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Abstract

The development of specific antiviral drugs directly tamggtthe hepatitis C virus
(HCV) is clinically important, as the current standard ifgéeon/ribavirin combina-
tion treatment is only partially effective, expensive aritbo associated with severe
side effects. Inhibitors of the NS3 protease (PI) therefepgesent a promising alter-
native or additional therapy. To date, the developmentianiro evaluation of Pls is
restricted to the genotype 1/2 based replicon and the gee&@a full length viral cell
culture system. However, proteases of the different HCV tygres vary substantially
in their amino acid sequence and secondary structure andteexpparate evaluation
of their efficacy before they go into clinical trials.

To address this issue, a panel of intra- and intergenotggimmbinants based on the re-
combinant infectious clone Jc1 (pFK JFH1/J6/C-846) wasldeeel in this work. The
viability of these recombinants was assessed in the Hulell. sudture system, where
replicating viruses were detected by HCV-NS5A immunostegnilntergenotypic re-
combinants containing genotype l1a, 1b, 3a, 4a and 6a dgrivgdases were repli-
cation defective, whereas the recombinant with genotypdesaved protease repli-
cated efficiently after acquiring cell culture adaptive atitins. The replacement of
not only the NS3 protease gene region, but also its cofaci&tA\ allowed the gen-
eration of replication competent intra- and intergenatyigicombinants for all 6 ma-
jor genotypes. Replacing the NS3 protease of the recomisiveitit that of patient-
derived proteases also generated replicating recomlisingneiatly expanding the panel
of intergenotypic recombinants available for phenotypamgl Pl evaluation. How-
ever, intra- and intergenotypic recombinants showed ankiat differences in their
replication kinetics, which may be influenced by naturalocarring polymorphism
between genotypes and the differential requirement of taddattenuating cell cul-
ture mutations. Genotype la recombinants replicated veoylyy which may be due
to incompatibilities between the type 1a NS3/4A proteasktha type 2a backbone.



Abstract

50 % inhibitory concentrations (kg) of different PIs were measured using Foci Form-
ing Units/ml (FFU/mI) reductions and replication inhiloiti assays. The different re-
combinants showed consistent, genotype-associatedetitfes in their susceptibility
to the PI BILN 2061, with genotypes 2a, 3a and 5a derived reqmmks showing
approximately 100-fold lower susceptibility than genatylb, 4a and 6a derived re-
combinants. These observations are consistent with miferahces in response rates
found in recent treatment trials of genotype 1, 2 and 3 iefggtatients. Differences
in susceptibility were also observed for VX-950, with geypet 1b, 2a and 6a de-
rived recombinants being twice as susceptible than gerddgy 4a and 5a derived
recombinants. Passaging the intra- and intergenotypambmants under increasing
concentrations of Pl allowed the identification of Pl remiste mutations. Resistance
mutations to BILN 2061 mapped to the previously identifiedijmss 156 and 168
within the NS3 protease, with a great diversity of amino aibstitutions observed
within each genotype. Reintroduction of the identified tasise mutations into the
original recombinant viruses conferred increased rasigtdowards BILN 2061 and
some mutations also affected replication kinetics of tliemabinants. The developed
system will be of major value for the phenotypic charactgios of naturally occurring
and treatment induced resistance mutations within all ®@ntdCV genotypes towards
different Pls. This will allow treatment response predios for newly developed Pls
before they enter clinical trials and the development ofvidldially tailored antiviral
treatment regimes.
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Chapter 1
Introduction

1.1 History of Hepatitis C Virus

Viral hepatitis is the main cause of liver cancer and the mostmon reason for liver
transplantations. It is a major public health issue and aes around the world.
The problem of non-A, non-B viral hepatitis (NANBH) becameadent in 1975 after
serological tests for hepatitis A virus (HAV) and hepatgisirus (HBV) became avail-
able. Until then HAV and HBV were considered to be the majoicémgical agents
of transfusion-associated hepatitis (TAH). HAV is a pesitstranded RNA virus in
the genusHepatovirusin the family Picornaviridae Primary transmission route is
the faecal-oral route and it is a major concern in developmgntries with poor sanita-
tion (Melnick (1982); Matthews (1979)). HBV is a hepatotmopobuble-stranded DNA
(dsDNA) virus with a circular genome classified within theageOrthohepadnavirus
which is a member of the familldepadnaviridae It causes inflammation of the liver,
which can lead to cirrhosis and hepatocellular carcinontahas also been associated
with increased risk of pancreatic cancer recently (Hassah (2008)).

Serological testing for HAV and HBV in TAH showed that mostesaslid not have
serological markers of either of these viruses (Feinsatra. (1975)). In this clin-
ical survey on 22 patients, 9 patients had an antibody ressptm cytomegalovirus
(CMV), also known to cause liver damage. However, it was diffito relate this se-
roconversion to their hepatitis. Furthermore, all pasemad pre-existing antibodies
to Epstein-Barr virus (EBV), another virus associated witbridamage. This lead to
the hypothesis that at least some of these serologicajgtive TAH were caused by
other infectious agents not yet identified. Later it was shdlaat as many as 10 %
of transfusions resulted in NANBH and that the incidence gfatiéis was associated

to alanine aminotransferase (ALT) levels in the donor bigBdrmanet al. (1979);
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Aachet al. (1981)). NANBH was later demonstrated to cause persisteat dam-
age in the majority of cases, which could lead to liver cigisan up to 20 % of cases
(Hoofnagle & Alter (1985)). It took another 14 years befdne taetiological agent of
NANBH was identified. The search was hampered by the inalddigulture the agent
in organ or cell culture. But the development of the chimpanmedel, in which acute
and chronic NANBH could be induced by experimental infectiath NANBH pa-
tient blood proved to be a considerable step forward (Tabat. (1978); Alteret al.
(1978); Hollingeret al. (1978)). A serological study following up cardiovascular p
tients, who had received donor blood, provided evidenceNIAdNBH could be trans-
missible between humans. The existence of an additionasfgs), named hepatitis
type C was suggested (Prineeal. (1974)). The ability of this virus to pass through
80 nm membranes, the apparent lack of nucleic acid homoldatmtBV and the sen-
sitivity to chloroform led to suggestions that the aetiatad) agent of NANBH was a
small, enveloped RNA virus (Feinstoeeal. (1983); Bradleyet al. (1983, 1985)).

In 1989, a random-primed complementary DNA (cDNA) librargsaconstructed from
plasma containing the so far uncharacterised NANBH ageneefing of expressed
recombinant proteins from the cDNA library with serum fronpatient, diagnosed
with NANBH, revealed a cDNA clone that was shown to encode d@igemn associated
specifically with NANBH infections. Using Southern blot aysibk it was shown that
this clone, named 5-1-1, was derived from an RNA moleculegmias NANBH infec-
tions and not from chimpanzee or human DNA. Clone 5-1-1 andesyient overlap-
ping clones derived from the same cDNA library hybridised targe, single-stranded
(ss) RNA molecule of about 10,000 nucleotides that was ptesay in NANBH-
infected samples. In addition, it could be shown that angentidirectly derived from
the RNA molecule itself was immunoreactive in NANBH-infecteltimpanzees but
not in those infected with HAV or HBV, indicating that it was gitive-stranded like
the Flaviviridae genomes. Other proof of the aetiological origin of clone-5-firo-
vided the fact that the majority of NANBH patients in a smalhoa had circulating
antibodies specific for the gene products of clone 5-1-1 (Gia@d. (1989)). Based on
these findings the aetiological agent of NANBH was named litep@&tvirus (HCV).
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The development of a first-generation blood screening tasth@sed on antigen c100-
3, produced in recombinant yeast from 5-1-1 and adjacent HGWes. Using c100-
3, an enzyme immunoassay for circulating antibodies agait¥0-3 was developed.
This assay showed that circulating HCV antibodies were #&ialeein most infectious
blood donors and chronically infected NANBH patients. Iticaiso be demonstrated
that HCV was the major global cause of parentally-transchiNANBH (Kuo et al.
(1989)).

Many applications were now possible, the most importamdpéie development of a
blood test to protect the blood supply, as well as diagnesticd new, more effective
drugs for the treatment of HCV patients. In 1990 the first gatiem blood test be-
came available and universal screening of donor blood wtated in most Western
countries. The first generation assay detecting antibatjasist HCV led to a 70 %
decrease in HCV infection incidence rates down to 1.5%. A nseresitive second
generation assay, introduced in 1992, nearly extinguishedHCV transmission rate
(Alter & Houghton (2000)). Today the main risk for HCV infeati is intravenous drug

use.

1.2 The Molecular Virology of HCV

1.2.1 Genome structure and classification

Worldwide about 170 million individuals are estimated tarfected with HCV (WHO
(1999); Sheparét al. (2005)). Following the discovery of the aetiological ageht
hepatitis C in 1989 (clone 5-1-1), several other clones wecenstructed from over-
lapping cDNA clones (Choet al. (1991); Takamizawat al. (1991); Okamoteet al.
(1991); Katoet al. (1990)). Sequence comparison between these strains stomlyed
80-90 % homology, reflecting the diverse nature of an RNA vand the existence
of several subtypes. From comparative analysis of thesenges, the structure and
organisation of the virus was determined. It was demorestrdtiat the virus has an

RNA genome of approximately 9,500 nucleotides (nt) with glgimpen reading frame
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(ORF) encoding for a 3,010 to 3,033 amino acid long single paoliein. The ORF is
flanked by a well conserved 5’ untranslated region (5’'UTR}tplated to be 341 nt
long, and a more variable 3'UTR. The polyprotein itself conéprocessed by cellu-
lar proteases and viral proteases as proposed for otheriflesgs. This generated the
structural proteins core (C), E1 and E2 (envelope protem3)od, as well as the down-
stream encoded non-structural proteins NS2, NS3, NSAABNE&5A and NS5B.

Comparative sequence analysis of the HCV genome and encobjguigiein showed
that HCV has a basic genetic organisation and polyproteuttsire similar to those
of pestiviruses and flaviviruses (Chebal. (1991)). Computer analysis revealed that
HCV possessed statistically significant similarity to 2 ssgees in the protein data
bank, the NS3 protein of dengue type 2 and the putative @#iof carnation mot-
tle virus (CARMV), a member of th€armovirusfamily. This was unexpected as
CARMV is a plant virus. It was suggested that this finding addspsu to the hy-
pothesis that there is an evolutionary relationship betma@mal and plant viruses
(Miller & Purcell (1990)).

Since then HCV has been classified as a member dfldnaviridae family (Fig. 1.1).
Members of this family are small, enveloped viruses andaiard positive-sense, ss-
RNA genome, which encodes a single polyprotein (Thiel (2R0bhe family ofFla-
viviridae is divided into the 3 genera dflavivirus, Hepacivirusand Pestivirus but
also includes the unassigned viruses Hepatitis G Virus (MGB Virus C (GBV-C)
and GBV-A. HCV and GBV-B are the only members of the geHepacivirus GBV-

A and GBV-B were discovered in tamarins infected with the s#ra patient (ini-
tials GB) with mild hepatitis and are closely related to HCV ifiardtet al. (1967);
Simonset al. (1995)). GVB-B is the phylogenetically closest relative t€¥W and
GVB-B infected tamarins develop an acute infection that\e®to chronicity similar
to HCV infection (Bukhet al. (1999); Martinet al. (2003)). GBV-C, formerly known
as HGV, is closely related to GBV-A and GBV-B and shares abot82% sequence
similarity with HCV (Learyet al. (1996)). GBV-C infects humans, but has not been
associated with any disease. However, it is believed that-GB¥n prolong HIV
disease progression (Shankaial. (2008)).
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Figure 1.1: Phylogenetic tree of the Flaviviridae Family.The Flaviviridae are a
family of viruses divided into the 3 genera Flavivirus, Hepaus and Pestivirus.
It also includes the unassigned viruses HGV/GBV-C and GBM@V and GBV-B
are the only members of the genus Hepacivirus. (Reprodudédpermission of P.
Simmonds.)
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1.2.2 HCV structure

HCV genome organisation

The 9.6 kilo base pairs (kb) long HCV genome is translated ame long polypro-
tein that undergoes co-translational and post-transiatkioroteolytic processing in the
cytoplasm or endoplasmic reticulum (ER) of the infected.cklbst and viral pepti-
dases process the polyprotein from the N-terminal regitmahleast 10 structural and
non-structural proteins: core, E1, E2, p7, NS2, NS3, NS434Bl, NS5A and NS5B.
Some reports have suggested the existence of &nptdtein, translated from an al-
ternative ORF overlapping the core gene at nucleotide +1dWékiet al. (2001);
Xu et al. (2001); McMullanet al. (2007)). The structural proteins comprise the N-
terminal third of the polyprotein and the non-structuraltpins are located within the
C-terminal “two thirds” (Fig. 1.2).

An important characteristic of the HCV genome is its high éegof genetic vari-
ability, with different regions varying widely in their mation rate (Martelkt al.
(1992); Pawlotsky (2006)). The most variable are the regigfh and E2, whereas
the 5’UTR and the terminal segment of the 3'UTR show the higlikegree of se-
guence conservation among different HCV variants. The 5’'UWRich is around
341 nt long, contains an internal ribosomal entry site (IRH®Ee IRES, which con-
tains the 4 highly structured domains I-1V, is essentialth& cap-independent transla-
tion of the viral RNA (Bukhet al. (1992); Brownet al. (1992); Hondeet al. (1999);
Tsukiyamaet al. (1992); Wanget al. (1993)). These structures are mostly conserved
among HCV and related viruses (Browhal. (1992); Hondaet al. (1999)). As seen
in other viruses with IRES-mediated expression, the HCV 5’£bRtains critical el-
ements for translation, as well as cis-acting replicatiements (CREs). CREs are
defined stem-loop structures located in the 5’UTR, core, N&i@&mloop 5BSL3.2)
and the 3'UTR that operate tis and are required for genome replication. Disruption
of their structure blocks RNA replication. In addition, lerenge interactions (kissing-
loop) between the elements regulating replication have loescribed (Friebet al.
(2001); Kimet al. (2003); Youet al. (2004); Divineyet al. (2008); Romero-bpez &
Berzal-Herranz (2009)).
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Figure 1.2: Genomic organisation and gene products of HCVhe single-stranded
positive sense RNA strand is translated into one singlepeglitde, which is then pro-
cessed by cellular and viral peptidases/proteases. Degictyellow are the structural
genes and in red the non-structural genes.
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It has been shown that (i) the sequences upstream of the IRE&sential for viral
RNA replication, (ii) the first 125 nt of the HCV 5’UTR are suffeeit for RNA replica-
tion, but for efficient RNA replication the complete 5’UTR isgessary and (iii) stem-
loop Il of the IRES is crucial for replication (Friela al. (2001)). Furthermore, it has
been demonstrated that the 5’UTR is capable of binding teea-8pecific microRNA,
miR122, resulting in enhanced HCV RNA replication (Joplei@l. (2005)).

The 3'UTR varies in length from 200-235nt and includes a skariable region,
a poly(U/UC) tract with average length of 80nt and a nearlaiant 98 nt long
X-tail region (Kolykhalovet al. (1996); Tanakat al. (1995, 1996)). The 3'X-tall
forms 3 stable stem-loop structures, also called “cloeaf-] that are highly conserved
among all genotypes and are essential for RNA replicatiore IX region and the
52 nt upstream of the poly(U/UC) tract are crucial for RNA reation, while the rest
of the 3'UTR plays a role in the enhancement of replication&Y.emon (2003);
Friebe & Bartenschlager (2002)).

Features of the viral proteins

Core

The core protein is an RNA binding protein that forms the nocégsid and is syn-
thesised as the most N-terminal component of the polyprolgie newly synthesised
polyprotein has an internal signal sequence between caréharenvelope protein E1
thattargetsitto the ER, where E1 is translocated into the E€av@be by the ER signal
peptidase at position 191 liberates the N-terminal end ohtelthe ER and leaves core,
in aimmature form, attached to the ER membrane (Santelial. (1994); Yasuiet al.
(1998)). The signal peptide is then further cleaved by aaigeptide peptidase and
core is released from the ER membrane into the cytosol (Mchlanet al. (2002);
Hussyet al. (1996); Santolinet al. (1994)). This now mature form of core is trans-
ferred from the ER membrane to the surface of lipid dropleBs)), where it interacts
with NS5A, which is also attached to LDs (McLauchleial. (2002); Barbaet al.
(1997)). The core protein has also been located in the outechondrial membrane,
where it has been associated with oxidative stress (Scéwadr (2004); Okudaet al.

(2002); Boudreaet al. (2009)). Core is a multifunctional protein probably essen-

8
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tial for viral replication, maturation and pathogenesishds, for example, also been
shown to induce hepatic steatosis in transgenic mice (Matl. (1997)). Besides

its involvement in the formation of the HCV virion, core alsashnumerous regula-
tory functions, including modulation of signalling pathyga cellular and viral gene

expression, cell transformation, apoptosis and lipid imatam (McLauchlan (2000);

Suzuki & Suzuki (2006)).

E1 and E2 envelope proteins

E1l and E2 are the glycosylated envelope proteins esseatigalrfis entry and hence
good targets for specific antiviral inhibitors and neusialy antibodies (Hellet al.
(2006); Goffardet al. (2005)). These type-I trans-membrane proteins are N-gljat
ed in their large N-terminal ectodomains and are anchoredembranes by the hy-
drophobic C-terminal transmembrane domains (TMDs) €Dal. (2001)). E1 and
E2 can form 2 types of complexes, properly folded heterotsménich are stabilised
by noncovalent interactions and misfolded disulfide-liggr@gates (Dubuissaat al.
(1994)). The exact mechanism of cell entry is not clear,caitiih several putative
cell surface receptors of HCV or recombinant E2 protein haa@nbdentified. Us-
ing soluble E2, different potential HCV receptor(s) haverb&kentified: Cluster of
Differentiation 81 (CD81) tetraspanin (Pilexi al. (1998)), scavenger receptor class
B type | (SR-BI) (Scarsellet al. (2002)), claudin-1 (Evanst al. (2007)), heparan
sulphate (Bartlet al. (2003)), and the mannose binding lectins DC-SIGN and L-
SIGN (Lozachet al. (2003); Pohimanet al. (2003); Gardneet al. (2003)). DC-
SIGN stands for dendritic cell-specific intercellular asiioe molecule-3-grabbing non-
integrin and LC-SIGN for liver/lymph node-specific intercghr adhesion molecule-3-
grabbing integrin. Additionally, the low-density lipogein (LDL) receptor has been
suggested to play a role in HCV entry, because HCV associatesLWiL and very
low-density lipoprotein (VLDL) in serum (Lozaokt al. (2003); Monazahiaet al.
(1999)). Of these putative HCV receptors, CD81 and SR-BI have bleewn to play

a direct role in HCV entry (Cocqueret al. (2006)). Other receptors, not expressed
on hepatocytes, such as DC-SIGN and L-SIGN may play a rolesiestablishment of
a persistent infection. DC-SIGN, expressed on dendritis ¢BICs), and L-SIGN, ex-

pressed on endothelial cells in liver sinusoids, capture &Nicles and may thereby
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facilitate infection of nearby hepatocytes (Corme¢l. (2004)). Further details to
HCV cell entry are described in section 1.2.3.

E1l and E2 are also the gene regions with the highest genegesdy in the HCV
genome. E2 contains hypervariable domains (e.g., HVR1)wdmie the most variable
regions of the HCV genome (Hijikatet al. (1991); Weinelet al. (1991); Katoet al.
(1992)). A hyperimmune rabbit serum, raised against a gyittpeptide correspond-
ing to HVR1 of HCV isolate H77, was able to protect from infeatwith H77 in cell
culture. However, the serum was not able to protect from &cion with H90 (a
genetically divergent isolate from the same patient), destrating that neutralisation
of HCV was at least partly mediated by isolate-specific awlid® recognising HVR1
(Shimizuet al. (1996)). The huge variability of HCV within HVR1 is likely toay an
important role in HCV persistence. It allows HCV to escape ftbmpressure exerted
by the host immune response. This was also demonstrated atienpwith agam-
maglobulinaemia, who, during a follow up of 2.5 years, did siow any variability
within the HVRs (Kumatet al. (1994)). In vitro experiments later showed that cross-
genotype neutralisation is possible, indicating that gimibe possible to identify and
raise cross-neutralising antibodies, which is importantthe development of active

and passive immunisation strategies (Scle¢al. (2008)).

p7 protein

p7 is a small hydrophobic polypeptide that spans the ER @omgimbrane and is es-
sential for the production of infectious viriomsvivo (Sakaiet al. (2003); Brohmet al.
(2009)). It has been classified as a viroporin, as it is a sof@hnel-forming viral
membrane protein that affects the infectivity of the viragl @an be blocked by aman-
tadine (Gonzalez & Carrasco (2003); Grifgéhal. (2003)). The family of viroporins
includes proteins like influenza M2 and human immunodefayienrus type-1 (HIV-
1) viral protein u (vpu), which alter membrane permeabdityl facilitate the release of
viral particles. The ion channels formed by p7 may play anartant role in the life-
cycle of HCV and drugs that block them may affect virus repiara(StGelaist al.
(2009)).

10
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NS2 protein

NS2 is a transmembrane protein with a highly hydrophobieMatnus, which forms
3-4 transmembrane helices within the ER membrane and astimcdated cysteine
protease that cleaves the NS2-NS3 junction, for which itlireg the N-terminal part
of NS3 as a cofactor (Schregetial. (2009)). It has also been suggested to play an
important role in viral assembly and release (Pietschnedah (2006)). Recently it
has been shown that NS2 also is involved in the inhibitionyalaphilin A (CypA),

a NS5B modulator, mediated by CypA inhibitors such as cydaspe A (CysA) and
DEBIO-025 (Cieselet al. (2009)). Furthermore, several crossover sites for natural
or artificial infectious intergenotypic HCV chimaeras haweb mapped within NS2
(Kalininaet al. (2002); Pietschmanet al. (2006)).

NS3/4A complex

NS3 is a multi-functional protein with a N-terminal serinefease and a C-terminal
RNA helicase/NTPase domain. Composed of 2 beta-barrel dsirthie protease has
a chymotrypsin-like fold, with His57, Asp81 and Ser139 lgeihe catalytic triad. Its
activity is enhanced by the NS4A cofactor, a 54-residue apaphic peptide with a hy-
drophilic N-terminus and a hydrophobic C-terminus (Ketral. (1996); Faillaet al.
(1994)). The N-terminal 21 amino acids of NS4A form a transthenea-helix,
which is required for the integral membrane associatioh®MNS3/4A complex (Brass
et al. (2008)). NS4A associates non-covalently with the NS3 pmotehich has no
transmembrane domains, and thereby anchors it to ER/ER-Bkelaranes (Wollet al.
(2000)). However, NS3 has been reported to have an amphipatthelix, which in-
teracts in-plane with the membrane surface, providingtamfdil association with the
membrane (Brasst al. (2008)). The NS3/4A complex is essential for viral polypro-
tein processing and RNA replication (Faiflaal. (1994)). It cleaves the polyprotein
downstream of NS3, which generates the essential commfmnthe formation of
the replication complex and was therefore one of the firgetarfor the development
of new anti-HCV molecules (Lindenbach & Rice (2005); De Frawoe& Migliaccio
(2005)). It is responsible for the proteolytic cleavage gudctions of the HCV
polyprotein precursor: NS3/NS4A (self cleavage), NS4AAMBSNS4B/NS5A and
NS5A/NS5B. NS4A is essential for processing at the NS3/NS¥34A/NS4B and

11
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NS4B/NS5A sites and enhances cleavage efficiency betweeA BIBSNS5B. Amino
acids 21-32 of NS4A are sufficient for its cofactor activiBagtenschlageet al. (1993,
1995); Faillaet al. (1995); Linet al. (1995a); Tanjet al. (1995); Tomeket al. (1996)).
The NS3 protease also cleavedramswithin the NS3 helicase domain, with the NS3
helicase and NS4A as cofactors.

