reticulum (ER). &lprogeny mature and obtain endogenous lipoproteins to complete the
formation of lipoviral particles. (9) The newly synthesised virus can then leave the hepatocellular cell via
exocytosis prior to the infection of a new cell. Abbreviations; Gle8isterof differentiation 81, SB1¢
scavenger receptor, class B type 1, CLRQNMhudin 1,- OCLNI occludin 1 and LDBR ¢ low density
lipoprotein receptor. Figure was created by information from Dustin g28l16) Lange et al2014)and

AlazardDany et al.(2019)



Protein Function |

Core I Aggregates to form the viral capsid.

I Once mature, promotes the binding to hedérived lipid membrane
and HCV RNA.

El, E2 1 Highly glycosylated transmembrane proteins which are tig
associated together to form a B2 heterodimer. This forms the vir
envelope.

1 Believed to play multiple roles in the HCV replication cycle; attachr
to host cell, endosomdipid membrane fusion and assembly.
P7 I Hydrophobic transmembrane protein involved in viral assembly
release.
9 Characterised as a viroporin due to ability to oligomerize as hexal
to form ion channels in host cell membranes.
NS2 9 Acts as a cysteine protease; catalyses a single cleavage betwee
and NS3.
1 Cofactor in viral assembly.
NS3 9 Btifunctional enzyme activity; serine protease amelicase activity.
i Serine protease cleag most of the viral polyprotein into free ner
structural proteins.
1 Helicase activity unwinds viral RNA promoting viral replication.

NS4A 9 Attaches the NS3A complex to the outer shell of theRand outer

mitochondrial membrane.

91 Cofactor for NS3 serine protease.

1 Enhances NS3 helicase activity

1 Regulates NS5A hyperphosphorylation.

9 Interacts with NS4B to control genome replication.

NS4B 1 Promotes changes to the cytoplasmic membrane of the host cell.

1 Mediates virushost interactions.

I Component of the replication complex and formation of membran
web.

NS5A 1 Essential component of replication complex.

1 Key protein regulating the interaction of viral and host cell proteins
1 Crucial in the formation of double membrane vesicles originating f
the ER
9 Believed to play a key role HCV pathogenesis.
NS5B 1 Essential for viral replication; RMkependent RNA polymerase.

Table 1.1Summary of HCV protein fictions.
Outlines the roles of HCV viral proteins. Abbreviationsg N&-structural ERc endoplasmic reticulum

Table was created by information gathered from Dubuis@i®7)

1.1.22. Defining genotypes and subtypes
Lengths of the viral genome differ depending on the genotype and subtype of HCV being
investigated. Additionally, nucleotidgequence identity varieby 3035%between genotypes

(GT),and 2025% between subtype§ubtypes act as a more detailed classification within each



GT, for example, GT1 is known to have several subtypes with differences in genetic makeup.
Subtypes are designated kay lowercase letter followinghe GT number; GTla and GT1b.
Sequence variabilitys scattered evenly throughout the viral genomeapart from the highly
O2yaSNIBSR pQ dzy (i Nd ya fobré BgionsMilthR hygeR aridbilenvSope
proteins (Takamizawa et al., 1991; Zein, 2000pmplex genetic variants with 10% differing
nucleotide sequence identity fromahasted SNY SR | & | WljdzZ- AaA4LISOASAEC
in an individual host as a result of an accumulation of mutations during viral replication

(Okamoto et al., 1992; Zein, 2000)

1.1.2.3. Global distribution of HCV genotypes

The number of HC®Tisolatesidentifiedis currently debatedAs many as 11 GTs have
been identified with some scientists suggesting isolates should be grouped and regarded as
variants. This was discussed for GT7 through to GT11 which was previously described as GT6
Gl NR I yGa Ay (ddilrSballerie t&l., MgygZei), 2008pwever, as HCV research
has advanced, more GTs have been discovered such as GT7 gBa(gieBet al., 2018; Murphy
et al., 2015) Geographic distribution of HCV can split GTs and subtypes HCV into two groups;
epidemic and endemic strains.

Epidemic strains are widely distributed on a global scale and are specific to GT1a, 1b, 3a
and 4a.These strains account for a high portion of HCV infections worldwide. Epidemic strains
I NB 0StASOSR (2 KIF@S &aLINBIR SEGSyairgsSte | yR
products, transfusions, intravenous injecting drug abusers and human noig(Messina et al.,
2015; Simmonds, 2013Pespite a global presence, their prevalence differs between different
geographic areas (Figufe?). Epidemic strains only account for a small part of HCV diversity.
9EGSYyaArdsS KSGSNRr3ISySAadGe sAGKAY | NBIA2Yy Aa
to be the result of the londgerm presence of a HC8Twhich has diversified within a region

(Messina et al., 2015; Simmonds, 2013)



Figure 1.2Global geographic distribution of HCV genotypes.
Numbers and colour outline the genotype present in that region. Lowercase letters outline the subtype

of that genotype present. Figure was adapted fritassinaet al.(2015)

1.2.Hepatic pathogenesis of HCV

1.2.1. Defining HCV pathology

The crucial mechanisms of HCV pathology are still to be determpaaticularly in
relation to specific GTs and subtypes. However, it is speculated to have two arms; host mediated
pathology and viral mediated pathology. It is believed that both the inflammatory immune
response and metabolism of the host is affecta@tlependent of which arm is driving the
pathology. As a result, livers may be described as having various grades of fibrosis, camdosis
steatosis. Additionally, chronic infection increagbs risk of HCQLi et al., 2018)Multiple
factors are believed to play a role in the severity of liver pathology such as age, gender, co
infection withhuman immunodeficiency virusi(V) or hepatitis B virusHBV}, alcohol intake and
the HCV GTalsoplays a roldChan et al., 2017Additionally, HCV infection may be described
Fad al OdziSé 2NJ aOKNRBYAOésS GKAa Ffaz Ff3aSNA Lk

the host naturally (Figuré.3).
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Figure 1.Disease progression of HCV.

HCV infection induces mitogenic, angiogenic, epithelial/mesenchymal transition (EMT) and metastatic
pathways resultingn persistent inflammation, reactive oxygen species (ROS), dysregulation of host lipid
metabolism and inhibition of cell death. Disease progression of HCV without therapeutic interference can
result to fibrosis and steatosis progression prior to developnoéhepatocellular carcinoma (HCC). Figure
was created by information gathered from Chen and Mor§@hen & Morgan, 2006)Vescovo et al.
(2016)and Axley et al(2018)

1.2.1.1. Steatosis
Commonly described as a fatty liver, steatosis is the accumulation of fat in the liver
triggering an inflammatory response. Importantly to note, steatosis itself does not induce an

inflammatory state but instead reflects the presence of lipogenic pathwadysh enhance pro



fibrogenic stimuli(Chan et al., 2017) While it can be mediated metabolically as a result of
obesity, raised fat blood levels, insulin resistance and type 2 diabetes, it may also be directly
associated with the presence of HCV. Both steatosis types can simultaneously be present in an
individual which increases the risk of HCV disease progression, reduces the response to HCV
therapeutics and promotes the progression of HCBan et al., 2017; Yoon & Hu, 2Q0Bhe
accumulation of fat in the liver results to increased oxidative stress, increased cell susceptibility
to apoptosis by immune cells and abnormal liver cell regeneratwon & Hu, 2006)The
precise mechanisms of HCV inducing steatosis is unknown, but it is betleatethe virus
modulates lipid and fat metabolism as well as transportation. It is advantageous for the virus to
interfere with the host lipid and fat metabolism as lipids play an essential role in several aspects
of the HCV lifecycle; formation of the viriotruecture, cell receptor recognition, membrane
fusion, viral replication, assembly and export.

Viral components prompting steatosisyebeen demonstrated by the anchoring of the
core protein to the ER of hepatocytes gaining virus access to lipid dréplattant et al., 2006)
as well as overexpression of the core protein sufficiently inducing steatosis inMiciya et
al., 1997) Shimizwet al. (2018)further demonstrates virus mediated steatosis as treatment of
chronically infected HCV patients decreased steatosis severity after eradication of the virus.
However, steatosis was not completely eliminated suggesting the contribution of a host
mediated seatosis procesdJnlike steatosis, the direct association of HCV infection and fibrosis
progression is limited.

1.2.1.2. Fibrosis and cirrhosis

Fibrosis is defined as an accumulation of scar matrix, characterised by excessive
production and accumulation of extracellular matrix (ECM) proteins because of persistent injury.
As well as scar tissue performing no function in the liver, the conditictypally non
symptomatic with patients only experiencing symptoms with complications anestagk liver

disease. This is known as cirrhosis and typically occurs-201% of chronically infected HCV



patients (Chen & Morgan, 2006 irrhosis is the presence of widespread and severe fibrosis
whereby the scar matrix destroys the internal structure which impairs the livers ability to
function and regeneratéChen & Morgan, 2006 he major cell types promoting fibrosis in the
liver included human stellate cells(HSC) hepatocytes and Kupffer cellgegident liver

macrophagesiFigurel.4).

Hepatocyte

Hepatic stellate cell

Sinusoidal
endothelial cell

Kupffer cell
Sinusoid lumen with

normal resistance to
blood flow

Infiltrating lymphocyte

Extracellular matrix
proteins

Apoptotic hepatocyte
Activated Kupffer cell
Sinusoid lumen with

increased resistance
to blood flow

Figurel.4 Comparison of a healthy and fibrotic liver architecture.
A)Healthy liver. B) Associated with chronic liver damage. Stellate and Kupffer cells become activated

resultingin increased inflammation and increased production of the extracellular matrix. Due to
increased resistance to blood flow in the hepatic sinusoid, hepatocyte access to oxygen is reduced

resultingin cell death.Figure adapted from Batallet al. (2005)



HSlay a key role in fibrosis progression as both the activation of the cell type by cytokines and
chemokines as well as liver injury result to transdifferentiation of quiescent stellate cells to their
activated phenotype, myofibrobladike cells namely hepatic myofibroblasts (HMPersistence

of HM resultsin fibrosis progression due to the secretion of ECM proteins after complete
transformation into myofibroblasts expressing alpha smooth muscle #&&MA)(AKil et al.,
2019; Y. A. Lee et al., 2015; Morozov & Lagaye, 2@18)believed HCV may indirectly activate
HSy oxidative stress and steatosis which is induced directly by viral prd@iésient et al.,
2010; MingJu et al., 2011HCV promotes apoptosis which drives the activatioAd$@hrough

the presence of apoptosis bodies which increasesnageassociated molecular pattern
moleculegDAMPS) resultinip HSC activatiofignat et al., 2020)Additionally, there is evidence
that HCV promotes the release of transforming growth fatietal (TGFbl), the most potent
pro-fibrotic cytokine, by infecting hepatocytg§igure 1.5). TGFb1l acts by modulating the
expression of key genes controlling liver fibrosis in hepatic stellate(ESISShin et al., 2005)

Akil et al. (2019) successfully demonstrated an increased expression of-dé@ehdent
fibrogenic genes in stellate cells during the infection of a three ceduitoire model system

containing hepatocytes (HuhBISC¢LX2) and primary macrophages with HCV (H3T1a
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Figure 1.5Summary of human hepatic stellate cells activation resultimgfibrosis.
Hepatocytes drive the activation of human stellate cells (HSC) through cell death ressuticrgased

expression of damage associated molecular patterns (DAMPSs) which activates Kupffer cells and HSC.
DAMPs may also promote cell death of inflammatory cells, known as pryoptosis. Soluble factors
released by hepatocytes and activated Kupffer cddle aontribute to the activation of HSC (tumour
necrosis factoralphag TNF a, transforming growth factebeta¢ TGFB and interleuking IL). Kupffer

cells carremain activate through the excretion of their soluble factors as well as communicate to other
cell types. Activated HSC results to an increased production of fibrogenic markers (fibronectin, Collagen
type 1¢ Coll1A, metalloproteinase MMPs, tissue inhiibor of metalloproteinaseg TIMR1) and

accumulation of the extracellular matrix (ECM). Figure adapted fogmat (2020)

1.2.1.3. Hepatocellular carcinoma
HCV infection is a major risk factor to developing hepatocellular carcinoma (HCC), the
leading cause of livaelated death worldwide and fifth most common cancer. The disease
comes handn-hand with advanced HCV induced fibrosis and steatosis pathogemdtishe
risk of HCC development occurring despite successful treatment of HCV infecti@Cuadros
et al., 2022; Marrero et al., 2018Yhe development of HCC after HCV infection may span

between 20 to 40 years, and like fibrosis and steatosis, adbmgdoth viratinduced factors
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and hostinduced immunological response. Viral proteins trigger host cell siggalthways
involved in the upregulation of cell growth and division in addition to inhibiting tumour
suppression genes and cell cycle check pdiidey et al., 2018; Vescovo et al., 20@@yure

1.3). Virus induced mechanisms specifically promoting HCC development, independent of
fibrosis and steatosis, include the interaction of the core and NS3 protein with tumour
suppression genes such as protein 53 (p53) and retinoblastorotein which significant
increases HCC progression. It was suggested HCV core protein regulates the expression and
Fdzy OliA2y 2F LlpoX fGSNAYy3I GKS OSftfQa NBaLRya
of infected hepatocytes. The expression levels of hd&uate during HCV infection depending

on the levels of HCV core expression; low levels endorsed p53 expression, high levels suppressed
p53 expressior(Poole et al., 2018)The presence of NS3 supresses actinomycindced
apoptosis which is believed to be connected to p53 interactiscribed as NS3 sequence
dependent demonstrated through sigpecific mutagenesis experiments in the N terminus of
NS3(Deng et al., 2006; Tanaka et al., 200Bgsearch investigating HCV direct vs indirect
carcinogenic mechanisms has been described as limited by experimental systems. For example,
it remains unclear if infected proliferating hepatocytes are driving HCC or if it is driven by
uninfected hepatocyte cells responding to hepatocyte stress signals. During HCV infection, it is
estimated less than 30% of hepatocytes contain replicating HCV, observed by HCV genome copy
number of livers from infectedhimpanzeegBigger et al., 2004)n liver human tissue, frozen

and nonmalignant, only 20% expressed HCV antiggiang et al., 2009Presence of HCV in
malignment cells in HCC patients is not a reliable marker of infection driving the disease as there
may be a high number of virions circulating in the bloDde to thepresence of HCV in the

blood, any vascular tissueay test positive foHCV infectiofMcGivern & Lemon, 2011)

12



1.3.Treatment of HCV

1.3.1. Historic treatment

HCV was primarily treated using pegylated interferon alpha {IFEsand ribavirin. The
PEGFN stimulated the host immune response, rendering infected cells more susceptible to cell
death. Ribavirin, a synthetic antiviral nucleoside analogue, acted attmBE@FN, inhibisviral
growth bybeing incorporated into the viral RNA during replicatieaultingin errors in viral RNA
synthesisdisrupting the production ofunctionalviral proteins and reducing the ability of the
virus to replicateaccurately(Feld & Hoofnagle, 2005PDespite the long treatment course,
typically lasting 24c 48 weeks, a sustained virological response (SVR) of 85% was
accomplished with patients suffering a range of intolerable side effects such as psychiatric
disturbances, anaemia and flike synptoms.(Hunyady et al., 2011; Liver, 201t)wvas not until
the development of directly acting antivirals (DAASs), that treatment for HCV was brought to the

modern era.

1.3.2. Development of direeaicting antivirals

There has been a dramatic advancement in the treatment for HCV, reslting
therapeutics which directly targets the replication of HCV (Talde Overall these treatments
are safer, more effective than PEHEN and ribavirin, have a shorter treatment time of typically
8¢ 12 weeks with more tolerable side effe¢t&ish et al., 2017)n theory, these treatments may
be broadly used independelgtof the GTa person is infected by. However, SVR does differ
depending on the GT, for example the combination of sofosbuvir/simeprevir/ribglaiwitz et
al., 2014)mnd the fixeddose combinations of ledipasvir/sofosbughtowdley et al., 2014¥sults
to SVR rates of 92 100 % for GT1 infected patients and 8300 % for otheiGTinfected
patients. Additionally, the effect of some DAAs on harder to treat circumstances such as

presence of cirrhosis and particular GTs, such as GT3, may determine the antiviral drugs used
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and the treatment length. Treatments are typically regimented based on clinical trials such as
FUSIONJacobson et al.,, 2013nd ALLY (Nelson et al., 2015)However, despite these
advances, Gtatwal et al. (2018)predicted 7 % of patients will fail to achieve SVR and will have
limited retreatment options. Treated individuals are also at risk of reinfection with the incidence
varying between & 13 / 100 persoryears reported among gay and bisexual men in Europe
(Ingiliz et al., 2017)This highlights the requirement for further research into (&&, natural

polymorphisms and mutations circulating which are associated with drug resistance.

Drug name ending Example of drug Target ]
Y LINS @A NJ Simeprevir NS3/4 protease
Yo dzoA NJ W Sofosbuvir NS5B polymerase
Wl agAN W Declatasvir NS5A

Table 1.2Breakdown of directly acting antiviral targets.
Outlining of different drugs against HCV infection characterised by their targeted viral proteins. Table

was created based on information provided by Kashl (Kish et al., 2017)

1.4.Progress to HCV elimination

The introduction of DAA treatments has provided greater confidence in the
accomplishment of the WHO target of eliminating HCV infections by 2030. DAAs have been
associated with a reduction in the number of HCV infected patients at liver clinics and an
increase in treatment uptakéSamur et al., 2018However, as HCV infection may only be tested
in chronic patients exhibiting symptoms possibly >10 years after infection, DAA treatment may
only result to minimal improvements contributing the WHO targets. Prior to the CO¥ID
pandemic, only 9 of 45 higihncome countries where on track to accomplish the WHO target by
2030 (Razavi et al., 2020}t is believed the COWD® pandemic has only worsened the
progression of eliminating the infection. It has been suggested, at the current rate, the target
may only be achieved by 2050. This has been credited to a lack of national screening

programmes(Gamkrelidze et al., 2021)Jntil there is an increase in HCV screening and
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diagnosis, the significance of DAA treatment will not be translated to the number of patients
cured of HCV nor a reduction in the H@lated morbidity and mortalityManns & Maasoumy,

2022; Razavi et al., 2014uch an example of an effective screening programme and translation
of DAA treatment success was observed in Egypt. In 2018, Egypt aimed to screen all citizens
above 18 years of age or older within 1 year. After 7 months, 79% of the population was
screered, 4.6% of patients tested were aiCV positive, therefore were further HCV RNA
tested and linked to DAA treatment. The success of the programme was partially linked to the
discount on DAA treatment provided by pharmaceutical compafWéaked et al., 2020)This
suggests a hanth-hand relationship between screening programmes and treatment costs
required to accomplish the elimination of HCV. Despite changes to screening programmes and
DAA treatment access, HCV resistance to treatment has not been faétoethe WHO 2030
targets. To eliminate the risk of HCV resistance increasing, there must be continual development
of DAA treatment and a prophylactic vaccine. A vaccine to HCV would greatly improve the
outcome of eliminating HCV infection, particularlyr foountries with lack of resources for
screening programmes, to eradicate HCV DAA resistant infections anddkigioups (such as

needle injecting drug users) with a particular risk of reinfection.

1.5.HCMGT halting HCV eradication

GT is the second most commdaT (after GTL) accounting for 22 30 % of all HCV
infections. Geographically, GT3 accafiar 50% of cases in the UK, and up to 70% of all cases
in low-income countries including Pakistan, India and Thail@Wdssina et al., 2015)it is
characterised as having a more rapid progression to chronic liver disease with higher rates of
liver fibrosis, severity of steatosis and a higher frequency of HCC. Additionally, GT3 has a high
level of resistance against DAAs. However, like theratherisation of HCV pathogenesis
independent of HCV GT, the reasons for why HCV GT3 is harder to treat and results to a more

rapid progression to liver disease are still to be fully determifedthermore, the development
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of aGMB SGR, in 2020, and eelltured virus clone, in 2@ were only recently produced
(Ramirez et al., 2016; Ward et al., 202berefore the majority ofGT3 studies are limited to

analysing patient databases.

1.5.1. Promotion of steatosis

Despite steatosis being both viral and host mediated, HCV GT3 is believed to promote
the condition more so than other GTs. Severity of steatosis has been linked to the viral load of
GT3 infection. For example, a link between HCV RNA levels in compariseattisis grades
have not been linked to other GTs like it has been for @@olfi, Gambardella, et al., 2001)
Adinolfi et al. (2001)also suggests GT3 infection plays a more direct role promoting steatosis
than host mediated factors, such as obesity. This is suggested as obesity levels did not
exaggerate steatosis progression@i3 infection. Despite the exact mechanisms promoting
steatosis remaining unknown, it is believ&d3 infection influences the steatosis progression
by interacting with fat metabolism and transportation pathways within the lig@hnhan et al.,
2017)

15.1.1. Microsomal triglyceride transfer protein inhibition (MTTP).

This pathway plays a key role modulating triglyceride secretion from the liver by
production of ApoB. ApoB forms the very low density lipoproteins (VLDL) required to export the
triglycerides into the bloodstream. The MTTP pathway is inhibited during H&nfédtion by
restricting the transfer of lipid molecules to ApoB resulting in the degradation of ApoB and a
decreased reduction in VLDL producti@i¥igure1.6) (Perlemuter et al., 2002)Research has
shown this to be HG¥ore protein mediated with all GTs capable of inhibiting the pathway.
However, Jhavert al. (2008)expresses that particular polymorphisms in the core protein of

GT may be the reason why the MTTP is more greatly affected during GT3 infection.

16



15.1.2. Peroxisome proliferator associated receptor alpha (RDAR
PPARa induces hepatic fatty acid oxidation and ketogenesis while upregulating hepatic
glucose production. In brief, when PRARS activated it acts on metabolic regulation of the liver
(Chan et al., 2017)However, in the presence of the HG3 core protein, the pathway is
inhibited resultingn a reduction in triglyceride breakdown and the accumulation of intrahepatic
fatty acids(Figurel.6) (de Gottardi et al., 2006Similar to the MTTP pathway, other GTs may
inhibit this pathway, such aSTL. However, the extent by which the pathway is disrupted does

not reach the same severity as wh&3 is presen{Dharancy et al., 2005)

15.1.3. Sterol regulatory elemettinding protein 1c (SRERE).

SREBHRCc is a transcription factor which regulates lipogenic pathways such as fatty acid
synthesis and cholesterol by the modulation of downstream enzymes, such as fatty acid
synthase (FAS). FAS uses agebA and malonyCoA catalysing reactions to modté
triglyceride accumulation and lipid synthesis in hepatocytes. It is believed prese@d8 obre
protein, upregulates the SREBRind FAS activation increasing the production of triglycerides
in the liver(JackelCram et al., 2007)The exact mechanisms of this is unknown however, it is
speculated upstream factors may be affected such as phosphingitiiiease(PI3Kand protein
kinase B (AKT) as well as the involvement of insulin receffaysrel.6)(Chan et al., 2017;
JackelCram et al.,, 2007)The PI3KAKT axis is highly conserved playing key roles in cell

proliferation, genetic stability and apoptogiShan et al., 2017)

17



HCV GT3
Core protein

-

AKT

/
Lipid Fatty acid _
[ oxidation Ketogenesis

[ Triglyceride breakdown ]
| ViDL

Figure 1.6Summary of HCV GT3 influencing steatosis progression.
HCV GT3 core protein influences the steatosis progression by interacting with fat metabolism and

[ TTriegceride production

transportation pathways within the liver. Red lines indicate the blocking of pathways and red arrows
indicate either a decrease (facing downwards) or incregfseng upwards) of pathway components.
Abbreviations; MTTPmicrosomal triglyceride transfer protein inhibition, PRARperoxisome
proliferator associated receptor alpha, SREBPsterol regulatory elemenbinding protein 1c, ApoB
apolipoprotein BVYLDL¢ very low density lipoproteins, PI3phosphoinositide &Kinases, AKT protein
kinase B, FASfatty acid synthase.

15.1.4. Promotion of fibrosis and cirrhosis
The research elucidating the HCV specific mechanisms to fibrosis progression is
currently lacking, especially in relation to whiyT3 infection demonstrates a higher fibrosis
progression in comparison to the other HCV GTs. @haln(2017)reviews retrospective studies
whereby an association of GT3 and fibrosis progression was observed. However, these studies
were limited by small cohorts and/or inconsistencies involving patient characterisations, such
as BMI indexAdinolfi, Gambardella, et al., 2001; Probst et al., 2011; Westin et al., .2002)

Importantly, these studies did not take steatosis grades into account while associating fibrosis

18



to GT3. Multiple studies have suggested increased fibrosis progression is linked to increased
steatosis gradegAdinolfi, Utili, et al., 2001) When comparing GT3 mediated fibrosis and
steatosis pathogenesis, research has predominantly only reported steatosis as being directly
correlated to GT3 pathogenegiddinolfi, Gambardella, et al., 2001; RubBiandt et al., 2004)

To determine whether GT3 directly impacts fibrosis progression, or whether it is
steatosis driven, a direct experimental approach is required. Such research is demonstrated by
Akil et al. (2019) whereby fiveinflammatory andfibrogenic genes including-C motif
chemokine ligand 2 (CCLRjterleukin 1 alphal(1a), interleukin 1beta (IL1b), interleukin 13
receptor subunit alpha 2 (IL18R) and matrix metalloprotease 1 (MMP1) may be monitored.
Expression of these genes in comparison to other GTs could determine wieBatirectly
impacts fibrosis progression more so than other GTs. For exa®@fla (H77) upregulated
these genes by more than 1.9 fdldkil et al., 2019)Steatosis factors could also be monitored

to greater understand the association between steatosis and fibrosis progression.

1.5.1.5. Promotion of hepatocellular carcinoma

HCC is believed to be driven by a multitude of factors, such asspagsfic, host
genetics, immuneaelated (driven by the host and virus), and host environmental factors, but it
remains undefined how HCV may promote HCC regardle&Tapecific mechanisms. The
evaluation of HCC large patient cohorts within America, France and Korean populations suggest
patients infected withGT3 are at greater risk of developing HCC in comparison to other GTs,
suggested by a higher prevalence of HCC patients infectetCM5 T3 (Kanwal et al., 2014; Lee
et al., 2019; Nkontchou et al., 201 Burther investigation is required to defineGfl3 patients
are at greater risk due to HGY13 specific HG@riven mechanism or if there is an association
of greater HCC risk due to a more rapid progressiofibwbsis and steatosis. There are
conflicting reports that DAA treatment increases the risk of HCC development. Telywhb

(2020)explores this possibility i 13 patients, concluding th& 3 infected should be screened
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earlier and more frequently for HCC in comparison to-®B infected patients, especially if
cirrhosis was present. However, this research was limited to a smalGidmohort and did not
validate the contribution of other possible HCC risk factors, such asleoholic fatty liver
disease. Additionally, data was collected on patients between 2014 and 2017, during a time
period with treatment guidelines not conforming the most recently required treatment
guidelines of GT3 patients. Therefore, greateresearch is required to defin&T specific

mechanisms which may drive HCC.

1.5.2. HCV treatment plan manipulated 63 infection

Prior to the development of the DAAS,I3 was believed to be less pathogenic as it was
readily cured by IFWased treatments, in comparison ®8TL. This was defined by differences
in SVR rates after treatmenGTL patients SVR between 38 to 52 % in comparisos 1.
Patients 66g 88% after IFNreatment (Ferenci et al., 2005; Hadziyannis et al., 2004js has
been associated with the beli€fT3 alters the immune response more than other GTs , however,
the mechanisms for this are not fully understoddz I N3Maaluk et al., 2016Despite DAAs
being a major advancement for the treatment of HCV, treatment of individuals infected by GT3
are relatively harder to treat than other GTs. It was not until the advancement of daclatasvir and
sofosbuvir, in 2015, that there was an effectiveatment againstGT3 (Chan et al., 2017 he
precise reason fof5T3 being harder to treaby DAAshas still not been resolved. There is
evidence to believ&T3 is harder to treat due to the additional risk factors such as advanced
fibrosis, cirrhosis and the presence of resistant associated substitutions (REB=g)n et al.,
2015)

Resistance associatetibstitutions (RA$or variants/ polymorphisms) are defined as
point mutations which are associated with drug resistance. The presence of a RAS does not
directly relate to a phenotypic treatment failure, however, should be considered as an overall

aspect of treatment outcomgChan et al., 2017)There are two clinically relevant RASs
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associated with GT3 found within NS5A; Y93H and A30K which are estimated to be present in
8.3 % and 6.3 % of all GT3 patients. Presence of these RASs alongside cirrhosis alters the
treatment plan for these patients; administration of ribavirin alongsideABfas been
suggestedBhattacharya et al., 2023)ue to the continual emergence and persistence of RASs

in DAAs failure, it has been suggested direct resistance testing is recommended prier to re
treating treatmentfailing patients(Mushtaq et al., 2022)n respect to future DAA therapies,
research has now focused on harder to treat HCV infected patients such as GT3 infections
involving second generation DAAs such as-A83[ a NS3/4 protease inhibitgMuir et al.,

2016) and MKk3682, an NS5B inhibit¢Gane et al., 2015)

1.6.Role of NS5A promoting disease progression

NS5A is an RNA binding phosphoprotein consisting of 3 domains separated bipwshort
complexity sequences (LS{$gllinghuisen et al., 2004Figurel1.7). Domain | defined as a
structured domain with an amphipathic alpha helix that hooks the protein to the cytoplasmic
membrane. Domain Il and Il are defined as intrinsically disord@eaks et al., 2002; Penin et
al., 2004)Like the multifunctional ability of the protein, NS5A has been suggested to play a key

role in facilitating HCV pathogenesis.

Domain | m Domain Il m Domain 1l J

aa aa
1 466

Figure 1.7Summary of NS5A organisation.
NS5A consists of three domaiis2 Y+ Ay L O2yairaida 2F | | YLKALI G6§KAO

O2YLX SEAGe aSljdsSyO0S o[/{0 Id (KS 0Q SyR® ¢KS LINE

dependent on the genotype.
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1.6.1. NSS5A modulating the host immune response.

NS5A has been described as a protein crucial for the evasion of the host innate immune
response required for HCV replication and chronic infection. Targeting of the host immune
response may result in a range of different consequences as more than onegyahrequired
to be targeted for complete shtdown of an antiviral pathway. Relevant to this is NS5A targeting
of PKR, double stranded RNA-RISAJdependent protein kinase, has had conflicting literature
as the interaction has been described as bothadageous and disadvantageous to the virus
life cycle. Previral effects include the inhibition of host translation supporting HCV genome
replication and diminishes the expression of antiviral effectors by blocking the interferon
effector function (Arnaud et al., 2010; Garaigorta & Chisari, 206®)wever, PKR may also
inhibit virus assembl{Chen & Harris, 2023host factors required for HCV replication and cell
growth survival limiting HCV persistence and inducing 1Fahd interferon stimulating genes
(ISGs)YNoguchi et al., 2001; Pflugheber et al., 20fjugheber et al., 2002PKR also drives
anti-viral responses such as the activation of the interferon regulatory fact&®f3@ndnuclear
factor-kB (NFkB) (Waris et al., 2003)despite research investigating HCV interaction with PKR
functions and activation/suppression during HCV infection remains unclear.