However, the amino acid residues of NS4A involved in thermmaécleavage of NS3
are different from those required for the cofactor activfythe NS3 serine protease
(Shojiet al. (1999); Yanget al. (2000); Paret al. (2009); Kouet al. (2007)). The
NS3/4A protease has an unusually shallow substrate-lgnolicket, which requires
substrate binding with high affinity and avidity. This posdsig problem in the design
of efficient NS3 inhibitors (Kinet al. (1996); De Francesacet al. (1998)).

NS3/4A is furthermore involved in the blocking of the hostl ¢enate immune re-
sponse (Fogt al. (2003)). NS3/4A has been shown to interfere with the double-
stranded RNA (dsRNA) signalling pathway, thereby suppressie interferon (IFN)
induction in HCV replicating cells. dsRNA, a replication ptmd generated by most
viruses, is recognised by Toll-like receptor 3 (TLR3) and dy&osolic RNA heli-
case retinoic acid-inducible gene | (RIG-I). The proteaserfares with the cellular
RIG-I pathway through cleavage of the adaptor protein of B tegulatory factor-

3 (IRF-3) and the IFN promoter stimulator protein IPS-1 (atsodif/VISA/MAVS)
(Meylanet al. (2005)). IPS-1 is thereby dislodged from the mitochondnaimbrane
and the signalling to the antiviral immune response is gigd (Liet al. (2005c)).
NS3/4A also cleaves TRIF, which links the TLR-3 response to 8Rid NF~B ac-
tivation (Li etal. (2005b)). TRIF stands for Toll-IL-1 receptor domain-contag
adaptor inducing IFN3. The process of IFN disruption is discussed in more detail in
section 1.6.2.

The NS3 C-terminus encodes a DexH/D-box RNA helicase redplensir RNA un-
winding and can be structurally divided into NTPase domRINA binding domain
and a helical domain. Members of the DexH/D-box helicaseedamily 2 unwind
RNA-RNA substrates in a 3'- to -5’ direction (Tat al. (1996); Cheoet al. (1998)).
Structural analysis has suggested that the NS3 helicasts @s a dimer with the NT-
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Pase of one helicase building an interface with the RNA bigdiamain of the other
(Choet al. (1998)). The helicase plays a role in the initiation of RNAlregtion to-
gether with NS5A and NS5B (Zhorgg al. (2005); Murayamat al. (2007a)). It joins
unwinding of dsRNA, or of ssSRNA regions with extensive secopgructures, to ATP
hydrolysis. Unwinding of dsRNA is done in a highly coordirditgycle of fast ripping
and local pausing with regular spacing along the duplextsates(Serebrov & Pyle
(2004); Levinet al. (2005)). The helicase activity is furthermore positivelgaulated
by the NS3 protease domain and NS4A (Fratlal. (2004)). Although attractive as
an antiviral target, the development of specific inhibiteigs behind those of protease
and polymerase inhibitors (Kworgg al. (2005)).

NS4B protein

NS4B is a relatively poorly characterised integral membrarotein, which is pre-
dicted to contain at least 4 transmembrane segments, atigthisterminal part and a
cytosolic C-terminal part containing an amphipathitielix mediating membrane as-
sociation (Lundiret al. (2003); Gouttenoiret al. (2009)). The amphipathia-helix

is also involved in the induction of the membranous web, &ifipenembrane alter-
ation that serves as a scaffold for the RNA replication comgggeret al. (2002)).
NS4B has been reported to be palmitoylated at two C-termiysibmne residues and
to form oligomers (Ywet al. (2006a)). Similar to other HCV non-structural proteins,
NS4B has been reported to play a role in virus assembly amdgel (Jonest al.
(2009)). Furthermore, NS4B has been demonstrated to haM@Rase activity and to
play a role in HCV pathogenesis (Thompsatral. (2009); Gouttenoiret al. (2010)).

NS5A protein

The NS5A protein is a membrane anchored zinc-metalloprdtet is observed in
basally (56 kDa) and hyperphosphorylated (58 kDa) form#i{ifuisenet al. (2004,
2005)). NS5A hyperphosphorylation inhibits HCV replicatiand in accordance with
that, cell culture adaptive mutations are often identifiedha phosphorylation site
(Tellinghuiseret al. (2005); Evan®t al. (2004); Blightet al. (2000); Kriegeret al.
(2001)). NS5A has been shown to interact with other HCV naoicsiiral proteins,
namely the RNA-dependent RNA polymerase (RdRp) NS5B, an interaathich is
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essential for HCV RNA replication (Shimakawi al. (2004); Shiroteet al. (2002)).
It has been demonstrated that NS5A binds to 3’-ends of HCV g@hasminus strand
RNAs with high affinity and that this interaction is importdot genome replication
(Huanget al. (2005)). Recently it was found that domain 11l of NS5A is ingalted
in both RNA replication and assembly of hepatitis C virus igls in JFH1-infected
cells (Hughe®t al. (2009)). NS5A also plays a crucial role in evading the host im
mune response through inhibition of the IFN-induced dsRN#vated protein kinase
R (PKR), an important component of the IFN pathway (Galal. (1998)). The im-
portance of this interaction has been revealed in a vernntestedy, which showed that
mutations within the IFN sensitivity-determining regidi®DR) are associated with
rapid viral response during peg-IFN/ribavirin therapy ¢mto & Maekawa (2010)).
Together with core, NS5A has been reported to associatd Wl{Brasset al. (2002);
Shiet al. (2002)). NS5A specifically interacts with Apolipoprotein(EpoE), an in-
teraction suggested to be important for viral assembly atehse of infectious viral
particles (Bengat al. (2010)).

NS5B protein

NS5B is the RNA-dependent RNA polymerase (RdRp) with a glycinspagate
- aspartate (GDD) motif that produces catalytic activityheTC-terminal 21-amino
acid region forms am-helical transmembrane domain, which is responsible fgt-po
translational targeting to the ER membrane. Membrane &ggwtof NS5B is indis-
pensable for HCV RNA replication, but disruption of the ingmrtsequence, which
abolished RNA replication, did not affect membrane assimeiatThis indicates that
the C-terminal domain might be involved in intramembranetgamprotein interac-
tions (Moradpouet al. (2004b); Schmidt-Mendet al. (2001)). The crystal structure
of NS5B shows a typical polymerase structure resemblingta hand with palm, fin-
ger and thumb subdomain. The palm domain contains the faltlyr@ed active site.
Finger and thumb interact with each other to create a tuhmeligh which a ssRNA is
directed to the active site (Aget al. (1999); Bressanelkt al. (1999); Lesburget al.
(1999)). NS5B is structurally distinct from human RNA and Digadlymerases and
a crucial player in HCV RNA replication, making it an importaatget for antiviral
drug development (Walker & Hong (2002); Di Biscegdital. (2002)).
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1.2.3 Life cycle
Attachment and entry

The HCV infectious particle is composed of a nucleocapsidamnucleoprotein com-
plex containing the HCV genome. A phospholipid bilayer, wtdch E1 and E2 enve-
lope proteins are anchored, surrounds this inner strucueng virus assembly, the
infectious particle associates with VLDL and is (co-) séadewith VLDL. However,
the exact mechanism of this association remains to be eliedd Gastaminzet al.
(2008)). Studies carried out with HCV pseudoparticles (HOMppvided the first ev-
idence that the E1-E2 heterodimer is involved in virus e(Bgrtoschet al. (2003b);
Drummeret al. (2003)). The E2 glycoprotein probably is one of the majoyeta in
the interaction between the virus and its cellular recep@P81 and SR-Bl/claudin-
1/occludin. CD81, proven to be necessary for HCV entry, wadithie(co)-receptor
shown to interact with HCV E2 (Flirgt al. (1999); Cocquerett al. (2003)). It has
been suggested to act as a post-binding entry moleculectirstadies with antibodies
against CD81 have shown that HCV virus infection is only int@biafter virus at-
tachment (Koutsoudakit al. (2006)). SR-BI has been identified as another receptor
for HCV (Scarselliet al. (2002)). Binding of SR-BI to E2 HVR1 has been shown to
be very selective, as neither mouse SR-BI nor closely relatetah SR-CD36 were
able to bind E2 (Scarseklit al. (2002)). In addition, SR-BI plays an important role in
the high density lipoproteins (HDL) and VLDL metabolism (V&cket al. (2008)).
Similar to CD81, SR-BI acts as a post-binding receptor. Antib®dgainst SR-BI also
significantly reduced the infectivity of HCVpp (Bartosehal. (2003a)).

In 2007 a new protein involved in HCV entry was discoveredudia-1 (CLDN1)

a tight junction component. The expression of CLDN1 conférsasceptibility to
HCVpp infection in non-hepatic cell lines and antibodiesiagiaCLDN1 blocked
HCV infection. Kinetics of that inhibition indicate that CLON&acts late in the entry
process, after virus binding and interaction with the occepgor CD81 (Evanst al.
(2007)). Two other members of the claudin family have alsenbenplicated in the
HCV entry process, CLDN6 and CLDN9. Like CLDN1, CLDN6 and CLDN9 are

expressed in the liver, but unlike CLDN1 they are also exgess peripheral blood
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mononuclear cells, which are another possible site of HCVa&jon (Zhenget al.
(2007); Meertensgt al. (2008)). Several human cell lines, such as HelLa and HepH,
co-expressing CD81 and SR-BI still remained HCV resistant whesrexpressing
CLDN1, suggesting that additional factors are required f@\entry (Evanst al.
(2007)).

The pallet of receptors involved in HCV entry has been expdrgethe discovery
of another tight junction protein, occludin. Downregutettiof CLDN1 and occludin
by small interfering (siRNA) and short hairpin (shRNA) RNA irfexence inhibited
HCVpp and cell culture produced HCV (HCVcc) cell entry (latial. (2009)). Recent
studies in mouse cells have identified occludin as an essamtiry factor for HCV.

It was demonstrated that mouse cells expressing CD81 anddicctogether with
mouse CLDN1 and SR-BI, are capable of supporting HCV replicatitiasset al.
(2009)). Interestingly, it has been observed that HCV altieeslocalisation of tight
junction proteins (Benedictet al. (2008)). Additionally, CLDN1 and occludin ex-
pression levels were downregulated after infection, randenfected cells refractory
to HCVpp superinfection (Liet al. (2009)). Thus, it appears that HCV infection
leads to a global reduction of tight junction proteins in HGWeicted cells. As tight
junctions are critical in the maintenance of polarity in aeytes and their essential
functions, alteration of their expression level by HCV migbta possible explanation

for symptoms associated with HCV infection, such as chdiestgsorders.

Other factors involved in HCV entry are glycosaminoglycaB#\Gs). These linear
polysaccharides act as binding sites for many viruses anel Ib@en suggested to be
low affinity receptors involved in the initial binding of therus. An interaction be-
tween E2 and surface heparan sulfate proteoglycans (H3RG4)een demonstrated
to be essential for viral binding to the cell and might predée initial step in the
interaction between HCV and the cell surface (Bathl. (2003)).

Lectins are another class of molecules involved in binding eell entry for many
viruses. DC-SIGN and L-SIGN are C-type (calcium-dependest)iris containing
a carbohydrate recognition domain, enabling them to reisegand bind virus car-

bohydrates. Both bind sE2 and HCVpp, as well as natural virtrees sera of in-
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fected individuals through high mannose-type oligosaddka (Lozactet al. (2003);
Pohimanret al. (2003); Gardneet al. (2003)). However, L-SIGN and DC-SIGN are
not expressed on hepatocytes, excluding their role as t@sefor HCV entry. A
possible role of L-SIGN and DC-SIGN involves the capture aadgfer of HCV to
hepatocytes (Cormieat al. (2004); Lozachet al. (2003)).

The LDL receptor is another candidate receptor. It was fahatl HCV particles as-
sociate with lipoproteins in serum and that their infe¢yidorrelates with HCV inter-
nalisation. The LDL receptor has been demonstrated to neeHi&V internalisation
by binding to virion-associated LDL particles (Agne#ibal. (1999)). However, the
function of the LDL receptor in HCV entry remains controvatss the role of LDL-
R in thein vitro HCVcc infection model has not been demonstrated yet. It has be
suggested that the binding is mediated by lipoproteinserattian viral components.
In the currently proposed model for cell entry, virus birgland internalisation is trig-
gered by the interaction between HCV-associated lipoprstgnainly VLDL) and the
lipoprotein receptors SR-BI and/or LDL-R and/or GAGs. Foliogvinteraction of the
virus with the SR-BI-CD81 complex, the virus is transferred by8@Do tight junc-
tions, where it interacts with CLDN1 and occludin. From tlghtijunctions the virus
then enters the cell via clathrin-mediated endocytosidasidn, which is mediated by
the envelope glycoproteins and allows the virus to escapépbprotein degradation
pathway (Burlone & Budkowska (2009)).

Translation

Unlike cellular capped mRNA molecules, which are translatad¢ap-dependent mech-
anism, the uncapped RNA molecules of viruses, such as piousas and flaviviruses,
are translated via a cap-independent IRES-mediated protagsyamaet al. (1992);
Wanget al. (1993)). The IRES-mediated translation is initiated by ditginding of
the 40S ribosomal subunit to IRES, followed by eukaryotitiation factor-3 (elF-3),
elF-2: Met-tRNA:GTP and 60S subunit to subsequently form8Dd8 complex, after
which the first peptide is synthesised (Otto & Puglisi (2004)
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Polyprotein processing

As described in section 1.2.2, the HCV polyprotein is proed$sy cellular proteases at
the junctions core/E1l, E1/E2, E2/p7 and p7/NS2, followedhinamolecular cleavage
at NS2/NS3 by the NS2/3 protease and downstream cleavagedietNS3/NS4A/
NS4B/NS5A/NS5B by the NS3/4A protease. Processing at théMESBA junction is

intramolecular and those at other sites are intermolecular
RNA replication

RNA replication occurs via minus strand RNA intermediate atesf specific mem-
brane alteration, named the membranous web (Lohreéiah (1999)). This was first
identified in the human hepatoma cell line Huh7 containimgstilbbgenomic HCV repli-
cons (Goseret al. (2003)). As mentioned above the membranous web is induced by
NS4B and is probably ER derived (Eggsral. (2002)). HCV replication is influenced
by lipid metabolism. In cell culture it is inhibited by polgsaturated fatty acids or the
inhibition of fatty acid synthesis. It is stimulated by satted and mono-unsaturated
fatty acids. Furthermore, it has been demonstrated that HC¥X Rdglication de-
pends on the geranylgeranylation of one or several hostips(Yeet al. (2003);
Kapadia & Chisari (2005)). An additional host factor invalve RNA replication is
CypB, which was shown to interact with NS5B stimulating its RNiAding activity
(Watashiet al. (2005); Hecket al. (2009)). CysA is a natural inhibitor of CypB and
non-immunosuppressive CysA analogues are currently besuglaped as antivirals
against HCV (Paeshuyst al. (2006); Gallay (2009)).

Secretion

The late stages of HCV replication still remain obscure. N&&ch has been shown
to be important in assembly and release of HCV particles, asdiply other nonstruc-
tural proteins are involved in these processes (Pietschietzal. (2006)). Virions are
thought to bud from ER, or ER-like membranes, and exit the bediuigh the secretory
pathway. Furthermore, it has been shown that the produeatioinrelease of HCV in
Huh7 cells depends on the assembly and secretion of VLDljgirg a link between
the HCV secretion and lipid metabolism (Huaetgal. (2007)). Evidence of an asso-
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ciation between HCV secretion and lipid metabolism has atseecfrom observations
that the density of intracellular virus particles produaeditro is much higher than
those of secreted HCVcc. Association of viral particles WittDL during secretion
would lower their density (Gastamineaal. (2006, 2008)). Low-density, i.e., VLDL-
associated, HCV patrticles are efficiently secreted fromrifexted cells, whereas high-
density (immature) HCV patrticles are degraded actively incigasome-independent
manner. These observations are in agreement with the pesévery-low-density,
infectious virus particles in patient sera and the involgatrof lipoprotein receptors
in cell entry. It has been suggested that by hitch hiking th®W pathway of as-
sembly, maturation, degradation and the secretory maghai¢he cell, HCV obtains
its hepatocyte tropism and through mimicry its tendencyexsist (Gastaminzet al.
(2008)).

1.2.4 HCV genotypes

HCYV isolates are classified into genotypes and subtypes (6mdset al. (2005)).
There are 6 major genotypes that differ from each other b§ 3% at the nucleotide
level (Fig. 1.3). Recently, a‘f genotype (7a) was discovered in Canadian and Bel-
gian patients, who are thought to have been infected in QeXiiiaa (Murphy et al.
(2007)). The different genotypes are associated with miffeclinical outcomes and

geographical distributions, also see section 1.3.

The approximately equidistant genetic groups can be fudiwded up into a vary-

ing number of more closely related, genetically (and epidégically) distinct sub-
types that differ from each other by 20-25%. Due to the lackrmiof-reading by

the NS5B polymerase and the very high replication rate ofaup0t? new virions

per day, many new variants of a HCV genome are created everyLdayet al.
(1997); Neumanet al. (1998)). Within an individual a HCV subtype circulates in
the form of so-called “quasispecies”, a population of geadlyy heterogeneous HCV
genomes (Farat al. (2000)). Currently over 80,000 HCV sequences are deposited on
3 HCV sequence databases: the European HCV database (euHQ@\d))(2he Los
Alamos national laboratory HCV database (Kuilatral. (2005)) and the Japanese
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hepatitis virus database (jaHCVdb (2010)). These provigeraétools for analysing
HCV sequences, protein structures and CD4+ and CD8+ T-cetipgst(Kuikeret al.
(2006)).

Widely distributed in Northern Europe
and USA. Associated with IDUs

o a

Found predominantly in older
HCV infected individuals from
Mediterranean countries and

Far East .
Commonest genotype worlwide.

Older age groups, risk factors
generally ill-defined

Widely distributed in IDUs

ticularly from E
particfarly from Europe Widely distributed in Middle East.

Associated with past medical

treatment (eg. Bilharzia injections)
(<) (<]
a a
Found in IDUs in Hong Kong, (<] a e —_
Vietnam, and more recently in 0.050

Australia Found commonly

only in South Africa

Figure 1.3: Evolutionary tree of the principal genotypes of HCV foundridustri-
alised countries. Phylogenetic analysis is based on cammgenome sequences of
HCV genotypes found in the main identified risk groups for HCcion (inject-
ing drug users (IDUs), recipients of unscreened blood oobdlproducts, other par-
enteral exposures). (Reproduced with permission of P. Smdsn@Kuiken & Simmonds
(2009))).
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1.3 Epidemiology and Global Distribution

1.3.1 Prevalence and incidence

The estimated global prevalence of HCV infection is 2-3 % esenting 170 mil-
lion people (WHO (1999); Shepasd al. (2005)). However, regional estimates vary
widely with less than 1.0 % in Northern Europe to over 2.9 % ortNern Africa and
Asia (Sheparet al. (2005)). The United Kingdom and the Scandinavian countries
have been reported to have among the lowest prevalence(@abds0.1 %), whereas
the highest prevalence has been reported from Egypt (10}2Bitd et al. (2001b,a);
Franket al. (2000)). The prevalence of infection in Egypt increasestinaously
with age, and high rates of infection are observed in all agams (Abdel-Azizet al.
(2000)). Over 90 % of all infections in Egypt are of genotyp@dicating an increased
risk in the distant past (Rast al. (2000)). It has been suggested that a campaign of
parenteral antischistosomal therapy, where medical eggripwas not sterilised prop-
erly, played a major role in the spread of HCV in Egypt (Frankl. (2000)). Popu-
lous countries in the developed world with relatively lowesaof HCV seroprevalence
include Germany (0.6 %) (Palitzseh al. (1999)), France (1.1 %) (Desenclos (2000))
and Australia (1.1 %) (Law (1999)). Slightly higher, bulldow incidence rates have
been reported in the United States (1.8 %) (Adeal. (1999)) and Japan (0.1-2 %)
(Chunget al. (2010)). Incidence rates mostly peaked around 2000 but @arede-
creasing in developed countries (Chuetal. (2010)). Relatively high incidence rates
were reported from Pakistan (5 %) (Wahextcl. (2009)). Worldwide an estimated
27 % of cirrhosis and 25 % of hepatocellular carcinoma (HCCa#irédouted to HCV
infection (Perzt al. (2006)).

1.3.2 Modes of transmission

The most efficient transmission of HCV is through large or eteé direct percuta-
neous exposure to blood, mainly through transfusion orspkamtation from infec-

tious donors or injecting drug use. In 1985 heat-inactratf plasma products led
to a substantial reduction in infection with enveloped sé&s. Prior to 1990, when the
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first-generation blood test became available and made dilglesto screen for HCV,
most HCV transmissions were due to transfusion of blood amdimactivated blood
products, such as factor VIII and IX concentrates (Alter &igbton (2000)). For
example, in a study of haemophiliacs who had received narsvhactivated concen-
trates, 80 % were positive for HCV post-treatment (Jagtial. (1996)). Since then,
transfusion-associated HCV infection has virtually beemielated in countries rou-
tinely screening for HCV in donors (Schreibatral. (1996)). However, screening is
far less common in poorer countries and receipt of bloodsftesions remains an im-

portant source for infection in developing countries (hiaet al. (2006)).

A major role in the spread of HCV also play unsafe therapeujgxtions performed
by both professionals and non-professionals. In 2000 the Véstnated that yearly
2 million new HCYV infections are acquired from contaminatealth care injections,
accounting for up to 40 % of all HCV infections worldwide (Haat al. (2004)).

In the United States and Australia, the predominant modeaoftission in the last
40 years has been injecting drug use. It now also accountmdst newly acquired
infections in many other countries, including those in Herh, Western and South-
ern Europe. Although infection rates among injecting drsgra (IDUs) have de-
clined dramatically since the late 1980s in developed ams{down from 80 % to
10-30% (De<t al. (2003); Hopeet al. (2001))), they remain extremely high (up to
70 %) in second world countries, such as Bulgaria and Vietnéasdjlevet al. (2006);
Quanet al. (2009)).

HCV is far less efficiently transmitted by mucosal exposuodsdod or serum-derived
fluids (e.g., sex with an infected partner, birth to an infectmother) or by single
small dose percutaneous exposures (e.g., accidentalenstszks). An Italian study
has shown that the vertical transmission rate was overafllees with 2.7 % and was
restricted to infants born to HCV viremic mothers, but couldrease up to 5.4% in
HIV co-infected women (Ferreret al. (2003)). Sexual transmission is possible, but
the risk depends on the type of sexual relationship. Pelisdoag-term monogamous
relationships are generally less likely to be infected @9% per year) than persons
who often change their sex partner (0.4-1.8 % per year). & ddferences might be
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due to differences in sexual practices or differences irosMpe rates to nonsexual
sources of HCV such as toothbrushes and shared razors (T&@02)). Occu-
pational transmissions of HCV infection, mostly contamathheedle stick injuries,
are largely confined to health care workers and the averageéeimce rate is 1.8 %,
with transmissions associated with hollow-bore needlescaep injuries (Puret al.
(1995); Yazdanpanaét al. (2005)).

Numerous other biologically plausible modes of transroisgnclude: cosmetic proce-
dures (tattooing, body-piercing), religious or culturedgtices such as ritual scarifica-
tion, circumcision, acupuncture and cupping and intrardrs@ use. Adequate studies
are missing for most regions of the world as sufficient dateoisavailable. However,
a study among American students has shown that there wasneaged risk for HCV
or HBV infection in low-risk adults based solely on history @dsmetic procedures
or snorting drugs (Hwangt al. (2006)). Nevertheless, in developing countries with
low sanitary standards, where medical equipment is oft¢properly sterilised, trans-
mission through cosmetic procedures or religious/cullforactices are more likely to
occur, as discussed above in the case of parenteral astssbimal therapy in Egypt
(Franket al. (2000)).

1.3.3 HCV geographical distribution

As previously described, HCV can be divided into 6 major ggpes which have dif-
ferent geographical distributions, also see section {Sifimondset al. (2005)). In
the early 90s the most predominant genotypes in Europeax blonors and HCV pa-
tients were genotypes 1b and 2 followed by 3 (Toweteatl. (2000)). Increased safety
in blood transfusion has changed the main risk of HCV transionisto IDUs and with
that the genotype distribution from genotypes 1b and 2 totypes l1a, 3a and 4a.
The predominant genotype in Southern Europe still is ggreofyb, followed by 1a, 3a
and 2, whereas type l1a and 3a followed by 2 predominate irhBiortEurope. Geno-
type 4 is equally distributed throughout Europe except lher tnited Kingdom and
Norway (Estebamet al. (2008)). Genotype 5a, once believed to be restricted tohSout

Africa, has recently been reported to have been endemioiatéxl areas of Central

23



Introduction

France and West Belgium for a long time (Henqlal. (2004)). In Japan and other
Far Eastern countries genotype 1b, followed by 2a and 2bem@onsible for most
infections (Haraet al. (1996); Yunet al. (2008)). The predominant genotypes in the
United States are 1a and 1b with genotype 2a, 2b, 3a and 4&aiogcless frequently
(Shiboski & Padian (1996)).

Compared with Western countries and Japan, where a few genstiptypes are pre-
dominant, in Africa, South East Asia and India highly divamg subtypes circulate.
Infections in West Africa are predominantly by genotype @afiheket al. (1998);
Ruggieriet al. (1996); Candottet al. (2003)), whilst genotype 1 and 4 are predom-
inant in Central African countries such as the Democratic Repwf Congo and
Gabon (Fretzt al. (1995); Xuetal. (1994); Ndjomowet al. (2003)). Similar ge-
netic diversity can be found within genotypes 3 and 6 in Sauil Eastern Asia
(Tokitaet al. (1994a,b)).

These observations have led to the hypothesis that HCV hasgresent in human
populations for a long time in parts of Africa and Asia, comgghto industrialised
countries where HCV is less diverse and believed to have besyduced more re-
cently (Ndjomouet al. (2003); Simmonds (2001); Simmondsal. (2005)). The rapid
spread of relatively new viruses in industrialised cowstfrom areas of endemic infec-
tion has mainly been due to blood transfusions, use of uhséer medical equipment
and most recently sharing injection equipment among IDUkwarsafe sex practices
among HIV positive men who have sex with men (MSM) (Cochraina. (2002);
Pybuset al. (2001); van de Laagt al. (2009)).

1.4 Experimental Models for HCV Research

1.4.1 Cell-basedn vitro HCV systems

The first subgenomic replicon system to study the non-stratgenes of HCV be-
came available in 1999. A genotype 1b subgenomic replicahldeen created by

replacing the structural genes and p7 of the consensus genbi@onlb with that

24



Introduction

of a neomycin resistance gene (Lohmatal. (1999)). To initiate translation of the
non-structural genes, they engineered a second IRES indfahe HCV genes and
selected with neomycin for highly replicating repliconspecific cell lines. The gen-
erated subgenomic replicon replicates autonomously in7His and can be propa-
gated in cell culture for many years (Pietschmanal. (2001)). This system allowed
for the first time to study the replication of the HCV genomevitro and has proven
very valuable in studying antivirals targeting the NS3/4ltpase or the NS5B poly-
merase. Since then, the replicon system has been furthefiedat include different
reporter systems, such as the firefly luciferase or fluorégmerteins, which enable
high-throughput screening for replication inhibitor efiites (Kriegeet al. (2001);
Moradpouret al. (2004a)). The apparent disadvantage of this system is thefahe
structural genes and therefore the inability to secretecirdus viral particles. Even
though later replicons were created that expressed all pitdeins, they remained
unable to secrete infectious viral particles (Blightl. (2002); Pietschmanet al.
(2002)). This discrepancy might be explained by a recentrtephich showed that
cell culture adaptive mutations or replication enhancingations (REM) interfere
with viral assembly and secretion (Pietschmanal. (2009)).

A big breakthrough came with the establishment of the canseisequence of the
genotype 2a clone JFH1. JFH1 was isolated from a Japanesatpaith fulmi-
nant hepatitis C, and a subgenomic replicon containing th&l Jerived structural
genes replicated, without acquiring REMs, much more efftjan Huh7 cells than
the Conlb replicon (Katet al. (2003)). In vitro transcribed full-length RNA from
pJFH1 replicated very efficiently in Huh7 cells and also et infectious virus, un-
like the replicons. The cell culture generated HCV was algeciious in chimpanzees
(Wakitaet al. (2005)). An intragenotypic recombinant containing thectural genes
plus part of NS2 from another genotype 2a isolate, pJ6CF, landetmaining genes
from the JFH1 subtype, replicated even more efficiently imAHuunet cells (subclone
of Huh7 cells) (Lindenbachkt al. (2005); Pietschmanet al. (2006)). Transfection
of in vitro transcribed RNA from JFH1 or different intragenotypic pJ&IFH1 chi-
maeras replicated very efficiently in Huh7 and Huh7.5.1so@lighly permissive sub-

clone of HuUh7 cells). Also, the secreted viral particlesavafectious in cultured cells,
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chimaeric mice and chimpanzees and could be blocked byCid#it and anti-E2 an-
tibodies (Lindenbackt al. (2005); Wakitaet al. (2005); Zhonget al. (2005)). This
system, for the first time, allowed tlive vitro investigation of the whole viral lifecycle

of HCV. Since then, several intergenotypic recombinantslaeng the core-E1-E2-
p7-NS2 region with that of genotype 1-7, have been gener@edschmanet al.
(2006); Gottweiret al. (2007); Yietal. (2007); Jensert al. (2008); Scheett al.
(2008); Gottweiret al. (2009)). However, as most of the nonstructural genes are
JFH1-derived, these recombinants most likely do not remtethe genotype specific
replication characteristics. Nevertheless, these regwants provide an important tool
for the study of the entry process and allow the investigatibvaccines and entry

inhibitors for all 7 genotypes.

Another cell culture system has been developed using rettawr lentiviral cores.
Retroviruses incorporate heterologous glycoproteinsthrgo envelope when they bud
from cells. This mechanism was used to incorporate the epeeproteins E1 and
E2 into the envelopes of these very efficiently replicatiegtors, creating so-called
HCV pseudoparticles (HCVpp) (Bartosehal. (2003b)). These particles are highly
infectious and can mimic the HCV entry process, providingrapdrtant tool for the
study of the viral entry process. Several different entoepgors, such as CD81, were
identified using the HCVpp system, also see section 1.2.3n@égal. (2004)). The
advantage of the HCVpp system is that it can be used to inatstihe HCV entry
process in many different cell lines, as it is independemepfication.

The developments of the HCVpp, replicon and infectious HCV celture system
have allowed a great leap forward in HCV research. The studlyeodifferent parts of
the viral lifecycle, as well as the investigation of vacdrand efficacies of antivirals
are now possible. However, the major limitations are thatittfiectious cell culture
system is currently restricted to Huh7-derived cell lined the JFH1 isolate. In order
to better represent and understand the huge diversity of H&dtgpes, subtypes and
guasispecies within a patient, the expansion of the irdastcell culture system to the
other genotypes is crucial.
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1.4.2 HCV animal models

The human is the only natural host of HCV, but HCV infected clamgees also de-
velop hepatitis, even though in a milder form. The chimpanisethe only animal
model in which both, acute and chronic infection can be fodld (Alteret al. (1978);
Hollingeret al. (1978); Taboet al. (1978); Shimizwet al. (1997); Yanaget al. (1997,
1998); Dastlet al. (2001); Nascimberet al. (2003)). However, chimpanzees are rare
animals and studies with chimpanzees are ethically pradtierand expensive. There-
fore alternative animal models were searched. Other pesnauch as cynomolgus
monkey, rhesus monkey, green monkey, Japanese monkey gndrddaboon and
woodchucks were inoculated with HCV, but none supported H@\/aation (Abeet al.
(1993)).

Several different small animals have been developed asriengr@al HCV animal
models. Because HCV only replicates in very few specific ceflige or rat mod-
els have to be engrafted with human liver cells. The first viigssevere combined
immunodeficiency (SCID)-mouse. SCID-mice are animals thaevieeated with a
very high dose of irradiation. All the stem cells are therelegtroyed and the mice
are reconstituted with new bone marrow, excluding fun@idnand B lymphocytes.
Human liver cells infected with HCV can then be grafted undber kidney capsula
and are not rejected, as the mouse lacks functional T and BHgoytes. These
immunodeficient mice with human liver transplants show detde HCV viremia
up to 50 days post-transplantation (Gaatral. (1995)). The chimaeric human liver
uPA/SCID mouse model is presently the physiologically cébsenall animal model
to human HCV infection. The Alb-uPA transgenic mouse overesges the urokinase
plasminogen activator (UPA) transgene, which results aneiased hepatocyte death.
The deceased hepatocytes can be replaced with new humaodywps, which estab-
lish themselves in the chimaeric mouse liver and can be tefiete novowith HCV-
positive human serum. HCV replication can be observed in thmaam hepatocyte

portion of the liver and is supported for months (Mereeal. (2001)).

Furthermore, a rat model has been developed, where humatobgfes were en-

grafted into spleens of foetal rats before immune matunagenerating an immuno-
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competent animal model. The HCV-inoculated rats support€¥ Ikeplication, but
HCV replication rates were quite low (Wt al. (2005)).

Another animal being investigated as a possible HCV moddiastuipaia belangeri,
a tree shrew. Tupaias are non-primates permissive for HC&Cfioinh and can de-
velop chronic infection (Xiest al. (1998); Xuet al. (2007)). Tamarin, a new world
primate, cannot be infected with HCV, but with GBV-B, a flavisrphylogenetically
closely related to HCV. Infected animals develop an acutcindn, which can evolve
to chronicity similar to HCV infection, providing a model ttusly protective immunity
and evaluate antivirals (Bulkdt al. (1999); Martinet al. (2003)).

The chimpanzee has played a pivotal role in the early daysQ@¥ Fesearch and has
contributed substantially to the current understandingasfic and clinical aspects of
HCV and HCV infection. However, the considerable cost anctatldonstraints have
limited the use of this animal model. To date the most usefithal model is the
uPA/SCID mouse model, which has helped to understand vitay,eeplication and
therapy. Difficulties associated with the transplantatidrhuman hepatocytes into
the mice, which results in very low efficiencies when genegathese mice, make
them relatively expensive. The future development of ahimadels will be towards
an immunocompetent small animal model that would allow théysof the immune

response, coming close to the chimpanzee model.

1.5 Disease Associations

1.5.1 Acute hepatitis
Diagnosis

Acute hepatitis is defined as the presence of clinical sigsgmptoms of hepatitis for
a period of 6 months or fewer after the presumed time of HCV supm(Blackardet al.
(2008)). However, acute HCV infection is mostly asymptomatvhich makes di-
agnosis very difficult, meaning that cases are underreppgBermanret al. (1979);
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Orlandet al. (2001)). Serum HCV RNA levels can be detected 1-3 weeks péesttion
and after a 2-12 week long incubation period symptoms maeapfFarcet al.
(1991)). If symptoms occur, they are generally very mild &medjuently mistaken
for the symptoms of a common cold; symptoms often reportetide fatigue, ab-
dominal pain, nausea, vomiting, anorexia (decreased ipetyspepsia (indigestion)
and jaundice (Santantonat al. (2003); Blackarcet al. (2008)). After 4-12 weeks the
first signs of liver injury become apparent with an increas@LT (Heathcoteet al.
(2003)). Seroconversion of anti-HCV antibody may becomeegnt 4-12 weeks post-
infection and is currently used for diagnosis of acute HC\éatibn together with de-
tection of HCV RNA (Mondelliet al. (2005); Pawlotsky (2002)). Further criteria for
diagnosing HCV are significantly elevated ALT levels (10-E0es above the upper
limit of normal), suspected HCV exposure or elevated levélseactive proteins in
immunoblot assays and exclusion of all other possible safeacute liver damage
(Mondelliet al. (2005)). The incubation time of 4-12 weeks before antib®dian
be detected is called “window period” and serological testvf donor blood will not
detect contaminated blood, therefore RT-PCR techniquesteztiHCV RNA are used
as well.

Spontaneous resolution of acute hepatitis C

On average 26 % of all patients (range 20-67 %) are able totapeously resolve
an acute hepatitis and clear HCV from their system, which istnikely to hap-
pen 3 months after the onset of disease and is more likelynralies (Micallefet al.
(2006)). If the patient has not cleared the virus 6 monther afhset of disease, it is
very likely a chronic disease will develop. The clinical ceeiof the disease can be in-
fluenced by many different factors, such as HCV genotype, hum&ocyte antigens
(HLAS), co-infection with HIV, gender, race and advanced égenny-Walsh (1999);
Schnurigeret al. (2009)). For example, a clinical survey in a German prisos ha
shown that Caucasian men with an acute infection with gemddywere more likely to
clear the infection than those infected with genotype 1 thahnet al. (2004)). Very
recent studies have reported that genetic variation inlts28B gene, which encodes

the type lll IFN-A\3, is associated with spontaneous HCV clearance. It was demon
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strated that a single C/C polymorphism 3 kb upstream of th28B-gene strongly en-
hanced spontaneous resolution in European and Africavichdils and was also asso-
ciated with better IFN/ribavirin treatment response. Tadto the suggestion that the
gene product is likely to be involved in the innate immunetoarof HCV (Geet al.
(2009); Tanakat al. (2009); Thomaet al. (2009); Suppialet al. (2009)). Several
studies have reported that viral clearance is dependenginoreg and multispecific cel-
lular immune response (Diepolderal. (1995); Gerlactet al. (1999); Grunekt al.
(2000); Thimmeet al. (2001); Grakouet al. (2003); Lucast al. (2007)), also see
section 1.6.2.

1.5.2 Chronic hepatitis

The majority of HCV infected individuals are not able to clearacute infection and
will develop a chronic infection. The progression of chmhepatitis is characterised
by persistence of HCV RNA in the serum. Serum ALT levels thowagk, only ele-
vated in two thirds of all patients (Zouliet al. (2003)). Disease development differs
from individual to individual, but is usually asymptomatiatially. However, over
the course of 20 to 30 years (range 5 to 50 years) the infeoteydevelop to fibro-
sis, leading to cirrhosis and ultimately to HCC. HCC is a majaaltieissue in the
developed world and it is strongly associated with chrompdiitis B and C, which
account for about 80 % of all HCC cases (Thomas & Zhu (2005)) oflbrinfection

is characterised by inflammatory lesions in the liver anddessthe progression to-
wards fibrosis, intrahepatic lipid accumulations, calleshtosis, may occur as well
(Moradpour & Blum (2005)). Hepatic steatosis has been aasatwith genotype 3
and also with increased fibrosis progression (Rubbia-Branalt (2000); Huiet al.
(2002); Casterat al. (2004); Cros®t al. (2009)). Other factors that can increase
the rate of progression towards fibrosis include alcohakiat(Jamaét al. (2005)),
coinfection with HBV and/or HIV, male sex, diabetes melli{@M) (El Seraget al.
(2004)), obesity (Cheat al. (2008)), advanced age at the time of infection and dura-
tion of infection (Niederawet al. (1998); Zoulimet al. (2003); Pradagt al. (2007)).

Some studies have associated genotype 1b with increasedf i$4CC development
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(Silini etal. (1996); Bruncetal. (1997, 2007); Raimondit al. (2009)), but these
findings have not been supported by others (Niedetal. (1998); Serfatyet al.
(1998); Fattoviclet al. (2001)). Very recent reports from Pakistan have suggested
that genotype 3a might be associated with an increasingence of HCC as well
(Khanet al. (2009)). Follow up of individuals who had received IFN th®rehas
shown that successful clearance of chronic HCV infectioruced the incidence of
HCC and the overall liver-related mortality, demonstratimg involvement of HCV in

this cancer (Kasahaet al. (1998)).

The exact mechanisms underlying the development of HCC mnehHCV infection
are still unclear (McGivern & Lemon (2009)). HCV is the only RN#&us inducing
cancer with a predominantly cytoplasmic life cycle, sudipegsan indirect role of HCV
in the development of hepatocarcinogenesis. Not only has BE&v shown to induce
chronic inflammation, steatosis, fibrosis and oxidative Didéknage, but also direct
oncogenic effects and upregulation of mitogenesis have keggorted for some HCV
proteins (Koike (2007)). Proteins with reported assocraiwith hepatocyte transfor-
mation are core, E1/E2, NS2, NS3 protease, NS4A, NS4B and\NBartoschet al.
(2009)). For example, studies with transgenic mice havevsltbat core induces in-
tracellular oxidative stress in the liver in the absencenBhmmation, indicating a pos-
sible role of core in the development of HCC in HCV infection (fa et al. (1998,
2001)). Elsewhere it was reported that core interacts waiB\ @ tumour suppressor
(Lu et al. (1999)).

1.5.3 HCV and extrahepatic manifestations

Several extrahepatic manifestations (EHMs) have beerrtexpto occur during nat-
ural HCV infection. Up to 70 % of patients infected with HCV wilevelop at least
one EHM during the course of the disease (Caocetdd. (1999)). Most often EHMs
observed in HCV patients involve joints, muscles and skinxddicryoglobulinemia
(MC) is the most known and studied, though anti-nuclear adidgs and anti-smooth
muscle antibodies are observed as well. MC is charactebigéke deposition of cir-

culating immunocomplexes in small and medium-sized bloegbkels, which leads to
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inflammatory destruction of blood vessels, also named systgasculitis. In indi-
viduals with HCV, MC can be found in 20-50 % of cases, dependinghe study
(Lunelet al. (1994); Wonget al. (1996); Pawlotskyet al. (1995)).

Another frequently reported disease associated with HC¥cirdn is non-Hodgkin
lymphoma (NHL) (Dammaccet al. (1998); Meleet al. (2003)). One possible ex-
planation for the underlying mechanism might be the longatelCV infection, result-
ing in clonal B cell expansion of immunoglobulin (cryogldimy-secreting lympho-
cytes. Together with genetic and environmental factorsright result in mutations
within the oncogenes and therefore their activation, tesguin NHL (Galossiet al.
(2007)). Dermatological manifestations reported in asgomn with HCV infection are
porphyria cutanea tarda and lichen planus (Fargioal. (1992); Pilliet al. (2002)).
Several endocrinological manifestations have also besocaged with HCV infec-
tion, including thyroid disease and DM (Huaagal. (1999); Masoret al. (1999);
Knobleret al. (2000)). DM has been recognised to influence the course of HCV
infection on the stage of insulin resistance (IR), a conditeading to type 2 DM
(Hui et al. (2003); Leandreet al. (2006)). HCV infected individuals may develop IR
independently of HCV, but several studies have supportedypethesis that HCV
contributes to pathogenesis of IR. IR not only seems to ateléhe progression
of chronic hepatitis C, but has also been implicated in inftirgg the response to-
wards antiviral therapy (Negro (2006)). Finally, rheunta@gical manifestations, such
as rheumatoid arthritis and arthralgias (joint pain) as® @ommonly observed in the
course of chronic HCV infection (Rivert al. (1999); Buskila (2009)).

1.6 Immune Response to HCV Infection

1.6.1 Adaptive immunity to hepatitis C virus

Studies of the host response to HCV infection have been hadpmhre to the often
asymptomatic disease progression of HCV during acute infectThese infections

often go unnoticed and the only immunocompetent animal tregeeptible to HCV
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infection is the chimpanzee. As there are major differermdseen HCV infection
in human and chimpanzees and because it is ethically antdqadacdifficult to work

with chimpanzees, most studies on host’s immune respoabesit patient cohorts.
The humoral response to HCV infection

Early studies of the immune response in humans and chimparzeve suggested
that antibody response alone was not sufficient to clear H@attion in most cases.
Different studies have shown that a strong, multispecifid persistent cytotoxic T
lymphocyte response during the acute phase is crucial éariclg a HCV infection
(Lechneret al. (2000a,b); Thimmet al. (2002); Logvinoffet al. (2004)). The role
of antibodies in acute clearance of an infection is uncl&iudies in previously in-
fected and recovered chimpanzees have demonstrated gestiboell response after
rechallenge with HCV, which helped to clear the infectionendas there were con-
flicting results on whether there was an increased antibedganse (Bassett al.
(2001); Majoret al. (2002)). A survey among IDUs in Australia even suggestet tha
HCV infection is more likely following prior infection and earance, implying no in-
creased immunity against future infections (Aitketral. (2008)). Two other studies
have reported that neutralising antibodies are induceithgltine early phase of infec-
tion in individuals who control or resolve the viral infeati (Lavilletteet al. (2005);
Pestkeet al. (2007)). In haemodialysis patients with nosocomial aauiHCV in-
fection, decreased viremia and HCV replication control wesoaiated with a strong
response of neutralising antibodies, whereas individwals were not able to clear the
infection lacked a neutralising response (Lavillettal. (2005)). In a similar case,
pregnant women who acquired HCV in an accidental singleesooutbreak were fol-
lowed up. Women who were able to clear the infection had alregoiuction of high-
titre and cross-neutralising antibodies in the acute phakée those who developed
chronic infection, completely lacked or had a reduced ciép#&m neutralise the virus
during acute infection (Pestla al. (2007)). In summary these results suggest that a
strong, early and broad neutralising antibody responselagyto resolve HCV in the
acute phase of an infection, while a delayed antibody respamay contribute to the

development of chronic infection.
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HCV has evolved many mechanisms to escape from the host immnespense, one
of them is viral escape from antibody-mediated neutrabsafZeiselet al. (2008)).
This may occur through several mechanisms: (i) high vditglaf the HCV genome
and limited induction of cross-neutralising antibodi@$ tlle association of HCV with
serum factors such as VLDL and LDL, which might cover HCV epds, (iii) the in-
teraction of HCV glycoproteins with HDL, also possibly maskiepitopes, (iv) the
covering of neutralising epitopes by glycosylation of agrtamino acids on E1 and E2
and (v) the direct transfer of the virus from cell to cell (Z&iet al. (2008)). A very
recent clinical survey has investigated the induction aftradising antibodies and vi-
ral escape from the neutralising respoise&ivo in a cohort of young IDUs in China
(Dowdet al. (2009)). The survey found that during acute HCV infectioneolHCV
variants were neutralised by antibodies from the same ithgaf before the neutral-
isation of newer HCV variants. This indicates that neutnadjsantibodies drive the
envelope sequence to change over time. The so-called dptihiven sequence evo-
lution might in some individuals determine the outcome abciic infection. Another
escape mechanism has recently been described, wherelyentiadising antibodies
bind to neutralising antibodies and disrupt their neusedlon of the virus. This mech-
anism might help the HCV virus to persist, even if plenty oftnalising antibodies are
present (Zhangt al. (2007, 2009)).

T cell responses to HCV infection

As mentioned above, T-cells play an important role in the umenresponse during
acute HCV infection. Most studies have been carried out ireergentally infected
chimpanzees or in individuals accidentally infected witbomtaminated source, like
needle sticks. Many surveys, conducted in humans and chireea, have shown that
the spontaneous clearance of the infection during acuteepkassociated with a vig-
orous CD4+ and CD8+ T cell response, which targets multiple H&\ons and pro-
duces IFNA (Lechneret al. (2000a); Thimmeet al. (2002); Wedemeyest al. (2002);
Bowen & Walker (2005)). One survey followed up 5 health careksos who were
exposed to HCV through accidental needle stick injuries @Weeyeret al. (2002)).