NS5A has also demonstrated the ability to supress STAT1 phosphorylation (pSTAT1)
restricting the expression of ISGs however, the molecular mechanisms of which were not fully
elucidated(Gong et al., 2007; Kumthip et al., 2012; Lan et al., 20Qrnthipet al.(2012)used
overexpression of NS5A froBill andGT3 and infectious virus clones (JEHas well as an NS5A
inhibitor to investigate the effect of HCV NS5A on th&H-induced Janus kinase/signal
transducers and activators of transcriptiodakSTAT signalling pathway specifically the
mechanism of pSTAT1 interaction with NST%STATSs a signalling pathway which mediates
the cellular response to cytokines, interleukins, and growth factors. It was discovered HCV NS5A
c-terminus binds to STAT1 reducing levefspSTAT1|FNinduced IFNstimulated response

element (ISRE) signallingnd ISG transcription. Additionally, inhibition of this pathway is an
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independent mechanism for greater HCV replication. Furthermore, the interaction was
compared toGTL andGT3 NS5A constructs generated from HCV patients to recapitulate the
possible differences betweeBTL andGT3 HCV patients receiving [fl¢atment, GT3 patients
associated with a greater SVR rate th@iv LI G ASy & | & RSHEEZMBEW SR L.
treatment plan manipulated b T3 infectiore ® w S & dzf (Gdl N&5dvHa3 ShigheBdnding

affinity to STAT1 tha®13 NS5A. This further alludes to differences between HCV GTs and that

the same interactions may occur but differences in binding affinities can lead to variations in

disease progression.

1.6.2. NS5A promoting liver steatosis.

An example of NS5A promoting steatosis is its interaction AHPactivated protein
kinase (AMPK), a major mediator of lipid metabolism including fatty acid synthesis and
oxidation. AMPKs composed oft = i | Y Rs, phosphodgatiny df thethreonine 172
(Thr172) residueavithin the h subunitregulates AMPK activatiofWillows et al., 2017)Once
activated, AMPK promotes fatty acid oxidation and reduces lipogenesis by modulating the
expression of lipogenic gene transcription ley@mith & Steinberg, 2017; Zhang et al., 2018)
The transcription factorsterol regulatory element binding proteibc (SREBRCc), is the main
transcription factor promoting lipogenic enzymes in the liver. In a high glucose environment,
AMPK phosphorylates SREBPwhich supresses SRERPcleavage and translocation to the
nucleus in hepatocytes resultirig a reduction of the SERHEIR target gene expression and a
reduction in lipogenesis and lipid accumulation. Mengl.(2019)investigated NS5A promotion
of hepatic lipid accumulation through the AMPK/SREBIPathway via recombinant lentivirus
particles containing NS5A Gf13a and observing changes in the accumulation of lipid droplets
and expression of lipogenic genes. It was suggested NS5A can promote lipid droplet
accumulation by inhibiting the phosphorylation of AMPK allowing an increased expression of

SERB#Rc (Figurel.8).
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Figure 1.8NS5A manipulating the expression of lipogenic genes.
A) The phosphorylation (P) AMP-activated protein kinase (AMPKsults to phosphorylation afterol

regulatory element binding protettic (SREBHRC) inhibiting translocation to the nucleus allowing
regulation of lipogenic gene transcription and reducing the progression steatosis in a high glucose
environment. B) Presence of the virus, specifically NS5A, inhibits the phosphorylafidPégllowing
SREBRCc cleavage and translocation to the nucleus. This promotes steatosis allowing increased

expression blipogenic genes and lipid droplet accumulation.

1.7.NS5A promoting liver fibrosis.

The progression of fibrosis has been greatly associated to a chronic HCV infection driving
chronic inflammation. There is much debate about the progression of fibrosis and cirrhosis
directly promoted by HCV proteirjBrenner, 2009)However, activation of stellate cells driven
by oxidative stress and apoptosis are likely to be contributing factors, both of which may be

driven by NS5A.

1.7.1.1. Oxidative stress
Oxidative stress is measured by reactive oxygen species (ROS), inclymingxisle

anion, hydroxyl radical, and hydrogen peroxiadeéhich when elevated promotes an excessive
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production of the extracellular matrix by activatétbCgHao et al., 2022)Both core and NS5A

are key promoters of ROSs, with the promotion of ROS being more elusive than the mechanisms
demonstrated by core; induction of a calcium efflux from the endoplasmic reticulum to the
mitochondria disruptig normal functioning of the mitochondria. Smirnowet al. (2016)
demonstrated the inhibition of calcium flux from the endoplasmic reticulum did not impact the
NS5AInduction of oxidative stress. Instead, NS5A mediated the induction of NADPH oxidases 1
and 4 (NOX1 and NOX4), resultingan increase irtransforming growth factoB (TG~B)
production, conducted utilising the expression®fla NS5A within Huh7 cells. As a result, TGF

B may directly activate stellate cells in addition to the promotion of ROS production (Ei§ure

g ™

Mitochondria

Figure 1.NS5A promotion of fibrosis independent of@alcium efflux.
In the presence®f NS5A, within the endoplasmic reticulum (ER), NS5A induces the expression of NADPH

oxidases 1 and 4 (NOX1 and NOX4) allowing increased expression of reactive oxygen species (ROS). HCV
core protein induces the expression of ROSs via a calcium efflux ingpdeti mitochondria. Increased
expression of ROS resultimgncreased expression of T@Rvhich activates stellate cells inducing

fibrosis.

1.7.1.2. Apoptosis
An example of NS5A driving an aafpioptotic pathway is the binding to FKBP38, a
membrane-anchored member of th&K506binding proteins (FKBRsgctivated by calcium and
calmodulin, playing a role in cell regulation of apoptosis via the intrinsic apoptosis pathway of
mitochondria. Wanget al. (2006)demonstrated NS5A binding to FKBP38 and localisation to the

mitochondria membrane. Direct mechanisms of inhibiting apoptosis were not explored
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however, it may be suggested localisation of NS5A and FKBP38 to the mitochondria membrane
results to the anchoring of-Bell lymphoma2 (Bci2) to the membrane inhibiting apoptosis. It

has been demonstrated that FKBP38 interaction withZBahhibits apogosis by anchoring Bcl

2 to the mitochondria where B@ can prevent the mitochondrial permeability transition via
inhibiting the actions of BaxBcl2-associated »orotein (Chung et al.,, 2003; Shirane &
Nakayama, 2003)The mitochondrial permeability transition results in the swelling of the
mitochondria rupturing the outer membrane of the organelle leading to apoptotic cell death
(Bernardi et al., 2023Bax, another member of the familyd@ll lymphoma family, promotes
apoptosis by piercing the mitochondria membrane promoting the mitochondrial permeability
transition. B2 binds Bax to the mitochondria membrane inhibiting rupturing of the membrane

(Kale et al., 2018Figurel.10).
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Figure 1.1NS5A inhibiting mitochondria dysregulation.

A) In the absence of HC\FK50ebinding proteins (FKBPs) FKBEB8s not inhibit cell apoptosignless
activated bycalcium or calmodulin. BNS5A binding to FKBP38 inhibits mitochondpatmeability
transition via the binding of B&associated rotein (Bax) to Eell lymphoma2 (Bcl2) on the

mitochondrial surface.

1.7.1.3. Hepatocellular carcinoma
NS5A has been directly linked to alteration of tphosphatidylinositol &inase
mediated signalling pathway®I3Kare lipid kinases that regulate the proliferation, adhesion,

survival, and motility of cells; its multitude of roles distinguishes dysregulation of the pathway
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as important for the promotion of cancer. PI3K is composed of a p85 subunit and a p110 catalytic
subunit which phosphorylatephosphatidylinosito3,4-diphosphate (PIP2) into the second
messenger PE PIP3 may be bound Ipleckstrin homology (PH) domaimesultingin the
recruitment of PH domaktontaining proteins to the plasma membrane, such as PH demain
containing kinase (PDK1). A downstream effector of the PI3K is the Akt/PKB pathway,
serine/threonine kinase Akt, also known @®tein kinase BPKB)once activated can inhibit
apoptosis and triggering of the cell cycle allowing cell proliferation via targeting @fpoptotic
proteins(He et al., 2021; Macdonald & Harris, 2Q@)r example, a member of the Bxprotein

family Bad, andlgcogen synthase kinas®(GSK3) by cytosolic sequestration or inactivation by
phosphorylation. GSRK is particularly associated with the progression of KI(&€ et al., 2020)
Akt/PKB activation can occur by PIP3 binding to Akt/PKB resutifit/PKB phosphorylation

by PDKXHe et al., 2021; Macdonald & Harris, 2004)

During HCV infection, it is believed NS5A binds to PI3K promoting PI3K activitiy, both
vivoandex vivg resultingin higher Akt/PKB activation. Street al. (2004)demonstrated NS5A
mediated activation of AKT resulted in the inhibition of Bad and-&8i& phosphorylation.
Phosphorylation of GSKpromotes stabilisation of the protoncogene betacateninwhich has
been associated with the inhibition of tumour necrosis faeatpha induced apoptosié&Shang
et al., 2004)which has been associated with a range of tumdgliamer et al., 2023; Schén et

al., 2014)in particular, HCCCui et al., 2003)Figurel.11).
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Apoptosis ‘—|:

Figure 1.1INS5A influencing cell survival.
NS5A binding to phosphatidylinositockhase(PI13K) promotes PI3K activity and downstream effectors

of the Akt pathwayinhibiting phosphorylation othe member of the BeP protein family Bad, and
glycogen synthase kinase(GSK3). This altershe regulation of antiapoptotic factors altering cell

survival.

1.8.Investigating HCV in the laboratory

The establishment of subenomic replicon (SGR) and cell culture infectious clones
allowed the development of new HCV therapy; antiviral efficacy and drug resistance profiles to
DAAs, as well as the ability to study HCV molecular mechanisms promotingedisegression
(Ramirez et al., 2016Cell culture system&GRand infectious virus) have now been developed
for a range of HCV GTs, initially driven by the development osfié SGR(Lohmann et al.,
1999) and theGT2a (JFHL) and 2B (J8) infectious celilture systemqY. P. Li et al., 2012;
Lindenbach et al.,, 2005; Wakita et al., 2Q0Bglevant to this research @T3a cell culture
infectious clongRamirez et al., 2018)om which an SGR was develop@tlard et al., 2020)
These tools enabled the direct experimental compariso® ®a (JFHL) andGT3a (DBN&).

Both SGRand celcultured virus systems have been used in conjunction with molecular
techniques to explore protein specific functions, exposing how individual HCV proteins play a

role in HCV infection and disease progression.
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1.8.1. Infectious virus culture systems

Development of infectious clones fan vitro experiments remain the only way to
recapitulate the infectious HCV life cyahevitro. As such, gperiments are limitedo the GTof
whichcell culture adapteatlones have been developebot all GTs have cell culture infectious
clones due to lack of understandingtbk mutations requiredallowing infection ofn vitro cell
lines and efficient virus productiobetween different GTsThe infectious JFH system,
developed in 200%Lindenbach et al., 2005; Wakita et al., 2Q@%s the only available efficient
infectious system of HCV allowing the full virus life cyclatrountil 2012; the development of
JFHl-independent J6 cell culture system whose virus replication and propagation was as
efficient as JFHA was publishedY. P. Li et al., 2012)dditionally, Let al. (2012)developed the
J8 (representative o652b) cellculture virus, containing 9 adaptive mutations, 3 of which
discovered through the development of the J6 clone. Infectious virus clones J6 and J8 differ in
nucleotide sequence by 24%. Relevant to this is the development of the Jcl infectiousclone,
chimeric virus containing J6 structural and -IFHonstructural (Steinmann et al., 2013)
Chimeric viruses act as useful tools to determ@igspecific protein functions such as, protein
interactome and functions differing dependent on the HEMnfected. The development of Jcl
by Steinmanret al.(2013) demonstrated the HCV glycoproteins E1 and E2 important role during
viral membrane envelopment and a cellltured HCV virus that can produce significantly higher
virus titres than the parental JFHvirus.

TheGTainfectious system with virus propagation mimicking that of-1Rkth limited
cell culture adaptions proved to be more difficult. For example, the infectious clone S52 clone,
originally found to lack infectivity of Huh7.5 cells however fully functionathimpanzees
(Gottwein et al., 201Qwas further developed to include cell and virus specific adaptions within
NS5A (Kelly et al., 2017)Due to the adaptions required, investigation of protein function and

interaction, such as within NS5A, results to limitations of using the virus clone.
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When developing &T3ainfectious cloneemphasis was placed dimiting the number
of cell culture adaptionsto allow for greater comparisons to thelinical strain,and virus
propagationefficiencylike that ofJFHL. As sucha GT3anfectiousclone only became available
in 2016(Ramirez et al., 2016[Prior to 2021, when utilising techniques used to develop oGiEr
cell culture systems5Tlb cell cultured virus either failed to propagate or had too low a virus
titre to support autonomous virus propagation in cultufi@ate et al., 2012; Mori et al., 2016;
Pietschmann et al., 2009)iet al. (2015) developed an infectious clone of the most prominent
HCV GTGTLb, by primarily utilising theHCV1/SF9_A and H77i@ vivoinfectious clonesand
adapting the HCAL genome with of the5'UTRNS5Aand the JFHL NS5B3'UTR HCVL
recombinant contains 17 cetlulture adapted mutations allowing the production of a high virus
titre.

Infectious clones developed for other GTs however, are deemed not to be viable or
comparable to JFH cell culture experiments due to poor virus replication le\&amirez &
Bukh, 2018)Patient sera cannot be used directly as a method to study HCV GTs as it cannot be
cultured in the laboratory unless using hepatoma cell lines with adaptive mutations, allowing
only marginal virus productiofiSaeed et al., 2015Saeedet al. (2015) hypothesised cell
cultured cells lacked uncharacterised factors required for efficient HCV replication from clinical
isolates. A single mutation was identified, SEC14L2, when expressed in Huh7.5 cells allowed HCV
replication following inoculation with geent sera. It is believed SEC14L2 allowed HCV
replication byenhandng thevitamin Emediated protection against lipid peroxidatiomhere is
potential to use cell cultured adapted cell lines to greater understand different HCV infectious

clones and the mchanisms of the virus adapted mutations.

1.8.2. Subgenomic replicons

TheSGRsystem allowsesearch of the nosstructural proteins of HCV. By not containing

all virus proteins (no structural proteins present), different components of the virus lifecycle can
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be investigated, such as genome replication and it protein interactions, without the risk

of producing infectious virus. The filSGRsystem was established in 1999, &Tlb strain Conl
(Lohmann et al., 1999which accelerated the development of multipgGRsystems for
different HCV GT®amirez & Bukh, 2018respectively, the JFHand DBN8SGRystems were
established by Katet al. (2003)and Wardet al. (2020) In comparison to the development of
infectious cell culture systemSGRsystems are much faster to develafier the establishment

of an infectious cloneontaining the requireccell culturemutations When developing an
infectious clone here are greater limitations betweem vivo and in vitro virus viability;
infectious virus propagation from clinical patient samples without an accumulation of cell

culture adapted mutationgRamirez & Bukh, 2018)

1.9.Utilisingin vitromodels to greater understand HCV pathology

The development of HCV infectious cell cultured clones and SGR systems allowed
investigation of HCV infection in a plethora of different disease model systems. Research fixated
on understanding molecular mechanisms of virus infection may not require tetztpn of
organ characteristics, for example, investigating the entry of HCV in hepatocytes. However,
recapitulation of organs and microenvironments is crucial when investigating the development
of disease pathology. Particularly the development of fdisoduring HCV infection as the
infection of hepatocytes and the activation of HSC are required for production and accumulation

of the extracellular matrix is required.

1.9.1. Monolayer

Primary hepatocytes are not typically used in laboratories due to difficulty isolating the
cells, inability to maintain lonrterm culture and cell proliferation mimicking that of a human

liver, due to rapid differentiating rate into mesenchymal phenotypéter 1-2 days of culture
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(Duan et al., 2007)Stem cell derived hepatocytes show greater differentiation than primary
hepatocytes, showing greater similarities to a fetal liver than an adult liver as well as a mixed
phenotype displaying that of the intestines, fibroblasts and -dlifferentiated stem cells.
Cancerous cell lines allow a limitless amount of biological material for the completioniob
experiments while maintaining their genetic propertiddirabelli et al., 2019)

HCV research changed dramatically after Blaghal. (2002)utilised the SGR system to
identify Huh7 cells susceptible to HCV replication. This resulted to the identification of Huh 7
clones (Huh7 and Huh7.5) being discovered and much of our understanding of HCV infection can
be attributed to these cells lines.aRicularly the Huk7.5 cell line allows for efficient HCV
replication due to a defect to theetinoic-acidinducible gend (RIGl), which is part of the cell
innate immune response, due to a missense mutafdampter et al., 2005)n addition to high
levels of HCV genome replication, Huh7 cell line clones allow the investigation of virus entry and
release ensuring all components of HCV infection can be investigated. However Huh7 cell lines
are HCC derived resulting in poor diffetiation, abnormal proliferation and gene regulation as
well as altered signally pathways in comparisonirtovivo hepatocytes(Durantel & Zoulim,
2007) Furthermore, Huh7 cell lines are phenotypically different between different laboratories.
Sainzet al (2009) compared Huh7 cells lines from different laboratories, discovering cells
differed in morphology, cell growth and permissiveness to infection suggesting an additional
variable to consider when comparing HCV research.

To mimicin vivo hepatocytes, Sainet al. (2006) treated Huh7 cells with ichethyl
sulfoxide(DMSO), a chemical shown to induce the differentiation of primary cell (Cleang et
al., 2006) including hepatocytefAzuma et al., 2003; Cable & Isom, 1987 tumour cell lines
in vitro (Aninat et al., 2006; Cheung et al., 2006; Sainz Jr & Chisari, 20dying Huh7 cells
with 1% DMSO resulted in altered cell differentiation, observed by a change in cell morphology,

a nondividing state confirmed by hepatocyte specific genes. Furthermore, cells remained
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susceptible to londerm HCV infection concluding treatment of Huh7 cells with DMSO may
more closely mimiin vivohepatocytes.

Other hepatoma cell lines have also been used to investigate HCV biology, differing from
Huh7 cell clones by the susceptibility to HCV genome replication, expression of HCV receptors
and origins (Tablé&.3). Despite not all cell lines being fully susceptible to all stages of the HCV
lifecycle, it is possible to explore specific elements of HCV infection in greater detail than if only
fully susceptible cell lines were used. For example, Huh 6 cells areubptissive to HCV
infection due to low expression\Vels of claudirl, however Huh 6 cells allow HCV genome
replication when transfected with the HCV SGR. Additionally, Huh 6 cell interferon resistance
makes the cell line desirable for the research of &l compoundqHaid et al., 2010and
PLC/PRF/5 celgere utilised to gain greater understanding of HCV internalization by clathrin

mediated endocytosiéBlanchard et al., 2006)

1.9.1.1. Hepatocyte polarisation
In vivo hepatocytes demonstrate a high level of polarisation; forming tight protein
junctions between two hepatocytes creating a narrow lumen acting as a site for bile secretion
defining the apical canalicular domain (containing the bile duct) and the basolatetsoidal
membrane required for correct functioning of the liver (Figuted2). Key functions of
hepatocytes in the liver include; protein and bile secretion, detoxification, urea and cholesterol

metabolism, glucose/glycogen metabolism and storeayed secretion of clotting factors
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Figurel.12 Structure of the liver lobule and liver sinusoids.

A) Hepatocytes are organised in a radial form allowing the exchange of materials within sinusoids; hepatic
artery carrying oxygenated blood to hepatocytes, portal vein carrying blood with nutrients from the small
intestine and, the bile duct carrying bifgoducts away from hepatocytes to the larger duct and gall
bladder. B) The sinusoids are lined with endothelial cells interspaced with Kupffer cells. The space
between the endothelial cells and hepatocytes is known as the Space of Disse and contairedl@airac
matrix components such as stellate cells. Hepatocytes allow exchange of materials; basolateral domain
shared between neighbouring cells or the sinusoids and the apical domain allowing formation of the bile
canicular for bile secretion. Tight junatis seal the lumen of the bile canicular between adjacent

hepatocytes.

An essential challenge in translating HCV and hepatocyte bidlogyivo is the
completion of experiments using polarised cell types of hepatocyte origin with high
susceptibility to HCV infection. Polarisation of hepatocytes during the conduction ofro
experiments is particularly important to examine the full function of hepatocytes such as bile
homeostasis and cholestatic toxicity. Nbapatic polarising cell line Caco2, expressing HCV
entry receptors and supporting HCV replication, demonstrated fighttions acting as a barrier

limiting HCV entry, nevertheless is not a hepatic cell line and so not desirable for further study

34



of HCV pathology mechanisms. The HepG2 cell line is polarising and of hepatoma cell origin
however, must be grown with exogenous CD81 to allow virus entry and only allows a very low
level of HCV infection. Therefore, HepG2 cells have been used to demerdCd entry in a
polarised cell architecture, particularly as the receptor distribution mimics that of the receptors
expressed in human liver tissue. Promotion of polarised Huh7 cells was optimised byeGaran
al. (2022) by culturing Huh7 cells with 0.5% dexamethasone and 0.5% DMSO prior to the
addition of a Matrigel overlay, completed within 2 weeks. Dexamethasone is a known ligand of
the glucocorticoid receptarinvolved in the regulation of genes controlling cell development,
metabolism and immune response. Treatment of Huh 7 cells with dexamethasone induces the
expression ofconstitutive androstane receptor (CAR)d pregnane X receptaiPXR) two
receptors required for sensing of endobiotic an xenobiotic substaracesjcial function of the

liver to protect against bile acids as well as drug metabolism of the (livekteig et al., 2019;
Pascussi et al., 20Q0Matrigel promotes Huh7 cells maturation resultimga change in cell
shape, from epitheliurike to cuboidal, expressing bile canaliculi structyi€ang et al., 2019)
Research by Sarat al. resulted in a shorter and improved differentiation process of Huh7 cells
in comparison to protocols using only dexamethasone and Matrigel requiring a 4 week culture

(Kang et al., 2019; Saran et al., 2022)
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Comments

Derived tissue

Cell line

Susceptibility to

Reference

HCV lifecycle
Study of HCWiology
HCC Full lifecycle Interferon (Blight et al.,
response to 2002)
infection.
HCC Full lifecycle  Defective RIG  (Blight et al.,
pathway. 2002)
Huh 6 Hepatoblastoma Entry/replication Interferon (Haid et al.,
resistance. 2010; Windisch
et al., 2005)
PLC/PRF/5 Primary liver Entry Low HCV (Blanchard et
carcinoma replication. al., 2006; Sainz
et al., 2012)
Study of HCV in polarised cells
HepG2 Hepatoblastoma Entry/replication HCV entry (Mee et al.,
requires 2010; Mee et
exogenous al., 2009;
CD81. Forms  Wilson et al.,
hepatic 2012)
polarity.
Caco2 Colorectal Entry/replication Non-hepatic (Mee et al.,
adenocarcinoma origin. 2008)
Demonstrates
epithelial
polarity.
Kidney Entry/replication HCV entry (Evans et al.,
requires 2007)
exogenous
Claudinl. Nor
hepatic origin.

Table 1.3Selection ofin vitro hepatoma cell lines utilised in HCV research.
Adapted from Wilsoret al. (2012)

1.9.2. Mixed cell culture

To better understand HCV pathogenesisvitro, different elements of the hepatic
microenvironment have been mimicked, allowing the crosstalk between particular cell lines to
be distinguished. To fully recapitulate HCV pathologyitro, mixed cell cultures are required as
stellate cells are not susceptible to HCV infec{ielorimond et al., 2015Cell types of particular
importance are hepatocytes, HSC and macrophages.

Hepatocytes comprise up to 80% of the total cell population of the (B&uin et al.,

1977) HSC comprises® of total cells in a healthy livéfriedman, 2008and the rest of the

36



liver is comprised of endothelial cells, lymphocytes and Kupffer cells. Kupffer cells are liver
resident macrophages that situateetween liver sinusoids and are adherent to the endothelial
cells lining the blood vessels. Kupffer cells differ from monoedgidvedmacrophages as they
have a proliferative capacity, allowing replenishment of the cell populd8chulze et al., 2019)
As liver fibrosis is a result of chronic hepatic injury, Kupffer cells play a crucial role in the liver
wound-healing mechanisms. In the presence of HCV, Kupffer cells become activated expressing
tumour necrosis factor alph@NFh), interleukins and chemoattractan{§letcher et al., 2014;
Mandal et al., 2010)As such immune cells, are recruited to the organ resuliing pro
inflammatory state driving the synthesis of profibrogenic factors such asBIi@bth et al.,
1998) This defines both hepatocyte and Kupffer cells as capHlaetivaing HSC. Additionally,
the activation of macrophages resultimg an increased expression ®NFh directly impacts
HCV entry into hepatocyte§;NFh relocalises occludin, disrupting the integrity of the tight
junctions, and increases the lateral diffusion speed of CD81, promoting the entry of HCV into
hepatocyteqFletcher et al., 2014)

To recapitulate these different cell lines, Huh7 cell clones are typically used to mimic
hepatocytes, L2 cells behave as an immortalised cell line of HSC and, THP L;aathvated
immortalised monocytdike cell line, may be used to mimic the functionkaupffer cellgBility

et al., 2016)

1.9.2.1. Conditioned media
Breakdown of crosstalk between cell types may be determined through conditioned
media experiments which defines soluble factors required for the communication between cells.
Linet al. (2011)demonstrated crosstalk between hepatocytes and HSC via the treatment of LX
2 cells with supernatant collected from Huh7.5 cells infected with11AHrough the promotion
of NFkB, ROS generated during Huh7.5 cell infection resulted to the activation2tkls and

an increased expression of fibrogenic genedN2 O 2 f f (GoRY andissu@ inbibitor of
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metalloproteinasesl (TIMP1). These results were further supported by, &hal. (2016)
utilising the same strategy, demonstrated HCV infection of Huh7.5 cells infected by-16/JFH
drives the expression of epimorphin in-RXells via theextracellular signategulated kinase
(ERK pathway. The ERK pathway allows fast communication between the surface membrane

and the nucleus, allowing a genomic response to environmental sijivalsg et al., 2004)

1.9.3. 3D spheroids

The majority ofin vitro assays, drug screening, toxicity, metabolism and studying of
infectious agents, utilises the bidimensional (2D) cell culture models. To mimic the tissue
microenvironment, particularly cetlell and cetextracellular matrix interactions, there has
been anemergence of 3D cell culture models. 3D models are believed to contribute a greater
understanding of cell and molecular mechanisms due to imitating the environment of human
tissue physiology closer than that of 2D models. For exammecapitulation of hepatocytes
polarised state using Huh7 cells in a 3D model has been explored by various groups, notably
Sainzet al. (2009) utilising a rotating wall vessel andolina-Jimenezet al. (2012) utilising
MatrigeFembedded Huh7 cell culture system. Both adopted a hepatocyte polarised stated and
supported HCV infection. Spheroids may be formed by various methods (EigB)yedepending
on the technigue used there may be variation in size variability that may impact the

concentration and gradient of waste products oxygen and nutrient exchange.
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Figure 1.13Methods of scaffoldfree spheroid formation.