The only patient who cleared the acute HCV infection showeeaty, strong and
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sustained CD4+ and CD8+ T cell response. Another study, wihlkbwed individ-
uals who had spontaneously eradicated HCV infection, reddhat persistent CD4+
and CD8+ T cell responses targeting HCV epitopes last up to 8 ymost-infection
(Wertheimeret al. (2003)). Additionally, it has been suggested that not omdyrtum-
ber of active CD8+ cells, but also their breadth is importargpontaneous clearance
of HCV (Wertheimeret al. (2003)). A recent study confirmed these findings, by show-
ing that proliferating CTLs producing IFN-alone did not ensure recovery, but that the
presence or absence of CD4+ T cell help (HCV-specific intente@kproduction) was
crucial for the priming of CTLs (Smyk-Pearsenal. (2008)).

The onset and duration of the cellular immune response nailgotbe crucial in the
outcome of chronic infection. This was demonstrated in apeative survey of 20 sub-
jects with acute infection, where the number of Th1 cytokmneducing CD4+ T cells
was higher in the first months in acute resolvers compareubetwho failed to clear
the virus (Aberleet al. (2006)). Once established, cellular immunity appears tsige
for many years after clearance of infection (Wertheimteal. (2003); Folgoriet al.
(2006); Changet al. (2001)).

Contrary to acute resolving HCV infections, persistent ititets are characterised by
a weak and only monospecific CD4+ T cell response and evenrgstb8+ T cell
response in the acute phase of infection may not be able t@mr@rogression to-
wards chronicity (Coxet al. (2005b); Urbanet al. (2006a)). Virus specific CD4+ and
CD8+ T cell responses are still detectable in the chronic ghast the HCV specific
CD4+ and CD8+ T cells display defects in function and maturefiedemeyeet al.
(2002); Spangenbesgt al. (2005)). Urbaniet al. reported that the CD8+ T cell re-
sponse is generally weak and narrow, not only in chronialblving, but also in self-
limited infections (Urbanet al. (2006a)). In patients with chronic outcome, CD4+ T
cells were severely impaired as well, being weak and of maspecificity. In resolvers
on the other hand, the CD4+ T cell dependent Thl responsehwhitecessary for
CD8+ T cell activation, was found to be very strong and brodtkrfan initial stunned
phenotype, CD8+ T cells of resolvers were able to mature acdrbe active, whereas
they did not mature in patients with chronic outcome. Thdidates that a functional

CD4+ T cell response, and its promotion of CD8+ T cell maturgtis crucial for
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resolving an infection (Urbaret al. (2006a)).

Another possible mechanism involved in T cell failure of HEMecific CD4+ and
CD8+ T cells in chronic infection is the downregulation ofusrspecific T-cell re-
sponse by signalling through the programmed death 1 recép-1). PD-1 is an
inhibitory receptor on T cells and down-regulates theiivation. It has been shown
to be markedly up-regulated on the surface of exhausted-gpecific CD8+ T cells
in mice and on HIV-specific CD8+ T cells in HIV-infected indiltials néve to anti-
HIV treatment (Barbeet al. (2006); Dayet al. (2006)). Several recent studies have
reported elevated levels of PD-1 in HCV-specific CD8+ T cellshvdan exhausted
phenotype in patients with persistent HCV. Blocking of the PPD-L1 (PD-1 Lig-
and) interaction led to an enhanced proliferative pheretypdicating a possible re-
lationship between PD-1 expression and T-cell exhaustRautiewiczet al. (2007);
Urbaniet al. (2006b); Boweret al. (2008); Rutebemberwet al. (2008)).

Furthermore, an increased frequency of CD4+ CD25+ FoxP3+atgy T cells (Treg)
has been observed in patients with chronic HCV infection {{Botp et al. (2003);
Cabrereaet al. (2004); Boettleret al. (2005); Rushbrookt al. (2005)). Treg cells
have a suppressive function and are involved in the contr@uto-immunity and
immune responses (Shevach (2009)). Boetleal. have shown inn vitro deple-
tion studies that peptide specific proliferation and IFNroduction of HCV-specific
CD8+ T cells were inhibited by Treg cells, that this inhibitiovas dose-dependent and
required a direct cell to cell contact (Boettkdral. (2005)). However, other studies
do not support these results. A recent study in chimpanzaexdfno difference in
Treg frequencies and the extent of their suppression betvesmlvers and those who
developed chronic infection. But they did report a differethetween Tregs of HCV-
recovered and HCV-infected chimpanzees comparedit@mhimpanzees, in that they
had an increased IL-2 responsiveness and lower T-cell tecepntent, indicating a
history of in vivo proliferation (Manigoldet al. (2006)). Evidence against a role of
Tregs in promoting the development of chronic infection wegsorted in another study
(Smyk-Pearsoet al. (2008)). In this prospective study of 27 acutely infectebjsats

no significant difference in the proportion of Treg cellshie pperipheral blood at base-
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line between resolvers and those who developed chronictiafecould be observed.
As in the chimpanzee studies, differences were observega@d to healthy control
groups; the frequency of Treg cells was higher than for th@robgroup, but did not
vary over time. Thus, further studies are required to defmgerole of Tregs in the

outcome of HCV infection.

Yet another important mechanism of T cell response failsirgral escape from CD8+
T cells. Several studies have demonstrated that CTL exesit\goselection pres-
sure against the HCV quasispecies and that the outcome ohtbetion depends
on mutations within class | major histocompatibility compl(MHC) restricted epi-
topes (Changt al. (1997); Weinest al. (1995); Ericksoret al. (2001); Coxet al.
(2005a); Testeet al. (2005)). Findings from these studies revealed 2 importadtm
anisms of sequence evolution in chronic HCV infection: veatape from CD8+ T
cells and optimisation of replicative fitness. Specific niotes within HLA class |
have been shown to be associated with persistence. Thdspe=pare targeted by
CD8+ T cells during acute immune selection pressure and this evades that pres-
sure by substituting amino acids in the targeted area (Tehah (2004); Rayet al.
(2005)). A clinical survey of an Irish cohort of women, acantially infected with
HCV, showed that women with HLA class | alleles A3, B27 and Cw*Odrevmore
likely to spontaneously resolve the infection than womethwan HLA class | allele
B8, suggesting that the host genetic background plays arnrtemgaole in the outcome

of an infection (Neumann-Haefelet al. (2006)).

Most likely, the clearance of HCV is a combined event of celltdnd neutralising
immune response. In a rare study, both humoral and celluliamine responses were
analysed in a patient with chronic HCV infection (von Hadtral. (2007)). The pa-
tient was followed up for 26 years and the development oflagtus neutralising
antibodies, the HCV-glycoprotein-specific T-cell respoasd their influence on viral
sequence evolution during chronic infection analysed. Mahnet al. reported that
during chronic HCV infection the virus undergoes selectealwgion under the pres-
sure of humoral and cellular immune response, leading todh&nuous generation of

escape variants. These data underscore the above dis@inggsgs that impairment in
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both neutralising antibody response and cellular antiinmenunity lead to viral escape
from the host’s immune surveillance and the developmenhajric infection.

1.6.2 Innate immunity to hepatitis C virus

HCV persists in more than 70 % of individuals, due to numeraary efficient mech-
anisms evolved by HCV to evade the host immune response. Tbkimgs type |
IFNs play an important role in innate immunity. HCV interfensith the IFN system
on many different levels: with the induction of IFN+n infected cells, with IFNa/3
signalling through the Jak-STAT pathway and with IFN inddipeoteins with antiviral
properties.

Induction of type | IFNs

More than 50 years ago Isaacs and Lindenmann discovereththahmune system
produced a substance in response to a viral infection thetias an anti-viral agent,
the IFN (Isaac & Lindemann (1957)). Since then over 10 manandFN species
and numerous subspecies have been identified (Pestka Y200dpy IFNs are clas-
sified into three groups: type I, type Il and type Ill IFNs. ®&pIFNs include all
IEN-as, IFN-G, IFN-¢, IFN-x, IFN-w and IFN+v; IFN-v is the only member of type Il
IFNs and type I1l IFNs include IFN\2 (IL-28A), IFN-)3 (IL-28B) and IFNA1 (IL29)
(Pestkeet al. (2004)). As discussed in section 1.5.1, mutations nearltt#8B gene
are associated with increased response rates to treatniténpeg-1FN«/ribavirin,
suggesting an important role of type Il IFNs in the contrbHLV (Ge et al. (2009);
Tanakeet al. (2009); Thomaet al. (2009); Suppiatet al. (2009)). Upon infection
with a virus, the cell responds with the production of IleN-and IFN#. As viruses
are composed of proteins and lipids mostly derived from tbst,hthe cellular re-
ceptors have evolved to recognise the presence of virabiuatid. Two important
pathways have evolved to detect viral genomes and inducprtdction of type |
IFNs. Firstly, the TLR-dependent pathway detects many miffepathogen-associated
molecular patterns (PAMPSs), some of which are unmethyl@ie@ DNA of bacte-
ria and viruses (TLR-9) (Bauet al. (2001)), dsRNA (TLR-3) (Alexopouloet al.
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(2001)) and ss viral RNA (TLR-7,-8) (Diebolet al. (2004); Heilet al. (2004)). The
cytosolic pathway on the other hand is triggered by viral RNi#ding to the RNA he-
licases RIG-I and the melanoma differentiation antigen 5 ABP(Yoneyameet al.
(2004); Sumpteet al. (2005)). Unlike TLRs recognising bacterial components clhi
are expressed on the cell surface, TLR-3, TLR-7 and TLR-9 aadis&d in intracel-
lular compartments, such as endosomes. TLR-3 signals thrinegadaptor protein
TRIF, which results in translocation of IRF3 and A& to the nucleus and leads to
IFN-/3 production. TRL-7 and TLR-9 on the other hand signal througi@§, which
leads to the translocation of IRF-7 and A& into the nucleus, resulting in IFN-
production (Kawaket al. (2004); Hoshincet al. (2006)).

In the cytosolic pathway RIG-I and MDAS recognise viral tnosphate RNA and
dsRNA, which leads to a conformational change of these seiSohleest al. (2009);
Schmidtet al. (2009)). This results in the binding of the downstream aglapitotein
MAVS. The adaptor protein MAVS has been identified by 4 défgrgroups at the
same time and is therefore also called IPS-1, cardif or VIBieylanet al. (2005);
Kawaiet al. (2005); Setlet al. (2005); Xuet al. (2005)). The signal is then propa-
gated through other mediators down to IRF3 and:RFwhich bind to the IFNS pro-
moter and induce gene transcription. Secreted FN-then bound by neighbouring
and the secreting cells, which induces the Jak-STAT patheading to IRF7, IFNas
and IFN-stimulated genes (ISGs) gene transcription. Tosstipe feed-back loop en-
sures a fast and strong induction of an antiviral state inrtfexted and neighbouring
cells (Rehermann (2009)).

HCV interference with the innate immune response

As described above, infection with HCV activates the RIG-I didR-3 pathway,
which induces transcription of IFd- However, HCV has evolved mechanisms to
evade the action of IFN~ The HCV NS3/4A protease has been reported to cleave
and inactivate MAVS (cardif, IPS-1 or VISA) thereby inteifeg with the RIG-I path-
way (Meylanet al. (2005)). It has also been shown that the NS3/4A proteasé®loc
the phosphorylation of IRF-3, a downstream protein of MAM&reby disrupting the
RIG-I pathway further down (Fogt al. (2003)). Treatment of cells with an active
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site protease inhibitor (PI) prevented this blockage astbred intracellular antiviral
defence (Foet al. (2005)). Moreover, it has been reported that the NS3/4Acaisx
also specifically breaks down TRIF, thus disrupting the TLR®&mktream signalling
and antiviral defence induction (let al. (2005b)). Targeting the NS3/4A protease
with antivirals will therefore not only prevent viral repétion but also restore innate

immunity.
Induction of IFN stimulated genes by HCV

Interestingly, HCV still induces endogenous IFN transdamipteven though it blocks
several proteins of the IFN system, indicating the inhdnitof the IFN pathway is in-
complete. Studies in chimpanzees have shown that an adatgiam leads to rapid
activation of the endogenous IFN system in the liver (Biggteal. (2001)). Using
DNA microarray technology, the changes in liver gene exqogswere analysed in an
animal with an acute-resolving HCV infection. Upregulat@ihnumerous ISGs ex-
pression levels were observed as early as 2 days postiorfestiggesting incomplete
inhibition of IFN-3 induction. Follow-up of the IFN response in chimpanzees-ind
cated no fading away of IFN levels after the initial upregiola of IFNs as the virus
starts to persist (Biggeat al. (2004)). Also using DNA microarray analyses, gene
transcription regulation of chronically infected animalere compared with that of
uninfected controls. Similarly to acute-resolving HCV ictiens, 1ISGs showed higher
transcriptional activity, indicating an ongoing IFN regsge towards HCV. Genotype-
associated differences were observed as well. A genotyp&8ted animal showed
upregulated expression in some genes potentially invalvetieatosis, but an overall
diminished ISG expression level when compared to genotyipéettions. Compar-
ing gene expression levels in humans lead to similar resGhenet al. identified 18
genes whose expression profile was markedly different lestva# IFN/ribavirin treat-
ment non-responders and all responders (Geh. (2005)). Many of those genes
were IFN sensitive and the upregulation of a subset of 8 galfesed a quite accurate
prediction of response to therapy. Interestingly, nompoeslers show an already high
expression level of ISGs before therapy and treatment vethlpN-« does not induce

expression of ISGs above pre-treatment levels (SarapoWwicz et al. (2008)). This
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phenotype of a preactivated IFN signalling pathway is monpleasised in patients
infected with genotype 1 and 4, compared with genotype 2 ambSsibly explain-
ing the difference in response to therapy between these @pgrolt was concluded
that the endogenous IFN system is not only ineffectivelyat#d, but may also be in
an insensitive state that aggravates the response to yhe@apilar results have been
reported in another study, where the expression profilevef InRNAs was analysed
using real-time quantitative PCR (RT-gPCR) (Assedtihl. (2008)). They demon-
strated that non-responders and patients who achievearstvirological response
have different liver gene expression profiles before treatrand that the changes dur-
ing treatment were mostly associated with ISGs. Two gengasiges with predictive

response were identified in genes IF127 and CXCLO9.
HCV interference with IFN signalling through the Jak-STAT p athway

Type | IFNs bind to IFNe/ receptors (IFNAR), which are constituted of 2 subunits.
Each subunit binds a member of the Janus kinase (Jak) faomlky;to the tyrosine
kinase 2 (TYK2), the other to JAK1. Binding of type | IFNs to IAR leads to cross-
phosphorylation between those 2 kinases, initiating a dtnveam signalling cascade to
activate signal transducer and activator of transcripti¢8TAT1), STAT2 and STAT3.
STAT1 and STATZ2 then combine with a third transcription ¢actRF9, building the
IFN stimulated gene factor 3 (ISGF3), which binds to the IleSponse elements and
initiates transcription of ISGs. Alternatively, gammaizated sequence (GAS) ele-
ments can be activated if STAT1 combines with STAT3. The SIAlduced gene
expression leads to the transformation of the cell into divigal state (Darnelkt al.
(1994); Darnell (1997)).

Suppressors of cytokine signalling (SOCS) are proteinsitinabit, as the name im-
plies, the cytokine response through the Jak-STAT path&aghs & Hilton (2001)).
SOCS1 and SOCS3 are induced by type | IFN (Song & Shuai (1998)& impor-
tance of these negative regulators has been demonstra@@@81-deficient mice,
which developed severe inflammatory disease due toJfpersensitivity, but were
very resistant to viral infections, likely a result of inased type | IFN signalling
(Alexanderet al. (1999); Fenneet al. (2006)). Overexpressing the HCV core protein
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has been shown to inhibit IFN-induced tyrosine phosphorylation and STAT1 activa-
tion in hepatic cells. This inhibition is most likely due teduction of SOCS3-mRNA
expression by core (Bodst al. (2003)). Elsewhere it has been reported that core in-
duces upregulation of SOCS3 in HepG2 cells, which was agsdcveith changes in
the glucose metabolism (Kawagudtial. (2004)). In addition, it has been shown that
the expression of HCV proteins in Huh7 cells leads to sele@VAT1 degradation in

a proteasome-dependent way. As HCV core protein was founthtbSTAT1, it was
suggested to be associated with the STAT1 degradatioreflah (2005b)). Another
group using HCV protein expression in Huh7 cells, reported thgh-level expres-
sion of HCV core protein inhibited the IFN-induced accumulation of STAT1 in the
nucleus (Meleret al. (2004)). STAT3 levels have also been shown to be reduced in
livers of HCV infected patients and Huh7 cells containingftikelength HCV replicon
(Larreaet al. (2006)). It was concluded that HCV replication impairs thie-3T3AT
signalling pathway and might thereby improve viral regiica and favour liver disease

progression.

The type | IFN induced antiviral state in a cell results inegurlation of many different
genes. One of them is PKR, which phosphorylates e wBen a cell is in an antiviral
state. This inhibits translation of most cellular and vinaRNAS, thereby prevent-
ing viral replication (Robertst al. (1976); Farrelet al. (1978)). The HCV protein
NS5A has been shown to prevent PKR activation in cell culbyr@irectly interact-
ing with the protein kinase catalytic domain. This presemsanother mechanism
how HCV manages to avoid the antiviral effects of IFN (Getl@l. (1997)). A survey
among genotype 1b infected individuals has reported aledioe between mutations
within the ISDR of HCV NS5A, which is involved in PKR bindingnd response
to IFN (Enomotoet al. (1996)). This observation was supported by another study
with genotype 1b infected individuals in Australia and ayvegcent one in Tunisia
(MacQuillanet al. (2004); Bouzgarroet al. (2009)). However, similar correlations
were not observed in analogous studies carried out in Eusiopethe United States
(Zeuzemet al. (1997); Gerotteet al. (2000); Murphyet al. (2002)). A meta-analysis
in 2004 (Pascet al. (2004)) and a more recent study (Murayaetal. (2007b)) have
concluded that a correlation between the number of mutsatothin ISDR and the re-
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sponse rates to IFN-ribavirin combination therapy is dele@h on genotype subtype
and not geographical region. In individuals infected whike 1-type HCV 1b, ISDR
can serve as a predictable marker for response to IFN-ribax@mbination therapy,

but not in individuals infected with other genotype 1b stsaand other genotypes.

Another protein reported to interact with PKR is the HCV E2alape protein. HCV
E2 was demonstrated to bind PKR through a 12-amino acid segquéat resembles
the PKR auto-phosphorylation site and the etR#hosphorylation site, named the
PKR-elF2y phosphorylation homology domain (PePHD) (Tayb@al. (1999)). E2
was shown to block PKR in transfected cells and yeast, priogpgrotein synthesis
and cell growth. The authors argue that together with théitdry effect of NS5A
on PKR, E2-PKR blocking may be a possible cause for the deredap of resistant
infections. The promoted protein synthesis, which allowesdell to grow again, may
explain HCV-associated HCC. The investigators compared theesees of PePHD
domains of different genotypes and found that those of ggest 1a and 1b were
more closely related to the sequence of PKR andelfhan those of genotypes 2a, 2b
and 3a. Genotype la and 1b show higher resistance to IFNnieeatompared with
genotype 2a, 2b and 3a. This might explain the better regpaiss in individuals
infected with the latter genotypes. However, a clinicalgtaomparing sequences of
this 12-amino acid motif between different genotypes amdr tesponse to IFN ther-
apy did not find a similar association, suggesting that dénetors might influence the
response to IFN to a greater extent (Abidt al. (2000)).

HCV is very successful in establishing persistent infectioro achieve this, the virus
has evolved different mechanisms that interfere with th& lmnate immune system.
HCYV not only interferes with the induction of IFN-n infected cells, but also disrupts
IFN-« signalling through the Jak-STAT pathway and directly infsidFN induced

effector mechanisms, such as the PKR-mediated inhibitiomapislation. Together
with the above discussed abilities of the virus to evade tfaptve immune response,

disruption of the IFN response allows HCV to effectively p&rg the host.
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1.7 Current Treatment Options

1.7.1 IFN-ribavirin combination treatment

Some individuals spontaneously cure a HCV infection, butntiagority go on to de-
velop a chronic infection if no diagnosis is made during adnfection and treatment
initiated. If acute hepatitis C is diagnosed, the chanceseatment response are quite
high, with treatment success rates being highest if tre@tro@mmences within 12
weeks of diagnosis (Jaeckatial. (2001); Gerlaclet al. (2003); Coreyet al. (2009)).
Chronic hepatitis C (CHC) on the other hand is resistant tortreat in almost 50 %
of individuals. Initially therapy only consisted of IFN; which resulted in about 15-
20% of individuals with chronic hepatitis achieving sus& virological response
(SVR) (Lin et al. (1995b); Poynareét al. (1996); Carithers & Emerson (1997)). SVR
is defined as the absence of any detectable HCV-RNA 6 monthseaafteof treat-
ment. Treatment outcome was further improved with the cuation of the nucle-
oside analogue ribavirin and the pegylation of IENMcHutchisonet al. (1998);
Poynardet al. (1998)). The addition of a polyethyleneglycol molecule ENIin-
creases its half-life, thereby creating more favourablkerpiacokinetics and allowing

a more comfortable once-weekly dosing.

The exact mechanism underlying HCV replication inhibitibnough ribavirin is un-
clear. Ribavirin is a guanosine nucleotide that is incorfeatdy the HCV polymerase
and can pair with cytosine or uracil. It has been shown folopols that ribavirin can
induce lethal mutagenesis by increasing the viral erra, l@ading to error catastro-
phe and repression of the viral fithess of the population (Zeital. (2000, 2001)).
A similar study on the HCV genome has shown that passaging @ teplicon un-
der ribavirin leads to mutations within specific regions loé genome, supporting a
mechanism of error catastrophe induced by ribavirin (Coaset al. (2002)). Fur-
thermore, it has been proposed that ribavirin incorponabip the HCV polymerase
blocks RNA elongation during RNA synthesis, directly inhitgt HCV RNA replica-
tion (Maaget al. (2001)). Ribavirin may also affect the immune response to HCV.

Activation of isolated T-cell$n vitro led to an increased type 1 and a suppressed type
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2 cytokine response upon ribavirin treatment (Teinal. (1999)). The authors pro-
posed that the promotion of a type 1 cytokine-mediated imen@sponse may be
in part responsible for the additive effect of ribavirin imet IFN-o/ribavirin combi-
nation treatment. Another possible effect of ribavirin htigpe the inhibition of the
inosine monophosphate dehydrogenase (IMPDH), which etmireosine monophos-
phate (IMP) to guanosine triphosphate (GTP). This leadsefetion of GTP and
reduced RNA synthesis (Laat al. (2002)). Ribavirin is given twice daily, depending
on body weight.

The combination treatment of peg-IRiNand ribavirin constitutes the standard of care
since 2001 and results in SVR rates of 46-55% (Maetred. (2001); Friedet al.
(2002); Hadziyannigt al. (2004)). To determine treatment duration, the HCV geno-
type and the initial response to therapy defined by HCV RNA \oalls in serum at
baseline and after 4 and 12 weeks of therapy have to be coediddreatment re-
sponses are categorised depending on the viral load affesféreatment, as outlined
in Table 1.1.

Table 1.1: Definition of treatment responseAdapted from Sarasin-Filipowic al.
(2008).

Rapid virological response (RVR) Negative HCV-RNA 4 weelai treatment onset
Early virological response (EVR) > 2 log; 1U/ml reduction in HCV-RNA at week 12
Complete EVR (cEVR) Negative HCV-RNA 12 weeks from treatimamset
Primary non-responders (PNR) < 2 logyo IlU/ml decrease in viral titre after 12 weeks
End of treatment response (EoTR) Undetectable serum HCX-&fér end of treatment

End of treatment non-response (EONR) Detectable serum RR&-after end of treatment
Sustained virological response (SVR) No detectable HC\VABNNonths post-treatment
Relapse Detectable HCV-RNA after having achieved EoTR

Ideally a patient undergoing therapy achieves a respongeeand of the treatment
(EoTR) and maintains negative serum-HCYV levels after theértreat has ended. How-
ever, not all patients who respond to therapy are able teaeld SVR and HCV-RNA
is detectable again 6 months post-treatment; these pateatclassified as relapsers.
When deciding on the duration of the therapy, the genotypgspa important role.
Patients infected with genotype 1 have been shown to benafit & longer treatment
duration of 48 weeks (McHutchisat al. (1998)). Individuals infected with geno-
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type 4 also benefit from a longer 48 week treatment, whereastgee 2 and 3 in-
fected individuals show better response rates and 24 wdekeatment are recom-
mended (Hasaat al. (2004); Friedet al. (2002); Hadziyannigt al. (2004)). How-
ever, side effects and the very high cost associated withdFNbavirin treatment has
led to recent suggestions that individuals showing RVR khouly be treated for
12-16 weeks, if infected with genotype 2 and 3, and 24 weekgetted with geno-
type 1 (Mangiaet al. (2005); Mangia (2007)). Different clinical studies havewsin
that about 50-60 % of individuals infected with genotype A% infected with geno-
type 2 or 3 and 30-40 % infected with genotype 4 do not resporidd current stan-
dard treatment (Manret al. (2001); Friedet al. (2002); Hadziyannigt al. (2004);
Hasaret al. (2004); McHutchisoret al. (2009a)). In patients who do not achieve an
EVR after 12 weeks of treatment, therapy is discontinuedricAh-Americans and
individuals with steatosis generally achieve lower SVResatReddyet al. (1999);
Muir et al. (2004); Poynaret al. (2003)). Other factors associated with lower SVR
rates are male gender and age (Hayashi. (1998)). Low pre-treatment serum HCV
RNA levels are associated with higher SVR rates (MartinogRaixet al. (1995)),
whereas high body fat mass (body mass index (BMI30) (Hickmanet al. (2002);
McCullough (2003)) and high alcohol intake will reduce thioaicy of IFN-treatment
(Okazakiet al. (1994); Ohnishet al. (1996)). The rate of fibrosis progression and
insulin resistance have also been associated with deckr&gR rates (Myerst al.
(2003); Nastaet al. (2008)). As discussed in section 1.6.1, different HLA typese
been associated with SVR rates as well.

Individuals with genotype 5 and 6 are generally underreprees! in clinical studies
and only very few data are available on their response tanieyat. A recent study,
analysing retrospectively individuals who received IENibavirin combination treat-
ment and were diagnosed with genotype 6, concluded thatidhdils infected with
genotype 6 should be treated with a full course of 48 week®afment (Nguyeet al.

(2008)). No specific recommendations on dose and treatmeation are currently

available for genotype 5 infected individuals, as theredissufficient data available.
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IFN-a/ribavirin combination treatment is frequently assoaiatdéth severe side-effects
and 10-14 % of patients discontinue their therapy due toradvevents (Mannst al.
(2001)). Side-effects often reported include influenka-Bymptoms, such as fatigue,
headache, nausea, pyrexia (fever), rigors and myalgiadepsin); skin disorders,
such as pruritus (itch), alopecia (hair loss) and dernsatitithralgia (joint pain); diges-
tive dysfunction; neutropenia (abnormally low levels otitvephils); thrombocytope-
nia (low levels of platelets in blood); thyroid dysfunctiand depression (Friest al.
(2002)). Addition of ribavirin in combination treatmentrciead to extra side effects
such as haemolysis, resulting in anaemia in 30 % of patieusprisingly, a decline
in haemoglobin during the early phase of treatment has baemdfto be associated
with better treatment outcome in genotype 1 infected imidigis (Sulkowsket al.
(2009a)).

Risks and benefits of IFN/ribavirin combination treatment have to be evaluated for
each patient individually, as the course of infection cascped more slowly in some
individuals and occurrence of side-effects may differ. tRe@mmore, treatment costs
can differ considerably as well. Treatment costs for irdlnls infected with geno-
type 1, with mild or moderate disease, and patients undeageeof 40, is below
£20,000 per quality-adjusted life year (QALY). For genayp infected individuals,
with cirrhosis, aged 50 and older, treatment costs canoiseer £60,000 per QALY
(Grishchenkeet al. (2009)).

Taking these factors into consideration, therapy has besmmmmended for individuals
with persistently elevated transaminase levels (ALT an&®artinot-Peignowet al.
(2001); Persicet al. (2000)), detectable serum HCV-RNA (sign of viral replicajion
and progressed fibrosis (metavir fibrosis stage E, where 4 is the maximum, as de-
termined by liver histology) (Wong & Koff (2000); Levinet al. (2006); Ghanyet al.
(2009)). However, more recent studies have shown that dige- IFNea/ribavirin
combination therapy is effective, safe and well tolerategatients with normal ALT/
ASP levels as well (Zeuzeet al. (2004); Yuet al. (2006b)). This has led to the
suggestion that individuals with normal ATL/ASP levels imidenefit from IFNe/

ribavirin treatment as well and that liver biopsies showdddken to determine whether
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treatment should be initiated or not.

1.8 Antivirals

While the current standard treatment is reasonably efiedtiv individuals infected
with genotype 2 and 3, there is still a high number of patieviteout response and
others with reemerging HCV-RNA after end of treatment. Duehwpartly very low
response rates and the frequently occurring side efféetsldvelopment of new, highly
specific small molecules targeting the HCV virus is highlyices The so called
specifically targeted antiviral therapy for HCV (STAT-C) tatg viral proteins, mostly
by small molecules. Highly active antiviral retrotherapyAART), using the com-
bined effect of several small molecule inhibitors to tardet virus, is already part of
the current standard treatment for HIV infection, but evssugh the causative agent
of hepatitis C has only been identified shortly after thatanftared immune deficiency
syndrome (AIDS), no specific antivirals for HCV are approvgdie American Food
and Drug Administration (FDA) as to date (Dunning & Nelsof(@2)). Of the 10 viral
HCV proteins, NS2, NS3/4A and NS5B have enzymatic functiords @esent possi-
ble targets for antiviral therapy. NS3/4A, a serine prageasso plays a role in RNA
replication and assembly, as does the HCV polymerase NS5BeTheroteins have
therefore been 2 particularly promising targets in ardiviirug development, as their
inhibition prevents viral replication. Nevertheless,ianal strategies targeting viral
entry, translation and protein-protein interactions aressped as well. After showing
efficacy in cell culture and not inducing any severe cytatcdfects in cell culture
and small animal models, the evaluation of antiviral drigysarried out in 4 clinical
phases, which are explained in Table 1.2.

Table 1.2: Definition of clinical trial phases.Adapted from ClinTrials (2010).

Phase | Safety, dose range and side-effects evaluatiomiakhgroup (20-80 people)
Phase Il Testing of efficacy and safety in a larger group (300people)
Phase Il Confirmation of efficacy, monitoring of side-etfeand comparison to commonly

used treatments in large groups (1,000-3,000 people)
Phase IV Monitoring of drug risks and benefits post-markgéind adjustment of optimal use
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1.8.1 NS3/4A protease inhibitors

The development of NS3/4A Pls was greatly spurred when tystalrstructure of the
NS3 N-terminal protease domain and the full-length NS3egnptcomplexed with a
NS4A peptide, was solved (Kimt al. (1996); Yaoet al. (1999)). The crystal struc-
ture revealed an unusually broad and shallow substraténgisite, which has compli-
cated the development of specifically binding small molesuwising rational structure-
based drug design. However, it was observed that the caifeorynal NS3 residues
are located within the active site, presenting a “produetaition” mechanism, where
cleaved substrate peptides occupy the active site. This§rdhs been very helpful for
drug design and peptidomimetic compounds dominate drugloement against the
NS3/4A protease today (Steinkuhlgral. (1998)). The first of these peptidomimetic
compounds to enter clinical trials was the macrocyclichitor BILN 2061 (cilupre-
vir). This small, orally available molecule inhibitor rdd in an impressive reduc-
tion of HCV RNA levels after only 2 days in genotype 1 infectediwiduals. On
average patients showed a 2 to 3;lpgeduction in HCV RNA levels (copies/ml)
with some patients even reaching undetectable levelsw&#i28 hours after admin-
istration (Lamarreet al. (2003)). Specifically developed for genotype 1 proteases,
BILN 2061 had a nearly 2 log weaker binding affinity for genotype 2 and 3 pro-
teases (Thibeaudt al. (2004)) and inn vivo studies BILN 2061 showed as expected
lower efficacy in patients infected with genotype 2 and 3 (Rassal. (2005)). Un-
fortunately, the development of BILN 2061 had to be halted wueardiotoxicity in
laboratory animals (Vanwollegheet al. (2007)).

Because of the genetic variability of HCV proteins of differganotypes, the structure
of protease and polymerase enzymatic sites differs suitgmnd potentially limits
the effectiveness of certain classes of inhibitors (Hall&taleyet al. (2002)). The
case of BILN 2061 demonstrated early on that it is crucial t@stigate drug effica-
cies in all genotypes. Reduced effectiveness of antiviralgartain genotypes also
potentially facilitates the development of resistanceatiahs, section 1.8.4.
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Newer macrocyclic inhibitors currently in clinical trialsclude ITMN-191 and TMC-
435 (Table 1.3). In phase Ib clinical trials, ITMN-191 waseato reduce HCV RNA
levels by about 3.5 log 1U/ml after 14 days of treatment (Bradfoed al. (2008);
Forestieret al. (2008)). Biochemical inhibition studies have shown that NNI91
is about 10-fold more potent against proteases from gerodyfb and 6 compared
to proteases from genotype 2a and 3a. However, the biochepuotency is still in
the nanomolar range for all genotypes and peg-t+=Ra showed an additive effect,
making it a very potent inhibitor (Seiweet al. (2008)). In biochemical assays, TMC-
435 showed potent inhibition of HCV NS3/4A proteases fromgalhotypes except
for genotype 3 proteases (Tsantrizos (2009)). In phase llladithical trials with
genotype 1 infected individuals, TCM-435 has demonstratguficant reductions in
HCV-RNA levels without any severe side-effects (Reeshkl. (2009)). TMC-435
is currently evaluated in phase lla clinical trials in cormddion with peg-IFN« and
ribavirin.

The currently most advanced Pls are 2 linear ketoamide gmptmetic inhibitors,
VX-950 (telaprevir) and SCH 503034 (boceprevir). They hasreaaced into phase
lIb/1l clinical trials. In monotherapy, VX-950 was able teduce HCV RNA lev-
els 4.4 logy IU/ml on average after 14 days of treatment and was well atder
(Reesinket al. (2006)). In 2 recent phase Il clinical trials it could be derstrated
that the addition of the STAT-C agent VX-950 to the curreahstard of care could in-
crease SVR rates, although discontinuation rates wereshiyre to VX-950 induced
side-effects (Hezodet al. (2009); McHutchisoret al. (2009b)). Tibotec conducted a
similar phase Il study on previously untreated genotypddcited patients in Europe.
Up to 85 % of patients, taking 3 times daily VX-950 plus peddtk-2a and ribavirin,
achieved a SVR (Marcelliet al. (2009). Vertex is currently conducting a phase Il
clinical trial that includes evaluation of 24-week and 48ek VX-950-based regi-
mens in genotype 1 treatmentiva HCV patients. An 8-12 week period of peg-IFN-
alribavirin/VX-950 triple-combination therapy is followleby 12-16 weeks of peg-
IFN-a/ribavirin dual-combination treatment and patients fatlop for 48 weeks.In
vitro studies have reported similar efficacies for VX-950 agagestotype 1a, 1b and
2a (Paulsoret al. (2009)). In an ongoing phase lla clinical trial, VX-950 haswbn-
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strated substantial activity in genotype 2 infected pasigiout only limited efficacy in

genotype 3 infected individuals (Fosegral. (2009)). Highlighting again how influ-
ential the structural differences between the proteasdéiseoflifferent genotypes are
on drug efficacies and that it is important to take these iotwsitleration during drug

design.

SCH 503034 (boceprevir), the other linear ketoamide peptinetic, reduced repli-
con RNA levels over 4 log during continued exposure in cell lines (Malcoénal.
(2006)). In a phase Il clinical trial with genotype 1 infedtmdividuals, addition of
SCH 503034 to the current standard care of treatment reguoliadreased SVR rates
compared to the control group (Schering Plough (2009))eBcb-Plough is currently
running a phase Il clinical trial testing SCH 503034/IFRAvirin combination ther-
apy on genotype 1 infected individuals, which is expectebeaompleted in mid-
2010. BI 201335, the new PI from Boehringer Ingelheim, denratestt a rapid and
potent antiviral activity in a very recent phase Il clini¢ggahl, where genotype 1 in-
fected patients were given Bl 201335 in combination with thieent standard care of
treatment (Sulkowslet al. (2009b)).

As the NS3/4A protease also interferes with the IFN respoaséanhibition of this
enzyme might potentially also rescue the endogenous IRdre®. However, a recent
study showed that the concentration of the Pl TMC-435 reduioe the rescue of
the virus-imposed inhibition of the IFN signalling, was rsiftcantly higher than that
necessary for the inhibition of viral replication (Liaegal. (2008)). Thus, Pls are
unlikely to provide any additional benefit when comparedhwithibitors targeting

other HCV proteins.
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Table 1.3: HCV NS3 PIs and phase of clinical development.

Phase of development Company

Compound

SCH 503034 (Boceprevir) Phase Il
VX-950 (Telaprevir) Phase IlI

Bl 201335 Phase Il
BMS-650032 Phase Il
ITMN-191 (RG7227/R05190591) Phaseé I
ITMN-121 Phase Il
MK-7009 Phase lla
TMC-435 Phase lla
SCH 900518 (Narlaprevir) Phase Il
ABT-450 HCV Phase |
ACH-1625 Phase |
BMS-791325 Phase |
BMS-824393 Phase |
PHX1766 Phase la
VX-500 Phase Ib
VX-813 Phase |
VX-985 Phase |
AVL-181 Preclinical
EA-058 Preclinical
EA-063 Preclinical
SCH 567312 Preclinical
ACH-806/GS9132 Discontinued
BILN 2061 Discontinued
SCH6 Discontinued

Schering-Plough
Vertex
Boehringer Ingelheim
Bristol-Myers Squibb
Intermune/Roche
Roche
Merck
Medivir/Tibotec
Schering-Plough
Abbott and Enanta
Achillion
Bristol-Myers Squibb
Bristol-Myers Squibb
Phenomix
Vertex
Vertex
Vertex
Avila Therapeutics
Abbott and Enanta
Abbott and Enanta
Schering-Plough
Gilead/Achillion
Boehringer Ingelheim
Schering-Plough

'Phase | in combination with the nucleoside analogue polaseinhibitor RO5024048.
Information presented in this table has been gathered frablip sources, accuracy is not guaranteed.

Sources include company websites and the following puldisites:

http://www.hcvdrugs.com
http://www.hivandhepatitis.com/hivcv._coinf_articles.html
http://www.hcvadvocate.org/hepatitis/hepC/HCVDrags!
http://clinicaltrials.gov
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1.8.2 NS5B polymerase inhibitors

The other important target in HCV specific antiviral drug depenent is the RdRp
NS5B. Similar to NS3 Pl development, developing NS5B inbitsithas also been
greatly propelled forward by solving its 3-dimensionalusture. Crystallographic
structure analysis has revealed a typical right-handegnperiase conformation with
palm, thumb and finger domains. The finger and thumb domaiasaict closely with
each other, providing a fully encircled active site (Legjeiral. (1999)). More recent
structure analyses have disclosed that NS5B can exist ipa@m or closed conforma-
tion (Biswalet al. (2005); Chinnaswamgt al. (2008)). It was proposed that during
de novainitiation NS5B consists in a closed conformation, whicbhpened up during

elongation due to steric clashes induced by the growinggagiide.

To date many small molecule inhibitors of NS5B have beentified and some have
entered clinical trials (Table 1.4). They can be classifi#gd 2 groups: nucleoside
analogs that bind to the active site and allosteric, nodewside inhibitors (NNIs)
that bind sites at variable distances from the active sita@polymerase. Nucleoside
inhibitors bind to the active site and inhibit transcriptimitiation and elongation of
RNA synthesis, whereas NNIs binding to allosteric sites @@gms to inhibit tran-
scription initiation by blocking the open conformation (®&dl et al. (2005)). Nucle-
oside inhibitors of HCV RdRp include 2’-C-methyl, 2’-O-methgind 4’-substituted
nucleoside analogs, working on a chain terminating meshnagCarrollet al. (2003);
Klumppet al. (2006)). There are currently 3 nucleoside analogues ingphatevel-
opment; IDX-184, PSI-7977 and R7128.
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Table 1.4: HCV NS5B polymerase inhibitors and phase of clinical devetoent.

Compound

Phase of development Company

Nucleoside inhibitors

IDX-184 Phase Il Idenix

PSI-7977 (Prodrug of PSI-7851) Phase lla Pharmasset
R7128 (Prodrug of PSI-6130) Phase IlIb Roche/Pharmasset
RO5024048 Phasé | Roche

INX08189 Preclinical Inhibitex

PSI-938 Preclinical Pharmasset

R1626 Discontinued Roche
Non-nucleoside inhibitors

ABT-333 Phase Il Abbott

ANA598 Phase Il Anadys

GS 9190 Phase Il Gilead

IDX-375 Phase Il Idenix

PF-868554 (Filibuvir) Phase Il Pfizer

VCH-759 Phase Il Vertox/ViroChem
VCH-222 Phase Ib/lla Vertox/ViroChem
A-837093 Phase | Abbott

ABT-072 Phase | Abbott

Bl 207127 Phase | Boehringer Ingelheim
MK-3281 Phase | Merck

PF-4878691 Phase | Pfizer

VCH-916 Phase Ib Vertox/ViroChem
A-782759 Preclinical Abbott

A-848837 Preclinical Abbott

GL59728 Preclinical Genelabs/Novartis
GL60667 Preclinical Genelabs/Novartis
GSK625433 Discontinued GlaxoSmithKline
HCV-796 Discontinued ViroPharma/Wyeth
JTK 003 Discontinued Akros Pharma
NM107/NM283 Discontinued Idenix Pharmaceuticals
R803 Discontinued Rigel Pharmaceuticals
XTL-2125 Discontinued XTL Pharmaceuticals

IIn combination with the Pl RO5190591/ITMN-191.

2Efficacious in the HCV-infected chimpanzee (Meial. (2007)).
Information presented in this table has been gathered frabiip sources, accuracy is not guaranteed.
Sources include company websites and the following puldisites:
http://www.hcvdrugs.com
http://lwww.hivandhepatitis.com/hivcv_co_inf_articles.html
http://www.hcvadvocate.org/hepatitis/hepC/HCVDragsl
http://clinicaltrials.gov
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Among the NNIs there are 7 inhibitors in phase Il clinicablsi now: ABT-333,
ANA598, GS 9190, IDX-375, PF-868554, VCH-222 and VCH-759. B38hibitors
generally lower HCV RNA levels between 2 to 3 lggU/ml, slightly less than Pls
(Cretton-Scotet al. (2008); Lalezaret al. (2008); Coopeket al. (2009)). However,
in combination therapy with standard of care, R7128, a nsaigcanalogue, was able
to lower HCV RNA levels up to 5 log IU/ml (Le Pogamet al. (2009)). As with
Pls, genotype associated differences in the enzyme steucan play a major role
in the susceptibility of polymerases to polymerase inbiisit For examplein vitro
studies with ABT-333 have shown that it is a potent inhibitbgenotype 1b and 1la
polymerases, but nearly ineffective against genotype Ba3a and 4a polymerases,
demonstrating again the importance of genotype assodaigtedences in the enzyme
structure (Maringet al. (2009)).

1.8.3 Other HCV inhibitors

The exact role of the HCV NS3 helicase in the HCV viral life cyislaot clear yet, but
it is essential for viral replication and therefore anotinéeresting target for antivirals.
To date though, no specific small molecules that are free wita¥icity have been
identified. As the helicase is similar to human DEAD-box tadies it is difficult to find
compounds that discriminate between the two, leading tetawic drugs (Duet al.
(2002)). The NS2 protease is another possible target fol<&IAA recent study has
reported that the cyclophilin inhibitor CysA acts on HCV replion through NS2. It
was the first anti-HCV drug shown to act through NS2, demotistya possible role
of this protein as an antiviral target (Ciesetkal. (2009)).

Antiviral targeting is also possible against non-enzymptbteins, as has been shown
with NS5A. Currently 3 anti-NS5A inhibitors are in phase linatal trials (Table 1.5),
but the exact mechanism underlying their inhibition is @acl In a proof-of-concept
study, a single dose of the NS5A inhibitor BMS-790052 was @blteduce HCV RNA
levels 3.6 log, IU/ml with no rebound during a 6 day follow-up period. BMS-T&2
also proved highly effective not only against genotype Taadd 2a, but also against

genotype 3a, 4a and 5a in the replicon system. This high effiaaross genotypes
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clearly is an important advantage over other antiviralsentty being evaluated, which
are mostly only effective in genotype 1 and 2 (Neté¢sl. (2008)).

Another possible non-enzymatic target is the NS4B protédtemizole hydrochlo-
ride, a generic oral antihistamine, is the first moleculgeting NS4B being evaluated

in clinical trials. Inin vitro studies it has demonstrated 50 % effective concentration
(ECs50) values in the low micromolar range and is now being evatliatea phase |
clinical trial (Einavet al. (2008)). Furthermore, p7, the putative ion channel, presid
another possible target. Finally, the envelope protein &2diso been targeted, with
the entry inhibitors 1TX-4520 and ITX-5061.

Table 1.5: Other HCV inhibitors and phase of clinical development.

Compound Phase of development Company

Entry inhibitors

ITX-5061 Phase lla announced iTherX
ITX-4520 Phase | iTherX
SP-30 Preclinical/ Samaritan Pharmaceuticals

Phase | announced
NS4A inhibitors

ACH-1095 Preparing to enter Phase | Achillion

NS4B inhibitors

Clemizole hydrochloride Phase | Eiger BioPharmaceuticals
NS5A inhibitors

A-832 Phase Il AstraZeneca

AZD-2836 (A-831) Phase I AstraZeneca

BMS-790052 Phase Il Bristol-Myers Squibb
AZD-7295 (A-689) Phase | AstraZeneca

Information presented in this table has been gathered frabilip sources, accuracy is not guaranteed.
Sources include company websites and the following puldisites:

http://www.hcvdrugs.com

http://www.hivandhepatitis.com/hivcv_co.inf_articles.html
http://www.hcvadvocate.org/hepatitis/hepC/HCVDragsl

http://clinicaltrials.gov
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1.8.4 Development of antiviral resistance

A major issue with STAT-C is the preexistence of drug-resisgenetic variants among
the hugely diverse pool of quasispecies and the short tiamadrwithin which new
drug-resistant genetic variants can be generated by tbeone RdRp. The impact
of a drug-resistant variant depends on its replicative $grend on the degree of drug
resistance it confers. Depending on the bio-availabilitg potency of a compound,
the drug-resistant variant will be able to evade the drugquree, continue to replicate
and spread. Even though the replicon and full-length HCVesystdo not represent
the huge diversity of quasispecies within an infected iiadial, it was still possible to
select for resistance mutations developingitro under different protease and poly-
merase inhibitors. Importantly, some of these resistang&tmons identifiedn vitro
have been observed in clinical trials and worryingly alsdareatment néve patients
(Sarraziret al. (2007a); Bartelgt al. (2008); Colsoret al. (2008)).