Both A) and B) require gravitational forces for the formation of cell aggregates; A) cells hanging within a
droplet and B) pellet culturing via centrifugation. C) Relies onosg#nisation of suspended cells on a

low attachment surface ensuring cells can bind to the bottom. D), E) and F) Removes the requirement

of gravitational force promoting cedlell contact and cell aggregation. D) Magnetic forces facilitated by
the incorporation of magnetic particles. E) and F) are examples of bioreactor systemasting dynamic
cultures producing spheroids of various sizes as cells are continuously mixed. Adapted from Ketiroupis
al. (2021)

The method of spheroid formation may alter the characteristics of the spheroids formed
which may be crucial to understand experiment results or limit the spheroid formation method
used. For example, the hanging droplet technique removes all cell contdcsalid surfaces
ensuring the spontaneously secreted ECM proteins is the main factor regulating the spheroid

formation, however, large scale formation of spheroids is limited by the careful burdensome
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handling of the spheroidé~oty, 2011) The use of primary hepatocytes which undergo rapid
differentiation when in contact with plastic will benefit from spheroid formation using the
hanging droplet method. The size of spheroids may be regulated by the seeding of cells per
droplet, tube or wdl present within aggregated tube and leattachment surface spheroid
formation. Unlike dynamic formation of spheroids, continuous movement of cell cultures, failing
to produce spheroid populations of the same size, phenotype and molecular profiles. Forced
aggregation is particularly useful for the formation of hignsity spheroids allowing rapid
aggregation of many cel®lackay et al., 1998Despite magnetic levitation also allows rapid
aggregation of cells, an abnormal gravity pull is believed to induce apoptotic pathways resulting
in a reduction in cell size, membrane blebbing, reduction of cell viability, alteration to nuclear
chromatin and increased caspa3#, a signature of mitochondria apoptosis inductifivieng

et al., 2011) Microgravity also has negative effects on spheroid formation; disruptiagtif
stress fibres and increasing accumulation of lipjeeyers et al., 2004)This is particularly
important when studying liver fibrosis asaktin is believed to promote HSC activati@ui et

al., 2014)and dysregulation of lipids homeostasis results to the generatioa tuxic lipid
environment also promoting downstream HSC activation and fibrosis promdi&stedt et al.,

2015)

1.10. Utilisingex vivamodels to exploit HCV pathogenesis.

1.10.1. Precision cut liver slices; gold standard for studying liver
pathophysiology
Despite mone, co, sandwich, organoid and spheroid cultures being used to study a
range of liver tissue characteristics and pathophysiology mechanisms, they fail to recapitulate

cellular interactions which are physiologically relevant. In particular,onand cocultures are

very limited to cell types present and cell:cell interactions specifically lacking the ECM which
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plays a critical role in fibrosis progression. Furthermore, cells cultured directly on plastic suffer
excess levels of mechanical stress resulimigicreased alteration to cellular behavio(fPaish

et al.,, 2019) To combat this, sandwich cultures were developed. This system allows the
interaction of primary hepatocytes as the cells are sandwiched between two layers of ECM
scaffolds. These interactions have shown to slow theliferentiation of hepatocytegGijbels

et al.,, 2019) Dedifferentiation of hepatocytes is an important biological phenomenon as
removal of cells from human tissue results to a loss of phenotype and specialised function
vitro, such as albumin secretion, toxicity assessment and drug dispo@itestop et al., 2017)

In addition to the dedifferentiation of hepatocytes in cell culture, other cell types can become
dedifferentiated or transdifferentiated (conversion of one cell type to another). For example,
when cultured on plastic stellate cells converiaegmooth muscle actin resultirig the release

of profibrotic genes and secretion of EG®Isen et al., 2011)

Threedimensional (3D) fredloating spheroids cultures, derived from cell lines or
tumour biopsies, and organoid cultures, derived from stem cells embedded in ECM soft matrix
hydrogels, may contain multiple cell types and provide an alternative to ggpivapatocytes
and mixed cell culture¢Paish et al., 2019However, as well as both failing to fully mimic
complete cell structural organisation and all cell:cell interactions, the soft matrix hydrogels
within organoid cultures result to hepatocyte dkfferentiation, supresses profibrotic genes and
downgrades Bumin synthesis among other factors such metabolic enzy(fkat et al., 2006;
Paish et al., 2019 ell metabolism and profibrotic gene expression may also be altered by
Matrigel, anothersubstrate used for culturing cellslovin & Nouri, 2007; Olsen et al., 201 Hs
such, it becomes evident that PCLS are the -gtdddard to exploring pathophysiological
mechanisms as the liver 3D structure is maintained containing all cell:cell interactions and the
physiological ECM compositi¢®linga & Schuppan, 2013; Paish et al., 2019; Starokozhko et al.,
2017; Westra et al., 2013 specially as cell cultures have emphasised the sensitivity of liver cells

to different culture environments.
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1.10.1.1. Advancement in bioreactor technology to studying fibrosis in
PCLS

A major hurdle to overcome in respect to maintaining PCLS to gain reliable results
realistic of the native tissue is optimisation of the culture conditions to restrict alterations to cell
functions and tissue artefacts. These include cell death, disruptiotissue organisation,
significant reduction in albumin secretion, accumulation of cellular waste spuhtaneous
fibrosis(Koch et al., 2014; Lagaye et al., 2016; Olinga & Schuppan, 2013; Paish et al., 2019;
Westra et al., 2013; Wu et al., 2018)s such, various aspects of culturing the PCLS were altered.
Examples include advancements in the maintenance of the PCLS via the bioreactor controlling
the movement of media either by rocking, shaking and rotating the media. These aid the
removal of cHular waste and prevents PCLS experiencing deprivation of oxygen, known as a
hypoxic state. Hypoxic states were also prevented by oxygen carriers such as perfluorodecalin
(Koch et al., 2014nnd by perfusion circuitéollmann & Selzner, 201 ®erfusion circuits, in
particular normothermic perfusion circuits, have been used readily to rescue steatotic livers by
introduction of pharmacological reagentdoudjehane et al., 2020; Nagrath et al., 2009Yu
et al (2018)explored the introduction of an aliquid interface whereby PCLS have contact with
both the atmosphere and media through the use of Transwells and media movement by a
rocking platform. This resulted to PCLS being viable for as long as 15 days. Ho@EeSewere
still susceptible to acceleration of fibrosis and cell death.

As such, it has become evident that a major setback to researching fibrosis in PCLS is the
spontaneous fibrogenesis which establishes due to the culturing conditions of PCL®t Bhish
(2019)describes a novel bioreactor which takes into account all the previous advancements in
culturing PCLS to maintain viable PCLS to at least 6 days without tissue artefacts occurring, and
elongation of normal metabolic activity. This has been accomplishethéycreation of a

bidirectional flow of media which mimics the sinusoidal flow within an intact liver and-semi
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permeable Transwell membranes which restrict PCLS direct contact to plastic and allows
movement of media for an aliquid interface. Lastly, the PCLS are maintained in an oxygen
concentration relevant to the organ (Figutel4). Additionally, research by Paishal. outlines

how the PCLS and the novel bioreactor aids fibrosis research. For example, daily sampling of
media can track fibrogenesis by monitoring hyaluronic acid, TIMP1 and MMPs. All of which have
been monitored within HCV patients for eitheibrosis grades or cirrhosis identification
(Lichtinghagen et al., 2001; McHutchison et al., 2080@asurement of these markers are an
addition to an array of other experimental outputs which can be used to exploit the mechanisms

of liver fibrosis.
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Figure 1.145tepto-step production of precision cut liver slices.

Outlines the size and protocol for cutting the PCLS after receiving the healthy tissue from liver biopsies.
(B) lllustrates the BioR plate. This plate has been specifically designed for optimal PCLS incubation. The
plate contains six bioreactor chambers iaitn constitutes two wells joined by a channel allowing the flow

of media on a motor plate at a flow rate of 18.18#sec. (C) PCLS in the BioR plates culturednm8

transwells. Figure was taken from Pagttal. (2019)

Fibrogenesis is a result of many etiologias such it displays many distinct patterns of
development. As all the cells and tissue architecture are maintained in PCLS, fibrosis
mechanisms can be investigated. In particular, Kupffer cells maintain the ability to induce an

inflammatory response, stiate and myofibroblast cells are still susceptible to activation and
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hepatocytes maintain metabolic functionin@alma et al., 2019)Therefore, fibrosis can be
induced in cells by fibrogenic chemicals such as eth@utlaffert et al., 20107 GB1 (Paish et

al., 2019) lipopolysaccharides and palmitai@adasivan et al., 201%}onsequently, antifibrotic
activity and pathways can be investigaigtuang et al., 2019For example, Westret al. (2014)
investigated compounds inhibiting the Ti&Fpathway after activation of fibrosis by bile duct
ligation. Additionally, PCLS can be used to depict the mechanisms of viral infections such as

adenoviruses, adenassociated viruses and, importantly to this project, viral hepatitis.

1.10.2. The use of PCLS to address HCV pathogenesis

Studying the mechanism of HCV pathogenesis, specifically promoting fibrosis, was
previously limited to cel€ulture models. PCLS are a key model to understanding HCV
pathogenesis as infection; viral replication, dynamics of viral propagation and tesangj\ofal
treatments can be conducted with all relevant cell interactions and functions present. Infection
of PCLS by HCV has been accomplished by both cell cultured virus (HCV cc) and from HCV
infected patient serum (HCV pc). Both HCV cc and HCV piidngeaf PCLS were compared by
Lagayeet al. (2012) where HCV pc was noted as having a higher infectivity due to the
conformation of lipoprotein complexes ensuring they remain competent to VLDL. This is
believed to be lost in HCV cc as the assembly and maturation of triglyeeideLDL in Huh7.5
cellsis not processed the sam&indenbach et al., 2006; Podevin et al., 20H)wever, both
HCV cc and HCV pc can infect PCLS with infectious particles being successfully produced.
Additionally, Lagayet al. demonstrates the use of PCLS as a tool to analyse HCV antivirals.
However, to our knowledge there has been little use of PCLS to exploit the mechanisms of HCV
pathogenesis.

To depict HCV pathogenesis, many experimental approaches catilibed Many of
these experiment outputs have been conducted while researching fibrosis with PCLS. Such as

daily media sampling for fibrosis markers (as mentioned i@.2},. histological and
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immunohistochemistry assessment, RNA isolgtaiNA synthesis and PCR. In respect to PCLS
infected with HCV, Lagayat al. (2012)determined expression of core and NS3 proteins by
immunofluorescence (IFn situ and colocalisation with mouse antibodies. Furthermore,
internalised lipids droplets were visualised by BODIPY dye. Confirmation of the core and NS3
proteins was accomplished by western blot analysis of PCLS cell lysates. To quantify the
intracellular presence of HCV, used as a method to quantify the infection of PCLS, strand specific
guantitative reverse transcription PCR was conducted. Additional experimental techniquees hav
been outlined by Wtet al. (2018)as the use of PCLS was investigated as a tool to study the
human innate immunity. As such, PCLS underwent; MTS cell viability assays, isolation of live
hepatocytes and noparenchymal cells prior to flow cytometry and cell sorting analysing
detecting forvarious cluster of differentiation cell markers. These techniques can be used
alongside chemical inhibitors targeting specific pathways such as the activin redigpthinase

5 inhibitor which inhibits the TG pathway. This experimental approach can used to
investigate HCV pathogenesis as expression obT@as been observed in H@ected

hepatocyteqLin et al., 2010)

1.11. Thesis Aims

This thesis aimgo greater understand the mechanisms of HCV pathogenegis
comparingGT2 and GT3wo approaches wereonductedto accomplish thisFirstly differences
between GT2 and G'Mere investigated by comparing infection efficiencies prior to exploring
NS5Aspecific differenceghe insertion of an epitope tag ioorrespondingamino acid siteand
comparison of NS5A prateinteractions Secondly, exploration and comparison of different
tissue culture models rangirig complexityfrom monolayerto mixed cell spheroidand finally,
human precision cut liver slice® greater understand the progression of fibrosis during HCV

infection.
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Thegenome specific approach is investigatatlising both the SGR and infectious virus
(Chapter 3)Differences in infection efficiencies suggekered abilities to manipulate the host
cell, this may be due tdifferences iflNS5A which is crucial for viral genome replication laost
protein interactions.The plasticity of NS5A, exploring susceptible sites of insertion using an
epitope tag within domain Ill, may allude to differences in protein function and interaction of
GT2 and GT. Introduction of an epitope tag allows further interrogation G2 and GT3
differences by comparing NS5A interactomesotlgh mass tandem tag protein analysis
(Chapter 4)

The secondary aim of this thesis was explored using a range wfro cell models
investigating the requirements of different cell typwsgreater understand the progression of
fibrosisand changes tAHCV infectiorefficiency(Chapter 5) This was explored byompleting
monolayer infection of Huh7 cells and mixeda@dtures combining Huh7, EXand THP1 cell
types during virus infection. Comparisons of cell models, including monolayer, 3D spheroids and
PCLS, allows recapitulation of the native liveddfering degrees. This expesdifferent cell

model requirements for researching HCV pathologyitro.
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Chapter 2Methods and Materials

2.1.General materials

2.1.1. Cell culture

2.1.1.1. Eukaryotic cell lines

Mammalian cell lines include Huh7, Huh7.5 aneloélls. Huh? cells were generated
from human liver carcinoma cel({®lakabayashi et al., 1982)uh7.5 cells are a derivative of
Huh7 cells with a defective innate immune response; Huh7 cells grown in the presence of IFN
h, acquiring an advantageous mutation within RIGelieved to improve HCV replication in
comparison to Huh7 cel(®light et al., 2002)Lx2 cells, gifted from Prof. Scott Freidman and
sourced from the Oakley lab, are a highly transfectable human hepatic stellate cell line
generated by spontaneous immortalisation under low serum condit{dset al., 2005)THP1
is a human leukaemia monocytic cell line used to investigate monocyte and macrophage

modulation and functiongChanput et al., 2014)

2.1.1.2. Competent bacteria
Cloning was conducted usitiggcherichiacoi 9 @ 02t A0 ;5 phf BQ¥%Ra R b
noft I-8gk) W169 recAl endAl hsdR17(rk+) phoA supE44 tvi 3J& NJ e NBf |

(Invitrogen).

2.1.1.3. Virus strains
DNA constructs contained either the pJEiiNVakita et al., 2005pr pDBN& (Ramirez
et al., 2016)full-length infectious clones, or the SGR containing a firefly luciferase or neomycin
phosphotransferase reporter. Wittype (WT) plasmids, virus and SGR, were modified to contain

containing the twin streptavidin tag (TST) or fluorescent proteins. @Bl chimera
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(representative of5T2, structural genes from Jc1 and netructural genes from JFHinfectious

clones), containing a RFP or GFP tag fusion was gifted by Ralf Bartens(3dhgdier et al.,

2007)
Virus Genotype Accession humber |
JFH1 2a AB047639
JctJFH1 Chimera 2a AF177036 and AB047639
(Pietschmanret al.)
DBN& 3a KX28072-14

Table 2.1Details of HCV infectious clone DNA constructs.

2.1.1.4.

Antibodies

Source

Dilution

Target

Target (species)

NS5A (sheep) | Polyclonal serum | (Macdonald et al., 2003) WAB: 1 in 1000
IF: 1in 2000
i -Actin Rabbit polyclonal | Abcam; cat. Noab8227 WB: 1 in 2000
Mousemonoclonal | Abcam; cat. Noab6276 WB: 1 in 20,000
Streptavidin Mouse monoclonal IBA:2-1507-001-IBA WB: 1in 2000
NAP1L1 Mouse monoclonall  Santa Cruz; cat. N&¢ WB: 1 in 500
81328
GRP78 Rabbit polyclonal | ThermoFisheBcientific; WB: 1in 500
cat. No..PA585169
PhospheS225 Rabbit polyclonal | Goonawardanet al.2018 WB: 1 in 500
Anti-l OG Ay Mouse Sigma; cat. no.: F3772ML IHC: 1 in 1000
Smooth Muscleg
FITC antibody

Table 2.2Primary antibodies.
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Target Target Source Dilution
(species)
Alexa Fluor | Goat Sigma IF: 1in
594 nm Aldrich 650
conjugated
Biotinylated | Goat Vector IHC: 1
fluorescence Laboratories;| in 300
cat. no.: BA
0601
Table 2.3Secondaryantibodies
2.1.1.5. Cell viability
Target Dye Source  Dilution Comments|
DNA | Hoechst Thermo lin Detection
33342 Fisher cat. | 1000 | of live cells
no.: H1399
DNA | Propidium| Invitrogerm lin Detection
iodide (PI)| cat. no.: 1000 of dead
P1304MP cells

Table 2.4Cell viability markers

2.1.2.

2.1.2.1.

A list of all oligonucleotides used throughout this project is provided in the supplementary

material.

concentration. Stored at20 C.

Molecularbiology

Oligonucleotides
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2.1.2.2.

Plasmid
pSGR JRHc WT

Plasmids

Description
Plasmid encoding cell culture
adapted derivative of HC8T2a
SGR driven by a T7 promoter
containing firefly luciferase as a
reporter gene. Plasmid used as ¢
backbone for NS5A cloning.

Reference |
Wakitaet al. (2005)

PSGR JF#- GND

Plasmid encoding for cell culture
adapted HC\G T2 nonstructural
proteins under a T7 promoter.
Contains a GND amino acid pein
specific mutation to GNN within
the active site. As such, inactivatir
the polymerase. Firefly luciferase
used as a reporter gene.

Wakitaet al. (2005)

pVir JFHL ¢ WT

Full length viral HCV genome
encoding for cell culture adapted
derivative of HC\G 2a.

Wakitaet al. (2005)

pVir JEHL - GND

Full length viral HCV genome
encoding cell culture adapted HC
GT2. Contains a GNDGNN
inactivating mutation within the
RNAdependent RNA polymerase

Wakitaet al. (2005)

pVir JFHL ¢ TST NS5A
amino acid insertion site
(Isn)

Isn418
Isn426
Isn431
Isn463

Full infectious virus genome JHH
WT plasmid encoding twin
streptavidin tag within NS5A.

Generated during this
project.

pSGR JFH¢ NS5A eGFP
flanked by linkers amino
acid insertion site (Isn)

Isn463

SGR JFH¢ WT plasmid encoding
enhanced green fluorescent
protein flanked by linkers within
NS5A.

Generated during this
project.

pVir JFHL ¢ NS5A
eGFP flanked by linkers

Isn463

Full infectious virus genome J&H
encoding enhanced green
fluorescent protein within NS5A.

Generated duringhis
project.

pVir JFHL ¢ eGFP FMDV 2£

Full infectious virus genome JiH
WT plasmid downstream of the
pQ! ¢w RSEGlF O2N
enhanced green fluorescent
protein flanked by unique
restrictions sitesMlul and BsiW,

followed by insertion of the foot

Generated during this
project.
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and mouth disease 2A protein pric
to encoding the core protein.

pVir JFHL NS5A mCherry

Isn418

Full infectious virus genome J&H
encoding mCherry fluorescent
protein within NS5A.

Produced by previous
labmember, Douglas
RossThriepland.

pVir JFHL NS5A eGFP

Isn418

Full infectious virus genome J&H
encoding enhanced green
fluorescent protein within NS5A.

Produced by previous
lab member, Douglas
RossThriepland.

pVir JcI NS5A RFP

Isn396

Full infectious virus genome Jcl
encoding red fluorescent protein
within NS5A.

Schalleet al.(2007)

pVir Jcl NS5A GFP

Isn396

Full infectious virus genome Jcl
encoding green fluorescent protei
within NS5A.

Schalleet al. (2007)

pSGR DBN3aWT

Plasmid encoding for cell culture
adapted HCV GT®n-structural
proteins under a T7 promoter.
Contains a CPG low luciferase
whereby, firefly luciferase was
inserted as a reporter gene.
Plasmid used as a backbone foi
NS5A cloning.

Provided by Waret
al. (2020)

pSGR DBN3aGNN

Plasmid encoding for cell culture
adapted HC\GT3 as described by
DBN3a; WT nonstructural

proteins under a T7 promoter.
Contains a GDD amino acid pein
specific mutation to GNN within
the active site. As such, inactivatir
the polymerase. Contains a CP(
low luciferase whereby, firefly
luciferase wasriserted as a
reporter gene.

Provided by Waret
al. (2020)

pVir DBN3ag WT

Full length viral HCV genome.

Constructed be

Ramirez2016)
pSGR DBN3aTST NS5A | SGR DBN3aWT plasmid encodin¢ Generated during this
amino acid insertion site | twin streptavidin tag within NS5A., project.

(Isn)

Isn423
Isn431
Isn436
Isn449

pVir DBN3ag TST NS5A
amino acid insertion site
(Isn)

Isn423
Isn431
Isn436
Isn449

Full infectious virus genome DBN:
¢ WT plasmid encoding twin
streptavidin tag within NS5A.

Generated during this
project.
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pSGRDBN3& NS5A eGFP
amino acid insertion site
(Isn)

Isn423
Isn431
Isn436
Isn449

SGR DBN3aWT plasmid encoding
enhanced green fluorescent
protein within NS5A.

Generated during this
project.

pSGRDBN3a; NS5A eGFP
flanked by linkers amino
acid insertion site (Isn)

Isn423
Isn431
Isn436
Isn449

SGR DBN3aWT plasmid encoding
enhanced green fluorescent
protein flanked by linkers within
NS5A.

Generated during this
project.

pSGRDBN3ag NS5A
methionine at the start of
eGFP

Isn449

SGR DBN3aWT plasmid encoding

methionineupstream of enhanced

green fluorescent protein within
NS5A.

Generated during this
project.

pSGR DBN3aNS5A

SGR DBN3aWT plasmidncoding

Generated during this

hrGFP humanised green fluorescent project.
protein within NS5A.
Isn449
pVir DBN3&a; eGFP FMDV | Full infectious virus genome DBN{ Generated during this
2A ¢ WT plasmid downstream of the project.

pQ! ¢w RSEGI O2N
enhanced green fluorescent
protein flanked by unique
restrictions sitesSpeland SnaB|
followed by insertion of the foot
and mouth disease 2A protein pric
to encoding the core protein.

pMKO.1-Ac5PshrGFPdu6

Used as a template for the
amplification of humanisedenilla

(hr) GFP.

Table 2.5Description of plasmids.

2.1.2.3. Enzymes

2.1.2.3.1. Modifying enzymes
Polymerase chain reaction (PG#R)sconductedusingPhusioffHighFidelity DNA Polymerase

(New England BioLabs, cat. No.: M0530).

52



2.1.2.3.2. Restriction enzymes
1 Restriction enzymes were purchased from New England BioLabs.
1 Quick CIP for stable storage of dephosphorylated pbi enzyme digestioNew

England BioLabs, cat. No: M0525S)

2.1.2.3.3. Quantitative PCR
Reverse transcriptase was conducted usingnaScrigtRT SuperMiXNew England
BioLabs, cat. NoM3010). For quantitative PCR (gP@)Tag® gPGRromega; cat. No: A6001)

was used.

2.1.2.4. Gel extraction
/| 2y RdzOGSR F2ft26Ay3 YI ydzZFl OGdzNBENRA Ay aidND

(New England Biolabs; cat. nd1020Il.

2.1.25. DNA purification
/| 2y RdzOGSR F2tt26Ay3 YIydzFlI OGdzZNBNRa AyaidN

DNA Purification Kit (New England Biolabs; cat. T@010[.

2.1.2.6. In vitro T7 transcription
1 RNAsecure (Invitrogen, cat. No.: AM7Q005)
1 RiboMAX Express T7 transcription (Promega, cat. No.: P1320)
1 To purify transcribed RNA tHRNA Clean and Concentratdy(o;cat. No.: R1014)

was used.
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2.1.3. Cell culture eagents

2.1.3.1. Huh7and Huh7.5 cell lines
alAydrAySR Ay O2YLX SGS 5a9a 05 d#A abMO2 Q&
41965039); DMEM supplemented with 10 % higectivated fetal bovine serum (FBS) (Gibco
cat. No.: 16000044), neessential amino acids 100 X (Gia¢g@at. No.: 11140035), HEPES 1M
(Gibcot, cat. No.: 15630056) and 1 % penicillin and streptomycin 5000 units/mL {Gibab

No.: 15070063).

2.1.3.2. Lx2 cell line
Maintained in complete DMEM; DMEM supplemented with 2% fieattivated FBS

andpenicillinand streptomycin 5000 unitsiL

2.1.3.3. THP1 cell line
Maintained in RPMRoswell Park Memorial Institut&ibcort, cat. No61870010, 1640
Medium GlutaMAX supplement, with 10 % FBS, 1 % heaictivated FBS 1 % penicillin and

streptomycin 5000 units/mL (Gibmzo cat. No.: 15070063).

2.1.3.4. PCLS

Maintained in completed Williams E medfaX 3 Y+ m! f RNA OK 2 %obeati @ b 2

inactivated FBS (Gibrgcat. No.: 16000044), 1%glutamine (Thermo Fisher Scientific, cat. No.:
25030024, 1 % pyruvate (Sigrradrich, cat. NoS8636 and 1 % penicillin and streptomycin

5000 units/mL (Giboo, cat. No.: 15070063).
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2.1.3.4.1. Fibrosisstimulant

Stimulant Concentration Source
TGFi PCLS: Thermo
3ng/mL Fisher cat.
Monolayer and Spheroids: | no.:H1399
10 ng/mL
PGSt Sami PCLS50 ng/mL PeproTech
growth factor (PDGIF cat. no:
100-14B

Table 2.6Fibrosis stimulant reagents.

2.1.3.5. Stable cell line antibiotic treatment
1 Neomycin phosphotransferaseseneticim Selective Antibiotic (G418 Sulfate),
Powder(Gibcot; cat. n0.:1181103) used at 400 ng/in
1 Puromycin Nacetyl transferase Puromycin Dihydrochlorid€rhermo Fisher Scientific;

cat. n0.A1113802 used at Ing/mL

2.1.3.6. Electroporation
1 Cells washed in DEFRBS v/v 0.01 % DEPC (BioBasic; cat. No.: DB0154) diluted in 1X
PBS.
1 Cells were electroporated iBLS Flowgen Electroporation Cuvettes 4mm Long

(Scientific Laboratory Supplies; cat. reBR204).

2.1.3.7. Virus concentration
1 Polyethylene glycdPEGB,000(ThermoScientific Chemicals; cat. n643443.36 was
diluted to 40 % (v/v) using 1X PBS. PEG solution was filtered usirgdMEE
membranes (MMMilliporen; cat. no.: HAWP04700) using t@S200 Air Admiral

Vacuum Pump StatiofColeParmej).
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Supernatant containing virus was filtered using 20syringes (Thermo Scientifig

cat. no0.:S751020) and 0.20rm syringe filter (Fisher Scientific; cat. nb001530)

2.1.3.8. Transfection reagents
Lipofectaminet 2000 (Invitrogem ; cat. n0.11668030).
Lipofectamine RNA iMax (Invitrogem; cat. no.13778100.
Transfections performed i@ibcot Opt-MEM1 Reduced Serum Mediufisher

Scientific; cat. n015392403 or complete DMEM media.

2.1.4. Bacterial cell culture

Ampicillin sodium salt (Amp) purchased from Fisher (cat. 89e52-3). Ampicillin was
reconstituted to 100 mg/rh concentration in dbD and filtered through a 0.22m

filter and stored in20 C. Was used at a working concentration H@0mL

LuriaBertani (LB) broth in 1 L constituted of 10 g tryptone (Millipore; cat. No.: T7293),
5 g yeast extract (Millipore; cat. No.: 70161) and 0.1 M sodium chloride (Fisher
Scientific; cat. No10598630).

LB agar in 1 L constituted of 10 g tryptone, 5 g yeast extract, 0.1 M sodium chloride

and 0.045 M agar (Millipore; cat. No.: 05040).

2.1.5. DNA/RNA analysis
Plasmid isolation from bacterial culture carried out using a Miniprep kit (Mofarch
cat. No.: T1010).

Agarose gel used in DNA gels: 1% (w/v) agarose (Sigiriah; cat. No: A9539)

submerged in Trig\cetate EDTA (TAE) buffer; 10X TAE4 M Tris (Santa Cruz; cat.
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No.:77-86-1), 0.1 % (v/v) glacial acetic acid (Santa Cruz; cat6Md.9-7), 0.013 M

EDTA (Millipore; cat. No.: 324503) and:OM

1 kb ladder used in DNA gels; DNA HyperLaddeeridian Bioscience; cat. No.: BIO
33053).

DNA samples visualised in gels by 6X gel loading dye (New England BioLabs, cat. No:
B7024).

Agarose gel used in RNA gels; 1 % (w/v) agarose, 0.07 % (v/v) 10X MOPS (0.2 M MOPS
(Sigma Aldrich; cat. No.: M1254), 0.5 M EDTA, 1 M sodium acetate (Sigma Aldrich; cat.
No.: 12709-3), 0.04% (v/v) formaldehyde (Sigrkdrich; cat. Non: F8775) and #B)
submerged in DERP@HO (0.001 % DEPC (BioBasic; cat. No.: DB0154)).

500 bp used in RNA gels; ss RNA Ladder (New England BioLabs, cat. No: N0362S).
RNA samples visualised with 2X RNA Gel Loading Dye (New England BioLabs, cat. No:
B0363S).

10,000X SYBR Safe (Theffsher Scientific, cat. No: S33102) used as gel stain.
Purification and extraction of DNA from agarose gels was performed using a Gel

Extraction kit (Monarch cat. No.: T1020).

2.1.6. RNA extraction

Samples lysed byRIzak Reagen{Invitrogen; cat. no.:15596026.

RNA isolated using chloroform (Thermo Scientific Chemicals; ca@7@6:3).
RNA precipitation conducted using 100% isopropanol and glycddpemnio
Scientifiat; cat. no.:11873933.

Wash competed using 75 % ethanol (v/v).

DNAase treatmenfTURBO DN#&keex Kit (Invitrogemn; cat. no..AM1907%.

Reaction conducted with the BIRAD CFX ConnacRealTime System.
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2.1.7.  Western blotting

Colour Prestained Protein Standard purchased form New England BioLabs (cat. No.:
P7719).

Running buffer constituted of 5X SBPBGEO.25M Tris, 1.92 M glycine (SigiAldrich;
cat. No.: G8790) and 0.5 % (w/v) SDS (Sjlahach; cat. No.: 75746) .

Sample loading dye constituted 5x reducing -$B&H.aemmli buffey(5 mb) 2 mL

10 % SDS, 2lnglycerol (Sigm&ldrich; cat. No.: 581-5), 0.5 nbLi -mercaptoethanol
(SigmaAldrich; cat. No.: 6@4-2), 0.6 n.1 M TrisHCI (Promega; cat. No.: H5123) pH
6.8, trace of bromophenol blue to colour (Sigikrich; cat. No.: 1139-9).

SDS resolving gel was produced with 30 % acrylamide (Thistle Scientific; cat. No.: SBL
20-210010), 1.5 M TrigdCl, 10 % SDS, 10 % ammonium persulfate (APS) and
Tetramethylethylenediamine (TEMED). SDS stacking gel was produced with 30 %
acrylamide, 1 M TrisiCl, 10 % SDS, 10 % ammonium persulfate (APS -Sidrich,
cat. no.:A3678) and TEMED.

PVDF membrane was purchased from Amershatybond® Western blotting
membranes (Cat. No.: GE10600023) and activated in methanol (Bilgimeh; cat.

No.: 6756-1)

SD&yels were transferred to PVDF membranes using thick filter paper (Thermo
Scientifiot; cat. No.: 88620).

Towbin transfer buffer constituted of 25 mM Tris, 192 mM glycine, 20 % (v/v)
methanol.

TBST wash buffer constituted of 10X bufféd50 mM Tris, 1.37 M NaCl (Fisher
Scientific; cat. No.: 10326390), 1 % Tw@en(SigmaAldrich; cat. No.: 90064-5), pH

to 7.5 with concentrated HCI (Sigmddrich; cat. No.: 76401-0).
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Blocking buffer contained 50 % Interc8ptBS) Blocking Buffer{LOR; cat. no.: 927
60001) diluted in 1X TBS.
Protein transferred to membranes via the TreBiet Turbo (BieRad).

Western blots visualised on the LICOR Odyssey Sa.

2.1.8. Immunofluorescence

Fixed in 4 % paraformaldehyde (v/v, Sigma Aldrich; cat4@6089.
Blocking with 3 % bovine serum albumin (BSA, Roche: caB1iy.05700] diluted in

1X PBS.

2.1.8.1. Focus forming assay quantification
Permeabilisation solution: 0.1 % (v/v) TritoriQ0 (SigmaAldrich; cat. no.:
9036:19-5) in 1X PBS.
Washing in 1X PBS.

Microscope: Sartorius IncuCyte S3

2.1.8.2. Spheroids
Positioned onto glass slides using GeneFrames (Thermo Sciertdic no..AB0576.
VECTASHIELD® Antifade Mounting Meduautor Laboratories; cat. nd+1000-10).

Visualised using th&iess LSM880 inverted confocal microscope.

2.1.8.3. Precision cut liver slices
Antigen retrieval performed using0 mM Tris (1.21), 1mM EDTA (0.3@), Tween 20
(0.5mL), 1000mL dH20, pH 9.

Washing in 1X TBS with 0.1 % TritetOR (v/v).
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Prolong Golddntifademountant (Thermo Fisher: cat. né?36934.
Hoechst solution diluted in TBSiton.
Microscope: Ziess LSM880 inverted confocal@ad Zeiss LSM980 MP AiryScan@

multiphoton.