As all NS3/4A PIs bind to the active site of the protease, itdsurprise that the iden-
tified resistance mutations partly locate to the same positivithin the NS3 protease.
Resistance mutations at R155K/Q, A156T and D168V/A have bemorted in BILN
2061 resistance development and confer 357-fold (A1564-fpR1 (R155Q) and 144-
fold (D168V) increases in the Eg value of BILN 2061 (a macrocyclic inhibitor)
(Lu et al. (2004)). ITMN-191, another macrocyclic Pl, also inducesisg&ance mu-
tations at position D168A/V/E as well as A156S/V, F43S, Q4 S138T. Unlike
BILN 2061, where all mutations associated with decreaseditbaty located to the
NS3 protease, for ITMN-191 one mutation (S489L) was ideadifivithin the helicase
domain and one (V23A) within the NS4A cofactor (Seiwetral. (2007b)). VX-950,
which is a linear ketoamide peptidomimetic, shows a difiedrug resistance profile.
The dominant resistance mutation under VX-950, A1563,rstihains susceptible to
BILN 2061 and the dominant BILN 2061 resistance mutations,8¥¥8, remain sus-
ceptible to VX-950, supporting combination treatmentswideer, the resistance muta-
tions A156V/T confer cross-resistance to both Pls, so do RUbSStitutions (Liret al.
(2005a)). The decreased susceptibility of these mutatmmards Pls is possibly di-

minished by their impaired replicative fithess, which wasvah to be the case in the
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replicon system (Liret al. (2005a)).

As discussed in section 1.8.2, polymerase inhibitors bandifferent sites in the en-
zyme leading to very different resistance profiles. Whilertheleoside analogues bind
to the catalytic domain, the NNIs bind to sites with variathigtance to the active site.
The substantial differences in the resistance profilesdcexplain the relatively low
cross-resistance between polymerase inhibitors. As this HiNd outside of the cat-
alytic domain, functional constraints are lower and r@siseé mutations can arise more
easily than with nucleoside analogues. The 3-dimensidnaitsire comprising the ac-
tive site is very important and one change of amino acid cad te a functionally
impaired polymerase. R1626 was one of the first nucleosidgnpaiise inhibitors
to enter clinical trials. In a phase Ib study, 14 days of trestt reduced the HCV
RNA levels up to 3.6 log, IU/ml in the highest dosed arm. Importantly, no resis-
tance mutations were observed after 14 days of treatmehtR1i626, demonstrating
a clear advantage of nucleoside inhibitors over PIs and NMigre resistance can de-
velop within 2 weeks (Robertst al. (2006, 2008)). In comparison, viral resistant vari-
ants emerged in peg-IFN/VX-950 combination treatment witl¥ days of treatment
(Reesinket al. (2006)). Similarly, in monotherapy with the NNI HCV-796, aut
ral resistance variants were selected within the first wéekeatment (Villancet al.
(2006)). Unfortunately, further studies with R1626 had cdma halt, as dangerous
levels of neutropenia have been observed. However, R712&)e&nnucleoside ana-
logue, has also proven to have a high resistance barridr,n@itresistance mutations
appearing after 4 weeks of therapy (Le Pogatral. (2009)). Studies in the replicon
system have identified the NS5B polymerase amino acid sutisti S282T, which
confers a 3 to 4-fold decrease in susceptibility to R7i28itro (Ali et al. (2008)).
However, a decrease in sensitivity was only observed wherS#82T mutation was
present in a very high proportion of the quasispecies pdipulan a patient (above
90 %) (Le Poganet al. (2009)).

Many mutations conferring resistance to STAT-C agents silgoificantly reduce vi-
ral fitness. This loss in viral replication competence caerobe attributed to im-

paired enzymatic function. For example, A156T, which comfegh-level resistance to
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many PIs, also greatly reduces the replication capacitige¥irus (Linet al. (2005a);
Tonget al. (2006); Yietal. (2006a); Cuberet al. (2008)). However, not all resis-
tance mutations induce a loss in replication fitness, as show vitro studies with
the replicon and the HCV cell culture system (lahal. (2005a); Heet al. (2008)).
Results fromin vitro studies though, show some inconsistencies and do not always
coincide with clinical results (Le Pogaat al. (2009)). Studies with VX-950 have
shown that mutations conferring high level resistance vassociated with lower lev-
els of viremia after the end of treatment, whereas resistariations conferring low
level resistance and having less impact on viral fithess wemeinant. 3-7 months
after dosing, high level resistant variants had disappkdhe frequency of low level
resistant variants had decreased and wild type virus beclmmenant again. This
demonstrates the necessity of combination treatment nflatd of care with STAT-C
to avoid the development of resistant mutations (Sarrezal. (2007a)). Importantly,
it has been shown that second-site compensatory mutatiapgartly rescue defects
in the viral fitness induced by a high level resistant mutgtenabling the high level

resistant variant to spread and dominate within a populgttcCownet al. (2009)).

1.8.5 Prevention of antiviral resistance

As the development of resistance mutations in monotheraghycurrent drugs is al-
most certain, combination treatment with other STAT-C agiemd/or IFN and rib-
avirin is inevitable. Ideally, drugs targeting differerdrs of the virus/viral lifecycle
are combined with each other and/or other agents targetisiganoteins or supporting
the host immune system. Thereby the emergence of crostaiese can be prevented.
This strategy is currently successfully used in HIV therapgl consists of at least 3 dif-
ferent drugs from at least 2 different “classes” of drugspidglly therapies are based
on 2 nucleoside analogue reverse transcriptase inhipptus either a Pl or a non-
nucleoside reverse transcriptase inhibitor. Future HCHYttnent regimes will most
likely consist of similar triple combination regimes witA/&STI-C agents from different

“classes”.
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In vitro studies have shown that compounds targeting different gmaymes, such
as a Pl and a polymerase inhibitor, generally do not selectruss-resistance mu-
tants and can be used in combination treatment. Neverthatas possible to select
for cross-resistance mutations in combination therapiaadeen shown in the repli-
con system. Culturing the subgenomic 1b replicon under thBIEN 2061 and A-
782759, a polymerase inhibitor, selected not only for iftbibspecific, but also for
cross-resistance mutations. However, the repliconstaesito both compounds were
severely impaired in their replication kinetics and sigaftly lower in frequency,
demonstrating again the inverse relationship betweenimegbairal fitness and drug
susceptibility. Nevertheless, the inhibitors showed aesyistic effect and could re-
duce cellular replicon RNA levels over 7 IggMo et al. (2005); Koevet al. (2007)).
Combinations of BILN 2061 or SCH 503034 with NNIs (A848837 an8A893) also
showed synergistic effects and were able to cure the repfroon the cells after long
term treatment, whereas monotherapy led to the developaieasistance mutations
(Koevetal. (2006)). These studies provide encouraging results faréuSTAT-C
inhibitor combination therapy. Besides protease and palgs®inhibitor combina-
tions, it might also be possible to combine different NNIs tlzey show lower cross-
resistance as discussed above. However, nucleoside paigeni@hibitors are likely to
play an important role in future combination treatmentshay have a high barrier for

resistance development.

Because resistance mutations against STAT-C agents des@lpuckly, peg-IFN and

probably also ribavirin, will remain part of combinationetlapy for the near future.
Current clinical trials usually consist of a 8-12 week triglembination therapy of
a STAT-C agent plus peg-IFN and ribavirin, which is followeg 12 weeks of peg-
IFN/ribavirin combination treatment. With this treatmeagime, an initial rapid de-
cline of viral load is achieved by the STAT-C agent and pelg/tbavirin. The stan-

dard care of treatment (peg-IFN/ribavirin) is then contiduo suppress any viral re-
bound. The ultimate goal though, is to develop STAT-C agentlinations that will

allow a rapid clearing of the virus and achieve a sustainealogical response with-
out the need of peg-IFN and ribavirin. A step towards thisl d@s been taken by

Roche, who have recently completed a phase | clinical trialuating the efficacy and
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safety of combination treatment with a HCV nucleoside ana¢ggplymerase inhibitor
(RO5024048) and an HCV PI (RO5190591/ITMN-191).

1.8.6 Targeting host enzymes

Compared to STAT-C antivirals, targeting host enzymes ¢isddor viral replication
provides the advantage of an intrinsically much higheribato resistance, as the virus
is not directly targeted. The first molecules identified its ttlass were the cyclophilin
inhibitors (Table 1.6). As described in section 1.2, cybitip B (CypB) enhances
the RNA binding activity of the RdRp NS5B and can be inhibited by &yDEBIO-
025, a CysA analogue, has advanced to phase Il clinical tidisre it significantly
reduced RNA levels in combination with peg-IkN2a (Flisiaket al. (2009)). Even
though DEBIO-025 targets a cellular protein, it has beenmepao exert selective
pressure on the HCV genome, which led to the emergence ofalesesmutations in
the replicon system (Robidzt al. (2007)).

Another interesting target is the cellular micro-RNA miR-12&hiR-122 has been
shown to interact directly with the 5’UTR, thereby faciliteg the replication of RNA
(Joplinget al. (2005)). Therapies are currently being developed tryingelQuester
miR-122 using nucleic acid technology. A very recent studn&PC3649, a nucleic
acid homologue to miR-122, has reported promising resulthiimpanzees. Animals
treated with SPC3649 showed a long lasting suppression aif RKA without HCV
rebound and no evidence of viral resistance or side-effekssboth binding sites of
miR-122 are conserved in all HCV genotypes and subtypes, ikatylthat this kind
of treatment will be genotype-independent (Lanfetdl. (2010)). Moreover, other
possible targets include the 4 cellular receptors necg$saviral attachment and en-
try (Plosset al. (2009)) or the geranylgeranylation of host proteins respiior RNA
replication (Yeet al. (2003); Kapadia & Chisari (2005)). The important issue with
targeting host cell proteins though is cellular toxicitya@impounds, which has to be
carefully considered when administering these drugs igtlerm. Furthermore, several
phase | and Il clinical trials are currently evaluating tiffeeiveness of immunodula-

tors, TLR agonists (selectively stimulate IFN productioABAR agonists (tumour
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growth inhibitors), caspase and pancaspase inhibitotsgpoptotic), thiazolides (in-

terfere with virus maturation) and anti-inflammatory agent

Table 1.6: HCV inhibitors targeting host enzymes and phase of developme

Compound Phase of development Company

Cyclophilin inhibitors

DEBIO 025 Phase Il (Ilb announced) Debiopharm
NIM811 Phase lI Novartis

SCY-635 Phase Ib Scynexis
microRNA inhibitors

SPC3649 Phase | Santaris Pharma

Information presented in this table has been gathered frablip sources, accuracy is not guaranteed.
Sources include company websites and the following puldisites:

http://mwww.hcvdrugs.com

http://www.hivandhepatitis.com/hivcv._coinf_articles.html
http://www.hcvadvocate.org/hepatitis’hepC/HCVDragsl

http://clinicaltrials.gov

Even though major achievements have been accomplished ohetfelopment of spe-
cific antiviral drugs targeting HCV in the last decade, stdl TAT-C drug has been
approved. This is mostly due to the highly replicative nataf HCV infection and

the error-prone RdRp NS5B, which provide an enormous challemgeug develop-

ment. In the near future, peg-IFN will therefore most likedynain part of the standard
care of treatment. Hopefully though, multiple, directiagtSTAT-C agents that can be
used in combination to achieve a sufficiently high resistaverrier, will soon become
available and render peg-IFN unnecessary, providing atess and simpler treatment

regime.
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Chapter 2
Materials and Methods

2.1 Sources of HCV Clones

pJFH1 and pJFH1-GND (AB047639) used in recombination coostm were pro-
vided by T. Wakita (Tokyo Metropolitan Institute for Neuodsnce, Tokyo, Japan)
(Wakitaet al. (2005)) and pFK JFH1/J6/C-84#g (Jcl1) by R. Bartenschlager (Depart-
ment of Molecular Virology, University of Heidelberg, Heltherg, Germany) (Pietsch-
mannet al. (2006)). pJ6CF (AF177036) and pH77* (differs from pH77 (AE@21) at
M1205T) were provided by J. Bukh (NIH, Hepatitis Viruses S@ctNational Institute
of Health, Bethesda, Maryland) (Yanagial. (1997, 1999)) and pHCV3a-Gla (p3a)
by E.A. McCruden (Division of Virology, Institute of Biomeditand Life Sciences,
University of Glasgow, Glasgow, UK) (Shast al. (2003)). HC-J4 (plb, D10750)
was described by Okamoto (Okamaal. (1992)). ED43* (p4a), differs from ED43
(Y11604) in 4 amino acids (T1048A, T1064l, 11160T, R1176A)HEL480* (p5a) dif-
fers from EUH1480 (Y13184) by 9 amino acids (L1045V, F106Ma72T, L1081V,
K1117T, G1118R, R1122P, 11694V, T1695I) and EUHK2* (p6a)attffrom EUHK2
(Y12083) in 6 amino acids (11196V, K1094R, F1087S, D1065A0YAL, P1085A).
Plasmids p4a, p5a and p6a were provided by Richard Elliot (€éot Biomolecular
Sciences, University of St Andrews, St Andrews, UK). Diffeces between clones
and prototype sequences within the analysed NS3/4A regiere present in received
clones and likely arose during cloning. Huh7, Huh7.5 anggohal sheep anti-NS5A
serum were a gift from M. Harris (Institute of Molecular andliGlar Biology, Uni-
versity of Leeds, UK). Sequences of HCV isolates used foreecgidiversity analysis
were retrieved from the HCV sequence database (Kugtexh. (2005)) and the NCBI
GenBank. 570 NS3 and NS4A sequences of genotype la; 459 N88meeg of
genotype 1b; 242 NS3 and 180 NS4A sequences of genotype BE&39equences of

genotype 4a and 15 NS3 sequences of genotype 6a were analysed
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2.2 Cell Culture

2.2.1 Celllines

Huh7 are human cells established from hepatoma tissue ftedkkera Japanese patient
with well-differentiated hepatocellular carcinoma. Thegve a very low expression
of the exogenous dsRNA sensor Toll-like receptor 3 and shoendianced permis-
siveness for the replication of HCV RNA (Lohmagnhal. (1999); Nakabayaslat al.
(1982); Liet al. (2005a)). The Huh7.5 cell line is a highly permissive subelérom
the Huh7 cell line, with a defect in RIG-I signalling (Bligkt al. (2002); Sumpteet al.
(2005)).

Huh7 and Huh7.5 cells were maintained in Dulbecco’s Modiiadle Medium (DME-
M, Invitrogen) supplemented with 4.5 g/l glucose, 2 mM Ligimine, 10 % heat-inact-
ivated fetal calf serum (FCS, Harlan Sera-Lab), MEM non-eigsglkeamino acids (Invit-
rogen), 20 mM hepes (4-(2-hydroxyethyl)-1-piperazineaattsulfonic acid) (Sigma),
100 U/ml penicillin and 10@g/ml streptomycin (Invitrogen) and incubated at 37°C,
5% CQO, and 100 % relative humidity.

2.2.2 Harvesting and reseeding of cells

Adherent cells at 70-80 % confluency were removed from th&dlay trypsinisation.
Following the removal of growth medium and washing of thdscalith phosphate
buffer saline (PBS), trypsin-ethylenediaminetetraacatid (EDTA) (0.05 % trypsin,
0.53mM EDTA, Invitrogen) was added and left at 37°C untiledketached. An equal
volume of media was added to deactivate the trypsin. The aate then concentrated
at the bottom of an universal tube by centrifugation at 6,20ffor 5 minutes. Super-
natant was taken off, cells resupended in fresh medium aseded into a fresh tissue

culture flask at a ratio of 1:3.
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2.2.3 Freezing and thawing of cells

Cells were frozen if they were healthy and had not been padsagee than 2-3 times.
It was crucial that cells had not been grown to more than 7@ 8bnfluency, as
they lose their susceptibility to HCV. After washing and sypsation, cells were pel-
leted, resuspended in 10 ml fresh medium and counted usiagradcytometer. Once
counted, cells were pelleted again and resuspended inrigeeedia at a concentra-
tion of 2-5 x 10° cells per ml. Freezing media consisted of 10 % dimethy! sidie
(DMSO) in 10% FCS-DMEM. 1 ml of this cell suspension was theswdy frozen
in 1.5 ml Nunc cryovials within a freezing box containingpsopanol, at -80°C. The
slow freezing of the cells is crucial to allow water to escipen the cells, preventing
the damaging of cells. Isopropanol reduces the cooling poagimately 1°C/minute.
The following day cells were transferred to liquid nitrogstoring them below -130°C
and thereby preventing the formation of damaging ice clysta

Cells were thawed up again in a 37°C water bath. It was crucikééep the cells on
dry ice while transporting and then thawing them as quicldypassible. Before the
cryovials were incubated at 37°C, their cap was loosenedttslitp allow gases that
might have built up to escape. Cells in freezing media were thileted in 10 ml fresh
media and pelleted at 6,200 g for 5 minutes. After pouring off the supernatant, the
pellet was resuspended in fresh media and cells were seetied fresh T25 flask.

The next day they were transferred to a T80 flask.

2.3 Extraction of Viral RNA

2.3.1 RNA extraction from patient plasma

HCV RNA was isolated form patient plasma using the QIAGEN RNédtsyccording
to the manufacturer’s guidelines. 1pDpatient plasma was mixed with 350 RLT
buffer containing 1 %3-mercaptoethanol. To this 500 70 % ethanol was added,
mixed by pippeting, then transferred to an RNeasy mini spiama. The column

in a collection tube was subjected to 15 seconds centrifugatt 8,000x g. The
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flow through was disposed of and the RNA bound to the silica rmangwas washed

by adding 700:/ RW1 buffer to the membrane and centrifuging at 8,600 for 15
seconds. Two further washes were carried out with/@0PE buffer, centrifuging at
8,000 x g for 15 seconds, then for 2 minutes. The column was traresfdor a new
collection tube and spun for one minute at 8,00@ to dry the column and remove
excess ethanol which would affect the purity of the RNA. Thienem was then placed
into an Eppendorf tube, 3d RNase free water added to the membrane and incubated
for one minute. To elute the RNA, the column was spun at 8,0@0for one minute.

The elution was repeated using theid@luate. Purified samples were stored at -80°C.

2.3.2 RNA extraction from virally infected cells

To extract RNA from virally infected cells, cells were detadhfrom tissue culture
wells by trypsination and pelleted by centrifugation al0® 2 g for 5 minutes. About
1 x 10° infected cells were lysed using 350RLT buffer containing 1 %3-mercapto-
ethanol. The cell lysate was directly pipetted onto a QlAskee spin column placed
in a 2ml collection tube and centrifuged for 2 minutes at fydeed. One volume of
70 % ethanol was added to the homogenised lysate and mixédygpetting. Up to
700u! of the sample was transferred to an RNeasy mini spin colundrpamification

proceeded as described above.

2.3.3 RNA extraction from cell culture supernatant

Alternatively, the QIAamp viral RNA kit from QIAGEN was used éxtract viral RNA
from cell culture supernatant. 140 cell culture supernatant was added to 260
AVL buffer containing carrier RNA at a concentration of:@/ul. The carrier RNA
helps the binding of viral nucleic acid to the QIAamp mini m@ane and reduces
the chance of degradation of the viral RNA by RNases, which triigive escaped
degradation by AVL. After pulse-vortexing for 15 secondge sample was incubated
at room temperature for 10 minutes. The tube was briefly fagad to remove drops

from inside the lid before 5601 ethanol (96-100 %) was added. The sample was again
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mixed by pulse-vortexing for 15 seconds and the tube brieitfrdfuged, before 630l

of the sample was applied to a QIAamp mini column. The columas eentrifuged at
8,000x g for one minute then placed into a new collection tube. Theakthe sample
was applied to the QIAamp mini column and the spin step regeathe column was
then washed by applying 500 of AW1 buffer to the centre of the column, followed
by centrifugation at 8,006 g for one minute. A second wash step was performed by
adding 50QuI AW2 buffer to the column and centrifugation at full speed2aninutes.
The QIAamp mini column was placed into a new collection tube eentrifuged at full
speed for one minute to remove residual buffers. To elutdrikA, the column was
placed into a clean Eppendorf tube ang4®8VE buffer added. Following incubation
for one minute, the column was centrifuged at 8,00 for one minute. To increase
the concentration of the viral RNA, the eluate was passedigfirthe column a second

time. Purified samples were stored at -80°C.

2.4 First-strand cDNA Synthesis by Reverse Transcrip-
tion

Reverse transcription was performed in a.2@eaction volume which contained the
following: 500 ng total or %l viral RNA and DNase/RNase-free water to a final vol-
ume of 8ul. The mixture was heated for 10 minutes at 70°C and thenechin ice
for 5 minutes. The tubes were kept on ice and 4f 25 mM MgCl,, 2l reverse
transcription 10X buffer, 2l of 10 mM dNTPs, 0.5 recombinant RNasin ribonu-
clease inhibitor, 2.8l of 0.1 mM random primers and 15 Units (U) of AMV reverse
transcriptase were added. The reaction mixture was firsbiated for 10 minutes at
room temperature, then for 50 minutes at 42°C. To inactiveedverse transcriptase,
the reaction mixture was incubated for 5 minutes at 95°C. Treated cDNA was
stored at -20°C.
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2.5 Plasmid Dilution Series

To test primers and optimise the PCR reaction, plasmid ditusieries were used. Pa-
rameters varied for optimisation included annealing temrapee, MgCJ} and DMSO
concentrations and elongation time. Plasmid pH77* (ggm®tia) and pHCV3a-Gla
(genotype 3a) were diluted in tris-sodium chloride-EDTAN@E) buffer, containing
250 pg/ml herring DNA. Final dilutions contained 4:410° DNA molecules pepl
for dilution 1, then 10-fold dilutions were prepared dowritd molecules of DNA per

pl in dilution 10.

2.6 Polymerase Chain Reaction

Polymerase chain reaction (PCR) was performed to amplifyemuelcids for down-
stream applications. All PCR and RT-PCR reactions were paddrusing a TECHNE
Flexigene thermocycler. Depending on the downstream egapn, 3 different ther-
mostable polymerases were used. Fragments used for clamireyamplified using
the high-fidelity Vent® polymerase (New England BioLabs (NEB)). All primers were
made up to a concentration of 10 OD/ml (OD, optical densgigjjuences are shown in
Appendix A. PCR reactions were set up in agb@eaction volume. Reagents used for
the Vent PCR are listed in Table 2.1 and the thermal cyclingezhout in Table 2.2.

Table 2.1: Reagents used for Vent PCR. Table 2.2: Vent PCR protocol.
Reagent Quantity # Cycles Temperature Time
10X ThermoPol reaction buffer Jis| 1 95°C 2 minutes
10 mM dNTPs Tl 35 95°C 30 seconds
Sense primer (10 OD/ml) 0,4 55°C 30 seconds
Anti-sense primer (10 OD/ml) o4 72°C 90 seconds
Template DNA Sul 1 72°C 5 minutes
VentR DNA polymerase (2 Ui) 0.5ul

DNase/RNase-free water to h0

The 10X reaction buffer contained: 20 mM Tris-HCI, 10 mM (N80, 10 mM KCl,
2 mM MgSQO, and 0.1 % Triton X-100 at pH 8.8. A non-template (deionizedH{gO)
control was used in every PCR run to test possible contaromafithe reagents. PCR
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products were analysed by agarose gel electrophoresi? (@.Zgarose gel, depending

on the size of the product).

Fragments which could not be amplified successfully withtRepolymerase were
amplified using the high-fidelity KOD polymerase (NovagdP(R reactions were set
up in a 5Qul reaction volume. Reagents used in the KOD PCR are listed iteTaB

and the thermal cycling carried out in Table 2.4.