2.1.9. Histology staining

Dehydrate in alcohol 100 % and Alcohol 70 %.

Counterstainira @ SNJ & | SYI (SigmaAldkigh; cdt. hd.MEHEI2 v

2.1.9.1. h{al
To block endogenous peroxides used methanol and 2 % Hydrogen peroxide-(Sigma
Aldrich; cat. no.: H1009).
Antigen unmasking solution, sodium citrate buffer (Vector Laboratories; cat. no.:
H3300)and Vector ABC tertiary (Vector Laboratories; cat. no.7H)0);(4.96rL
vector solutionand 500 mL water.
Washes completed in 1X PBS.
Avidin/Biotin Blocking kifVector Laboratories; cat. no.: 2P01).
Antibody blocking completed in 20% pig serum (Serotec; cat. no.: C15SB) diluted in
PBS.
Monoclonal Antil O (i ASyhdothMuscle FITC antibody produced in mouse, 10
per slide.
Biotinylated antifluorescein made in goat (Vector Laboratories; cat. no-0B@1)
diluted in 1 % pig serum.
DAB mix (Vector Laboratories; cat. no.:43K,) Mix 2 drops buffer, 4 drops DAB, 2

drops hydrogen peroxide to 5loof dHO.
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{O020G0Qa ¢ LI g (S NI3g200deash aftgr caurfitedstai®. T O G @ vy
Clearing conducted using Clearene Solwgthteica; cat. no.: REF: 3803620e).

Mounted using Pertex (Leica; cat. no.: 08709E).

2.1.9.2. PicroSirius Red
Wash in d:O.
Hydrate treated with0.2 % phospho molybdic ac{@upelco.; cat. n0Z9560.
Stained withPicroSirius RedAbcam; cat. noab246832 and rinsed if0.01% HCI
Wash in running tap water after counterstain.
Clearing conducted in Xylene (Thermo Scientific Chemicals; cat1i3817.AP

Mounted using DXP (Merckat. no.:06522).

2.1.10. lactateDehydrogenase (LDH)

CyQUANT LDH Cytotoxicity Asssyper manufactures instructions (Invitrogen; cat.
no.: C20300.
Absorbance was read on thélter Max F5 MultMode Microplate reader, measured

at 490 + 680 nm wavelength.

2.1.11. Aspartate AminotransferagAST)

AST Activity Assay Kis per manufactures instructions (Merck; cat. MAKO059.
Absorbance was read on thélter Max F5 MultMode Microplate reader, measured

at 450 nm wavelength.

2.1.12. Enzymelinkedimmunosorbent assay (ELISA)

Completed as per manufactures instructions R&D Systems.
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Wash solution; 1X PBS with 0.05 % Tween.

Stop solution26.7mL of HZSGt and 473.3mLdH:O.
Reagent diluent; 1 % BSA in PBS.

Human Albumin detection (R&D Systems; cat. D¥.1455.
Human Col1A1l detection (R&D Systems; cat.Dg6822605).

Tecaninfinite 200 Preplate reader between wavelengths of 46t ¢ 570nm.

2.1.13. Resazurin cell viability

Completed as per manufacturers instructions (Abcam; cat. no.: ab145513).

2.1.14. Immunoprecipitation and protein purification

Cell lysed using Glasgow Lysis Buffer (GLB) prepared from 2X concentration; 20 mM
PIPES (Sigma Aldrich; cat. 6757, 240 mM KCI (Sigma Aldrich; cat. R854), 60

mM NacCl, 10 mM Mgg&(Sigma Aldrich; cat. ndMi2670), 2% Triton .00 (v/v) and

20% glycerol (v/v), pH 7.2. Protease inhibitors includg/inL leupeptin (Sigma

Aldrich; cat. n0.62070, 1ng/mL pepstain A (Roche; cat. nd.025328600}, 2ng/mL
Aprotinin (Roche; cat. no1:023662400)and 0.2 mMPefabloc® S@Roche; cat. no.:
1142986800) Phosphatase inhibitors include 1 mM EDTA, 2 miW/8aSigma

Aldrich; cat. n0.S6508 and 5 mM sodium pyrophosphate (Supelco.; cat. no.:
PHR2205

Wash buffer 10X Buffer W produced by IBA Lifesciences (cat.2fid03-100)
containingl00 mM TrisCl 150mM NaCl and mM EDTAliluted in dHO.
High salt wash consisting of 10X Buffer W diluted igOdiith1 M NaChnd2 % Triton

X-100(v/v).
Sepharose suspension bea@srepTactim Sepharose Resin(IBA Lifesciences; cat.

no.:2-1201-010).
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Magnetic beadsMagStrep "type 3" X{IBA Lifesciences; cat. n@-:4090002).

Eluted in 10 % SDS.

2.1.15. Luciferase assay

Firefly and Renilla Luciferase Single Tube Assay Kit (Biotium, cat. No.: 30081).
5X Passive Lysis Buffer (Promega; cat.E94D diluted in dHO.

FLUORstar Omega microplate reader (BMG LABTECH).

2.1.16. Software

Benchling used for sequence analysis.

Figures werereatedusing BioRenderom

ImageStudio (ECOR, 2017) were used for image processing of western blots.
GraphPad PrismV/ersion 10.1.pused for graphic design and statistical analysis.
Sartoriusncucyte® S3 Live Cell Analysis Sy$t@®18Bused for IncuCyte S3 image
analysis.

ZEN software (Zeiss) was used for the analysis of immunofluorescence images.
ImageJ (Fiji) used to analysis spheroid segmentation using the Spheroidd plug
(Lacalle et al., 2021)

Proteome Discover (Version 2.4) was used to integrate all the data for quantitative
analysis of L&MS/MS resultsData vassearched using Mascot against theman
databasg(downloadfrom UniProt05/03/23).

Tecan4control to analyse ELISA results.

OPTIMA Software was used to perform luciferase assay readings.

SoftMax Pro 6.5.fvas used to perform AST assay readings.
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2.2.Methods

2.2.1. Molecular cloning

2.2.1.1. Restriction cloning
Restriction cloningvas accomplished using restriction enzyme sites withind&dl and
DBN3a WT SGidd virus plasmidsOligonucleotide sequences are listed in #yependix For
insertioninto the C terminus of NS5Aestriction sitesBsiW andBspHl were usedfor DBN3a
and, BamHIland Afelwas used for JFH plasmids Primers were produced by Integrated DNA

Technologies.

2.2.1.2. DNA amplification

Polymerase chain reaction (PCR) was conducted using PhusioFittidjty (HF) DNA
Polymerase and performed as per manufacturers instructions. PCR components and PCR cycling
conditions are outlined foa 2step and 3step PCR primer amplificatiofTable 2.7, 2.8, 2,9
2.10. Successful PCR reactions were confirmed by w@liproducts by agarose gel
electrophoresis and underwent gel extraction prior to restriction digestion and bacterial
transformation.Restriction digest was performed using restrictemezymes flanking the region
being cloned into the vector, outlined below. Quick CIP treatment was conducted on the DNA

of the vector to inhibit seHigation.

64



Component Volume M)

Forward Primer 2.5 (10mv)
Reverse Primer 2.5 (10mv)
5X High Fidelity Buffer 10
dNTPs (deoxyribonucleotid¢ 1 (1QriM)
triphosphate)
Phusion 0.5
Template DNA 1 (10 ngi)
dH.0 32.5
Total 50

Table 2.7Round 1 of 2step PCRimplification.

Forward PCR reaction; forward primer of oligonucleotides containing the upstream restriction site and
the beginning of the twin streptavidin tag (TST) sequence and reverse primer being the oligonucleotides
from the SGReontaining the complementary restriction site sequence. Reverse PCR reaction; reverse
primer of oligonucleotides containing the downstream restriction site and end of the TST sequence and
the forward primer sequence being the oligonucleotides from 8®Rcontaining the complementary

restriction site sequence. In both cases the template DNA would be the TST sequence.

Component Volume M)

Forward Primer 2.5 (10mv)
Reverse Primer 2.5 (10mM)
Forward Template 1 (10 ng)
Reverse Template 1 (10 ngi)
5X High Fidelity Buffer 10
dNTPs (deoxyribonucleotid¢ 1 (10riV)
triphosphate)
Phusion 0.5
dH.0O 315
Total 50

Table 2.8Round 2 of 2step PCR amplification.
Forward and reverse primers refer to tl8GRoligonucleotides. Forward and reverse template refer to

the PCR products from round 1.
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Component Volume M)

Forward Primer 2.5 (10mv)
Reverse Primer 2.5 (10mv)
Forward Template 1 (10 ngm)
Reverse Template 1 (10 ng)
5X High Fidelity Buffer 10
dNTPs (deoxyribonucleotid¢ 1 (1ariM)
triphosphate)
Phusion 0.5
dH0 315
Total 50

Table 2.9Round 3 of 3step PCR amplification.
Forward and reverse primers refer to tl8GRoligonucleotides. Forward and reverse template refer to

the PCR products from round 2 and the last individual product of step 1.

Step Temp Time
Denature 98 C 30 secs
Denature 98 C 10 secs
Touchdown PCR Anneal 72 Cc62 C 30 secs
Scycles Extend 72°C 1 minute per kb
Denature 98 C 10 secs
30 cycles Anneal 62 C 30 secs
Extend 72 C 1 minute per kb
Anneal Primer dependent 30 secs
Extend 72 C 1 minute
per kb

Table 2.1PCR cycle conditions.

2.2.1.3. Insertion of twirstreptavidin tag
2-Step PCR was completed for the insertion of, B&iplifying the regions downstream
of the BsiW through the TST tag, and upstream of tBspEthrough the TST tag. This created
an overlapping region with the TST nucleotide sequence allowing both PCR fragments to be
combined(Figure 2.1)All PCR amplification concerning the cloning within NS5A was conducted
using the WT SGR plasmids. Once a construct was successfully produced, NS5A from the SGR
was cut out of the SGR and inserted into the viral plasmiel uthe presence of the same

restriction sites.
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Step 1 PCR BsiW! Rvs Primer Rvs Primer

TST -
-7 TST
wd Primer :
F Fwd Primer BspEl
Forward PCR product
Step 2 PCR from Step 1 . SCR oroduct Rvs Primer
o everse proau :

—_— from Step 1
Fwd Primer _

Figure 2.12-step PCR amplification.
Diagram outlining the requirements of two different PCR amplifications in step 1; individual amplifications
required for the forward and reverse primers. Step 2 outlining the combining of two PCR products from

step-1 to one product due to the overlappingin streptavidin sequences.

2.2.1.4. Insertionof fluorescent protein tags
A 3step PCR amplification was conducted when inserting larger genes such as green

fluorescent protein (GFP).

2.2.1.5. Insertion into NS5A
The primary PCR reactions created fragments amplifying the regions downstreamBxittie
through to the start of GFP, a second fragment amplified the region upstream dBsp&
through to the end of GFP. A third fragment amplified the complete GFP ORF. Overlapping
regions were created flanking GFP and allowing PCR fragments to be cofffgued 2.2)PCR

amplification step 1 and 2 are the same as PCR amplification of the TST.
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Step 1 PCR

Product 1 Product 2 Product 3
BsiWI Rvs Primer Rvs Primer Rvs Primer
P s
ﬁ 'ﬁ
Fwd Primer Fwd Primer Fwd Primer BspEl
Step 2 PCR Product 2 Rvs Prlmy
Product 1 l
>
Fwd Primer PCR Product from Step 2 PCR
Step 3 PCR PCR Product from Step 2 PCR Rvs Primer
Product 3
Fwd Primer: l

Figure 2.23-step PCR amplification.

Diagram outlining the requirements of three different PCR amplifications in step 1; individual
amplifications of three products required for the forward and reverse primers. Step 2 outlining the
combining of two PCR products from steégo one product dudo the overlapping green fluorescent
protein (GFP) sequences. Step 3 outlining the combining of three PCR products from Step 1 and Step 2 to

one product due to the overlapping GFP sequences.

2.2.1.6. Insertionof upstream of viral polyprotein translation

¢KS LINAYEFENE t/w NBFOGAZYya ONBFGSR TN} AYSy
core region (amplified from the SGR containing the luciferase reporter gene upstream of the
non-structural proteins), enhanced GKEGFPWwith flanking unique restriction sites between
ydzOft S20ARSa FNRBY GKS pQ! ¢w RStEdGl O2NB FyR &t
of the FMDV 2A with the unique restriction site before the core protein redigure 2.3)
Restriction sites introduced varied dependent on theé\HGT; JFHMIul and Bgllland, DBN3a
SpelandBglll PCR amplification step 1 and 2 are the same as PCR amplification of the TST and,
step 3 PCR amplification was the same as the step 3 amplification of GFP however, viral

oligonucleotides sequences were used.
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Step 1 PCR

Product 1 Product 2 . Product 3
Rvs Primer
RE1 Rvs Primer
- Unigue RE / s
5’UTR + delta core region ’ L
— i
Fwd Primer Fwd Primer Fwd Primer RE 2
Step 2 PCR Rvs Primer
Product 2 i v
Product 1 | l
Fwd Primer -
PCR Product from Step 2 PCR
| |
Step 3 PCR PCR Product from Step 2 PCR .
— | | Rvs Primer
1 Product 3
Fwd Primer l | |

Figure 2.3-step PCR amplification to insert GFP and FMDV 2A sequences.

Diagram outlining the requirements of two different PCR amplifications in step 1; individual amplifications

of three products required for the forward and reverse primers. Product 2 introduced unique restriction

sites flanking green fluorescent protein @Fnd the foot and mouth disease virus (FMDV) 2A sequence

FG GKS 0Q SyYyR® {GSLI v 2dzif Ay Ay 3-1ikre praidcydudity'they 3 2 F
overlapping GFP sequences. Step 3 outlining the combining of three PCR products fromn8t&pep 2

to one product due to the overlapping GFP and FMDV 2A sequences.

2.2.2. DNA digest

DNA was digested based on the existence of restriction sites and the use of restriction
enzymesWhen producing DNA to perforin vitro transcription,5 ¢ 8 ng of DNA was digested
utilising the restriction sitXbalto linearise the plasmidThe reaction wamcubatedat 37 C for
3 h. When digesting PCR products, all DNA harvested from the PCR reaction was digested.
Digested DNA products were visualised by agarose gel electrophoresis prior to DNA gel

extraction.
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2.2.2.1. Agarose gel electrophoresis

PCR products and digested DNA were visualised on gels consisting 24 (w/v)
agarose, 10,000X SYBR Safe gel stain in 1X TAE. Samples were mixed with 6X gel loading dye anc
loaded into a gel submerged in 1X TAE. An additional well was loaded with Beddid DNA
Ladder Electrophoresis was performed at 80 V to allow appropriate separation of desired
fragments. If requiredgel extraction was completed using Monarch Gel Extraction Kit.

In vitrotranscribed RNA quality was assessed and visualised on gels consistq®?) %f 1
(w/v) agarose. Once components were dissolved 0.04 % (v/v) formaldehyde and 10,000X SYBR
Safe gel staiwere added Ss RNA Ladder anaglof sample was mixed with 2X RNA Gel Loading
Dye prior to denaturation at 85C for 5 minutes. All samples and ladder were loaded into a gel
submerged in DEP@H,O and 0.1 % (v/v) 10X MOPS. Electrophoresis was performed at 60 V to

allow appropriate separation.

2.2.3. Insert and vector ligation

The PCR produgfinsert) and plasmids (vectorvas digested bylanking restriction,
sitesBsiW andBspEwith the restriction enzyme buffer 3.{NEB) After the digest incubation
was complete, Quick CIP wasdad as per manufacturer instructiongor stable storage of
dephosphorylated DNALigation reaction requires afdld molar excess of the insert with total
DNA not exceeding 100 ii@able 2.11)Reaction was pipetted 120 times prior to the addition

of DH® (50m) and completion of the bacteriatdnsformation protocol.
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Component Volume ()

Instant Stickyend Ligase Master Miy 5
(New England BiolLabs, cat. Nc
M0370S)
Vector X
Insert y
deO Z
Total 10

Table 2.11Components of ligatiorreaction.

2.2.4. Bacterial transformation

50 m of Endura Competent or DEXells were incubated on ice for 30 minutes with a
maximum 10 ng of DNA prior to heat shocking at@Zor 1 minute. Bacteria returned to ice for
2 minutes prior to the addition of 3661 of LB broth and 1 h recovery incubation at 3Z with
agitation at 180 revolutions per minu{gpm). Cells were plated on LB agar plates containing the
appropriate antibiotic for a final incubation at 3 overnight. However, if transforming the
HCV plasmids post ligatio®50 m of LB Iboth was added after heat shocking, recovery

incubation was extended to Band the final incubation was 3@ for 16h.

2.2.5. In vitrotranscription and RNA preparation

Prior toin vitro transcription, linearized DNA was puriieising the Monarch Genomic
DNA Purification Kiflo inactivate RNases prioritovitro T7 transcription, Irg of purified DNA
(DNA template) was treated with RNAsecubmce all components of the RNAsecure reaction
were added, DNA templates were placeda®0 C heat block for 10 minutes and then cooled
on ice before completion of RiboMAX Express T7 transcription as per manufacturer instructions
(Table 2.12)Note; an exception to the manufacturer instructiorthe incubation at 37 Cwas
increasedo 2hinstead of 30 minutes. The DNA template was digesta DNase (also included
in the kit) whereby, Il of DNase was aldd followed by a second incubation at 3T for 15

minutes. RNA was further purified using the Zymo RNA Clean and Concetkitassr per
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manufacturer instructions. RNA concentration was determined by NanoDrop and were stored

at¢ 80 C.

Component Volume M)

RNAsecure 1
RNase free water X
DNA Template y
Total 8

Table 2.12RNAsecure reaction components.

2.2.6. Plasmid isolation

Single colonies were selected from LB agar plates using a pipette tip and placed directly
into 10 mL LB broth containing 169/mL of the appropriate antibiotic and incubated overnight
at 37 C (or 30 C ifHCV plasmidand agitated at 180 RPM. Smsthle isolation of the plasmid
was completed using the Moneh Plasmid Miniprep Kit (cat. No.: T1010S) as per manufacturer
instructions. Successful cloning was confirmed by Sanger sequencing provided by Genewiz.

Plasmid DNA concentration was determined by NanoDrop.

2.2.7. Maintenance of eukaryotic cell lines

2.2.7.1. Adherent cell lines
All adherent cell lines (Huh7/Huh7.5A2Xwere maintained in either T25, T75 or7BL
flasks at 37 C with 5 % COCells were grown to 80 % confluency prior to splitting. To detach
cells from the flask, cells were washed with 1Q PBS (Phosphate Buffered Saline) before
incubating withl X trypsin (Giboo, cat. No.: 25200072) for 5 minutas 37 C. Subsequently,
cells were transferred into a falcon and pelleted by centrifugin@28i0x RPMfor 3 minutes.

Cells were resuspended in fresh cell culture media
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2.2.7.2. Establishment of bmonolayer cultures
BF monolayer cecultures were conducted with Huh7 and-RXells only. All cultures
were performed as a 1:1 ratio when seeding cells with cells cultured withid ¢ofnplete
DMEM media. -2 completed DMEM media was used due to reduced presence of FB®# (2%
comparison to the Huh7 complete DMEM media (10% FBS). Number of cells was determined by
the well size (Table 3), cells were mixed within the well prior to incubation foaHlowing

adherence of cells (or 780% confluency) prior to performing expaents.

2.2.7.3. Suspension cell lines
Suspension cell line (THP1) were maintaineeitimer T75(maximum volume of 20 mL)
or TI75 (maximum volume of 35 Ihflasks at 37C with 5 % Cntil roughly 1.5 x 1&ells/mL
Volume was monitored to ensure maximum gas exchange. Welstransferred into a falcon
and pelleted by centrifuging &00 x RPMfor 3 minutes. Cells were resuspended in fresh cell

culture media(Table 2.13)

2.2.8. Cell seeding densities

0.5x 16
0.03 x 10
0.05 x 16
0.1x 16
0.3x 10

Table 2.13Vlonolayer seeding cell densities.

Numbers of cells seeded dependent on the size of well used, unless otherwise stated.
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2.2.9. Precision cut liver slices (PCLS)

2.2.9.1. Obtaining human liver tissue
Obtained normal resection margin surrounding colorectal metastasisplus to
pathology requirements, fronadult patients undergoing surgical resection at the Freeman
Hospital b S ¢ O & i f S m dyLEzhicsagpdwalSHumah Wer tissusvas obtained under
full ethical approval from the NovoPath Biobank Newcastle, (REC reference: 22/NE/0054,
approved 12/04/2022F y R dza SR & dzo 2SO0l U 2PCL® waggdnératadithinNA G {

2 h post-hepatectomy.

2.2.9.2. Generating PCLS
Conducted by Dr Hannah Paish as described within [Rash(2019) Liver tissue was
cut into 8 mm cores embedded into low melting agarose allowing the cutting of tissue into 250

mm slices. Slices were selected for further culturing if no tears were present.

2.2.93. Maintaining PCLS
Maintained withiny Tk Y 1 LJ2 NB ¢ NJn ¢ @adlifietl fissua gliu® pliitei(BioR
plate) and rocked on the bioreactor platform (patent PCT/GB2016/053310) at a flow rate of

18.136 pL/secMedia was changed dalily.

2.2.10. Production of spheroids

Spheroids were produced using the lattachment surface and static culture method
(Kouroupis & Correa, 2021ih correspondence to the protocol conducted within Prof. Oakley
research groupPrior to cell seeding,-bottom 96 well plates were coated with low melting
agarose by aliquoting 106 of agarose per well and knocking the agarose out of the 96 well

plate within the tissue culture hood. Plates were left to dry within the hood for a minimum of
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10 minutes prior to seeding cells. Spheroids were produced using celiOper well using X
2 preferred DMEM media. When producing mixed cell cultures, a 1:1 ratio of cells was seeded;

5 x 1@ cells of each cell type. All wells contained a final volume ofi @@edia.

2.2.11. Electroporation of eukaryotic cell lines

Performed for the insertion of the viral genome; SGR to measure genome replication or,
the full viral genome to propagate virus. Cells were trypsinised and resuspended in complete
media prior to counting cells. Cells were washed twice by centrifugatia®@ RPM for 3 mins
using cold DEREBS. After the final wash step, cells were resuspendeathieve0.5 x 107
cells/mL concentration Utilising a cold electroporation cuvette, 460of cells was added with
RNA. Cells were electroporated usisguare wae 260V/25ms/1Pulseand immediately

resuspended in 11.6 bof warm complete media.

2.2.11.1. Subgenomic replicon
Per electroporation, 2ng of RNA was used. After resuspension, cells were seeded
dependent on the downstream analysis. Luciferase assays and fluorescent protein observations
were conducted within flat bottom 96 well plates with 18Dper well. SGR stable cell lines were

initially established in 6 well plates with 2per well.

2.2.11.2. Virus propagation
Per electroporation, 5mg of RNA was used. After resuspension cells from two
electroporations were pooled and placed in a T175 flask before being immediately transferred
to the BSL3 facility. Media was replaced 72 post electroporation and cells were further
cultured to 144h post electroporation. All media collected was stored af4nd titre analysed

by focus forming assay (FFA) or was concentrated using PEG centrifugation.
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2.2.12. Transfection of eukaryotic cell lines

Comparison of transfection reagents, Lipofectamine 2000 or RNA iMax, efficiency was
compared for the siRNA knockdown experiments. At approximately da@st seeding 1 x 20
cells per well of a 12 well plate (or 0% confluency), transfection was performed.
Lipofectamine 2000 or RNA iMax lipofection, was performed as per manufacturers instructions.
Volumes of OptMEM and transfection reagent was calculated for a 12-plalle. If changing
media 4h post transfection, transfection reagent was performedipt-MEM. If media was not
to be changed postransfection, transfection reagent was performed in complete Huh7 cell

DMEM media.

2.2.13. Luciferase reporter assays

Cells were lysed using 1X Passive Lysis Buffer for a minimum of 10 minutes, long term
storage of lysed cells a0 C.50 n of cells lysed in passive lysis buffer were transferred to a
white 96 well plate prior to the addition of the luciferase reagesttifl) directly before insertion
into the FLUORstar Omega microplate reaatenoom temperature Plates were read for a total

of 3.5 seconds with 0.5 second intervals.

2.2.14. Fluorescent reporter assays

Fluorescent assays were observed using the IncuCyte S3. Analysing the expression of
protein fluoresce overtime, monolayer cells were visualised froim pbst cell seeding@nd
images acquired at-Aour intervals maintained within the IncuCyte S3. If observing protein
fluorescence at 24 hour intervals and collecting cell lysates to analyse the expression of

luciferase, cells were imaged directly before lysing cells. Anallisigges was performed using
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the SartoriudncuCyte® S3 Live Cell Analysis Systeéonoss different biological repeats the same

software analysis parameters was used; IncuCyte parameters outlined in the Appendix.

2.2.15. Establishment of stable cell lines

Cells were treated with antibiotic for 2 weeks to selectively grow cells containing the

antibiotic resistance gene. If cells reached confluency, they were placed in a larger flask or split.

Completion of siRNA transfections and cell harvests are condatiedst one week after initial
FYGAOA2GA0 GNBFGYSY(ld y2i G2 AYGSNFSNB 6AiGK

instructions.

2.2.16. Concentratiorof virus stocks

Performed adapting the protocol outlined tyaktashet al. (2019) PEG 8000 was
resuspended to a 40% concentration with 1X PBS (v:v) prior to filtration and storage of the
solution at 4C. Within BSB, virus supernatant was filtered using Oéh filters and syringes.
Using 50 rfalcons and a maximum concentration of 4Q,mirus was concentrated using a
final concentration of 8% PEG (v:v), which was mixed and storeatvkrnight prior to pellet
formation the following day at 5000 RPM for 25 minutes &t 4lf pooling multiple virus pellets,
10 mL of supernatant remained, and pellet was resuspended prior to pooling multiple pellets
into one falcon. A final centrifugation was completed at 5000 RPM for 15 minute€athal

pellets were resuspended in 1 mL 1X PBS and stor@@ ak. Virus titre was determined by FFA.

2.2.17. Determining virus titre by focus forming assay

FFAs were performed on monolayers of Huh7.5 cells seeded into 96 well plates. Serial
dilutions of virus inoculum was performed in complete DMEM media for Huh7.5 cells. If

performing a FFA using virus supernatant not concentrated, 100% of virus inoculusoleests
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as the highest titre. If performing a FFA on concentrated virus stocks resuspended in PBS, the
highest virus titre was diluted to 25% (v:v) with complete DMEM prior to performing serial
dilutions. The assay was incubated for 8after which cells were washed with 1X PBS and
formaldehyde fixed for 30 minutes. Detection of virus infected cells was conducted by
immunofluorescence staining of cells, described below in section 2.2.5.1. Virus titres were

calculated using the followingquation:

2.2.18. Virus infections

All completed in the biological safety level 3 laboratory (BSL

2.2.18.1. Mono- and bi monolayer cultures

Cells were seeded into the appropriate well size and incubated toraHowing cell
adherence. Virus (MOI 0.2) aridGF (10 ng/ml) treatment dilutions were performed in
complete DMEM, dependent to the cell types present, to an MOITx€atment of cells with
TGHF acted as a positive control to stimuldfierosis pathwayswhen comparing HCV infection
in the presence of L-X cells, all infections were conducted usingd.complete DMEM media.
Virus inoculum was aliquoted into 100(96 well plate), 20&1 (24 well plate) or 5061 (12 well
plate). If analysing the cell growth of the adherent monolayer, cells were incubated within the
IncuCyteS3 and images were acquired at 4 hour intervals. Virus infected cells were incubated
for 72 h. p. i prior to cell washing cells in 1X PBS and cell harvest via formaldehyde fixation or
cell lysis methods for 30 minutes.

When comparing differences between HGWT infection efficiency, Huh7 cells were
seeded into 24 well plates using Huh7 cell complete DMEM media. Prior to inoculation, media
was removed and placed with 108 media per well. Virus (MOI 0.2) addGF (10 ng/ml)

treatment dilutions were performed in complete DMEM for Huh7 cells andrd@diquots were
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placed in the relevant wells. Virus was adsorbed onto cells aC3fbr 4h prior to removal of

virus inoculating media, replaced with fresh complete DMEM media. At each timepoint (4 h/ 8
h/ 24 h/ 48 h/ and 72 h post infection). Supernatant was collected and stored@td perform

FFAs and cells were washed with 1X PBS prior to formaldehyde fixation or cell lysis methods for

30 minutes.

2.2.18.2. Tri culture of mixed monolayer and suspensinttures

All cells were cultured at a 1:1:1 ratio, within a 12 well plate, each cell type was seeded
at a 0.5 x 18cell density per well. To ensure all cells were cultured in the THP1 RPMI complete
media, Huh7 and L-X cells were pelleted and resuspended in complete RPMI media. Adherent
monolayer cells were directly placed into the 12 well plate, THP1 suspensiowerplaced
in a 24 well plate, all cells were incubated at & for 4h allowing cell adhesion of monolayer
cultures. Prior to cell infection, THR&lls were combined to the monolayer culture and the total
volume per well 1 ma Virus (MOI 0.2) andGF (10 ng/ml) dilutions were performed in
complete RPMI media and virus inoculum was aliquoted inta@@@r well. If analysing the cell
growth of the adherent monolayer, cells were incubated within the IncuCyte S3 and images
were acquired at 4 hour intervals. Virus infected cells were incubated for 72 hpi prior to removal
of media and THP1 cells. Adheremals were in 1X PBS and cells harvestedoriadldehyde

fixation or cell lysis methods.

2.2.18.3. Spheroid
Post seeding, cells were directly taken to 8SVirus (MOI 0.2) anfiGF (10 ng/ml)
dilutions were performed in complete RPMI media and inoculum was aliquoted intd p€r
well. Cells directly incubated within the IncuCyte S3 and images were acquired at 4 hour

intervals. Posinfection, live celktainingof spheroids was performed or media was removed
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and spheroids washed in 1X PBS prior to spheroid havieefbrmaldehyde fixation or cell lysis

methods.

2.2.18.4. PCLS

Prior to infection of PCLS, the slices were rested fdr d@st slice generation to reduce
mechanical stress from cutting the tissue altering results observed within PCLS. Virus (MOI 0.06)
dilution was performed in 1X PBS dfifatotic stimulated (Fib. Stim) control treatmentEGH
(10 ng/m) and PDGF (3 nglihdilutions were performed in complete Williams E media. To
control for the addition of PBS to the infected PCLS, all dual wells of PCLS were cultured in PBS
for 4 hour virus inoculation incubation. Concerning infected PCLS, all media was removed and
replaced with 2.5 ni. media, slices were inoculated with 5@0virus containing PBS. Fib. Stim
PCLS had all media removed and replaced with the iT&kd PDGF containing medi2.5 nh)
and 500m 1X PBSThe mock control had complete media replacement of Bl5and the
addition of500m 1X PBDuring the inoculation, PCLS returned to the rocker until 4 h.p.i, when
all media was replaced on PCLS with I3complete Williams E, except the Fib. Stim sample
which was cultured in the presence of F&Fand PDGF for the reminder of the experiment.
Media was changed daily. PCLS were harvested 72 h.p.i. via TriZol for 30 minutes or
formaldehyde fixation. PCLS were directly formaldehfiged and inactivated for 48 prior to
removal from BSB. PCLS fixation was completed by collecting transwells containing the PCLS,
dabbing excess media off the bottom of transwells with tissue prior to submerging the full
transwell containing PCLS in 1X PBS to wash the slice. BB&s#gs removed by dabbing the
transwell on tissue and following by inactivation by submerging the transwell and slice in

formaldehyde.
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2.2.19. Determining soluble factors by conditioned media
experiments

To investigate soluble factors released by Huh7 cells during HCV infection, Huh7 cells
were pelleted and resuspended in completed DMEM fo2liKto a 12 well plate. Huh7 cells
were infected with HCV or treated with TGFwithin BSE3, 4h post seeding. Supernatant of
Huh7 cells was collected 72 h.p.i and cell debris was removed from the supernatant via a syringe
and 0.20mm filter. Media was removed from EXcells, which had been seeded into a 48 well
plate 4h prior, and directly treated with 100 % supernatant collected from Huh7 cells termed
as conditioned media. To control for media quality and a direct fibrosis stimulated control
sample, LX cells were cultured in fresh DMEM complete media, a@Fi diluted in DMEM
complete media. L= cells were incubated in the IncuCyte S3 allowing cell growth analysis,

images acquired at 4 hour intervals.

2.2.20. Immunofluorescence

2.2.20.1. Monolayer
After fixation, cells were washed with PBS three times and permeabilization solution
was applied to the monolayer for 7 mins prior to washing cells and incubation of sheep anti
NS5A serum in BSA blocking buffer for A..®rior to the addition of the Alexa Fluor 594 nm
conjugated secondary antibody, cells were washed three times. Afterraid@te incubation,
cells were washed 3 times prior to covering the monolayer in PBS angidioangstorage at 4C

in the dark. The number of virus infected cells waslgsed within the IncuCyte S3.

2.2.20.2. Spheroid cell viability

Prior to live cell staining, doxorubicin (200 nM) diluted in complete DMEM media-for LX

2 cells was used to treat spheroids as a positive control for cell death,hE2ore spheroid
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staining. At 72 h.p.i, media was removed from all spheroids, Hoescht 33342 and propidium
iodide (PI) were diluted in complete DMEM for-2Xells and 1001 of stain containing was
added to each well containing a spheroid. Spheroids were incubated aC3®r 30 mins.
Spheroids were harvested by removing all media and washing cells twice in 1X PBS prior to
formaldehyde fixation for 30 mins. Prior to mounting spheroids to glass slides within gene
frames and glass cover slips, spheroids were washed threestiwith 1X PBS. Mounted
spheroids were stored at 4C. Spheroids were visualised using the Zeiss LSM880 inverted

confocal microscope.

2.2.20.3. PCLS

Fixed PCLS were washed in 1X PBS three times prior to performing tissue antigen
retrieval. PCLS were transferred into histology cassettes lined with sponges to inhibit folding of
the tissue slice during the 15 minute antigen retrieval in the microwave Y80t P80) using
500 L of antigen retrieval buffer. The solution was cooled at room temperature with the
addition of 300 rh tap water prior to removing slices from the histology cassettes and
transferring PCLS to a 24 well plate for the remainder of tfgopol. All wash steps were
conducted as washing PCLS in-TB®n three times for 5 mins and all incubations were
conducted at room temperature on a rocker. Prior to the addition of the primary antibody, PCLS
were blocked in 3% BSA for 1 hour, bloclgalyition was removed and primary antibody (sheep
anti-NS5A serum, 1 in 200 diluted in 3% BSA) was directly added to the PCLS and incubated for
2 h. PCLS were washed prior to incubating PCLS with the secondary antibody (Alex Fluro 594, 1
in 600 diluted iM3% BSA) for 1 hour, from which point PCLS was protected from light. Staining
of nuclei was conducted with Hoechst 33342, diluted in-T&t8n incubated for 30 mins after
washing the PCLS to remove all secondary antibody. Before mounting slices to igess sl

secured using Geneframes and glass cover slices, a final wash step of PCLS was completed. Slides
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were stored at 4 C for long term storage prior to visualising slices using the Zeiss LSM880

inverted confocal microscop&arl Zeiss LSM980 MP AiryScaitilBing two photons.

2.2.21. Measurement of soluble factors released by PCLS

All longitudinal media samples wegllected during the course of PCLS experiments and

was stored at80 C.

2.2.21.1. AST

All reagents of théAST Activity Assay Kétxcept the AST positive control, were thawed
at room temperature protected from light. The AST positive control, included within the kit, was
thawed on ice. Glutamate standards were performed as outliffeble 2.14)All samples were
diluted 1:4 in assay buffer prior to transferring to a flat bottom 96 well plate and the addition of
the master mix solution (Tabl2.15). Once the master mix was added to all samples, the
standards and AST positive control wellg€ fate was wrapped in aluminium and mixed for 30
seconds prior to incubating at 3TC for 2 minutes and completion of the initial absorbance
measurement using then FilterMax F5 MultiMode Micro using the software SoftMax Pro 6.5.1
measured at 450 nm wavelengtontinue to incubate the plate at 37°C takialgsorbance
measurements every 5 minutefake measurements until the value of the most active sample
is greater than the value of the highest standard (b@ote/well). At this time the most active

sampe is near or exceeds the end of the linear range of the standard curve
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Standard Concentration Volume of Standard

Volume of Assay Buffer

(m) (m)

1 5 uL of standard stock 495
0.8 400 of A 100
0.6 375 of B 125
0.4 333 0f C 167
0.2 250 of D 250
0 0 500

Table 2.14AST dilution of glutamate standards.

Reagent Master Reaction Mix Master Reaction Mix
(per well (uL) (per plate (uL)
ASTAssay Buffer 20 2000

AST Enzyme Mix 0.5 50
AST Developer 2 200
AST Substrate 2.5 250

Table 2.1%Preparation of AST master mix solution.

2.2.21.2. LDH

All reagents of theCyQUANT LDH Cytotoxicity Asddty were thawed at room
temperature protected from the light. The reaction mixture consisted of 1 vial of substrate
dissolved in 11.4 indHO.TheLDH positive control, included in kit, was diluted with 2000%
Triton (v/v) and made up to 1.5lnwith PCLS media. The assay was performed in a flat bottom
96 well plate with 251 of either the sample, positive control or blank sample (media only
control) and, 251 of the reaction mixture per well. All samples were performed in duplicate.
The reaction was incubated for a maximum of 30 minutes in the dark prior to the addition of 25
m of the stop solution. Absorbance was measured betwd&0 nm - 680nm wavelength

measured on the Tecan plate reader.

2.2.21.3. ELISAs

t SNF2NY¥SR & LISNI GKS YIydzFl OGdzNBNDRA Ayal

were diluted as outlinedTable 2.16)Assay was performed in flat bottom 96 well plates and
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read at 450 nm¢ 570 nm wavelength on the Tecan plate reader. Concentrations were

determined by mean OD values via standard curve.

Alb (pg/mL) Col1A1l (pg/nb)

 Tubel [T 2000
| Tubez [N 1000
 Tubes Y 500
 Tubed  [ETS 250
| Tubes I 125
— Tubeo [T 625
| Tuber S 31.25
sk [N 0

Table 2.16Standard concentration of albumin and collagen 1A1 for EL&8Alysis.

2.2.22. PCLS viability

Testing the cell viability of PCLS post a 4 hour incubation with 1X PBS diluted in complete
Williams E media to ensure infection of virus resuspended in PBS would not introduce additional
cell damage. PCLS rested for 24 hour post generating slices, weitgaiad with complete
Williams E media or 1X PBS 17 % or 33 % (v:v) diluted in complete media. Incubation was
completed at 37 C on a rocker. Post 4 hour incubation, all media was replaced with fresh
complete media and changed daily for 3 days. PCLS wameedted and directly used to

O2YLX SGS | NB&IFTdzNAYy lFaale o002YLX SGSR & LISN

2.2.23. Cellular RNA extraction

2.2.23.1. Monolayer cell harvest
At time of harvest, all media was removadd cells were washed with 1X PBS. Cells

were scraped into an 1.5 InEppendorf and cells were pelleted by centrifugation at 5000 RPM
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for 5 minutes. Supernatant was removed and L TRIzol was used to lyse all cells for 30 minutes

prior to long term storage a80 C.

2.2.23.2. Spheroids cell harvest
Pooling of 48 spheroids per experimental condition was required to acquire a sufficient
amount of extracted RNA. Spheroids were collected into a LEppendorf prior to pelleting all
spheroids via centrifugation at 5000 RPM for 5 minutes. Supernatant was removed and
spheroids were resuspended in LiX PBS and transferred into a 1.eEBEppendorf. Cells were
pelleted by centrifugation at 5000 RPM for 5 minutes prior to the addition oL TRizol used

to lyse all cells for 30 minutes prior to long termrstge at-80 C.

2.2.23.3. PCLS cell harvest
Slices from adjoined wells were pooled to acquire a sufficient amount of RNA. A
transwell containing a PCLS was collected from media and dabbed onto tissue to remove excess
media and liquid tension prior to completely submerging the transwell in 1X P&8&sto the
PCLS prior to using plastic tweezers to place the slice directly into A Eppandorf containing

1 mLTRIzobknd inactivated for 30 minutes prior to storing-80 C.

2.2.23.4. RNA extraction protocol
Prior to manual RNA extraction, TRIzol samples were defrosted at room temperature
and heat treated at 55C shaking at 300 RPM agitation for 10 minutes. After which,n200
chloroform/mL was added to TRIzol, samples were vortexed to ensure completing mixing of
solutions and incubated for 2 minutes at room temperature prior to centrifugation for 15
minutes at 12,000 x G at £. The upper aqueous phase was transferred to a clean Eppendorf
in addition to 500m isopropanol and I RNAse free glycogen (10 mi)/ The sample was

vortexed briefly and incubated at room temperature for 10 minutes before centrifugation for

86



10 minutes at 12,000 x G at @. The supernatant was removed and the RNA pellet was washed
with 75% ethanol (v:v) and centrifuged for 7 minutes at 7,500 x G@t #he ethanol wash was
removed and the RNA pellet air dried before resuspending im2@uclease free d¥d and
heating the sample for 10 minutes at 6@C. DNAse treatment was performed as per

manufacturers instructions utilising the TURBO DNAse kit. Long term storage of RACat

2.2.24. cDNA synthesis

Reverse transcription of cDNA from cellular RNA extraction was used fetirReaPCR

analysis. LunaScript Supermix was used to synthesis cDNA as per manufacturers instructions.

2.2.25. mRNA gene expression

Completion of gqR'FPCR was conducted followingoTaqg® gPCR Master Mix (2X)
t NEYS3AF YIydzZFl OGdzZNENRa A yRadi CRzCAnhe2tyREFAeORPCRLI S (0 -

Detection System including a melt curve cycle analysis post detection for 35 cycles.

2.2.26. RTFqPCR calculating virus titre

To quantify all virus particles released during virus propagation compared to viable virus
particles produced and quantified by FFA, the number of viral genome copies released into the
supernatant 72h.p.ewas quantified by qRPCR. Supernatant was collected virus inactivated by
TRIzol LS reagent prior to removal of samples fromBRINA was extracted as per previously
outlined protocol (LINK) however the full RNA extract was used for downstreamsyDihesis
16 m of RNA was used for all samples witthie LunaScript Supermix reaction. The number of
virus genomes released was calculated via a standard curve created by DNA @intFBIBN3a

extracted from WT viral plasmids, the number of DNA copies accounting for double stranded
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DNA was calculated creating a standard curve used to quantify the number of viral genome

copies per rhof supernatant.

2.2.27. Protein analysis

Proteomic analysis conducted utilising SGR stable cell lines or infectious virus; SGR; 72
h post seeding 2.2 x £6ells in a 10 cm dish, in the presence of infectious HCV virus; eitliner 72
post-electroporation or posiinfection. Virus infection was conducted after seedihg x 16
cells into a 6 well plate. At time of harvest, cells were washed with 1X PBS prior to scraping cells
into a 1.5 nh. Eppendorf and pelleting cells by centrifugation at 5000 RPM for 5 minutes. Cells
were lysed with Glasgow Lysisffer and long termed stored a880 C. Prior to conducting
protein analysis, samples were centrifuged at 13,000 x G for 5 minutes to pellet cell debris and

transferred to a clean Eppendorf.

2.2.27.1. Coimmunoprecipitation

Streptavidin sepharose suspension beads were primarily used to pulldown NS5A
containing a twin streptavidin tag (TST). Beads were prepared by thHingl of 50% Streptactin
resin suspension (irsepharose), resusperd by inverting the vial 10 timesBeads were
separated from resin via centrifugation fér minutesat 3000 x G in 4 °C(conditions of all
centrifugation stepsandsupernatant was removed. Beads were further washed infi@@ash
buffer incubated on a rotator wheel for 5 minutes (all incubation steps completedtatar
wheel at 4 C) prior to centrifugation. Beads were incubated with 5@0lysis buffer and
centrifuged prior to the addition of 5001 cell lysate samples. Beads were incubated with
samples overnight at 4C prior to removal of unbound protein via centrifugation. Beads were
primarily washed with a high salt wash buffer prior to completing the wash steps another four
times using the standard wash buffer. The beads were transferred to a fresh tube prior to

centrifugation of the last wash step to remouhe presence of unbound protein coating the
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Eppendorf potentially contaminating the samples. The sample was eluted in 10% SDS prior to
heating at 95 C for 10 minutes to denature the proteins. A final centrifugation step was
completed prior to transferring supernatant to a fresh 1.5 Bppendorf.
Co-immunoprecipitationutilising MagStrep "type 3" XTagnetic beads was initially
conducted as per the manufacturers instructions. Optimisation of the protocol to reduce
unbound protein was conducted following steps outlined within the protocobagharose
suspension beads, in particular the addition of beads washed with lysis buffer prior to the
addition of cell lysates, the addition of a high salt wash after incubation of cell lysates with the
beads, and transferring beads to a fresh Eppendorirduthe final wash step. All wash steps
were conducted using the same volumes outlined in $epharose suspension bead protocol.

All samples were stored a80 C.

2.2.27.2. Western blotting analysis

5X Laemmli buffer was diluted into samples and protein was denatured by heating
samples at 95C for 10 minutes prior to loading into a 12 % Si/acrylamide gels prepared
with 5 % stacking gel. Gels were assembled in a gel tank filled with running buffer.
Polyacrylamide gel electrophoresis (PAGE) was conducted at 180 V until required protein
resolution was achieved. Using a TraBiet Turbo (BieRad) semdry transblotter, proteins
were transferred on to a PVDF membrane by soaking thick filter pap@&owbin transfer
solution and subjected to a constant voltage of 15 V for 30 minutes. Following transfer,
membranes were blocked in-CIORTBS blocking buffer for a minimum of 40 minutes, rocking
at room temperature. Primary antibody was diluted in LIETBR blocking buffer diluted in TBS
overnight at 4 C. Prior to the addition of secondary antibody, membranes were washed in TBS
T for 5 minutes on a rocker at room temperature, three times. Secondary antibody was diluted

in LICORBS blocking buffer diluted in TBS for 40 minutes protected from the ligtutoat
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temperature on a rocker. Membranes were washed three times prior to drying membranes on

clean filter before visualisation on the LICOR Odyssey Sa.

2.2.27.3. Massspectrometry analysis

Huh7 cells were electroporated as previously described and seeded into T175 flasks in
addition to 100m of pooled electroporations seeded onto a 96 well plate. To reduce changes in
host protein expression as a result of the presence of dead cells, media was chartfgpds24
electroporation. To reduce changes in host protein expression if Huh7 cells overgrown, once
cells reached 80% confluency all cells were harvested. Supernatant was collected from all flasks
and cell lysates were collected as previousdgcribed. Cells within the 96 well plate were fixed
and stained to confirm the presence of NS5A. Supernatant was collected and virus was titred by
FFA to confirm the production of virus particles.-i@munoprecipitation was conducted via
MagStrep "type 3" Xmagnetic beads using the optimised protocol as described.

Mass tandem tag proteomics was conducted by the Centre for Proteome Research (CPR)
with the University of Liverpool. As per instructions sent by the CPR, all samples were eluted in
40m and quality checked for the presence of tagged protein, using d0eluted sample, prior
to conduction of LAMS/MS. Four technical repeats were performed for each experimental
group (WT virus not containing a TST within NS5A;1JAH and DBN3a WT, and samples
containing a TST within NS5A JFAST and DBN3a TST). Tbklling of samples was
conducted with the CPR facility prior to completion of theNl&/MS analysis conducted using
the Ultimate 3000 RSiCnano-system (Thermo Scientific, Hemel Hempstead) coupled to a Q

Exactive HF Quadrupe@rbitrapt mass spectrometer (Thermo Scientifighe sample was

¢

f2FRSR 2yiG2 GKS OGN LWLAYy3I O2fdzyYy O6¢KSN)¥Y2 { OAS
LI NIAFE 221 AyaSOilAz2ys FT2N) aS@OSy YAydziSa i
was resolved on the analyticablumn (Easypray C18 75 pum x 500 mm 2 um column) using a

gradient of 96.2% A (0.1% formic acid) 3.8% B (79.95% acetonitrile, 19.95% water, 0.1% formic
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acid) to 50% A 50% B over 90 minutes, in t®adr program at a flow rate of 300 nL rdln The
data-dependent program used for data acquisition consisted of a 60r880lution fullscan MS

scan in the orbitrap (AGC set to 3e6 ions with a maximum fil tfh100ms). The 12 most
abundant peaks per full scan were selected for HCD MS/MS (60,000 resolution, AGC set to 1e5
ions with a maximum fill time of 100 ms) with an ion selection window of 2 m/z and normalised
collision energy of 30 %. lon selection areld singularly charged ions and ions with a greater
than +6 charge state. To avoid repeated selection of peptides for fragmentation the program
used a 66second dynamic exclusion window.

Analysis of the L&IS/MS data was initially performed using Proteome Discover 2.4 to
ascertain labelling efficiency. Data were searched using Mascot against the human database
(download from UniProt 05/03/23). Data were searched with dynamic modificatmins
Oxidation (M) and TMT label {fdrm and K) and with the static modification of
carbamidomethylation (C). The labelling of samples was assessed and recorded at 87% fully
labelled. A further 10% of peptides have at least one site labelled. Therefore OFéptales
have a TMT label. Proteome Discover 2.4.was used to integrate all the data for quantitative
analysis. Data were searched using Mascot against the human database (download from UniProt
05/03/23) and the supplied fasta file containing proteinsrdérest. Data were searched with
dynamic modifications of Oxidation (M) and TMT labetltdidh and K) and with the static

modification of carbamidomethylation (C).
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Chapter 3Utilising molecular tools to expose
different HCV NS5A plasticity and functions in
comparison to other HCV genotypes

3.1.Introduction

In a clinical setting, it has been well researched and practised for patients to receive
different treatment depending othe HCMGTthey have been infectedith (Keikha et al., 2020;
NHS, 2021)As discussed previoushhis is due to differenclinical manifestations and disease
outcomes presentedby each genotype. It is therefore important to study the molecular
differences between the HCV GTs to better inform these treatmelits believed NS5A may
play a crucial role in driving disease pathology due to its Flurittional role. To investigate this
further, and in direct relation to the primary aim of this thesis, insertion of a protein tag into the
NS5A of bothlIFHL and DBN3awas performed By directly comparindFH1 and DBN3a clear
distinctions can be drawn between the GTs due to the camaple virus propagation
characteristicspreviously described by Ramiret al. (2016)and an extensive amount of
literature available based o#FHL1 research.

Domain Il of NS5A is uncharacterised and removal of domain Il or insertion by GFP has
no significant effect on RNA replicati¢appel et al., 2005; Moradpour et al., 2008owever,
some functions have been ascribed to this domain.  For example, Hghals (2009)
demonstrated that an insertion of 19 amino acid sequence near ther@inus in all GT2
isolates enhances the rate of RNA replication and virus production. Contributing to the
functional role of domain I, Appet al. (2008)demonstrated that the @erminus of domain Il
was a determinant for NS5A particle formation. By deleting various regions of domain Ill in the
GT2a clone, NS5A ciocalisation with the core protein can be disrupted, stopping particle
formation and resulting in an accumulation of the core protein on the surface of lipid droplets

(Figure3.1). Therefore, as different regions of the domain play a role in the production of virions,
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levels of virion fithess may vary depending on which part of the domain is disrupted which may
impact pathogenesis, particularly as domain Il is one of the more variable regions of the HCV

genome(Appel et al., 2008)

Domain Il ]

( Domain | l Domain Il

aa [~ 1 aa
353 RRRTVGLSESTISEALQQLAIKTFGQPPSSGDAGSSTGAGAAESGGPTSPGEPAPSETGSASSMPPLEGEPGDPDLESDQVELQPPPQGGGVAPGSGSGSWSTCSEEDDTTVCC 466
|
« Influences rate of RNA replication L I
* Impairs virus assembly * Crucial for virus production
+ Does not impact virus release
* Required for co-localisation of NS5A and core proteins on lipid droplets Appel etal.
Appel etal. Y S ———L
PP + Influences rate of
RNA replication
+ Region specific to
GT 2 clones
Hughes et al.
_ J

Figure 3.1Summary of known NS5A domain Il functions.

A diagram compiling the regions of domain Il important for RNA replication, virus assembly and
production, and cdocalisation of NS5A and core protein on the surface of lipid droplets. Annotations;
amino acid number aIFHL NS5A; aa. Information compiled frappel et al., 200&8nd (Hughes et al.,
2009)

Protein tags can have a multitude of applications. Depending on the tag insertad, the
may confer increased stability and solubility characteristics to the protein; glutathione S
transferase (GST) can be used for -atep purification with glutathione protecting against
proteolysis, small ubiquitinelated modifier (SUMO) helps the stability and folgliof a protein,
as does maltoséinding protein (MBP) that can also be inserted to help protein solulfBityt
et al., 2005; Freitas et al., 20248s NS5A, in particular domdlhis uncharacterised, fusing an
affinity tag to theCterminus of domainll wasdetermined to be least disruptiveAffinity tags
tend to be small sequences of amino acids allowing detection, immunoprecipitation and
purification of the fused protein. Such tags include FLAG, hemagglutinin antigen (HA) and
streptavidin tags (ST). Byserting multiple copies oépitope tags, affinity can be increased

which may optimise downstream analysis of the protgireitas et al., 2022; Keeble et al., 2019)
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Fluorescence tags may be inserted as a direct method of subcellular localisation experiments
however, are considerably larger than epitope tags. Regardless of the tag inserted, each tag also
presents disadvantagethey may disrupt the function and structure of the protein, may need

to be removed depending on downstream applicatipossible instability of the protein after

tag removal, and larger tags may impose a heavy metabolic burden within the ho@edekt

al., 2013)

This chapter introduces the differences between HER andGT3, at both a genome
replication and a virus propagation level using both the SGR and cell culture virus systems, JFH
1 and DBN3a, due to their ability to replicate well in cell culture. Protein plasticity is a general
characterisation of a protein; the dlty to alter the structural arrangement of a protesnd
potential protein interactions determined throughe identificationof tolerableinsertionsites
(Atwell et al., 1997 For exampleby comparing the insertion of an epitope tag at corresponding
aa sites within JFH and DBN3ait is possible todetermine if NS5A plasticity is the same
between HCV GT$o explore possible differences of NS5A plasticity and function bet®d2n
andGT3, the insertion of an epitope tag and fluorescent tag into multiple sites of ttexr@inus

of domain Il was conducted.
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3.2.Results

3.2.1. Limitationsof using the IncuCyte 38 analyse fluorescent

cells

Throughout this project, the IncuCyte S3 was used to visualise and quantify cell growth assays
as well as to define HCV positive cells via fluorescence; direct live cell imagingim@cin
staining of cells with sheep amiiS5A. It is important to notéhat, depending on the number of
L2aAdGA@S OStta Ay | ¢Sttt 2N -S8KIS2 B0 ANBE 1F 8 (
fluorescent objects (Figur8.2). This can occur predominantly when there is little to no
fluorescence within the plate. Therefordepending on the analysis parameters set by the user,
false positives may obscure experiment results. As such, throughout this thesis only three
analysis parameters are used for the counting of fluorescent cells (Bableln conjunction
with using different parameters, when calculating the number of fluorescent positive cells, the
ydzYo SN 2F 2062S00Ga O2dzyiSR Ay aY201¢ A& &adzoiN
auto-fluorescent cells (a side effect of celeath). When quantifying cell growt phase is
calculated by defining the space free with no cells present. As no fluorescence is detected, over
exposure and risk of false positives is eliminated. Therefore, the same confluency parameter is

used regardless of the number of fluorescent oltgemounted or well size used.
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Raw image Red object count calculated

Mock Low
Fluorescence
Exposure

Mock High
Fluorescence
Exposure

Figure 3.2Autofluorescence of cells.

Shown is an example of mock images taken from an experiosng) a 96 well plateith a low amount
of surrounding fluorescenc®S5A not present in any well on platmmpared to an experiment with an
adequateto high amount of surrounding fluorescencdY5A present in multiple wells on platdRed
objects were determined using the general HCV anatys$er to methods.lmages were taken at 10 x

magnification and scale bars = 4fcrons.

Analysis Type Whenanalysis is used

General Experiment contained lots of positive cells therefore fluoresce:
objects easily definedViost used analysis type.

High background Therearenot many or no fluorescent celtdserved. Cells lookec
overexposed defined by lots of positieells within the mock
control.

Large area Thereare not many or no fluorescent cells obse[ved in a large
Sttt opHn @Sttt Ay airiSoo 1
0 I O1 3 NaBatimsisR ¢

Table 3.1Rational of using different IncuCyte analysis parameters.

w S F S AdpehdicesincuCyte Parameteédor a breakdown of each analysis parameter.
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3.2.2. Differences betweedFH1 andDBN3a virus production

An in depth, direct comparison of JAHand DBN3a virus production has yet to be
conducted. Deciphering key differences between-1Fd DBN3a cell culture propagated virus
is important prior to conducting proteomic analysis and comparing virus infedtiaifferent
cell culture models. The HCV cell culture infectious clonesl Hftd DBN3a were used for the
completion ofin vitro experiments. Ramireet al. (2018)states that JFHH and DBN3a have
comparable replication and propagation characteristics. To confirm these characteristics with
our own virus production protocol,itmer Huh7 cells or Huh7.5 cellere electroporated with
RNAderived from each respectivefectiousclone Supernatantvascollected 72 and 144 post
electroporation f.p.€). Virus titration via focus forming assay (FFA) was performed on Huh7.5
cells to calculatéhe number ofinfectious particleper millilitre focus forming unitsKFY/mL)
by staining cells with sheep a#itiS5A48 h post infection (h.p.i)Virus titre was quantified using
the IncuCyte S3 and red objects count from mock infection suddracted from experiment
group results(Figure3.3 A). No significant differences were noted between the virus titre
produced from Huh7 cells and Huh7.5 cells for both-IRAd DBN3a (FiguB3 B). However,
when Huh7.5 cell supernatant was collected at both 72 and 144 h.p.e, DBN3a virus titres
increased significantly at 144 h.p(€igure 3.3 CA trend of increasing virus titre was noted for
JFH1 however, was not statistically significant. This suggests that virus propagation of beth JFH
1 and DBN3#s comparable when analysing the derivatives of Huh7 cell lines however, DBN3a

is producing more infectious virus particles than-1F 144 h.p.e.
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Figure 3.3haracteristics o§FH1 and DBN3avirus production.

A) Schematic of the virus production protocol. B) Both Huh7 cells and Huh7.5 cells were electroporated
with either JFHL or DBN3aC)Supernatants were harvested 72 h.p.e and the virus titre was calculated.

Only Huh7.5 cells were used to produce virus. Supernatant was collected at 72 and 144 h.p.e and
normalised to the FFU/incalculated at 72 h.p.e. A mutation in the GDD amino acid sequence active site
inactivation polymerase acts a replication negative control-TJEHEND, DBN3g GNN. Virus titre was
normalised to the WT at 72 h.p.e. Data are presented as mean with standard deviation. Statistical
significance was tested usingogel @ ! bh+! gAGK GKS . 2y FTSNNRYAQA Y
single pooled variance. P values;, P#).05 **, P <0.005
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3.2.3. Differences between JFHand DBN3a virus infection.

To further compare JFH and DBN3a, infection efficiency of the two viruses was
investigated Huh7 cellsvere infectedwith either JFH1 or DBN3aat anMOIl of 0.2. At 72h.p.i,
cells were stained with sheep a#itiSS5A and visualisagsingthe IncuCyte S8Figure3.4 A).
Visualisation of infected Huh7 cells suggests possible differences between the two infectious
clones by the localisation of NS5A. IFHppears to flood the cytoplasm of the Huh7 cell.
Contrary to DBN3a, which appears to be less universal in the lagtopwith a speckled effect.
This observation has previously been described in Véardl. (2020) In addition, the number
of cells infected by JFHappears less than the number of cells infected by DBN3a at 72 h.p.i
despite using the same M@uantitative analysis of the infection was performed (Fig8u4B),
revealing a significant difference in the number of cells infected by DBN3a. The amount of NS5A
within a cell can be gquantified by averaging the red intensity of all infected cells, noted as the
red calibrated unit (RCU). Results suggest that despitdl not infecting as many cells as
DBN3athere appears to be a greater accumulation of NS5A withinlJFifected cells (Figure
3.4C), corroborating the differences seen in FigBréA. These results suggest that there is a
possible difference in NS5A localisation and accumulation in Huh7 cells duribhgadBHDBN3a
infection. Despite JFlH not infecting as many cells during the 72 h time course, there is a greater

accumulation of N&A resultingn a higher RCU per infected cell.
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Figure 3.4Comparison ofIFH1 and DBN3avirus infection.

A) Representative images of sheep a85A staining 72 h.p.i. Images acquired on the IncuCyte S3, taken
at 10 x magnification and scale bars = #@iérons. B) Percentage of infected cells. Quantification of the
numbers of Huh7 cells infected by either JEHr DBN3a normalised to the number of cells infected by
DBN3a. C) Quantification of the mean object intensity red calibrated unit (RCU) of éakipd$Bive cell.