Table 2.3: Reagents used for KOD PCR. Table 2.4: KOD PCR protocol.
Reagent Quantity # Cycles Temperature Time
10X KOD Buffer 5ul 1 95°C 2 minutes
25mM MgSQ 3ul 35 95°C 20 seconds
2mM dNTPs ul 55°C 10 seconds
Sense primer (10 OD/ml) 14 72°C 10 seconds/kb
Anti-sense primer (10 OD/ml) 14

Template DNA 5l kb, kilo base pair

KOD Hot Start polymerase (1 Wl 1ul

DNase/RNase-free water to p0

The enzyme buffer contained: 50 mM tris-HCIl, 1 mM DTT, 0.1 mME 50 % glyc-
erol, 0.001 % Nonidet P-40 and 0.021Tween-20 at pH 8.

For diagnostic PCR and for sequencing of the amplified fragestandard GoTaq
DNA polymerase (Promega) was used. PCR reactions were sataupQul reaction
volume. Reagents used in the GoTag PCR are listed in Table &.%hanthermal

cycling carried out in Table 2.6.

Table 2.5: Reagents used for GoTaq PCR. Table 2.6: GoTaqg PCR protocol.
Reagent Quantity # Cycles Temperature Time
5X GoTaq Mix (7.5 mM MgCl) 6 ul 1 95°C 2 minutes
10mM dNTPs 0.6l 35 95°C 30 seconds
Sense primer (10 OD/ml) 0.4 55°C 30 seconds
Anti-sense primer (10 OD/ml) 043 72°C 90 seconds
Template DNA 3l 1 72°C 5 minutes
GoTag DNA polymerase (5 W) 0.2ul

DNase/RNase-free water to A0
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2.7 One Step RT-PCR and Amplification of Viral RNA

The reverse transcriptase-polymerase chain reactiorP@H) followed by a second
round, nested, PCR reaction was used to amplify the N-tetrmpnotease of the NS3
gene and the NS4A gene of HCV subtypes 1a, 1b, 3a, 4a and 6aglirooal strains.
For the RT-PCR step, the Access Reverse Transcriptase PCRré&ih¢Ba) or the
SuperScripgt 11l One-Step RT-PCR System with Platin{iifaq DNA polymerase was
used. The Promega Access kit PCR reactions were set up imnlar&gction volume.
Reagents used in the Access RT-PCR are listed in Table 2.7 artiélmal cycling

carried out in Table 2.8.

Table 2.7: Reagents used for Access RT-PCR.  Table 2.8: Access RT-PCR protocol.

Reagent Quantity # Cycles Temperature Time
AMV/T fl 5X Reaction Buffer 1Qul RT step  48°C 45 minutes
2mM MgSQ, 2l 1 94°C 2 minutes
10 mM dNTPs Tul 35 94°C 36 seconds
Sense primer (10 OD/ml) Al 55°C 30 seconds
Anti-sense primer (10 OD/ml) il 68°C 2 minutes
Extracted viral RNA 1Qul 1 68°C 5 minutes
AMV RT polymerase (5 Uil) 1pl

Tfl DNA polymerase (5 Uil) 1pl

DNase/RNase-free water to g0

For the second step PCR reaction, the first round PCR producampified using

primers that anneal inside the primary reaction, perfogmested PCR.

Alternatively, the SuperScripf 1ll One-Step RT-PCR System with Platin(inTaq
DNA polymerase (SC) was used. The outer primers were usedtigterthe RT step

to generate a cDNA and the following first round PCR product RSEPCR reactions
were set up in a 2pl reaction volume. Reagents used in the SC RT-PCR are listed
in Table 2.9 and the thermal cycling carried out in Table 2Tl@e 2X reaction buffer
contained: 0.4 mM of each dNTP and 3.2 mM MgSO

If the RT-PCR amplification was not successful, a second ronedted PCR was
performed using primers that anneal inside the first amptibo product. For this,

oligonucleotide primers flanking the NS3 protease gene ®NB84A gene were de-
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Table 2.9: Reagents used for SC RT-PCR. Table 2.10:SC RT-PCR protocol.
Reagent Quantity # Cycles Temperature Time
2X Reaction buffer 12.4l RT step 43°C 60 minutes
Sense primer (10 OD/ml) 0.28 20 53°C 1 minute
Anti-sense primer (10 OD/ml) 0.29 55°C 1 minute
Extracted viral RNA Bl 1 70°C 15 minutes
SuperscriptM 11 RT/PIatinum®Taq mix Lul 1 94°C 2 minutes
DNase/RNase-free water to 2b 35 94°C 30 seconds
54°C 30 seconds
68°C 90 seconds
1 68°C 5 minutes

signed (Table A.1, A.2 and A.4, Appendix A). Second roundneris were designed to
introduce restriction sites to the NS3 fragment or NS4A tdufe cloning purposes.
Notl was added to the 5’NS3 sense primer &l to the 3'NS3 anti-sense primer.
Alternatively, aBstB restriction site was added to the 5’NS3 sense primer aBglih
site to the 3'NS3 anti-sense primer (Table A.5, Appendix A)Sagp restriction site
was added to the 5’NS4A sense primer aidlal site to the 5’NS4A anti-sense primer
(Table A.6, Appendix A). Second round PCR was performed asribesl above. To
test whether HCV RNA isolation was successful, primers whiovec the core re-
gion were used as a control (Table A.7, Appendix A). PCR prteduere used for

sequencing without any further purification.

2.8 Agarose Gel Electrophoresis

Analysis of DNA and RNA was performed by agarose gel electoopsis. Depending
on the size of the DNA or RNA 0.7-2 % agarose gels were prepasedyuX tris-
acetate-EDTA (TAE) buffer with 0.pl ethidium bromide (EtBr). Samples were mixed
with 10X loading buffer and loaded into the wells of the ag&r@el. To separate
different fragments of the nucleic acid, an electric curr@nl50V was applied for
30-60 minutes, depending on the size of the fragments. Aeansarker a DNA ladder
of 10kb or 1,000 bp (base pair) was used. Nucleic acid fragsnemrre visualised
using an ultraviolet (UV) transilluminator. EtBr interctda into the DNA and exhibits
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fluorescence under UV light, thereby allowing the visuaigaof the DNA/RNA.

2.9 Sequencing

Sequencing of PCR products and purified plasmids was pertbunseng the ABI
BigDye terminator technology. To sequence the NS3 proteagiens, primers an-
nealing outside the NS3 protease gene region where desigshézh can be found in
Table A.11 and A.13, Appendix A. The primers used for seqingnof NS4A and
the rest of the HCV genome can be found in Table A.9, A.10 an@ AAppendix A.
The sequencing reactions were set up in al2@action volume. Reagents used in the
sequencing reaction are listed in Table 2.11 and the seuepmtocol carried out in
Table 2.12.

Table 2.11:Reagents used for sequencing. Table 2.12: Sequencing reaction protocol.
Reagent Quantity # Cycles Temperature Time
PCR product 1-4l 25 95°C 30 seconds
or plasmid DNA 300-50Qg 50°C 20 seconds
BIG Dye 1ul 60°C 4 minutes
Primer (10 OD/ml) Jul 1 68°C 5 minutes
dH.O to 20ul

Sequencing reactions were sent to the departmental seggefacility and results
were returned in the AB1 file (Chromas) and SEQ file format. Secgi@analysis was

performed using the Simmonics200%.8 software.

2.10 Restriction Digest

Digestion reactions were set up as follows: 1sf0DNA, 5ul 10X restriction enzyme
buffer 1, 2, 3 or 4 (NEB), 0.l 100X bovine serum albumin (BSA), 0.3¢l restric-
tion enzyme (1 Uitg DNA) and nuclease-free water to a final volume ofih0The
reaction mixture was incubated for 2-4 hours at 37°C or 65i@ @nalysed by gel

electrophoresis.
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2.11 Dephosphorylation

To prevent recircularisation of digested vectors in ligatieaction, the 5’ phosphate of
the vector was removed using Antarctic Phosphatase (ARiirdgen). Phosphatase-
treated vectors lacking the 5’ phosphoryl termini requibgdhe ligase, cannot self-
ligate and vector background is thereby reduced. Dephoglaition reactions were
set up as follows: 1-10g DNA, 5ul 10X restriction enzyme buffer 1, 2, 3, 4 (NEB)
or 10X AP reaction buffer (NEB), 0.342 AP (1 U/ug DNA) and DNase/RNase-free
water to a final volume of 50I. The reaction mixture was incubated for 30 minutes at

37°C and the enzyme heat inactivated through incubatiof fomutes at 65°C.

2.12 Purification of PCR Products

To purify single banded, digested PCR products up to 10 kbQilReuick PCR pu-
rification kit was used. In brief, 5 volumes of buffer PB wedglad to one volume of
the digestion reaction and mixed by pippeting. To bind, tiNAZample was applied
to the QIAquick column and the column was centrifuged for ornieute at 17,900«

g. Flow-through was discarded and 790f buffer PE was added followed by one
minute centrifugation at 17,900 g. To remove any residual ethanol, an additional
centrifugation step of one minute at 17,900 x g was perforrAdigr adding 3Qul elu-
tion buffer (EB, 10 mM Tris-HCl at pH 8.5), the column was inctdzhfor one minute,
before DNA was eluted by centrifugation at 17,99@ for one minute. Samples were

stored at -20°C for further experiments.

2.13 Gel Purification

Digested plasmids or amplified PCR products with multipledsawere separated by
gel electrophoresis and DNA visualised under long wavetehty light. The appro-
priate band on the gel was excised using a sterile blade hedignd purified using the
QIAGEN gel extraction kit for fragments of up to 10 kb. Thre#umes of buffer QG
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were added and the sample incubated at 50°C until compléietplved. One volume
of isopropanol was added and the sample mixed before it walieddo a QlAquick
column and centrifuged for one minute at 17,90@. The low pH conditions allowed
the DNA to bind to the silica membrane. Flow-through was alided and the column
washed with 501 QG buffer to remove any traces of agarose. A further wagh ste
was carried out by applying 750 buffer PE and centrifuging for one minute at 17,900
x g. To ensure complete removal of residual ethanol, the Qigkoeolumn was cen-
trifuged for an additional minute at 17,900g. DNA was then eluted under basic and
low-salt conditions. To increase the yield of DNA, 3of EB was added to the centre
of the column and incubated for one minute, before it wasrifaged for one minute
at 17,900x g to elute the sample.

For fragments larger than 10 kb the QIAEX Il gel extractiohWwas used. The ap-
propriate band on the gel was excised using a sterile bladghed and 3 volumes
of buffer QX1 and 2 volumes of ¥D added. For every 103 DNA, 30ul QIAEX II
resins were added, mixed by flicking the tube and incubatimgl® minute at 50°C
to solubilise the agarose and bind the DNA. To keep the QIAEK suspension, the
mixture was mixed by flicking and inverting the tube every Zuates. The sample
was centrifuged at 17,900 x g for 30 seconds, the superntatiaen off and the pel-
let washed with 5001 buffer QX1. Two further washes were carried out with 200
buffer PE. All wash steps consisted of resuspension of thgkain the wash buffer
and centrifugation at 17,900 x g for 30 seconds. The pellstauadried for 15 to 30
minutes or until it became white. To elute the DNA, [duffer EB was added and
the pellet resuspended by flicking and inverting the tubeéerAI0 minutes incubation
at 50°C the solution was centrifuged at 17,90@ for 30 seconds. The supernatant
containing the DNA was taken off and transferred to a clearooentrifuge tube. To
increase the yield, a second elution step was performedpl®amwere stored at -20°C

for further experiments.
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2.14 DNA Precipitation and Purification

To precipitate and purify DNA a phenol/chloroform extractj followed by ethanol
precipitation was used. Samples smaller than;200ere diluted in water to a final
volume of 20Qul and an equal volume of phenol:chloroform:isoamyl-alddt®?24:1
added. Following vortexing for 30 seconds, samples wer&itgged at 17,900 g

for 5 minutes. The upper aqueous phase containing the DNA@vasved and trans-
ferred to a new microcentrifuge tube. 20i0chloroform was added and the mixture
vortexed for 30 seconds. After centrifugation at 17,90@ for 5 minutes, the upper
agueous phase containing the DNA was transferred to a newaeeiatrifuge tube and
DNA precipitated by adding Al glycogen, 0.1 volume of 5M NaCl and 2 volumes of
ethanol (96-100 %). Following incubation on ice for 30 masjtthe precipitated DNA
was pelleted by centrifugation at 17,980g for 30 minutes at 4°C. Supernatant was
carefully removed and the pellet washed by resuspensiof0ml470 % ethanol and
centrifugation at 17,90@ g for 15 minutes at 4°C. Supernatant was carefully removed

and the pellet redissolved in DNase/RNase-free water.

2.15 Bacterial Techniques

2.15.1 Bacterial cultures

Different strains oft.coli were used. Transformed bacteria were grown on Luria-
Bertani (LB) plates with 1.5% agarose or in LB medium, supplet@e with appro-
priate antibiotics (10@g/ml ampicillin or 50ug/ml kanamycin). LB agar was poured
into Petri dishes with a diameter of 10 cm. Bacteria were plate the LB agar sur-
face using a glass spreader and incubated inverted at 30appooximately 16 hours.
All incubations for bacteria were carried out at 30°C to re@spontaneous mutations
within the plasmid. Single colonies were then picked to inate 5ml of LB broth,
which was incubated at 30°C for approximately 16 hours withstant shaking at 200
rounds per minute (rpm) in an orbital shaker. 200f the cell culture was mixed with

500l glycerol to generate a glycerol stock of the correspondioigny for longterm
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storage at -20°C. The remaining culture was used for plasktid@ion using mini or
maxiprep kits, see section 2.15.3 and 2.15.4. All bacteriatedures were performed

under a flame ensuring aseptic conditions.

2.15.2 Transformation of chemically competent cells

Transformation of NEB 5-« E.Coli (subcloning efficiency) NEB 5« E.Coli were
used for the transformation of intact plasmids dissolvedihO or EB. 1-10 ng of
plasmid DNA was used to transform the bacterial cells agongrtb the protocol pro-
vided by the supplier of the competent cells (NEB). In brigidif la vial (25u1) of com-
petent cells was thawed on ice, plasmid DNA added, mixedyeantl incubated on ice
for 30 minutes. Cells were then heat shocked at 42°C for 30nsiscand 25@1 pre-
warmed super-optimal broth with catabolite repressionG@edium added. Vials
were incubated at 37°C for one hour with constant shakingd@t@m in an orbital
shaker. 50-100I of the transformed bacteria were then plated on LB agaeplebn-

taining the appropriate antibiotic and incubated overnal80°C.

Transformation of NEB 10-3 competent E.Coli (high efficiency). Alternatively,
highly efficient NEB 1058 competent.Coli were used for the transformation of liga-
tion products. The same protocol was followed as describesieafor the NEB 5.
After the heat shock 500 instead of 25Q: SOC medium was added to the cells.

Transformation of TOP10 One Shof’ chemically competentE.Coli (high efficiency)
For TOPO cloning reactions, see section 2.16.1, TOP10 Oné& $hemically com-
petentE.Coli (Invitrogen) were used for the transformation of ligatiagucts. The

same protocol was followed as described above for NEBCls.

Transformation of XL1-Blue supercompetent cells Plasmids modified by site di-
rected mutagenesis were transformed into XL1-Blue supguetent cells (Strata-
gene). Protocol see section 2.16.3.
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2.15.3 Small scale plasmid DNA preparation (mini prep)

To isolate small amounts of plasmid DNA for diagnostic pwg® (sequencing and
restriction digestions) the QIAprep spin miniprep kit waed. 5ml of LB medium
supplemented with 100g/ml ampicillin or 50ug/ml kanamycin was inoculated with
a single bacterial colony picked from an LB agar plate. Ligtultures were incubated
overnight at 30°C and continuously shaken at 200 rpm. Bacteere then pelleted
by centrifuging at 6,200« g for 3 minutes. Pelleted bacterial cells were resuspended
in 2504l buffer P1 and transferred to a microcentrifuge tube. 299sis buffer P2
was added and gently mixed by inverting the tube 4-6 timedlowmg the addition

of 350l buffer N3 the tube was again mixed gently, then centrifuged7,900x g

for 10 minutes. The supernatant was transferred to a QIAppap column and the
column centrifuged for one minute at 17,900 x g to allow theADtd bind to the
silica-gel membrane. The column was washed by adding:500Qffer PB followed

by centrifugation at 17,90& g for one minute. A further wash step was carried out
by adding 75Q:| buffer PE and centrifuging at 17,900 g for one minute. To remove
residual wash buffer, the column was centrifuged for antamdil minute. To elute
DNA, 50ul buffer EB was added, the column allowed to stand for one ieirmund
centrifuged at 17,90 g for one minute. The quality and purity of plasmid DNA
was assessed by spectrophotometry and test digests, édllbw gel electrophoresis
on a 1.5% agarose gel. Alternatively, enzymes were heativated (65°C for 20
minutes) and plasmid DNA subjected to further treatmenepdhding on the amount

of plasmid DNA, reaction mixtures were scaled up. PlasmicdhDWs stored at -20°C.

2.15.4 Large scale plasmid DNA preparation (maxi prep)

For the extraction of large amounts of high quality plasmidAXthe QIAGEN plas-
mid maxi kit was used. 5ml of LB medium containing the appiater antibiotic,
100ug/ml ampicillin or 50ug/ml kanamycin, were inoculated with a single bacterial
colony picked from a LB agar plate. The starter culture waslliated for 8 hours at
30°C in an orbital shaker at 200 rpm. 500of the starter culture was used to inoc-

ulate 250 ml LB medium supplemented with the appropriatéemic and incubated
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for another 12-16 hours at 30°C and continuously shaken@t2®. Bacteria were
pelleted by centrifugation at 6,000 g for 15 minutes at 4°C. Following the removal
of LB medium, pelleted bacterial cells were resuspendedimilbuffer P1. 10 ml
of buffer P2 was added, thoroughly mixed and lysis allowegrceed for no more
than 5 minutes. After adding 10 ml of chilled buffer P3 to tiaedte, the mixture was
thoroughly mixed, then immediately poured into the barfel QIAfilter cartridge and
incubated at room temperature for 10 minutes. The cell éysais then filtered into a
QIAGENH-tip previously equilibrated with 10 ml buffer QBT amdlowed to enter the
resin by gravity. The QIAGEN-tip was washed twice with 30 raffer QC and DNA
eluted with 15 ml buffer QF. DNA was precipitated by the adbaitof 10.5ml iso-
propanol and pelleted by centrifugation at 5,00@ for 60 minutes at 4°C. The pellet
containing the DNA was washed with 5ml 70 % ethanol and ceged at 5,000< g
for 60 minutes. The supernatant was carefully decantedrengéillet air-dried for ap-
proximately 10 minutes before it was resuspended in;3@Nase/RNase-free water
and stored at -20°C.

2.16 Molecular Cloning

2.16.1 TOPO cloning

For amplification, further cloning and to check insert semae NS3 fragments am-
plified by PCR were cloned into pCRolunt II-TOPO vector. The plasmid vector is
supplied linearised with Vaccinia virus DNA topoisomeréasevalently bound to the
3’end of each DNA strand. Blunt-end PCR products can direalyniserted and no
DNA ligase is necessary. DNA fragments were amplified usimgngrs described in
Appendix A and Vent Polymerase, giving 95 % blunt-ended PCitipets. TOPO
cloning was performed according to the manufacturer’s usanual. The cloning
reaction contained the following:/4 PCR product, Ll salt solution and Ll TOPO-
vector. The reaction mixture was gently mixed, then incetdbr 30 minutes at room
temperature. 2l of the TOPO cloning reaction was used to transform TOP10 One

Shof competentE.coli as described in section 2.15.2. Transformed bacteria were
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spread on a plate containing p@/ml kanamycin and incubated over night at 30°C.
The next day colonies were picked, grown up and plasmidsatsolas described in
section 2.15.3. The quality and purity of plasmid DNA waseasgd by spectropho-
tometry and test digests followed by gel electrophoresia @rb % agarose gel. Insert
integrity was analysed by sequencing using M13 forward at8 Mverse primers (se-
guences can be found in Table A.11, Appendix A). Alterndyive TOPO vector con-
taining a 100 bp insert was digested with restriction enzytaegeting the restriction
sites of the multiple cloning site and dephosphorylateck [irfearised and dephospho-
rylated vector was purified from the insert and enzymes bygefication and used in

ligation reactions with inserts digested with the sameicgin enzymes.

2.16.2 Colony PCR

To quickly identify colonies containing the correct insedlony PCR was performed.
Primers annealing within the insert of interest were usedaf@ne-step PCR. The
PCR mixture was prepared and added to the PCR tubes. Usingttegipendividual

colonies were picked, a fresh LB agar plate touched and gteémenersed in the PCR
mix. The PCR reaction was performed as described in secttoPZR products were

analysed on an agarose gel and sequenced.

2.16.3 Site directed mutagenesis

To introduce specific mutations into a desired plasmid, thiekChang& site directed
mutagenesis kit (Stratagene) (QC) was used. The high fideditfurboDNA poly-
merase** and 2 primers containing the desired mutatiorésugaed to amplify a mu-
tated plasmid from supercoiled dsDNA. The parental plagsiiden digested with the
endonucleas®pnl, which specifically targets methylated and hemimethyl&agh.
The mutated, nicked and non-methylated DNA remains intagtcan be transformed
into XL1-Blue supercompetent cells, which then repair theksiin the mutated plas-

mid.
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Primer design. For each desired mutation 2 primers annealing to the sameseg
on opposite strands and containing the same desired mutagoe designed using
Simmonics2005/1.8 software and NetPrimer (PREMIER Biosoft Internationah)
maximum of 4 mutations per primer were introduced. A list bfpgimers used to
introduce mutations can be found in Table A.8, Appendix Amrs were designed to
be between 25 and 45 bp in length and to have a melting tenopei@},) above 78°C.
The desired mutation was designed to be in the middle of tinegpor The minimum of

the GC content was 40 % and the termini contained desiraldyotwo G or C bases.

Mutant strand synthesis reaction. The reaction was set up in thin-walled tubes to
allow ideal contact with the temperature cycler’'s heat klothe mutagenesis PCR
reactions were set up in a gbreaction volume. Reagents used in the QC PCR are

listed in Table 2.13 and the thermal cycling carried out ibl&&.14.

Table 2.13: Reagents used for QC PCR. Table 2.14:QC PCR protocol.
Reagent Quantity # Cycles Temperature Time
10X Reaction buffer 2.4l 1 95°C 30 seconds
Plasmid DNA 15ng 18 95°C 30 seconds
Sense primer (5 OD/ml) oM 55°C 1 minute
Anti-sense primer (5 OD/ml) 04l 68°C 1 minute/kb
10mM dNTP mix 0.5l

DNase/RNase-free water to 26 ' Total length of plasmid

PfuTurboDNA polymerase (2.5 U/l 0.5ul

Following temperature cycling the reaction mixture waspthon ice for 2 minutes.
To digest the parental supercoiled (non-mutated) dsDNgy,l0Dpn | was added and
the reaction incubated at 37°C for one hour.

Transformation of XL1-Blue supercompetent cells.25ul of XL1-Blue cells were
thawed on ice and 1l of the Dpn | treated DNA added and gently mixed. Following
30 minutes incubation on ice, the cells were heat pulsed3metonds at 42°C and
placed back on ice for 2 minutes. 500pre-warmed SOC medium was added and
the vial incubated at 37°C for one hour and constantly shak@@0 rpm in an orbital
shaker. 50-100l of the transformed bacteria were plated on LB agar platetaiaing

the appropriate antibiotic and incubated overnight at 30A@ividual colonies were
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picked, grown up in LB and plasmid DNA isolated as describedection 2.15.3.
More than 95 % of all colonies analysed contained the desmggtion.