Data are presented as mean with standard deviation. Statistical significance was teisigdiysaired t

test assuming both populations have the same standard deviation.Pyglléex t xn®npT FFFF X
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3.2.4. Evaluation of particleénfectivity ratios for JFl and DBN3a

To investigate the discrepanbgtween the number of Huh7 cells infected by JF&hd
DBN3a, despite infecting using the same MOI, two virus quantification methods were evaluated
for JFHL and DBN3a virus produced in Huh7 and Huh7.5 cells. Both cell Viees
electroporated with therespectivefull infectious virus genome. Supernatant was collected 72
h.p.e The gecific infectivityof each virus was calculatedgfined as the ratio between the
number of infectious viruses, measurediRAsand the total amount of viral RNA, determined
by quantitative RIPCRFigure3.5 A). FFA provides quantification of the number of infectious
virions produced; the number of virions deemed to be successful at infecting naive cells,
RSAaONAOSR | a (i KBFqRCRwWR/ f@ifioAm2déftef extiadtian MASRN#® in the
supernatantusing a primer set specific for K S~ @ A NByZcalcpl@ihgdthe number of virus
genomes in the supernatant by ®RPCR, the total number of virions produced by either the
Huh7 or Huh7.5 celisan be calculateddescribed &8 (G KS daLIKe&aAOlt GAGNBE
is a significant difference between the number of JIFkirions released into the supernatant
when produced in Huh7.5 cells, this difference is a greater during the production of DBN3a
(Figure 3B). However, despite a comparable trend, there is no significance between the number
of virus particles produced and infectious virions when virus is produced in Huh7 cells (Figure
3.5C). A ratio between the number of virus particles released and infectious virioimg diinus
production shows no significance between JF&hd DBN3a for both Huh7.5 cells (FigaifeD)
and Huh7 cells (Figu®5E) producing virus. For both viruses, there is roughly 1 viable virion
for every 10,000 virus particles produced. Results suggest that despite DBN3a releasing a larger
amount of virus particles than JHAK both viruses produce a large amount of riafectious
virions. Results demonstrate no differences in the ratio of physical and functional virus titres of

JFH1 and DBN3a.
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Figure 3.3Quantification of the production of viable virus particles.

A) Schematic of virus quantification methods. The concentration of virus produced by B) Huh7.5 cells or

C) Huh7 cells determined by ®PCR or by FFA. Ratio determined between the number of virus particles
detected by RTIPCR and by FFA D) Huh7.5 cellsEBnHuh7 cells. Data are presented as mean with
standard deviation. Statistical significance was tested using unpaired t test, assuming both populations
have the same standard deviation, if only one condition was compared. If multiple conditienes

compaed statistical significance was tested by emé & ! b h ! gAUK GKS | 2y F¢

comparison test, with a single pooled varianBevalug,y a 2 t xnodnpT FFZ t fndnnp
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3.2.,5. Temporal analysis of DBN3a and-IHhfection kinetics

One explanation for the more efficient infection exhibited by DBN3a could be that this
virus established a productive infection more rapidly than-1FHo test this, a time course
evaluating the number of cells infected and the number of virions prodweasl conducted.
Huh7 cells were infected with eithéiFHL or DBN3a(MOI=0.2). Media was changec.ito
remove theinoculum At each timepointHuh7 cells were directly stained with sheep aN85A
and visualised by the IncuCyte &8 determine the numler of virus infected celland
supernatant was collected to perform a virus titration via FFA on Huh7.5 cells to detect the
number of virus particleproduced during each time point Red objects count from mock
infection was subtracted from experiment group resyfsgure3.6 A). Results suggest that the
first round of virus replication, 4 h.p.i, the number of cells infected is not significantly different
between JFHL and DBN3a virus. There is a general trend of the number of DBN3a infected cells
increasng between 8, 24 and 48 h.p.i in comparison to-1kkfected cells. The number of cells
infected by JFH compared to DBN3a only becomes significantly different at 72 h.p.i. The
significant increase in the number of DBN3a virus positive cells betweand&2 h.p.i is not
comparable to JFH infection and was found to be nesignificant (Figur&.6 B). Despite the
difference in the number of cells infected by JFldnd DBN3a at 72 h.p.i, the amount of NS5A
present within an infected cell, calculated byetaverage RCU of all positive cells, suggests a
larger amount of NS5A in JAHInfected cells than DBN3a at the later timepoints; 48 and 72 h.p.i
(Figure3.6 B). To determine if the possible accumulation of NS5A bylJisHinked to the
number of virions released, the virus titre produced at each time point was calculated (Figure
3.6 C). Results suggest that the amount of DBN3a virus produced at 72 h.p.i is higher than the
amount of virus produced by JAH This data further supports the hypothesis théffetences
between the number of cells infected by JEHand DBN3a at 72 h.p.i are not due to a
significantly higher number of cells infected by DBN3a during the first round of virus infection.

These results suggest DBNBas greaterefficiency producing virus particles than JEH
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resulting in a greater number of cells infected at 72 h.p.i for DBN3a that.NAHIS production
efficiency between the two cell culture virus clones has not been previously defined.
Investigating the difference of HCV genome replication dependent onGIGVhay have clinical

implications altering treatment outcome during human infection.
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3.2.6. Comparison of the genetic plasticity of NSS5A domain lli

between JFH and DBN3a

The second objective of th chapter wago facilitate future researchinto GT3NS5A
function through theinsertion of a TST epitope taghis was conducted by assessing various
insertion sites to give a greater understanding of permissive and flexible cloning sites which can
be utilised for further genetic modification of NS5A. Furthermdre/as intended to use th&ST
to facilitate the identification of potential NS5A binding partnerirough an
immunoprecipitation and mass spectrometry approach, as previously performeds1da
(Goonawardane et al., 2017urthermore, the TST tag was chosen as the presence of two
epitopes increases the affinity of antibody binding and has previously been inserted into a range
of viruses; such as RNA virB&RE 0V 2 (Demone et al., 2022PNA virus; aricella zoster virus
(GonzéleaMlotos et al., 2017nd, retrovirus; HI\(Ananthaswamy et al., 2019NS5A protein
tags already exist in other HC®T for both SGRs and cell culture infectious clones
(Goonawardane et al., 2017; McCormick et al., 2006; -Rbespland et al., 2015Figure 3.7
B).To directly compare between GT3 and other HCV GTs, three sites tested in DBN3a directly
correlate to these previously used sites within other GTS. In addition, a noved Bitated at
the furthest possible point of domain Il within the C terminudthout interfering with the
proteolytic cleavage sitdetween NS5A and NS5B ftother reduce the risk of altering protein

function (Figure3.7).
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Figure 3.7JFH1 and DBN3asusceptible insertion sites.

A) Diagram representing the corresponding insertion gites)of JFH1 and DBN3a NS5A insertion sites
B)Table depicting insertion sites used to tag NS5A in other HCV GTs. Insertion sites are noted by the amino
acid location in reference to the synthetic construct clones of DF8enBank: KY427259.1) and DBN3a
(GenBank: KX280714.2).
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All ofthe sites tested in DBN3a were also tested in-IFhiitially, the insertion of the
TST sites were tested in the SGR system (SGR), a system used to isolate and assess RNA
replication in a containment level 2 environmehiuh 7.5 cells were transfected with 2 ugiof
vitro transcribed SGRNAfor JFHL or DBN3acontaining a luciferase reporter. Replication was
measured by thdirefly luciferase reporteiby relative light units (RLU) at various time points
post electroporation; 4, 24 48 and T2p.e (Figue 3.8A). As expected, all sites tested in IFH
were tolerable to the insertion of TST with no significant changes to RNA replication when
compared to the wildype (WT) clone (Figui@8B). However, the C terminal site within DBN3a
appeared to be the site of highest tolerance, allowing efficient RNA replication withfald.6
increase of RNA replication in comparison to WT at 72 h.p.e. Sites further upstream performed
poorly, with RLUta72 h.p.e accounting for less than 12% of WT RNA replication fgna%,
Isn431¢ 1% and Isn43612%) (Figur&.8 C). If the function and plasticity of NS5A in DBN3a is
the same as JFH the sites which tolerated in JAHshould also be tolerated in in DBN3a.
However, only the C terminus insertion site within DBN3a allowed RNA replication. Therefore,
results suggesthe plasticity of NS5A domain Il differs between HCV infectious cell culture

clones, JF and DBN3a.
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RNA replication results suggest that all insertion sites irlJstbuld be tolerated in the
virus clone and furthest downstream insertion site will allow the production of viable virus for
DBN3aThe ultimate ainof this approach was to develop infectious DBN3a clones containing
TST tags. To this end, the TST tag was inserted into all four sites within NS5A domain 11l for both
the JFHL and DBN3a infectious clones. After electroporationno¥itro transcribed RNA into
Huh7.5 cells, iws titration via FFAvas performed omaiveHuh7.5 cells to calculatine virus
titre (FFU/nb) as described previously (Figu8ed A). An insertion site was deemed tolerable if
infectious virions were produced. Despite all insertgites being tolerated within the SGR of
JFH1, only the upstream insertion sites were tolerated with a general decline in virus titres as
the TST was inserted closer to the C terminus in comparison to WT; Is32%8, Isn426 32%,
Isn431¢ 16% and Isn436 1% (Figure3.9 B). Interestingly, the opposite resuligas observed
for DBN3a, the sites inserted closer to the C terminus of NS5A are most tolerable to the presence
of the TST in comparison to WT virus titre; 1Isn423%, Isn431 <1%, Isn43@ 20%, $n449¢
60% (Figure3.9 C). Results suggest that the tolerated sites for the insertion of an epitope tag
within the SGR can be suggestive of potential tolerable sites in the infectious virus however, not
fully representative. In addition, the tolerated sites vary between-IFhd DBN3aalluding to
the idea that NS5A, in particular domain Ill, plasticity and potential the function varies between

the GTs.
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To further analysgotential differences in the functions of NS5A betweéidl andDBN3a
cell lines stably expressing SGRs vestablishedThe SGR of both JAHand DBN3a containing
the TST inserted into the most tolerated sites were chosen to be maintained in Huh7 cells (Figure
3.10 A). To allow for selection and maintenance of SGR harbouring cells, a neomycin
phosphotransferase (NPT) gene was cloned in place of the luciferase reporter. In order to
provide a functional HCV internal ribosome entry site (IRES), the coding sequetioe fiost
12 amino acids of the Core proteid-Core)(Shimoike et al., 2006yas cloned in frame at the
pQ SyR 2 T3.19B).ConlirdatidhddNiEe established stable cell line was completed by
western blot analysis. Presence of the TST fused to NS5A can be confirmed by the molecular
weight of the protein, 568 kDa depending on the phosphorylation status of NS5A. Additionally
scanning the membrane at 700 nm and 800 nm wavelength, displays the NS5A (green) and TST
(red) at the same apparent molecular weight (FigBt&0 C). Further confirmation that the
stable cell line camining the TST can be used for NS5A purification, performed by co
immunoprecipitation using streptavidisepharose suspension beads and analysed by western
blot (Figure3.10 D). A weak NS5A band is present in the elution of thelJipHll down,
suggesting a low amount of NS5A is present in the final elution in comparison to DBN3a where

a strong NS5A band is present.
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Figure 3.1(Establishment of TST SGR stable cell line.

A) Diagram outlining th8GR structureontaining the neomycin resistance gene. B) Diagram representing

the corresponding twin streptavidin tag (TST) insertion sites in the l&&inus ofJFHL and DBN3a

Insertion sites are noted by the amino acid location in reference to the synthetic construct cladteld of
1(GenBank: KY427259.1) dnBN3aGenBank: KX280714.2). C) Confirmation western blot of HCV NS5A
and TST fusion. D) Confirmation blot of HCV NS5A pull down by presence of TST using streptavidin

sepharose suspension beads.
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3.2.7. Insertion of eGFP into the novel C terminal site of NS5A within

the DBN3a SGR

As the insertion of the TST within DBN3a at insertion site I1sn449 was tolerated allowing
RNA replication and the production of infectious virus progeny, the insertion of &@BP
investigated eGFP constructs would be useful for functional analysis of NS5A by conventional
and newly developed supeesolution imaging technologies. As fluorescent proteins have
previously been inserted into JAH(Isn418 and Isn42@RossThriepland et al., 2015; Sahuc et
al., 2019) and have proven to be tolerated allowing efficient RNA replication, this was
performed in the SGR as previous data suggests if an insertion is not tolerated within the SGR,
it is unlikely to be tolerated in the viral genome. As performed previously, e@BERnserted
into the SGR containing tHeefly reporter gene upstream of the nestructural HCV proteins
to test RNA replication (Figug11 A). Huh7.5 cells were transfected with ry of in vitro
transcribedRNA.SGRreplication was measured by tHaefly luciferase reporter and relative
light units (RLU) at various time points post electroporation; 4484and 72h.p.e (Figure3.11
B). Both eGFP alone (Figugd1C), and eGFP flanked by linkers (Figidel D), was inserted

into all four previously tested sites. This was investigated to determine if previously deemed

N>

Gy iyt SN 1SRé¢ arAitSa ¢2dzi R 6S Y2NB adzaOSLIIAO
when a larger gene is inserted in comparisonngertion at the C terminus site proxintal the
NS5ANSSB cleavage site. Regardless of the presence or absence of linkers, none of the tested
sites tolerated the insertion of eGFP. Experiments focussed on the insertion of a fluorescent
gene into site Isn449 due to previous toleration shownha presence of the TST, unlike the
other three upstream sites. To increase the stability of the eGFP and potentially increase the
translation initiation of the gene, a start codon was placed in front of the eGFP. As such, an eGFP
was fused without linkerand a start codon was inserted at the start of eGFP sequence to test
the cloning strategy. Regardless of the addition of the start codon, RNA replication was not

observed (Figur&.11E). To determine if the form of GFP was inhibiting RNA replication, by
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eGFP inducing a cytotoxic environment, a humanised renilla (hr) form of GFP was inserted
(Figure3.11F). HrGFP originated and optimised from sea p&teyilla reniformisunlike eGFP

which was optimised and derived from the jellyfiSlequoreavictoria (Lengler et al., 2005)

Results suggest, independent of the type of GFP inserted, 1sn449 cannot tolerate the insertion
of eGFP and hrGFP. For all cloning techniques conducted, RLU expression was observed 4 h.p.e.
This relates in direct translation of the RNA suggesting all gstiategies did not introduce a
detrimental fault inhibiting translation. As such, these results suggest the insertion site 1sn449
cannot tolerate as large an insertion as GFP in comparison to the toleration observed with the

insertion of TST.
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Figure 3.11Assessing insertion of GFP into the SBBRN\3a

A) Diagram outlining th&GRgenome containing thdirefly luciferase gene and fluorescent protein
insertion sites. Insertion sites are noted by the amino acid location in reference to the synthetic construct
clones oDBN3gGenBank: KX280714.2). B) Schematic oSB&eplication assay. Luciferase assay was
conducted on differenSGReonstructs; C) eGFP inserted into all four sites of interest, D) eGFP flanked by
linkers inserted into all four sites of interest, E) ineereGFP into site 1sn449 eithelittv or without a
methionine at the start of eGFP and F) hrGFP inserted only into site Isn449. Data are presented as mean

with standard deviation. Statistical significance was tested by@he& ! bh+! gAGK GKS
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3.2.8. Insertion of a large fluorescent protein tag (eGFP) into the

novel C terminal site of NS5A within the-1F5{GR

As the insertion of the TST was well tolerated in all sites within SGR, 3BEcifically
the furthest downstream site proximal to the C terminus, it was of interest to compare our
DBN3a SGR results to determine whether a larger gene insertion was cblapeth genome
replication and thereforeGTspecific. Focus was placed on the insertion of eGFP at amino acid
location Isn463. As all previous insertions of fluorescent proteins withl)vere flanked by
linkers to provide flexibilityMcCormick et al., 2006; Re$ariepland et al., 2015; Schaller et al.,
2007) eGFP was cloned with flanking linkers into Isn463 of the SGR containing the luciferase
reporter upstream of the HCV nestructural proteins. (Figure8.12 A). To analyse RNA
replication, Huh7.5 cells were transfected with 2 ugiofvitro transcribed RNA, followed by
assessment of luciferase and eGFP expresS@Rreplication was measured by thigefly
luciferase reporter relative light units (RLU) at various time points post electroporation; 4, 24
48 and 72h.p.e, andeGFP expression was analysed 7@rh.p.e by visualisation using the
IncuCyte S3Figure3.12 B). Typically, the SGR JFlgeak replication is reached at 48 h.p.e
however, ad inserted a large gend,wascautious the RNA replication time may be delayed.
Thus, the time course was completed to 72 h.p.e. Initial results suggested thedEFFA
containing SGR was not replicating as no eGFP expression could be detecteB(ERfB)yeTo
further confirm these results, the plate visualised for eGFP was stained for NS5A SElQ@e
as wellas performing a luciferase assay to indirectly measure SGR RNA replication3Rigure
D). Luciferase assay was not performed on the eGFP positive control plasmid as it did not contain
a luciferase reporter. These results suggest that despite the 1sn463 site being tolerant to the
presence of TST, the length and structure of the insertiory play a role in amino acid site

susceptibility to insertions.
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Figure 3.12Assessing insertion of linker eGFP into the SIHFRIL.

A) Diagram outlining th8 GRyenome containing thérefly luciferase gene and eGFP insertion flanked by
linkers on either sideB) Time course of eGFP expression after electropora@piihe cells visualised for

eGFP were stained with sheep aNt85A to determine the number of cells with succesSGReplication

72h.p.e Red object count from mock electroporated cells was subtracted from experiment group results.

D) SGRof JFHL was analysed by luciferase assay. Data are presented as mean with standard deviation.
Statistical significance was tested by emay! bh+! gAGK (GKS .2y FSNNRYAQa
with a single pooled variancP valus;ya =z t xndnpT fFX t fndanpT FFFFZ t
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3.2.9. Insertion of eGFP at the novel C terminal site of NS5A within

the JFHL infectious clone

Although the JFHA SGR did not tolerate the larger insertion of eGFP at the C terminal
site (Isn463), it was formally possible that this insertion of GFP could be tolerated in the
infectious clone. In addition to this, existif@T2 infectious clones containing fluorescent
proteins fused to NS5A within domain Il were tested (Figufe A). Schalleet al. (2007)
demonstrated that the insertion of RFP and GFP flanked by linkers at amino acid site Isn396, was
compatible with both genome replication and the production of infectious virions. In addition,
JFHL infectious clone derivate with the insertion of eGFP @harry flanked by linkers at the
amino acid site 1sn418 were provided by Dr Christopher McCormick (University of Southampton)
(Figure3.13 B). Huh7.5 cells were electroporated with iy RNA of the full infectious virus
infectious virus genome. Fluorescemiotein expression and cell growth was analysed for 72
h.p.e by visualisation using the IncuCyte Sitial results demonstrate cells after
electroporation, testing RNA replication only, without the completion of FFA which determines
production of infectious virions (FiguBe13C). Results suggest the 1sn396 and Isn418 insertion
sites are susceptible to the expression of both eGFP/GFP and RFP/mCherry. Both insertion sites
follow a trend where the number of fluorescent cells increase until 48 h.p.e andglaeau.
Interestingly, Isn396 appears to have a greater number of fluorescent positive cells than I1sn418;
Isn418 only exhibits 336% fluorescent cells at 72 h.p.e in comparison to Isn396 (FRL3®,

E). To determine if the number of positive fluorescent cells is limited due to cells reaching
confluency, the confluency of cells per well measured 72 h.p.e was measured (FitBIEE.
Interestingly, all wells, independent of the expression of fluorescent proteins, become confluent
by 40 h.p.e. In adtlon to this, supporting SGR JEHesults, insertion of eGFP at the Isn463

amino acid site does not allow eGFP expression (FRjaBD).
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Figure 3.13Assessingxpression of fluorescent proteins the viral genome oflFH1.

A) Diagram representing the insertion sites within genotype 2 (GT2) where a fluorescent protein has been
inserted. B) A table outlining the amino acid sites that had previously been used for insertion of protein

tags in HCV genotypes. Insertion sites asted by the amino acid location in reference to the synthetic
construct clones aJFHL (GenBank: KY427259.1). C) Schematic of the protocol to determine virus genome
replication and expression of the fluorescent proteins after electroporation. Time cafi®¢ GFP and

eGFP expression and E) RFP and mCherry expressiop.€F) Cell growth quantified by the phase
percentage confluency per welData are presented as mean with standard deviation. Statistical
significance was testedby omel @ ! bh+! gAGK (GKS .2y FSNNRYAQa Ydz
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To further quantify the differences in replication between the 1sn396 and Isn418
insertion sites, the mean intensity of each fluorescent positive cell after electroporation was
investigated; this is indicative of the amount of NS5A present within a fluergsell and does
not measure the number of fluorescent cells. Due to the inability to subtract background
fluorescent cells (using the mock control) without using different software parameters per
sample, the number of green, and especially red, cadoraunits being averaged for all
GLRAAGADOSE OStta YlFLe 20a0dz2NB NBadzZ Gad C2NJ S
fluorescent protein has a RCU average of015during the 72 h time course, similar to that of
the fluorescent positive control saple; Jcl Isn396 RFP (FigBr&4B). However, GND had less
than 100 cells identified as positive for RFP expression. The positive control sample, Jcl 1Isn396
RFP, had approximately 20,000 cells identified as positive for RFP. As such green and red
calibraed units are displayed for all samples (Fig8r&4 A, B), as well as displaying only the
fluorescent protein inserted samples (Figu3el4 C, D). Interestingly, when the fluorescent
protein is inserted into 1sn396, results mirror the number of fluorescent cells counted; a peak
fluorescence intensity per object reached by 48 h.p.e. When the fluorescent protein is inserted
into Isn418, no peaks reached.These results suggest differences in the expression of

fluorescent proteins is dependent on the insertisite.
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Figure 3.14Assessing the dependence of NS5A expression based on the insertion site of a
fluorescent protein postelectroporation.

Quantification of the mean object intensify) green(GCURNdB) red calibrated unit (RCU) calculated for

all samples. C) GCU and D) RCU for samples expressing fluorescent paiteare presented as mean
with SEM Statistical significancevas tested using ong @ ! bh+! GgAGK GKS .2y 7T

comparison test, with a single pooled varianmamparing the change fold in confluency of cells at 72

hoursPvalug,ya~ t. xndnp
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Post electroporation results suggests tepression of the fluorescent protein and the
number of positive fluorescent cells are dependent on the amino acid insertion site. No
fluorescence is detected when RFP or GFP is inserted into 1sn463. Additionally, results allude to
differences in the expsion of NS5A dependent of the insertion site used as 1sn396 expresses
a greater number of fluorescent cells and calibrated units than Isn418. To confirm NS5A is not
expressed when eGFP is inserted into Isn4b8,dellsused to determinefluorescent protén
expression weralsostained with sheep amriNS5A to determine genome replication fid.e
and visuali®d using the IncuCyte S3. Red object count from mock electroporated cells was
subtracted from experiment group resulSigure3.15. Results confirm NS5A is not expressed
in in JFHL eGFP Isn463. Therefore, RNA replication was occurring when a fluorescent gene was
inserted into Isn396 and Isn418 however, not when a fluorescent gene is inserted into 1sn463.
These results also hightigthat the humberof fluorescent/NS5A positive cells are the same
regardless of the type of fluorescent protein inserted; if eGFP or mCherry is inserted into the

same site, similar rates of RNA replication will occur.
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Figure 3.15Assessing the expression of NS5A when fused to a fluorescent protein-post
electroporation.

Data are presented as mean with standard deviation. Statistical significance was tested usimgyone
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Results thus far are limited to investigating RNA replication. To determine the
production of viable virus progeny, a FFA was perforrhieth7.5 cells were electroporated with
5 ng RNA of the full infectious virus genome. Supernatant may be collected 72 arpbét
electroporation h.p.€). Virus titration was performed via FFA on Huh7.5 cells to calculate
number of virus particles per millilitre (FFU4nby staining cells with sheep aNiIS5A.
Fluorescent protein expression was observed foh48i, viswalised using the IncuCyte S3, prior
to staining cells with sheep aAiS5A. Red object count from mock infection was subtracted
from experiment group result@Figure3.16 A). By visualising cells prior to the staining for the
detection of NS5A, can confirm all infectious virions contain the fluorescent protein (Figure
3.16 B, C). Virus titres prior to staining with alMBE5A suggest only the fluorescent genes
inserted into the Isn396 site can produce infectious virions expressing a fluorescent protein. To
confirmWT virus was produced ariidiorescent genes inserted into sites Isn418 and I1sn496 are
not capable of propagating virus, FFA plates are stained to detect NS5A (BitiEg). This
provides confirmatory results that only 1sn396 insertion site can tolerate the insertion of a
fluorescent gene allowing both RNA replication and the production of viable infectious virus
progeny confirming the results of GFP/RFP expression in Figure 3.16 By €omparing
insertion of fluorescent protein into sites Isn396 and Isn4h&yve compared how the IncuCyte
S3 may be used to greater understand virus genome replication and virus propagation after

electroporation.
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Figure 3.16Assessing insertion of linker eGFP in the viral genomd@iH1l by production of

virions.

A) Schematic of the protocol to determine virus assembly and reld&ser to staining cells for the

detection of NS5A, cells were visualisedtfue detection of green (B) and Red (C) fluorescent proteins.

D) The cells visualised for fluorescent protein expression was stained with shedfS&iitito determine

the presence ofNS5A48 h.p.i. Virus titre from supernatant collected 14dp.e is shown. Data are
presented as mean with standard deviation. Statistical significance was tested hyagn@NOVA with
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3.2.10. Utilising the footand-mouth disease virus 2A sequence te co

express eGFP and the HCV polyprotein

The aim of this work was to express NS5A with an eGFP fusionlaradigation studies;
ability to analyse NS5A localisation at a -sefiular level and in conjunction with lhcell
imaging. However, due to the inability to find a tolerated site wittlie NS5A of DBN3a
compatible with RNA replication and production of infectious virions, it was deemed to be
advantageous to derive a method by which DBN3a positive cells could be identified by
fluorescence methods. As an alternative approach therefore,2A sequence, derived from
foot-and-mouth disease (FMDV), was utilised in an attempt to express eGFP independently of
the HCV polyprotein. This technique has been readily used in a range of different model systems;
in vitro andin vivo(Lewis et al., 2015; Minskaia & Ryan, 20EGFP was flanked by the HCV
delta core, allowing the correct formation of the IRES, and the 2A sequence results in ribosomal
skipping and therefore separation of the eGFP protein from the downstream HCV polyprotein
during translation (Figure8.17 A). Restriction sites flanking eGFP were introduced to aid
potential downstream cloning experiments, insertion of RFP for example. This was performed
in both JFHL and DBN3a, to maintain direct comparison of the two HCVHRIF.5 cells were
electroporated withs ng RNA of the full infectious virus genome. eGFP expression was observed
at 72 h.p.e visualisation using the IncuCyte S3, prior to staining cells with sheepl&BA.
Supernatant was collected #2p.e Virus titration via FF#vas performed on Huh7.5 cells to
calculatethe virus titre by staining cells with sheep amMtiS5A48 h.p.i (Figure3.17 B). To
determine RNA replication post electroporation, cells were visualised for eGFP expression prior
to staining for NS5A. Interestingly, eGFP was able to expressinaltethot DBN3a (Figusel7
C). This suggests possible differences in pfGiin functions required for RNA replication and
virus production upstream of NS5A. However, despite expression of eGFElgaisbporation,

JFH1 FMDV 2A eGFP was not able to propagate virus suggesting the presence of eGFP and the

2A sequence is disrtipg virus production.
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Figure 3.17Effect of inserting eGFP FMDV 2A upstream of the translation of the viral
polyprotein.

A) Diagram depicting the viral genome whereby the eGFP was inserted flanked with unique restrictions
Fa ¢Sttt a GKS RSeénd and B iddBanddodth dsgase (FMDV)RK Squente, at

i K SendbT@ indicate ribosomal skipping, a line has been inserted between FMDVA 2A and the HCV core
protein. B) Schematic of the protocol to determine virus assembly and release. C) To determine genome
replication 72h.p.g cells were stained and visualised for both NS5A and eGFP expression. D) @alculate

virus titre 72h.p.e red and greerobject count from mock infection was subtracted from experiment

group results. Data are presented as mean with standard deviation.
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3.3.Discussion

The work described in this chapter aimed to discover differences between HCV GT2 and
GT3 both related to infection dynamics as well as genetic plasticity of NS5A domain IlI.
Experiments were conducteid vitro usingboth SGR and cell culture infectious clones,-IFH
and DBN3a, allowing a distinction between RNA replication and virus assembly/release between

the two viruses.

3.3.1. Exploring IncuCyte S3 image analysis abilities

As both the SGR and the cell culture virus experiments benefited by the visualisation of
cells using the IncuCyte S3, the ability to-gptuser defined analysis parameters is highly
advantageous. However, absence of fluorescent objects or variation bsiget may result in
the software collecting false positive results. Gegposed images cannot be controlled by the
user, however false positives may be removed by altering the analysis parameters and
subtraction of negative control samples (Fig®@). By setting three analysis parameter sets
used throughout my project, consistency between experiments can be maintained I aple
Verification of IncuCyte resultould be conductedy comparing results to othecell counting
methods; manually countingnfected cells or the use of flow cytometrizlow cytometry,in
particular, could easily generate the percentage of infected cells and nfbsrescence
intensity analysisvhich would be particularly useful when comparing differences between JFH
1 and DBN3a infected celldse of the same the IncuCyte software, or any algorithmic tool
reduces user bias and ensures the same experiment parameters are set for all samples and all
biological repeats. This is particularly important to note for the analysis of fluorescence objects

which is crucial to this project for the quiiication of virus titres by FFA.

128



3.3.2. Efficiency of virus production differs between -JFknd

DBN3a

As previously mentioned, Ramiretal. (2016)established a cell culture virus clone of
HCVGT3awhich had comparable RNA replication and virus propagation characteristics-to JFH
1. These characteristics were confirmed during the production of both cell culture viruses using
the in-house protocol (Figur8.3). By comparing propagation of virus in both Huh7 cells and
Huh7.5 cells (Figurg.3B), concludsthat both viruses follow a similar trend and respond the
same to the presence of RilGthat differs between the two cell lines; Huh7.5 cells, a degive
of Huh7 cells, are believed to be more submissive to HCV infection due to a missense mutation
in RIG1, involved in the host intracellular antiviral defen@umpter et al., 2005}or both JFH
1 and DBN3a, there is a trend of greater virus propagation in Huh7.5 cells than Huh7 cells.
However, DBN3a virus has a significant increase in virus titre between the 72 h.p.e and 144 h.p.e
which is not comparable to JFHvirus propagatiorfFigure3.3 C). Further differences in virus
propagation are highlighted when comparing JFEnd DBN3a infection of Huh7 cells (Figure
3.4). As both viruses perform in a similar manner under the stresses presented by Huh7 cells
(Figure3.3B), a significat difference in the number of cells infected by JFk not due to the
infection occurring in Huh7 cells instead of Huh7.5 cells. By using the average intensity of
fluorescence as a measure of the level of NS5A expression there is more NS5A within JFH
infected cells than DBN3a infected cells. However, as less cells are infected-by itlEH
reasonable to suggest that NS5A is accumulating within an infected cell potentially due to an
inefficiency of JFH releasing virus proger(frigure3.4).

The difference in the number of infected cells might have been explained by differences
in specific infectivity of the two viruses. To assess this, two methods of virus quantification were
used (Figure350 ® ¢ KA & | ff26a dza (G2 RSOGSN¥YAYS LGKS o
calculated by qRT / w> | YR GUKS aFdzy Ol A 2 Y kalculaiedh biyNBA = A

(Ojosnegros et al., 2011Interestingly, these ratios change depending on the virus. Lentivirus
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can have a functional to physical ratio of 1 in 100, SE&RE2 can range between 1 in 1000 to 1
in 1,000,000 and SARS can be 1 in @&spres et al., 2022; Duke et al., 202D¢sprest al.
(2022)investigated the changes in functional and physical virus titres for different strains of
SARSCoV?2, linking ratio variations between strains as a potential reason for increased spread.
This ratio can suggest how efficient an infected cell is at produsifectious virions and
concludes that both JFH and DBN3a produce roughly 1 functional unit for every 10,000
physical units produced in Huh7.5 cells (Fig8ré D). Critically, the protocol conducted to
measure the functional to physical ratio of JEEInd DBN3a virus did not include treatment to
remove noncapsulated RNA. Thus, gRTR results are not specific to virions produced and
include rdeasedviral genome that is not capsulatdcbm host cells. Norcapsulated RNA may
be removed by completing a pteeatment of popidium monoazide(PMA) prior to RNA
extraction. PMA is an intercalating dye with a phdatducible azide group that covalently binds
to nucleic acids that are ne®@ | LJa dzf  § SRE adzy LINPGSOGSREST LINB OGS
PCRPurves et al.)Based on gRIPCR results gathered in this projgldypothesise that JFH
is unable to infect as many cells as DBN3a during a 72 h infection as DBN3a is able to release
more virus particles during the course of infection thereby increasing the likelihood of DBN3a
releasing more functical units.

To confirmthis hypothesis, samples measuring the number of cells infected and the
production of virions during the course of a 72 h infection was conducted (F3gg)teAs there
is no difference between the number of cells infected at 4 h.p.i, virus entry does not differ
between JFH. and DBN3a. The number of cells infected by1Ad DBN3a virus at 4 h.p.i
supports our hypothesis that as the infection length incesgaghere is a greater difference in
the number of cells infected as there is a gredwrgth of time for DBN3a to produce more
functional unit virions than JFH (Figure3.6 B). This is supported by the increasing number of

virions produced over the course of infection based on the virus titre calculated, in pari@ular

h.p.i (Figure3.6 D). Additionally, these results mimic the initial investigation into-IFhd
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DBN3a virus propagation; DBN3a producing significantly more virus at 144 h.p.e thén JFH
when comparing to the 72 h.p.e virus titre (Fig@:8C). However, it is important to note, that
the virus titre during this infection will increase at 72 h.p.i not only because DBN3a infected cells
may be producing more virions, but because more cells are infected at this timepoint. To confirm
if there is agreater number of physical units being released by DBN3a at 72 h.p.i,-BQRT
RSGSOGAY3 {KS havd been pofiducted to dofgadziphysical and functional titres.
Supportingthis theory that JFHL is unable to release as many virus particles as DBN3a,
the fluorescence intensity is trending higher for JFkfected cells than DBN3a infected cells
particularly at the 72 h.p.i (Figui@6 C). To gain greater confidence that dFk$ maintaining
virus particles within cells, intracellular virus titres could be compared betweerl Jitdi
DBN3a by freeze thawing infected cells allowing release of virus particles within the cytoplasm.
Virus ttre could be calculated by gRPICR and FFA, to determine functional and physical units.
The buoyancy of intracellular virus could also be investigated to determine if virus particles have
high-density, reflecting an immature precursor, or lalensity, reflecting a mature infectious
particle due to be release(lGastaminza et al., 2008f JFHL infected cells contain more high
density particles than DBN3a, it could be suggested thatlJdbility to release mature particles
is restricted. The presence wéry lowdensity lipoproteingVLDL) is associated to lipid droplets,
which may be hijacked during HCV infection to promote virus produiitiyanari et al., 2007)
The number of lipid droplets present during JFldnd DBN3a infection could be compared by
confocal microscopy. Fundamentally, if DBN3a can release more virions, the ability of DBN3a to
manipulate the host cell may differ from J&H
Multiple virushost cell factors are involved to ensure successful release of virus
particles. For exampleDiacylglycerol acyltransferade (DGAT1and g/tosolic phospholipase
A2(PLA2G4A) are crucial to recruiting the core protein to lipid dropl2&AT linteracts with
both core and NS5A HCV proteins allowing localisation on lipid droplets and ensuring particle

assemblyHerker et al., 2010; Li et al., 202PLA2G4A is essential to produce virus particles as
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it cleaves lipids containin@rachidonic acid Cleaving of arachidonic acid is crucial for
establishing a membrane environment that allow efficient incorporation of both host and virus
factors for the construction of highly infectious virus partic{ddenzel et al., 2012)This is
believed to play a role in membrane homeostasis by altering the phospholipid composition and
the release of VLDL. This hypothesis is supported Bt §1(2017) demonstrating PLA2G4A
increased expression by HCV infection promotes lipid droplet formation. In relation to this
project, NS5A plays a crucial role in the assembly and envelopment of HCV hdoweaser
interested inthe NS5A progressive role in disease pathology linke@T For example, both
the VLDL and rmorosomal triglyceride transfer protein inhibitiofMTTP) are involved in HCV
assembly through interaction with NS5A and disease pathology pathw&Bin

During HCV assembly, HCV utilisel$death-inducing DFFAike effector B(CIDEB), a
key regulator of VLDL, to promote the NS5A:ApoE interactibnCai et al., 2016)This
interaction is required for efficient production of HCV particle assembly and re(Basea et
al., 2010) The assembly and secretion of hepatic VLDL is regulated by MTTP, which also
modulates the production of ApoB and ApoE. Jiang and(2@@0)performed a knockdown
ApoE proving its interaction with NS5A as crucial for the assembly of HCV. ApoB is not involved
in HCV assembly howevdorms the VLDL required to export the triglycerides into the
bloodstream In terms ofGT3 pathology, HCV has been reported to inhibit the MTTP pathway
during HC\GT infection by restricting the transfer of lipid molecules to ApoB resulting in the
degradation of ApoB and a decreased reduction in VLDL produ&®ememuter et al., 2002)
Research has shown this to be H&We protein mediated with all GTs capable of inhibiting the
pathway. However, Jhaveet al. (2008)expresses that particular polymorphisms in the core
protein of GT3a may be the reason why the MTTP is more greatly affected during GT3 infection
This is suggestive of a link between NS5A interactions required for particle assembly and release
within these pathways. The result of this would be disease progression that differs between JFH

land DBN3a.
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As such, it may be suggested that JFl4 unable to release virus to the capability of
that of DBN3a due to a reduction in infection at 72 h.p.i and an accumulation of NS5A in
comparison to DBN3a. This may be becauselliBiinable to manipulate host fexs affecting
virus assembly to the same extent as DBN3a. This warrants further research specifically
investigating differentiation of NS5A plasticity, alluding to potential functional differences

between JFH and DBN3a.

3.3.3. Insertion of TST demonstrates different plasticity of-1IFH

and DBN3a NS5A domain llI

To investigate differences between JEldnd DBN3a NS5A, an insertion of an epitope
tag would be greatly advantageoussertion of the tag in the C terminus was favoured due to
the short structural elements present within the N terminus, suggested by Hareiudlg2009)
as well as an interest in characterising the C terminus domain. Data has been published negating
the theory as domain Il being dispensable to RNA replication; domain Il plays a role in virus
assembly and productiofAppel et al., 2008)n addition to this, the amino acid locations within
the C terminus have been well documentedGil and 2 as being susceptible to the insertion
of epitope tags as well as fluorescent proteins. To directly compare the plasticity of NS5A in JFH
1 and DBN3a, the same sites were used to insert a TST (Bigur®espite domain Il being
characterised as tolerant to large heterologous insertions and deletions with no impact on RNA
replication(Foster et al., 2010}his was only true for JFH(Figure3.8 A). For SGR DBN3a only
the Gterminal site (Isn449) was compatible with RNA replication (Figd). This suggests
that there are significant differences between the plasticity and function oflJBhd DBN3a
RNA replication within domain 1.

To decipher if Isn449 of DBN3a plays a crucial role in the production of virus particles,

the quantification of virus titres of both JFHand DBN3a containing the TST in all four sites was
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investigated (Figur8.9). Within JFHL, as the TST is inserted closer to the C terminus, there is a
decline in virus titre, notably with site Isn431. This could be linked to the crucial area required
for virus production, amino acid location 427458, due to interaction of NS54ith the core
protein of HC\{Appel et al., 2008)Failure to produce virus particles with the TST inserted at
site Isn463 is not surprising as this site is proximal to the cleavage of NS5A to NS5B and the
amino acid area 427 458, as such the area between these two important areas may be less
tolerant to the insertion of even a small epitope tag. These insertions within the SGR-af JFH
can allow predictions of insertion sites within the virus genome that will successfully produce
virus particles. However, as the insertion of the TST only worked duttieest downstream
point of NS5A in DBN3a, Isn449, and no other insertion sites produced virus particles, there is
the suggestion that the areas of function discovered in-IAMS5A domain Ill cannot be
extrapolated toGT3.

To summarise, by inserting the TST into all four sites in both the SGR and virus genomes,
I can conclude that the plasticity and functional areas of domain Ill NS5A of DBN3a does not
mirror that of JFHL. As insertion site 1sn418 in JEkNnd 1sn423 in DBN3a has been cited as a
tolerable site inGTL via the FK5.1 SGR clone, domain II6Th and GT2 may retain similar
functions. To test this fully, all four insertions should be testedsifi in vitro cell culture
systems. This further alludes to the ideaN$5A domain Il within DBN3a as having different
plasticity and potential functions, yet to be defined. It is important to note, only virus production
was tested, the presence of the TST in the virus genome and localisation with NS5A and RNA
replication st electroporation was not tested. Further work would allow this assessment by
staining the electroporated cells for NS5A as well as a streptavidin antibody for the visualisation

of NS5A and TST-taralisation by confocal microscopy.
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3.3.4. Potential use of stable cell line expressing TST allowing

proteomic analysis

As an alternative approach to understand the differences betweenl]ahtl DBN3a
stable cell lines harbouring the SGR were produced for potential proteomic analysis by co
immunoprecipitation of NS5A to investigate host protein interactions (Fi@ut€). The TST
inserted into amino acid site 1sn426 within SGR-IRtths used as proteomics analysis had
previously been conducted by Goonawardaeal. (2017)using this site and epitope tag. This
would allow us to directly compare our results, using the results from Goonawaretaak
(2017)as a control to our proteomic protocol and JEHesults. Insertion site Isn449 was used
for the establishment of the DBN3a stable cell line as it maintained the best RNA replication in
comparison to wiletype.

Despite confirmation of the established stable cell line by western blot, the elution of
the coimmunoprecipitation assay suggests a poor pull down of URNS5ATST. As the stable
cell line was a polyclonal population, the TST coding sequence may havedyapromised by
deletion or point mutation in some cells, resulting in a mixed population. The poor presence of
the TST tag present in the western blot may provide evidence for this. To eliminate the risk of
knockingout the TST during the establishmerittoe stable cell line, a monoclonal cell line could

be established after confirmation of the presence of the TST by Sanger sequencing.

3.3.5. Viral genome replication is impacted by large amino acid
insertions in previously tolerated TST insertion sites

3.3.5.1. GFP insertion into DBN3a SGR
The tolerance of previously tested insertion sites to fluorescent genes, in particular
Isn449, in the SGR clone of DBN3a (Fi§ut®) was investigatedPrimarily all four sites were

tested, eGFP was inserted with and without linkers, with all sites deemed asolswable
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(Figure3.11C, D). The linkers used, providing structural flexibility, was the same amino acid
sequence as the linkers used when inserting the TST. When a fluorescent gene has been inserted
into JFHL, linkers appear to always be present and the linker type candgpgnding on the

clone producedMcCormick et al., 2006; Re$hriepland et al., 2015; Schaller et al., 200%9

such,l believe the sequence of the linker used is not the determinant allowing RNA replication
when a fluorescent gene is inserted, howeuetid not test different linkers.

As expected, the three upstream insertion sites that did not tolerate the insertion of TST
within the SGR clone did not tolerate the insertion of eGFP, efforts were focussed on the
susceptible TST insertion site Isn449 when conducting further attemptgpiess a NS5A fusion
with eGFP (Figurd.11E, F). The insertion of a start codon at the start of eGFP was conducted
in an attempt to increase the protein structure stabiligledo, 2019; Valley et al., 2012)
Additionally, the stability and potential toxicity of eGFP was explored by replacing eGFP with
hrGFP (Figurd.11F). hrGFP is codarptimised, mutant version of GFP frdRenilla reniformis
specifically designed for mammalian cell expresgtdaim et al., 1995)The potential of eGFP
inhibiting RNA replication by inducing cellular cytotoxicity during DBN3a expression but not
during JFH. expression was a premature hypothesis; the expression eGFP is not affected during
co-expression of the DBN3a SGR as notedheyeGFP reporter present in the SGR DBN3a
established by Waret al. (2020) This suggests the cellular stress of HCV RNA replication in a
cell does not exhibit an environment rendering eGFP expression as unstdigbkeve the
fundamental problem inhibiting eGFP expression and RNA replication may be due to the large
amino acid sequence and structure disrupting the cleavage of NS5A to NS5B. By inserting hrGFP
instead of eGFP, it could be suggested that hrGFP consiatslightly different structure than
eGFP. However, structural differences in hrGFP and eGFP has not beencweatedted or
suggested as a factor promoting GFP expression in previous plasmids. To test if it is the structure

of eGFP inhibits RNA replication, a different fluorescent gene should be inserted. eGFP was not
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inserted into the virus genome of DBN3a, however, as RNA replication was not achieved in the

SGR, virus particle production is not likely to occur in any of the four insertions sites.

3.3.5.2. eGFP insertion into JAHSGR

As the insertion site 1sn463 was tolerated during the insertion of a small epitopé tag,
investigated if this site was also tolerable to a larger insertion; eGFP. If the insertion was
tolerated, | can conclude that this area of domain Il is very susceptible to insertion despite its
proximity to the NS5ANS5B cleavage sifBawlotsky & Germanidis, 1999hree methods were
used to test RNA replication, confirming that insertion of eGFP was not tolerated in 1sn463
(Figure3.12). This was expected due to the increase in size and structure of eGFP in comparison
to the TST. eGFP consists of 249 amino acids and forms a very distinct structure containing a
classicab-barrel fold with a helix running through the core of the structure containing the
chromophore(Arpino et al., 2012)However, TST consists of only 28 amino acids and contains
two binding units each comprising an eight residue helical confirmation. The ninth amino acid,
at the C terminus, forms a salt bridge to streptavi@8chmidt & Skerra, 1993; Wu & Wong,
2013) By initially cloning eGFP into the SGR in site 1sn463, disruption of RNA replication was
observed. This suggests both RNA replication and virus production will be disrupted by the

presence of eGFP in site Isn463 of the-Ikfiftus genome.

3.3.5.3. Fluorescent protein insertion into J&Hirus
JFH1 NS5A fused fluorescent viruses have already been successfully established; 1sn396
allows RNA replication and the production of virus parti¢ieshaller et al., 2008nd Isn418
cloned by Christopher McCormick allows RNA replication however, virus production assays had
not been conducted. Initially, RNA replication of the virus genome with fluorescent proteins
inserted was tested (Figu13. Corresponding to the literature and suggestive of our previous

results, eGFP inserted into 1sn463 disrupted RNA replication, fluorescent proteins inserted into
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Isn396 and Isn418 allowed successful RNA replication. Interestingly, expression of fluorescent
proteins inserted in Isn418, plateaued at a lower number of fluorescent cells per well than
Isn396 (Figur8.13D, E)I hypothesised that Isn418 had a lower number of fluorescent positive
cells per well as the site was tolerable for RNA replication, allowing cells with electroporated
RNA to express the viral genome, however, was incapable of producing virus particles and
therefore did not spread through the cedbpulation during the 72 h time course. This was
confirmed by analysing cell confluency kinetics, suggesting the plateau of fluorescent positive
cells for insertion site 1sn396 is defined by the number of naive cells ptesent

Fluorescence intensity was analysed to confirm RNA replication and accumulation of the
viral genome within an electroporated cell. When displaying all samples (RBgl4&\, B), a
fluorescent negative sample may contain false positives after performing the IncuCyte software
analysis. Interestingly, the analysis parameters for green fluorescence appears to better
distinguish between positive and negative cells (Figiiel A) than parameters set to identify
red fluorescence (Figurd.14 B) based on the cldy of results presented with all samples
present. This may be due to Huh7.5 cells afllorescing more within the red fluorescent
channel than green making the distinguishing of false positive objects more difficult.

Replicating similar results to JAHnefficiency of producing virions compared to DBN3a
infection, the intensity unit of the fluorescent proteins did not reach a plateau. Contrary to
Isn418, the intensity unit plateaus by 60 h.p.e for fluorescent proteissrted into Isn396l
believe this is due to a saturation of HCR RNA replication within virus producing cells. A longer
time course is required to observe peak fluorescence intensity for Isn418 which is not producing
virus and therefore, may be lessiefént at RNA replication (FiguBel4C, D). By confirming the
presence of NS5A within electroporated cdllsan confirm fluorescence expression is indicative
of RNA replication (Figu&15) and Isn463 is definitively not expressing NS5A.

By confirming Isn418 is incapable of producing virions, by expression of protein

fluorescence (Figurg.16B, C) and expression of NS5A within infected cells (FRyLé®),| can
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conclude that the insertion of TST does not confirm an amino acid site as being tolerable to all
insertions whether in the SGR or the virus genome. This is probably due to the difference in size
and structure of eGFP and TST, as mentioned previouslycAsusilike the insertion of the TST,
the Isn418 insertion site not being tolerable to the presence of a fluorescent gene does not
deem this amino acid location as crucial to the production of virus particles. However, the
production of virus particles wamly tested by the number of NS5A expressing cells after FFA.
I cannot exclude the possibility that the insertion of eGFP/mCherry into Isn418 produces virions
that may be norinfectious; incapable of infecting naive cells. To test thisyuld perform gRT
t/w Fyrfeara 2F GKS &adzLISNYFGFyd 2F St SOGNRLR
The insertion of a fluorescent gene into the virus genome and RNA replication and virus
production assessment may be determined by multiple methddsispected site 1sn418 was
not producing infectious virions prior to the completion of the FFA. This highlights the diverse
range of quantitative analysis the IncuCyte can provide, allowing a highgruowif results and
multiple methods of result confirntens.
Asl know, by the insertion of a TST, domain Il of DBN3a plasticity is not parallet to JFH
1. Insertion of eGFP in the corresponding Schatlaf.(2007) amino acid position Isn396 within
JFHL1, should be tested in DBN3a to confirm if this site is potentially tolerated in other HCV GTs.
It could also allude to further potential differences or similarities of domain Ill functions in JFH
1 and DBN3a. Our relss demonstratethat despite differences in tolerated TST insertion sites,

insertion of eGFP into JAHand DBN3&GR follows the statusjuo that toleration of insertion

sites can be dictated by size of the gene inserted.

3.3.6. Differences of tolerated insertion sites of JFEind DBN3a

are not limited to NS5A

By being unable to fuse eGFP onto NS5A, other reporter systems were explored to

establish a fluorescent reporter within the DBN3a virus genome. Possibilities considered
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included the insertion of two NS5A genes; one with a fused eGFP, allowilogatisation
studies, and the second allowing cleavage of NS5A to NS5B, which is possibly the inhibiting factor
of RNA replication. This system was not explored, as downstreatiestuncluded specific focus
of NS5A inducing and promoting HCV disease pathology. Having a system which overexpressed
our protein of interest could obscure these results, creating a further divide betvreitro
andin vivoHCV analysis. Producing N$&ged to a split eGFP system was also discussed, as the
full eGFP sequence would not be fused onto NS5A; only 16 amino acids constituting the C
terminus of theb strand would be inserted, and the largertérminus 10b strand would be
transfected into the cell separatel{pader et al., 2019)However, downstream experiments
include a range of different cell culture models trying to recapitulate the architecture of liver,
including 3D models and PCLS, transfection of cells was not desirable as would place more stress
on cells and would not miim a natural HCV infection. As the length of eGFP was deemed as the
limiting factor within the genome, inserting eGFP upstream of the HCV genome with
independent translation of the genes using the FMDV 2A system was investigated &igure
Minskaiaet al. (2013) demonstrates the various factors should be considered and
adapted when cloning using the FMDVA 2A system, outlining the different sequences of 2A that
Oy 0S8 dzaSR I f GSNR R {GieS 1adHjHES yOBTA YA Sy O & & 24 H
from Thosea asignairus (Liu et al., 2017)In our system, RNA replication, but not virus
production, of the JFH virus genome suggests that despite eGFP being expressed before the
translation of the HCV polyprotein, there is still disruption to the production of infectious virions.
No RNA replation or virus production of DBN3a suggests there could be a more systemic
difference between JF and DBN3a virus genomes not restricted to NS5A. There is also limited
output from IncuCyte analysis as there was no visualisation of electroporated gellgtout
the 72 h.p.e to detected eGFP expression, in particular average intensity unit of a fluorescent

cells which can decipher limited RNA replication and virus production. Virus production was only
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assessed 72 h.p.e and not 144 h.p.e despite the possibility of RNA replication and virus
production efficiency rate declining and requiring a longer time course.

The identification of differences between JElnd DBN3a at an infection level, by the
completion of monolayer experiments and a genomic level, specific to NS5A by the insertion of
small epitope tags and larger fluorescent genes, highlights fundameritatetices between
the two HCV GTs. These differences support future investigatian gftro HCV infection

specifically exploring the function of NS5A during DBN3a infection and comparing1o JFH
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3.4.Summary

IncuCyte S3 allows the-trepth analysis of RNA replication and HCV infection. User
subconscious bias can be eliminated by using the same analysis parameters consistently
between biological repeats.

Despite the same number of Huh7 cells infected by-1JfHd DBN3a at 4 h.p.iath
suggests DBN3a is more efficient at producing virus particles in comparison-fo JFH
based on a greater number bluh7cells infectecoy DBN3a than JFHat 72 h.pi.

Insertion of a small epitope tag, TST, alludes to different plasticity and function of NS5A
within DBN3a when directly comparing tolerated insertion sites te1JFH

The size of gene insertions can impact RNA replication and virus particle production of

previously discovered tolerable amino acid insertion sites.
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Chapter 4Comparing NS5A hegtotein
interactions between JFHand DBN3a

4.1.Introduction

Viruses are defined as obligate intracellular pathogens which rely on host cell machinery
to successfully complete their life cycle. Upon entry, host cell surface receptors and trafficking
factors are requiredvirus genome replication and translation relies on host translation factors
Host organelles are required for virus assembly and, virus egress relies on host trafficking
factors. However, host cell defenchave evolvedo combat the threat of viral infection via
pathogenrassociated molecular pattesn(PAMPSs) which triggers the innate antiviral response
(Shah et al., 2022)During an infection, a virus must combat the antiviral response while
exploitinghost cellular factorso provideefficient virus replication. By understanding vitugst
protein interactions,| can identify novel drug treatment targets. For example, viusst
interactions of influenza virus provide preof-concept to targeting host protein interactions
for viral therapeutics. Inhibition of protein kinase C (PKC) and theME&ERK signalling
cascade resuttd in a reduction in virus production. Since then, more than 80 compounds have
been identified directly targeting the pathway inhibiting influenza virus repbceide Chassey
et al., 2014)

Determining proteirninteraction networks by proteomic approachgsovidesa detailed
understanding of cellulabiology. Proteomics provides direct measurements of cellular states
that cannot be determined by genomic and transcriptomic data where alterations may not result
to protein changes or reveal pegtanslational modificationgWilhelm et al., 2014)A map of
molecular systems, networks and pathways can generate and Wiladt to cellular activities
such as cell proliferation, differentiation and apoptosis. This increases the complexity of sample
collection as protein expression is altered by time and environmental condi{i©uset al.,

2022) Protein expression may be analysed using conventional methods such as western blot,
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immunohistochemistry and enzyrdaked immunosorbent assay (ELISA). Highughput
analysis allows greater accuracy and depth of analysis and includes methods such as tissue
microarray and mass spectrometifslam et al., 2017)

Mass spectrometry (MS) outperforms immunoassays due to its ability to detect intact
protein or a subset of composite peptiddyy utilising the ionisation of protein molecules
allowing their mass to be calculated based the massto-charge ratio. This allows rapid
detection and provides quantitative analysis of proteins involved in a complex. Liquid
chromatography uses a liquid mobile phase for continuous separation of all the proteins in a
complex and can be combinedth mass spectrometry (L-R1S) allowinghe separation of a full
length protein and its fragments in addition to peptide identification. MS qualitative and
gquantitative analysis can be improved by performingM&MS which uses tandem mass
spectrometry to gather information on molecular anddraent ion peakgW. Cai et al., 2016)

MS data is matched to a protein sequence database and peptide scores, protein scores and
protein inference results can be providédui et al., 2022; Matthiesen & Bunkenborg, 2013)

Proteomics has been used widely to expand our knowledge of the HCV life cycle, liver
pathogenesis, hosaltered metabolism, and host immune responses. Expression proteomics
identifies changes to protein expression in different conditions. Such an anabsiserformed
by Vravast al. (2022) utilising a Huh7.5 cell line stably expressing the Core+1/Long isoform of
HCV1la, an Alternative Reading Frame Protein (ARFP), which is conserved in different HCV
genotypes. Isoforms of ARFP of the HCV core protein uncovered a molecular signaturefound t
be important for the progression of HCV liver disease to cancer by triggering oncogenesis and
metastasis pathways.de Chassal. (2008)suggests a muHiunctional role for HCV NS3 and
NS5A proteins. As well as being involved in RNA replication, NS3 and NS5A interactions were
found to play a role in the regulation of cellular focal adhesions. This funtdams to the
hypothesis of NS3 and NS5A involvement in liver pathology; promoting tumorigenesis and cell

detachment from extracellular matrix components. Structural proteomics exposes 3D structures
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and complexities such as protein interactions with cell organelles, typically using nuclear
magnetic resonance spectroscopy aneta} crystallography. Structural proteomics aided
Lussignokt al. (2016)discovery of the HCV capsid protein interacting with nucleoporin Nup98
as essential for virion assembly. In addition, HCV mediatipigcation of the viral genomeas
discovered by Kinet al. (2017)by HCV inducing lipid raft localisation to autophagosomes.
Functional proteomics identifies the biological role of a protein through the identification of
protein complexes leading to roles in cellular pathways. Exploiting this method, Katraar
discovered the interaction of NS2 with the ubiquitin proteasome system, specifically MARCHS,
a member of the membranbound E3 ubiquitin ligases family. MARCH8 mediatesliKk&d
ubiquitination, a type of postranslational modification that regulates ¢h interaction,
translocation, and activation of proteins, of HCV NS2 which promotes recruitment of the host
endosomal sorting complex binding to NS2 allowing HCV envelopment.

Specific to NS5A, many protein interactions have been described in the literature. Ross
Thrieplandet al. (2015) reviewed more than 130 interactions in 2015. Since, thather
interactions have been described, such as interaction with the nucleosome assembly protein 1
like protein 1 (NAP1L1{Goonawardane et al., 2017; Cevik et al.,, 20&m@yl apoptosis
stimulating of p53 protein 2 (ASPR&mirnov et al., 2023)A high number of NS5A to host
protein interactions supports the hypothesis of NS5A acting as a-fualttional protein. As a
phosphoprotein, NS5A may be present in two forms, a hyperphosphorylated form, molecular
weight of 58 kDa, or a hypophosphoryldtéorm, molecular weight at 56 kDH.is suggestd
that NS5A is able to facilitate a larggmberof host protein interactions by presenting itself in
these different forms, actingit spatially and temporallgistinct patternsin a host cell, with
functionally different roles and protein interactions. As such, proteomic analysis of NS5A
interactions may focus on the phosphorylation status of NS5A. Multiple groups have shown
phosphorylation sites of NS5A to be crucial for genome replicg@drong et al., 2016; Cordek

etal., 2014; Lee et al., 201&)ordek et al2014)proposed thatphosphorylation and other post
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translational modifications allow expansion of the viral proteome under limited coding capacity.
Chonet al. (2016)demonstratal that serine-235 phosphorylated by casein kinasa (CKh)
promotes HCV replication by increasing NS5A interaction with vesssleciated membrane
protein-associated protein A (VA®). Goonawardanest al. (2017) demonstratel that the
phosphorylation status of NS5A, specifically serine 225, plays a cruciah idB&5A to host
protein interactionswithin the SGRNAP1L1, bridging integrator 1 (Binl), and \WABased on

the phosphorylation status of the protein, genome replication and the subcellular localisation
of replication complexes &re altered.

Smirnov et al(2023)performed similar proteomic analysis, a streptavidin tag inserted
into the C terminus of NS5A within the infectious dFElone, unlike the use of the SGR hy
Goonwardaneet al. (2017) Similar to Goonawardanet al., proteomic analysis identified
previously described interactors of NS5A, Binl and NAP1L1, identifying protein interactions as
occurring in both the SGR and infectious clone. Smirebwal. (2023) characterises the
interaction of ASPP2 to NS5A, an interaction not previously identified in SGR proteomic analysis,
however previously identified in a yeast tvinybrid assayde Chassey et al., 200&uring HCV
infection, ASPP2 is described as binding to NS5A via its SH3 domain promoting HCV RNA
replication and spread of HCV transmission. Unlike research by Goonwatdan@017) there
was no association of NSBSPP2 interaction being specific to the phosphorylation state of
NS5A. As ASPP2 binds to the polyproline motif of NS5A, Sneitradv(2023) describe the
interest in understanding the influence NSBSPP2 complex influencing the serine/threonine
NS5A phosphorylation status, which requires interaction of the proline rich region to the SH3
domain.

To date, proteomic analysis of HCV has only used patient samples, HCV SGR et the JFH
infectious cloneAs| hypothesse NS5A in GT3 promotes liver pathogenesis, allowing a more
rapid progression of liver disease and increased sevetitylised the insertion of a TST within

NS5A of JFH andDBN3&o directly compare NS5A virus to host proteins interactions. This was
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utilised to directly analysfunctional differences between GT2 and GT3 NS5A which have not

been accomplished to date.

147



4.2.Results

4.2.1. Evaluating NS5A immunoprecipitation bgepharose

suspension beads

Asl have established cell culture infectious clones of-1Fd DBN3a containing a TST
in domain Il of NS5Amino acid insertion site JFHIsn426 and DBN3a Isn44@yaluated the
immunoprecipitation of NS5Avith any interacting proteingrom these infectious clones. To
confirm efficient immunoprecipitation of HCV NS&kualisation of NS5A from infectious clones
via SDSAGEand western blotting was performedit 72 h.p.e cell lysates of Huh7 cells
electroporated with HCV infectious clonesene harvested (Figure4.1 A). The control
immunoprecipitation was performed on Huh7 cells electroporated with the WT HCV infectious
cloneswithout the TSTtag. Following pulldown, 161 of the elution was visualised by SBSGE
and western blot analysis (Figudel B). Presence of NS5A can be confirmed byaparent
molecular massf protein, NS5A at 568 kDa. Input samples confirm the presence of NS5A in
cell lysategWT and TSTINS5A for both the control pulldowdVT)and TST containing infectious
clones is bsent in the elution samplehis suggestthe pulldown does not contain sufficient
enrichment of NS54or proteomic analysis. To further evaluate the presence of NS5A in
pulldown elution samples, the remaining BQ of elution was analysed by western blot (Figure
4.1 C). Results suggeaste protocol iscapable ofJFHL NS5ATST pulldown howevenot in a
sufficientquantity to be visualised by using 1 of elution. Pulldown of DBN3a NSb&Twas
unsuccessful, as evidenced by a lackN&85A within the eltion of the immunoprecipitation
despite presence of NS5A within inpgample All pulldown controls did not contain NS5A in
elution samples. Results suggeficiency of TSpulldown is low thus requiring optimisation of
the protocol either through increased concentration of input virus to ensure sufficient pulldown

or altering the stringency of wash/elution conditions
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Figure 4.1HCV TST virusmmmunoprecipitation utilising sepharose suspension beads.

A) Schematic of cell lysate production protoclshmunoprecipitation was completed using streptavidin
sepharose suspension beads and visualised by western blot. Western blot visualisedUWZ @ieSa
Odyssey. Inpst showcell lysate controls Elutionsampleswere collected after immunoprecipitation B)

10nL of sample. C) 3@ of sample
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4.2.2. Optimisation of NS5A immunoprecipitation bypharose

suspension beads

To gain a more concentrated sample of NS5A in the elution from immunoprecipitation
by sepharose suspension beadsattempted to increase¢he concentration of NS5A within the
input cell lysatel hypothesisedhat byincreasing theamountof RNA electroporated into Huh7
cellsthis would increaseNS5Aexpression Thus, D increase the presence of NS5A within cell
lysates either 5, 7.5 or 1y ofin vitrotranscribed JFA or DBN3a WT RNA was electroporated
into Huh7 cells. Cell lysates were collectechf2eto investigate theelative amountof NS5A
via western blot and densitometry analysis (Figd2A). Western blot confirms the presence
of NS5A and housekeeper control actin for all cell lysates collected. Despite increasing the
amount of RNA electroporated into Huh7 cells, thenas no significant difference in the
expression levelsf NS5A present in cell lysates for both JFehd DBN3a. Virus titresene
calculaed from supernatant collected at #2p.e(Figure4.2 BC). Virus titre was normalised to
the titre calculated from Huh7 cells electroporated witm§HCVRNA at 72.p.e,as thiswas
the standardamountof RNA electroporated into cells. Thewasno significant difference in the
virus titres when increasing the amount of RNA electroporated into Huh7 cells. Reflecting
western blot analysis, theamount of virus produced does not increase in a linear trend to the
increasing amount of RNA electroporated intbluh7 cells. These results suggest
immunoprecipitation vissepharose suspension beads cannot be optimised by increasing the
presence of NS5A present in cell lysates through the amount of RNA electroporated into Huh7

cells.
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Figure4.2 Detection ofNS5A in Huh7 cell lysates.

Huh7 cells wre electroporated with eithel5, 7.5, or 10 ng RNA of the infectious virus clones. Supernatant

and cell lysates was collected *2p.e A) Cell lysates were visualised by western blot allowing
densitometry analysis of NS5A to actin. Representative western blot visualised byGdSa Odyssey

and densitometry results normalising NS5A expression to actin housekeeper control. Virus tithe@e72

B) JFHL and Q) DBN3a Data presented as mean with standard deviation. Statistical significance was
testedbyones @ ! bh+x! GgAGK GKS . 2y ¥TSNNER sikgepookdariakdJ S O3
Pvalugsyaxz t. xndnp
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4.2.3. Immunoprecipitation of NS5A via MagStrep magnetic beads

Asl wasunable to increase the expression of NS5A within cell lysate samples, it was
deemedsepharose suspension beads were not able to provide the adequate amount of NS5A
required to perform proteomic analysishypothesised magnetic beads may provide a higher
binding capacity to the streptavidin and reduce sample loss during wash gtepsding higher
specificity and thusvould provide an adequate pulldown of NS5A. To investigate this, Huh7 cells
were electroporated with 5rgin vitrotranscribedHCVRNAWT and TST infectious cloneSgll
lysates were collected 72p.eandiY Ydzy 2 LINSOA LA Gl GA2Y 61 a O2yRdzO
XT beads. All elution samples were visualised witlml@f the total 40nL elution collected.
Immunoprecipitation was conducted following the protocol outlined byanufacturers
protocol. The presence of NS58r both WT and TST clonass visualised by western blot
(Figure4.3 A). The control immunoprecipitation, WT J&Hinfectious clone, suggests inadequate
wash steps as NS5A is present in the elution sample, which would not be acceptable for
proteomic analysis. Therefore, the iba Ltd. protocol was optimised by introducing a primary high
salt concentration wash after ehincubation of cell lysates with magnetic beads and changing
of Eppendorfs prior to the final wash step to remove unbound protein presence on the walls of
the Eppendorfs (Figuré.3 B). As control samples, JAHand DBN3a WT, contain NS5Aha
eluted samples, results suggest the optimised protocol is sufficient to remove-spatific
LINEGSAY O2ydl YAYLGAZYd ¢KAA LINROARSaAa O2yTARS
the immunoprecipitation of samples required for proteomic analysis without further

optimisation.

152



NS5A and TST

NHA and TST

NSBA ¢ Green TST - Red

Figure 4.30ptimisation of immunoprecipitationutilising magnetic beads

Input refersto cell lysateprior to immunoprecipitation. Elution refers to samples collected after
immunoprecipitation. Samples were analysed by western blot and visualised hy}@@RSa Odyssey.

Two immunoprecipitation protocols were completed) As outlined bythe manufacturers protocol The
presence of NS5A and TST was visualised, scanning the membrane at 700 nm and 800 nhm wavelength,
displays the NS5A)een) and TSTréd). B) Optimised protocol using a high salt concentration wash and
changing 6 EppendorfsThe presence of NS5A and TST was visualised, scanning the membrane at 700

nm and 800 nm wavelength, displays the NS&48)(and TSTg¢een.
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4.2.4. HCV proteomic analysis reveals similar NS5A interactions of

JFH1 and DBN3a

To investigate the interaction partners of HCV NS5A, a immunoprecipitation of NS5A
TSTwas performedat 72h.p.ein Huh7 cells. To confirm the presence of NS5A in eluted samples
all technical repeats were analysed by western blot to confirm the presence of NS5A (Figure
4.4). Following pulldown and western blot confirmation, technical samples were analysed by LC
MS/MS to identify proteins captured by HCV NS5A. Using a tandem mass tag quantification
approach, protein abundance was analysed by Proteome Disc¥gFigured.5). Proteome
Discover defines a protein as present within an experimental group if 3 of the 4 technical repeats
express that a particular proteirDverall, a total of 330 proteins were identified with high
confidenceg(false discovery rate 1%rotein abundances were nornmed to the median across
each channel and scaled to the control (pooled) samples. Many pratégmactions are
unchangedand thereforeit is hypothesised that there would kan even distribution of protein
intensities across all the channeldormalisation and scaling are more challenging in-galn
experiments because the background proteome has been depletedn@&timn of eab channel
should be the same postormalisation.Therefore the pre-normalised data has been exported
out of the Proteome Discover and further analysis was conducted in PersBussented irthis
data, strict analysis parameters were set by logging the P values, the anadysix relaxedy
removing the log which may allow more proteins being identified as significantly diffdrent.
identified 4 potential interactors of HCV NS5A as being significantly altered in their abundance
between JFHL and DBN3a. eano plots distinguish between significantly different protein
abundances, P value of 0.5 or lower, as well as variable mean change between technical repeats,
-log P. Volcano plots outlines the comparisons of protein abundance between each
experimental goup (JFHL WT/JFHL TST/DBN3a WT/DBN3a TST) (Figéle Comparing W
TST samples, suggests NAP1L1 is the only host protein interactor of NS5AL ithafitas

significantly enriched as the protein is present in the TST sample and not the WT
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(immunoprecipitation negative control). Comparison of the - W8T of DBN3a suggests there

are no potential protein interactions of the host proteins to HCV NS5A of DBN3a. Comparison
of WT¢ WT sample$JFHL and DBN3airus without TST tagged N9SAiggests the expression

of the 40S Ribosomal Protein S7 and S24 may be defined as background binding and not specific
to NS5A (Figuré.6 A B C). Comparison of the TST only samples (Bigubg, suggests NAP1L1
interacts with the NS5A of JAHbut not NS5A of DiBa. A list of the potential top 9 different
protein interactors of NS5A between JEHTST and DBN3a TST (Tdklg provides further
insight into other protein interactions that may differ between JFBind DBN3a NS5A, however,
were not deemed as significantly different using the strietmae analysis. These proteins include
endoplasmic reticulum chaperone protein (GRP78) and-kéo reductase family 1 member

C2 (AKR1C2). Interestingly, IFNS4A protein interaction is not noted as significant when
comparing JFHL TST and DBN3a TST. In addition to this, the presence of other HCV poly protein
products interacting with NS5A of either JEldr DBN3a have not been noted.

When comparing our results to Goonwardane ef2017) 12 out of the 29 significantly
different proteins between WT to TST JEsamples were found in our proteomic results. When
comparing our identified proteins to Smirnev al. (2023)hits, only 7 out of 268 proteins were
identified. Of all the proteins identified in both the Goonwardaeteal. (2017)and Smirnowet
al. (2023)data, only one was significantly different between WT and TST in our analysis (for both
relaxed and strict analysed data parameters); NAP1L1. GRP78 and AKR1C2 were not identified
in either protein interactome results. Our results suggest few differenadwden potential
interactors of NS5A JFHand DBN3a and inability to identify previously noted NS5A interacting

partners in our model.
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Figure 4.Representative image of immunoprecipitation samples sent for proteomic analysis.

Input refersto cell lysateprior to immunoprecipitation.Using 10ni of the 40 i eluted volume, elution
refers to samples collected after immunoprecipitatiosinga I 3 { G NB LJ & ( &.ISEnpleséwere ¢

analysed by western blot and visualised by th€ORSa Odyssey.
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Figure 4.59°roteomic samples protein abundances.
Protein abundances were calculated in PD and then imported into Perseus. Entries were filtered on having

a minimum of 3 valid values in at least one condition. Channels megrealisedby dividing by the median
of the channel. Missing values were imputed based on a normal distribution with a downward shift of 1.2

and a width of 0.5. Results were log2 transformed.
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Figure 4.6Volcano plot of NS5A interactions between JAFAndDBN3a

Potential protein interactors were determined by-MSMSanalysis. To confirm protein interactions are
specific, multiple samples were compared A)-1FFBT v3FHLWT, B) DBNSTST vOBN3aN T, CDBNa
TST vs JFHTST DWTDBN& vsWT JFHL. The xaxis represents the difference of protein expression
between experimental groups. Theaxis outlines the abundance of the protein in the sampted
signifies a protein in significance abundan&) A summary table of protein defined as significantly
different in abundance between samples. Black lines indicatalge significancg p-value<0.05defined

as significant aneLog P defining variance between technical repeats
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Description

JA1

Jeaved
3.949859 -2.9733228 NBA

Tagged

JAH1 Jeaved NSHA Ta
gged

Nucleosome assembly
protein 1-like 1
OS=Homo sapiens
OX=9606 GN=NAP1L1
PE=1 Sv=1

3.214686 -2.3028491  P55209

DBN3a
Jeaved
NSHA

Tagged

DBN3A _deaved NSHA
3.159318 1.79535182 Tagged
Endoplasmic reticulum
chaperone BIP
OS=Homo sapiens
OX=9606 GN=HSPA5
PE=1 SV/=2
Aldo-keto reductase
family 1 member C2
OS=Homo sapiens
OX=9606 GN=AKRLC2
PE=1 S/=3
Heat shock cognate 71
kDa protein OS=Homo
sapiens OX=9606
GN=HSPA8 PE=1 Sv=1
Heat shock 70 kDa
protein 1A OS=Homo
sapiens OX=9606
GN=HSPA1A PE-1 Sv=1

2.506537 -0.713574  P11021

2470161 -0.4068907 P52895

2418328 -0.6454394 P11142

2.220295 -0.9666161 PODMV3

Protein disulfide-
isomerase A3 OS=Homo
sapiens OX=9606
GN=PDIA3 PE=1 Sv=4
Pyruvate kinase PKM
OS=Homo sapiens
OX=9606 GN=PKM PE=1
Sv=4

2172311 -0.703172  P30101

1.899176 -0.5523272 P14618

JH-1
Average

4.95380378

1.97407952

1.47461371

2.25136679

0.46005125

4.51557267

-0.9983589

-0.1715905

1.87283948

Abundance | Abundance

1.980481

-0.3287696

3.26996553

1.53779277

0.0531605

3.87013322

-1.964975

-0.8747625

1.32051232

Table 4.1Differences between JFH TST and DBN3a TST NS5A protein interactions.

NS5A protein interactions identified by MIS/MS. Protein abundance was calculated in Proteome
Discover, the average of four experimental repeats is shown. Protein analysis was completed in Perseus
where entries were filtered by having a minimum of 3 vatitues in at least one conditiom+ signifies
significance calculated by strict matrix analysis. + signifies significance calculated by relaxed matrix

analysis.
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4.2.5. Confirmation of NS5A proteomic analysis

To confirm the results of the proteomic analysis, the presence of NAP1L1 and GRP78
within our eluted samples was investigated. Primarily, expression levels of NAP1L1 and GRP78
were investigated in samples sent for proteomic analysis by utilising westets ddnfirming
NS5A presence prior to sending samples (FidgureA). The membrane was-pEobed with
antibodies to the two proteins, NAP1L1 (dual band detected 52 and 60kDa) and GRP78 (78 kDa)
both visualised in green. NS5A was previously probed and shroved. Neither NAP1L1 nor
GRP78 were detected in any elution samples, however, both were detected in all input samples.
To determine if the presence of NAP1L1 and GRP78 was below the limit of western blot
detection in the 181 sample analysed, the remainder of the sample if80was also analysed
by western blot (Figurd.7 B) however, there was no detection of NAP1L1 or GRP78 in elution
samples. As the positive control failed to indicate efficient antibody binding, it was

undetermined whether NAP1L1 oRB78 had a specific interaction with NS5A.
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Figure 4.7Confrmation of NAP1L1 interacting with HCV NS5A.
A)Western blot originally used to confirm protein samples prior to runnindISIMS analysis. Western

was reprobed for NAP1L1 and GRP78. Input refers cell lysate that did not undergo immunoprecipitation.
Elution refers to samples collected after immunoprecipitationdOof sample was visualised. Bluted

sampledfor proteomics analysis was visualised on a western blot containind_&Qution.

161



As| wasunable to detect NAP1L1 and GRP78 in elution samples of infectiouslvirus,
hypothesised the potential interaction of NS5A JdFtkb these host proteins may be dynamic
during the virus life cycle. To test our hypothesis, immunoprecipitation of NS5A 4h dfRei
DBN3a was conducted in Huh7 cells stably expressing the SGR HCV (V8T afahes). Huh7
cells expressing the WT and TST clones ofLJ&itl DBN3a were harvested and underwent
immunoprecipitation via | 3 { (4 NB LJ & ( & Al®lutiorévere ahalyses by Réstern blot
for the detection of NS5A, NAP1L1 and actin (Figu8 A). Results are consistent with
immunoprecipitations containing infectious virus. The elution of SGR HCV containing TST
successfully immunoprecipitated NS5A however, did not contain NAP1L1, and all input samples
contained NS5A and NAP1L1. These resultgest proteomic analysis is more sensitive in

detecting protein expression in comparison to western blot analysis.
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Figure 4.8Comparing HCV NS5A NAP1L1 interaction in HCV SGR.

A) Huh7 cells stablgxpressing the HCV SGR. Cell lysateterwent immunoprecipitation completed
usingMagStregr G @ LIS o0é¢ - ¢ o0SIFIRaA® LyLdzi NBSF¥FSNER OStt feal
Elution refers to samples collected after immunoprecipitation NS5A interactions were analysed by

western blot and expression of NS5A and NAP1L1 visualised hyGRSa Odyssey.
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4.2.6. Optimisation of siRNA silencing of NAP1L1 gene expression

As the interaction of NAP1L1 with NS5A of-1Fhkls been previously described
(Goonawardane et al., 2017; Cevik et al., 20trfurther investigatetie importance of NAP1[.1
I initially used an siRNA approach to ablate NAP1L1 expression and determine the effect on
replication of the two isolatesl expected a reduction of JFHgenome replication and infection
of cells in the presence of reduced NAP1L1 expression. Contrary-th D&kpected to see no
change in DBN3a genome replication or infection in the presence of reduced NAP1L1 presence.
Primarily,l focused on the optimisation of NAP1L1 siRNA silencing. Huh7 cellsrarstected
with a pool of siRNA targeting NAP1L1; transfection was completed using Lipofectamine 2000
or RNA iMax containing either 10 nM or 40 nM of siRNA in addition to varying the change in
media 6h post transfection. A negative control scrambled (Scr) RNA, comprising of a human
non-targeting nucleotide sequence, distinguishes sequespecific RNA silencing from non
specific effects. At 48 post transfection, cells were visualised by IncuCyte S3 determining cell
growth and harvested for western bl@tnalysis to detect protein expression (Figur8 A).
Protein expression visualised by western blots detecting for NAP1EAO(EPa) and actin (45
kDa), were analysed by densitometry (Figdi@B). NAP1L1 protein expression was normalised
to the housekeeper control, actin, and compared to the NAP1L1 expression in the scrambled
control of the same performed under the same transfection method. Results suggest adequate
silencing of NAP1L1 whening Lipofectamine 2000. When changing medig®st transfecion
there was a 67% silencing of NAP1L1 using 10 nM siRNA, and there is suggestion of a greater
silencing effect (72%) when transfecting 40 nM siRNA. The optimal condition of siRNA silencing
was determined to be transfection of 10 nM siRNA without a meldange (95% silencing). RNA
iMax may provide greater silencing efficiency than Lipofectamine 2000 as both the 10 nM
transfection and 40 nM transfection provides a greater silencing in comparison to Lipofectamine
2000 (10 nM; 89%, 40 nM; 87%. Contrary thipofectamine 2000, not changing the media post

transfection using RNA iMax appears to negatively impact siRNA expression as there was an 8%
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reduction of gene expression in comparison to the scrambled control. To determine the health
of the cells postransfection, the confluency of cells was analysed by imaging the wells using
the IncuCyte S3. For both Lipofectamine 2000 (Figl@€C) and RNA iMax (Figut® D), there

is suggestion the confluency of cells decrease when a higher amount of siRNA is transfected (10
nM vs 40 nM) and cell confluency appears to be greatly negatively affected when media is not
changed postransfection regardless dhe transfection reagent used. In addition to this, the
confluency of cells does not appear to be dependent on the siRNA or scrambled control groups
suggesting changes in cell confluency is not dependent on the siRNA target. By using cell
confluency as m indication of cell health in addition to protein expression analysis by
densitometry, results suggest RNA iMax can silence cells more efficiently than Lipofectamine

2000 while maintaining healthy cell division.
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Figure 4.90ptimisation of NAP1L1 siRNsNencing

A) Schematic ofsiRNA silencing evaluation experimeell lysates were collected for western blot
analysis. B) Protein expression was visualised by western blot allowing densitometry analysis.
Representative western blot visualised by theCORSa Odyssey and densitometry results normalising
NAP1L1 (highlighted in green box of western blot) expression to actin (highlighted in red box of western
blot), housekeeper control and compared to the corresponding scramble control of that experiment
condtion. Cel growth was analysed for the different transfection reagents used, C) Lipofectamine 2000
and D) RNA iMax.
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4.2.7. NAP1LImpact on HCV genome replication

Evaluation of previous literature suggests contradictory requirements of NAP1L1 for
efficient HCV genome replicatig@oonawardane et al., 2017; Cevik et al., 20Id)investigate
the requirement of NAP1L1 interacting with HCV proteins for genome replication, Huh7 cells
stably harbouring the SGR of JEldr DBN3a were transfected with siRNA targeting NAP1L1
MRNA. 4& post transfection, cells were harvestéHigure 4.10 A)andRNA expressiowas
analysedvia qRTPCR(Figure 4.10)and protein expression analysed via western b{Btgure
411).wb! fS@Sta 2F bl!tm[m FYR I/ + pQ!¢w adza3S:
types 48h post transfection (mock 35% SGR JFH¢ 25%, SGR DBN882%). To account for
GKS y2N¥yltArAaliGAzy 2F 3SyS SELINBaarzy o0& (KS
of mock was normalised to JAHFiguret.10 C) and DBN3a (Figur&0 D), demonstrating mock
Huh7 cells were not contaminated with the HCV genome. Despite NAP1L1 mRNA showing
moderate silencing, there was no change in HCV genome replication, based on the presence of

§KS 1/ + pQ! ¢-Wc9hand SGRDBNIALTH)
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Figure 4.1BiRNAsilencingof NAP1L1 effect on HCSGRNS5A RNA expression.
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To determine if the mRNA silencing of NAP1L1 alters the expression of the functional
unit, protein levels were analysed. Western blots detecting NS5A, NAP1L1 and actin were
visualised, and densitometry analysis was performed normalising the expressiothdi85A
and NAP1L1 to housekeeper control protein, actin (Figutd A). Comparison of NAP1L1
silencing demonstrates a reduction of NAP1L1 in mock (61%), SARB) and SGR DBN3a
(87%). Despite a reduction of NAP1L1 protein expression, there igluctin of NS5A
expression in SGR JEHan average of 15%, however this is not significant. There appears to be
no reduction of NS5A expression within SGR DBN3a, maintaining 103% NS5A expression level in
comparison to the scramble control. To determin&AP1L1 is silenced in the HCV SGR stable
cell line, relative expression of NAP1L1 was analysed by western blot and densitometry analysis
of the scramble controls (Figu#ell B). There is no significant difference in NAP1L1 expression
between cell lineduring siRNA scrambled transfectiofhese results suggest the possible
interaction of NAP1L1 with the SGR -IF&hd SGR DBN3a does not significantly contribute to

efficient HCV genome replication with@il2 and 3.
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Figure 4.11SiRNA of NAP1L1 effect on HS@RNS5A protein expression.

A) Representative image of western blot and densitometry results normalising NAP1L1 and NS5A
expression to housekeeper control, actin and scrambled control sanB)j&s¢pression of NAP1L1 within
scrambled controls normalised to Huh7 mock cell IData presented as mean with standard deviation.
Statistical significance was tested by eé @ ! bh+! GAGK GKS . 2y FSNNRBYAQ:2

with a single pooled variancP valus;y a = t. xndnp
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4.2.8. NAP1L1 expression may be required for efficient HCV

infection

As the expression of NAP1L1 was not required for HCV SGR genome replication, the
requirement for NAP1L1 expression during HCV infection was investigated. Huh7 cells were
transfected with siRNA specifically targeting the mRNA of NAP1lhlpasd transfection, Huh7
cells were infected with HCV (MOI 0.2) prior to harvesting cells for RNA and protein expression
analysis (Figuré.12 A). RNA expression suggests NAP1L1 mRNA expression was increased when
normalised to the housekeeper control, HPRT1, and scraméigutession; Mock; 47%
overexpressed, JFH¢ 32% overexpressed, DBN325% overexpressed. The expression of the
1/ + pQ!le¢ws dzaSR +Fa& + YENJ SN F2NJ gANI £ 3ISy2Y!
overexpression of NAP1L1 with the average expgeysi 2 F |/ + pQ!' ¢w A1 S G
(JFHL ¢ 2% over expressed, DBN@8.5% reduced expression (Figdr&2 B)). To confirm mock
OStta 6SNB y20 O2yiGlYAYLFGSR 6A0GK 1/ 32 Y201 |

1/ + pQ! ¢w S ELNGSR4ILR @) yind DEN3ANEJuel2 D).
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Figure4.12 SiRNAsilencingof NAP1L1 effect omfectious HCV NS5A RNA expression.

A) Schematic of sample collection. B) Relative gérie LINS & 4 A2y 2F b!tm[m | yR |/
GKS K2dzaS1SSLISNI O2yiNRf 3ISySs Itwemd DSy-$and ELINB &
D) DBN3a. Data presented as mean with standard deviation. Statistical significance was tested by one

wayANOV g AGK (GKS . 2y FSNNBYAQAa YdzZ GALX S.POaIOEHE R &2 Y
XnodénpT FFFFZ t fndannnnpod

172



As RNA expression levels of NAP1L1 was not silencédp@&t transfection, it was
important to determine if protein expression was reduced. Western blots detecting NS5A,
NAP1L1 and actin were visualised, and densitometry analysis was performed normalising the
expression of both NS5A and NAP1L1 to housekeeparat protein, actin (Figuret.13 A).
Despite no reduction of NAP1L1 gene expression g@st transfection, comparison of NAP1L1
protein expression to the scrambled control demonstrates silencingAP1L1 in mock (75%),
JFHL1 (44%) and DBN3a (44%). Results also indicate a reduction of HCV NS5A protein expression
in both JFHL (63%) and DBN3a (57%) when NAP1L1 expression is reduced. To determine if
NAP1L1 is expression is reduced during HCV infectiithout the use of siRNA, relative
expression of NAP1L1 was analysed by western blot and densitometry analysis of the scramble
controls (Figuret.13 B). There is a general trend of NAP1L1 expression being reduced during
HCV infection. These results saggNAP1L1 expressiomay playa partial role in HCV infection

of both JFHL and DBN3a.
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Figure4.13 SiRNA of NAP1L1 effect on HCV NS5A protein expressidmfectious clones

Representative image of western blot and densitometry results normalising NAP1L1 and NS5A expression

to housekeeper control, actin and scrambled control sam@@g£Expression of NAP1L1 within scrambled
controls normalised to Huh7 mock cell lineata presented as mean with standard deviati@ata

presented as mean with standard deviation. Statistical significance was tested awyagn&NOVA with
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4.2.9, SiRNA transfection results to autofluorescence of Huh7 cells

Optimisation of NAP1L1 silencing in Huh7 cells allows greater investigation of NAP1L1s
effect on HCV infection and genome replication. As well as analysing HCV genome replication by
gRFt / w RSGSOGAY3a 1/ pQ'e¢w YR b{ plposdibeBoa Sy OS
guantify the number of NS5A positive cells by staining infected Huh7 cells with shed{S&#ti
allowing visualisation and analysis via IncuCyte S3. However, post siRNA transfection and HCV
infection, quantification of mock and NSp#asitive @lls showed increased levels of cell auto
fluorescence (Figuret.14). Representative images demonstrate the IncuCyte S3 software
inability to decipher nofanfected cells from NS5A positive cells; almost all cells are identified as

positive in both mock and HCV infected samples. As a result of this, a comparison of NS5A

positive cells between siRNA and scrambled control groups was not conducted.
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Figure 4.1 Auto-fluorescence of cells post siRNA transfection.
Huh7 cells expressing HSGR48 hours post transfection were stained with sheep @&@5A and
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analysis parametergmages were taken at 10 x magnification and scale bars #4f0ns.
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4.2.10. Phosphorylation status of NS5A varies between HCV cell

models

These esults have suggested NAP1L1 does not contribute to HCV genome replication
however, does contribute to the HCV infectious life cycle. This was tested using two different
HCV cell models; Huh7 cell line stably expressing HCV SGR and infecting Huh7hcells wit
infectious clones. It has been previously published the phosphorylation status of NS5A plays a
crucial role in NS5A interacting with host proteins, interactions may only occur in the presence
of a particular phosphorylated state of NS§&hong et al., 2016; Evans et al., 2004,
Goonawardane et al., 2017Jo investigate if the phosphorylation status of NS5 withinJFH
and DBN3a differs in different HCV models, NS5A protein expression was analysed by western
blot from different HCV cell models; Huh7 harbouring a stable SGR or infected with HCV (MOI
0.2) harvested 72 h.p.i (Figu#e15). Expression of NS5A within the SGR suggests both ditH
DBN3a present a hypeand hype phosphorylated form of NS5A based on the presence of a 56
kDa and 58 kDa protein band (Figdrd5A). Interestingly, in the preseacof HCV structural
proteins, there appears to be no hyperphosphorylated form of NS5A (58 kDa) in DBN3a,
confirmed by probing the western blot with arffi225. This does not occur during -IFHHfection
which exhibits both phosphorylation forms (Figurd.5B). These results suggest there may be
a different abundance of host and NS5A protein interactions depending on the HCV cell model

investigated.
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Figure 4.5 NS5A phosphorylation status of HCV $GRstable cell line and infectious virus

models.
A)Huh7 cells either stable expressing the S@pession of NS5A and actin. B) Huh7 cells \iwéeeted

with either JFHL or DBN3anfectious virus. Cell lysates were collectech72.i. Cell lysates were analysed

by western blot detected for NS5A, S225 and actin. Western blots visualised byGfdSa Odyssey.
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