2.16.4 Construction of pJFH1 and Jcl1-based intra- and intergeno-

typic recombinants

Nucleotide positions used for numbering are referred tomtog to their position in
the H77 reference strain, AF009606. pJFH1 contains thddotith HCV genome of
genotype 2a isolated from an Japanese patient with fulmhimgpatitis (Wakitaet al.
(2005)). pJFH1-GND is the replication deficient negativetoal, encoding a GDD
to GND mutation in the NS5B RdRp polymerase (Katal. (2003)). Jcl (pFK-
JFH1/J6/C-846 dg) is a recombinant containing the strucgenaes and part of NS2
from the genotype 2a isolate pJ6CF, and the remaining nontatal genes from the
genotype 2a isolate JFH1 with the cross-over point withir2 NBietschmanet al.
(2006)). The general cloning protocol consisted of digestif the insert and the vector
with equivalent restriction enzymes. If the 2 restrictiorzgmes did not exhibit at least
75 % activity in the same buffer, sequential digests weréopeied. After the first
digest, DNA was precipitated with ethanol, redissolved B &d the second digest
set up. To prevent self ligation of cut vector, the vector waphosphorylated using
AP. Digested insert and vector were purified by PCR and gehetitm purification
as described in section 2.12 and 2.13. Both insert and Isegkiector were run on a
agarose gel to verify their size. Subsequently, a ligateaction using a 1:10 molar
ratio of vector to insert DNA was set up. The ligation reacti@ad a final volume of
10ul and contained 300 ng DNA, /Al 10X ligase buffer, 0. T4 DNA ligase and
dH,0 to a final volume of 1@l. To calculate the amounts of insert and vector required

for each reaction equation 2.1 was used

wherem,, is the vector mass (ngj)y; the insert mass (ngj, the vector length (kb)
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and/; the insert length (kb). The reactions were incubated ogétrat 4°C, followed
by incubation for further 4-5 hours at 16°C. To estimate themixof vector religation
and as a negative control, cut vector without insert wasesiigjl to the same ligation
reaction. Zul of the ligation reaction was then used to transform higlfficent NEB
10-6 competenk.Colias described in section 2.15.2.

Replacement of the NS3 protease gene in pJFH1 using naturglbccurring re-
striction sites (F,x,,). The NS3 protease gene was amplified by PCR from plasmid or
cDNA generated from patient plasma using correspondin@tgpe specific primers
containing the desired restriction sites. Primer sequenaa be found in Table A.1
and A.2, Appendix A; primers -IS contaibotl and -IA Spé. For the amplification
of the protease the naturally occurring restriction shkiedl (nt position 2945) and
Spé (nt position 4094) were used. The 1149 bp long fragmentithes the N-terminal
475 bp of NS2, the entire NS3 protease and the C-terminal 181thye NS3 helicase.
PCR products were digested usiNgtl and Spé in a double digest in NEB buffer
2. Digested inserts were run on a gel to confirm their sizearedd up and ligated
into pJFH1. pJFH1 was likewise digested witlotl and Spé, dephosphorylated and
cleaned up.

Replacement of the NS3 protease gene using genetically emggred restriction
sites (Fx/Jx). To construct Fla, Fl1b, F2a, F3a, F4a, F5a and FBatal restric-
tion enzyme site was generated at the junction of NS2 and N8 @JFH1 plasmid
and aBglll restriction enzyme site at the junction of the NS3 progeasd NS3 heli-
case domain. To reduce the possibility of PCR errors, the N&i@ gvas subcloned
into Zero Blunf TOPO using the naturally occurring restriction sitéstl and Spé.
QuickChang® site directed mutagenesis, see section 2.16.3, was usettadice 2
silent point mutations to generateBglll (C3398T and C3401G) and one to create a
BsBI site (G3993A). The entire length of the subcloned fragnveas sequenced to
verify each of the introduced base changes and to make sutether base changes
were introduced. The NS3 protease region was amplified frAi@i7p (genotype 1a)
with primer 1aBstBI and 1aBglll, introducingBstB and aBglll restriction site. The
same strategy was used to amplify the NS3 protease from ygmndb-6a prototype
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plasmids using the corresponding genotype specific prinfersners were designed
to include JFH1 (type 2a) sequence for the NS2 and NS3 helieggon and the cor-
responding intra- or intergenotypic sequence for the N®8jpise region (nt position
3420-3963). Their sequence can be found in Table A.5, ApgehdPCR products
were digested witiBsBI and Bglll, gel purified and ligated into pJFH1. pJFH1 has
similarly been digested witBsBI and Bglll, dephosphorylated using AP and gel pu-
rified. Each introduced NS3 protease gene was verified by Did@ence analysis. To
generate the corresponding Jcl-based recombinants (Bd{lpbased recombinant
plasmids (Fx) were digested wittotl and Sfi, gel purified and ligated into Jc1 which
had likewise been digested wiNotl and Sfi and dephosphorylated.

Replacement of the NS3 protease and NS4A cofactor gene usiggnetically engi-
neered restriction sites (Fxx/Jxx).To generate Flala, F1blb, F2a2a, F3a3a, F4a4a,
F5ab5a and F6a6a, 2 new restriction sites were introducedpiiftH1. To reduce the
possibility of PCR errors, a 4381 bp long JFH1 fragment inicigdhe NS4A cofactor
was subcloned into Zero BIUhfTOPO using the naturally occurring restriction sites
Nsil (nt position 5286) an&ba (nt position 9667). ABIpl restriction site was gener-
ated by introducing one silent point mutation (C5297G) aiNBE& helicase and NS4A
junction and aMilul site at the NS4A and NS4B junction by introducing 4 point mu-
tations (T5478A, T5480G, A5481C, G5483T), were one was niemts The NS4A
region was amplified from pH77* (genotype 1a) with primer 4pSand 1aMlul, in-
troducing aSap (5’-end) and aMlul (3’-end) restriction site. The same strategy was
used to amplify NS4A from genotype 1b-6a prototype plasmglsg the correspond-
ing genotype specific primers. Primers were designed tadecIFH1 sequence up to
the start of the NS4A gene (nt position 5313) and from the drideoNS4A gene (nt
position 5474) to the restriction site. Primer sequencaseaound in Table A.6, Ap-
pendix A. Products were digested wiBapg andMlul, gel purified and ligated into the
TOPO vector containing the JFH1 insert digested \Bigpl and Mlul and dephospho-
rylated. A5478 was mutated back to T by site directed mutagjsrio recreate native
JFH1 amino acid sequence (Ala to Thr) outside of the NS4Aoregio generate Fxx
and Jxx, TOPO vector including the modified insert was digbstith Notl and Sfi,

gel purified and ligated into pJHF1 and Jcl, respectivelyestied withNsil and Sfi
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and dephosphorylated.

Construction of adapted genomesRNA was extracted from infectious supernatant
using the QIAmp viral RNA mini kit. If no infectious supernatawas generated,
RNA was alternatively extracted from cell pellets using QB shredder columns
followed by a QIAGEN RNeasy kit and a PCR product generatedguSuperscript Il
RT-PCR. The primers JFH-s and JFH-as were used to amplify ebldhly fragment
encompassing the HCV NS3 protease, JFH-5230 and JFH-553@68 bp long frag-
ment encompassing the NS4A cofactor. Their sequences ciube in Table A.12
and A.13, Appendix A. The PCR-product was then subjected tio $rduence deter-
mination or clonal sequence analysis. To generate J2a82a (J2a2ar10s69, J3a3a-
6.73364G,A3478G A4005KJI3a38-@y1008 N1046S, T12225 JD@5& 34166 T3968C Ad081fIDADRY12471),
J6a68h3453G G3459T(J6868,10401) @NA IXX plus resistance mutation, the fragment en-
compassing the HCV NS3 protease was digested &itéh and Notl and cloned into
the corresponding Jxx recombinant plasmids. To genera®ad3-s32sc 153204 J3a3a-
3.L1663a), J3a3a-& 53286, 153204 J3a23a-8 16634) @aNd IxX plus resistance mutations, point
mutations were introduced by site directed mutagenesiclming. Modified frag-

ments were verified by sequencing.

2.17 RNA Transcription

Plasmid templates were linearised Kpd (for pJFH1 and pJFH1 recombinants) or
Mlul (for Jc1 and Jcl recombinants) digestion at 37°C for 4 hodfer blunting
with Mung Bean Nuclease (NEB) at 30°C for 30 minutes, DNA wasucésl by phe-
nol/chloroform extraction followed by ethanol precipitat. RNA was synthesised
from 1.9 DNA template using the T7 RNA polymerase (Promega), indangahe
reaction mixture at 37°C for one hour. Following treatmeithviRNase-free DNase
for 15 minutes at 37°C, to remove template DNA, RNA was cleanedising the
RNeasy kit. RNA concentrations and the integrity of the RNA waamalysed by non-
denaturing agarose gel electrophoresis. RNA concentsati@re determined using

spectrophotometry and 1@ aliquots were stored at -80°C until use.
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2.18 RNA Transfection into Huh7 and Huh7.5 Cells

RNA was transfected into Huh7 or Huh7.5 cells by electroponatHuh7/Huh7.5 cells
were washed with PBS and detached with trypsin. Cells weretpdllby centrifuga-
tion (6,200x g for 7 minutes at 4°C), then resuspended in 10 ml chilled gipynocar-
bonate (DEPC)-treated PBS and counted with a hemocytometenté&bcells were
washed 3 times with 10 ml chilled DEPC-treated PBS (6,2@0for 7 minutes at 4°C),
then chilled on ice for at least 5 minutes. /1@ of RNA was mixed with 5< 10 cells
suspended in 40 of chilled DEPC-treated PBS and transferred to an electaipmr
cuvette (0.4cm gap width, Bio-Rad). Electroporation comesisif one square wave
pulse for 25 ms of current delivered by the Bio-Rad Gene Pulsetl ¢lectroporation
device, set at 150 V. Transfected cells were immediatelysgsnded in 4.5 ml 50:50
mix of conditioned and fresh complete growth medium (comiey 10 % FCS), then
transferred into T25 flasks containing 10 ml complete gromtdium or seeded into
24-well plates containing coverslips for NS5A immunosiagn Cells were incubated
inthe Catlll lab at 37°C, 5% C@and 10 % relative humidity. Reaching 70-80 % con-
fluency (every 3-4 days) cells were passaged by trypsinatoireseeding with a 1:3
to 1:4 split ratio into fresh culture vessels or 24-well pator NS5A immunostaining.
Virus containing supernatant was collected, cleared dfdeddris by centrifugation at
6,200x g for 4 minutes and stored at 4°C overnight or at -80°C for lwrg. For su-
pernatant infectivity assays, collected supernatants weditionally filtered through a

0.2um filter.

2.19 Immunostaining

Viral replication was assessed by anti-NS5A immunostginiRolyclonal antibodies
have been raised in sheep against the non-structural pid@&bA. This was carried
out by M. Harris in Leeds. The polyclonal sheep anti-NS5Ausemwas used to de-
tect NS5A protein in Huh7 and Huh7.5 cells. Electroporatetsor split cells during
passaging experiments were seeded into 24-well plateaioorg cover slips and im-

munostained for NS5A when they were subconfluent. Folloviixation of cells in
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4 % paraformaldehyde for 20 minutes, plates were decontdedron the surface with
5% trigene and taken out of the Cat Il lab. Subsequentlyscedire washed 3 times
with PBS by adding 1 ml of PBS to each well and shaken for 5 min@e#is were then
permeabilised by adding 0.8 ml 0.01 % Triton-X 100 in PBS pdt aral incubated for
7 minutes. Following 2 further washes with PBS, cells werelrated with sheep anti-
NS5A serum diluted 1:5,000 in 400 10 % FCS PBS per well for one hour. After
cells were washed 2 times with PBS, bound NS5A-specific adyilveas detected by
one hour incubation with Alexa Fluor 488 donkey anti-shagp (Invitrogen), diluted
1:1,000 in 40Qul 10 % FCS PBS per well. Cells were further washed once with PBS
and once with d5O before NS5A-positive cells were detected using a fluoresee
microscope (Zeiss Axioskop 2 plus). For visualisation,aslips were removed from
plates and mounted onto glasslides using Blowiol mounting medium. To deter-
mine percentage of positive cells and titres, 3 images perrsbp were taken from 2
coverslips per sample and the percentage of HCV-positive wels determined using
the AxioVision 4.8 software. Low titre samples were meagung counting foci form-
ing units per millilitre (FFU/mI) or well, which can be sirgktells stained for NS5A
or groups of stained cells. Alternatively, the percentafel©V-positive cells of the
total number of cells was determined, where 0% is no cellscieid and 100 % all
cells infected. Jcl served as a positive and JFH1-GND asatinegontrol. Staining
of 96-well plates was carried out similarly, with 100Dwash volumes and a volume of
50l for antibody dilutions.

2.20 Determination of 50 % Tissue Culture Infectious
Dose in HCV Culture

Naive Huh7.5 cells were seeded in 96-well plates the previaysata concentration of
6 x 10 cells per well. The sample was serially diluted in completaygh media and
inoculated onto the cells at 10-fold dilutions with 6 replies at each dilution. After
3 days incubation, cells were stained for NS5A as describezkction 2.19. Viral

titres were determined by calculating tissue culture iders dose at which 50 % of
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the wells were positive for viral antigen (TC{[). Wells were scored positive if at
least one positive cell was detected. TgJvas calculated according to the method
of Reed and Muench (Reed & Muench (1938)).

2.21 Drug Inhibition Studies

Susceptibility towards the PIs BILN 2061 and VX-950.The HCV-specific Pl BILN
2061 was resuspended at 5mM in DMSO and VX-950 at 20 mM in DMIS&ve
Huh7.5 cells were seeded in 96-well plates the previous tlaycancentration of &
10’ cells per well. The next day cells were infected for 8 hourthulie correspond-
ing infectious supernatant at a multiplicity of infectiod@I) of 0.015, washed with
PBS and the media replaced with complete growth medium gontp0.1 % DMSO,
as a carrier control, with or without the PI. Concentrationsréased from 0.1 nM
to 10,000 nM in 10-fold increments. After 3 days incubationltures were stained
for NS5A as described in section 2.19. Each concentratisagaayed in triplicate.
Percentage of inhibition in supernatant infectivity wascakated from reduction in
FFU/ml after antiviral addition compared to FFU/ml in viresntrol without antiviral
addition.

Alternatively, 10ug synthetic RNA was electroporated into Huh7.5 cells as dwmsttr
in section 2.18, and seeded into 24-well plates containowgrcslips. The next day
media was replaced with complete growth medium containid@®DMSO with or
without increasing concentrations of the PI. After 3 daysulvation, cultures were
stained for NS5A as described in section 2.19. Antiviralceffy was measured as
inhibition of RNA replication by staining for NS5A and detammg the percentage
of HCV-positive cells. Each concentration was assayed pli¢ate. For J2a2a /g
instead of 1Q:.g was used to achieve an infection frequency of around 40 ¥aJGaba
cells were first passaged for 24 days to allow 40 % of the cailtarbe infected be-
fore the Pl was added. Dose-response curves were fitted tmedastl 4 parameter
logistic model, also called the Hill-Slope model (equatib®), to obtain half maximal

inhibitory concentrations (1€3S)
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Y = yo+ (2.2)
wherey is the percent activity/inhibitiony the corresponding PI concentratiog
percent activity/inhibition at the bottom of the fitted caru the test substance activity,
b the slope of the fitted curve ang the calculated relative l§g value. The IG, is
defined as the concentration giving a response half way leetlee fitted top and

bottom of the curve.

2.22 In Vitro Selection of Pl Resistant Recombinant

Viruses

Synthetic RNA of the recombinant viruses J1b1b, J2agas J3a3a, J4ada-19, J5a5a-
-o1247. @nd J6a6a were electroporated into Huh7.5 cells as dedenilsection 2.18 and
seeded into 12-well plates. Three (J1blb and J4ada-19)ItaR&1066s J3a3a and
J5a5ay12471) days post-electroporation the Pl was added and the celddlgpassaged
under increasing PI concentrations. J6a6a was first pas$ag@5 days before antivi-
ral addition. Alternatively, J6a6a 40, Was used for selection experiments. During the
course of selection, infected cells were split when 70-80¥flaency was reached.
Fresh medium and Pl were added every 3 or 4 days, regardledsettier the cell cul-
ture was split or not. Whenever the cell culture was split, pellets were collected,
total cellular RNA extracted and subjected to RT-PCR. To detexrthe frequency of
Pl resistance mutations, 1.2 kb long RT-PCR products cantathe NS3 protease of
HCV RNA were ligated into the TOPO cloning vector, individuadterial colonies
subjected to colony PCR and sequenced. Each passagingregpewas carried out

in duplicate and with a no antiviral control parallel passag

A list of all primers can be found in Appendix A.

Common solutions and buffers are described in Appendix B.
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Chapter 3

Variability of the HCV NS3 Protease
and NS4A Cofactor Gene in Genotype
la and 3a

3.1 Introduction

The ssRNA genome of HCV displays a high genetic diversity. Thsrsity is due
to the error prone RdRp, the lack of a 5’-3’exonuclease to repai induced errors
and the rapid replication rate of HCV. An estimated®drions are produced per day
in an infected individual (Neumaret al. (1998)). Along the genome, HCV displays
different degrees of genetic variability. The 5’UTR, 3'UTRdacore show the highest
degree of sequence conservation across genotypes, whieeeasn-structural genes
NS2, NS3, NS5A and NS5B are relatively variable. The envelmoteins E1 and E2,
together with NS4 and the C-terminus of NS5A, display a higyrele of inter- and
intragenotypic diversity (Pawlotsky (2006)). The diffece in sequence variability
within the different genome regions reflects the functiauadstraints of some proteins
(e.g., NS5B) and the immune pressure acting on others (€Y., The intergenotypic
variability of the HCV genome has important implicationsiiedtment efficacies. As
discussed in section 1.7.1, patients infected with gereolygnd 4 respond more poorly
to IFN-a/ribavirin combination treatment than patients infectethwenotype 2 and 3.
Genotype specific differences in efficacies have also baertdfto have implications in
treatment with STAT-C antivirals. For example, genotypafedcted patients showed
higher response rates to the Pl BILN 2061 than did genotyped23anfected indi-
viduals (Lamarreet al. (2003); Reiseet al. (2005)). The considerable intragenotypic
genetic diversity of HCV is likely to further influence treagnt response rates within
a genotype. To obtain the highest degree of treatment resgpattes within each indi-

vidual, an understanding of the intragenotypic diversstgriucial. A detailed map of
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not only inter- but also intragenotypic variability will lpethe targeted development of
new STAT-C compounds, which ideally should be equally ei#edn all individuals.

While the genetic diversity of HCV has been largely exploredhea envelope and
core domain, the NS3 protease region has not been investigatthe same extent.
Even though the NS3 protease domain is considered one aéskevériable proteins,
different studies have reported variability in the nud@etand amino acid sequence
(Holland-Staleyet al. (2002); Lodriniet al. (2003); Valletet al. (2005); Pawlotsky
(2006); Winterset al. (2006); Akhavaret al. (2009)). Holland-Stalegt al. reported
significant variability at both the nucleotide and aminades®quence, with 11 % amino
acid variability in genotype 1a and 9.9 % in genotype 1b vdasia The analysis was
further extended by Valledt al., who analysed the natural polymorphism on the quasis-
pecies level. They showed that the substitution rates wamele distributed through-
out the NS3 protease gene and that the proportion of synamyrmabstitutions was
significantly higher than that of non-synonymous substitg (Valletet al. (2005)).
This indicates that mutations within the NS3 protease gegm®n are predominantly
due to random genetic drift rather than positive selectimsgure. Another study
(Lodrini et al. (2003)) reported that the domains involved in the proteazgraatic
function were highly conserved within genotype 1a and liawés, but showed some

variability in genotype 3 variants.

Together these studies suggest that the NS3 protease giedbie enough to tol-
erate substitutions despite the various functional andactiral constraints. NS4A
has been shown to be highly diverse, with only 50-60 % amind sequence simi-
larity within the antigenic region (amino acid 21-39) beemegenotypes 1, 2 and 3
(Simmondset al. (1993)). Elsewhere it was reported that the N-terminal ijoted
membrane segment (amino acid 1-20) and the C-terminal adaii@in (amino acid
40-54) are highly conserved across genotypes (Braak (2008)). Although data is
available on NS4A variability, it has not been systemalycahalysed for intrageno-

typic variability.
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To analyse the natural genetic diversity within the NS3 gaee and NS4A gene re-
gion, a nested PCR method was developed in this study. Prireating into the
NS3 protease and NS4A gene were used to directly amplify t88 protease and
NS4A genes from clinical isolates and subjected to bulk segung. NS3 protease and
NS4A sequences were aligned and a consensus sequencdeggnsiag the Simmon-
ics2005v1.8 software. Nucleotide and amino acid sequence diveeyarere calcu-
lated with Simmonics and synonymous and non-synonymoueaititte substitutions
relative to the consensus sequence identified. Finallyeocutdr modelling was used

to estimate the potential effect of genetic variability eizyme structure.

3.2 Results

3.2.1 Patients

For the study of the NS3 protease gene diversity, the plas@@genotype la infected
patients (3 women and 26 men) with a mean age of 43 years an2l géri®otype 3a
infected patients (7 women and 25 men) with a mean age of 38 yesre analysed.
For the NS4A gene, plasma was analysed from 28 genotype éetéaf patients (9
women and 19 men) with a mean age of 41 and of 31 genotype 3dedfpatients (5
women and 26 men) with a mean age of 39 years. The overall nggawas 40 years
with a range from 19-64 years.

3.2.2 Development of nested PCR reaction

The NS3 protease gene and the NS4A cofactor gene were amhfiidia plasma from
patients infected with genotype la or 3a. Primers flankiegNIS3 protease and the
NS4A cofactor gene region were designed to include speeifitriction sites for fur-
ther cloning purposes. Primers-1a/3a-NS3-0OS and -OA weed for the RT-PCR
step, while primers NS3-1a/3a-IS and -IA were used for tleeise round nested PCR.
Second round -IS primers included\mtl restriction site, -IA aSpe restriction site.
NS3-1a/3a-OMS, -MS, -MA and -OMA align in the middle of theofgase gene and
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were used for sequencing. Sequences of primers can be fourable A.1 and A.2,
Appendix A. To optimise PCR reactions, DMSO and Mg€bncentrations were ad-
justed and primer sets optimised using serial dilutiondaémids pH77* for genotype
la and pHCV3a-Gla for genotype 3a primers. DMSO enhancegtwficity of an
assay by lowering the effectivg, of the primers through reduction of complex sec-
ondary structures. Lowering the MgQGloncentration can further raise the specificity
of the PCR reaction, as the Mg2+-ion binds tightly to the phasp sugar backbone
of nucleotides and nucleic acids, thereby loweringtheof the primer/template com-
plex. Adjusting the annealing temperature also influenbesspecificity of the PCR
reaction. The higher the annealing temperature, the bisgespecificity, but yield
might be reduced. Table 3.1 gives an overview of the invasti) parameter combi-
nations. Amplification of the NS3 protease and the NS4A geomn fpatient plasma
resulted in a single band PCR product, which was subjecteefoeicing. Figure 3.1
shows the PCR product from patients plasma infected withtgpe®a, which results
in a 823 bp fragment for the NS3 protease gene and a 644 bpgirfmiINS4A. PCR
amplification was successful in 40-70 % of reactions. TheesB@R products were
generated for genotype 1a.

3.2.3 Investigation of nucleotide and amino acid sequence diver-

gence within the NS3 protease and NS4A gene region

NS3 protease amino acids were numbered from 1 (1027 absulutbering) to 181
(1207) and standard 3 letter code used. Amino acid numbérmygS4A was from 1
(1658 absolute numbering) to 54 (1711) with lower case 4,(Ba25,) to distinguish
NS4A numbering from NS3 protease numbering. The entire NB8pse sequence
of 543 nucleotides, encoding 181 amino acids and the en@A\cofactor sequence
of 162 nucleotides, encoding 54 amino acids were alignedotal 29 NS3 protease
variants from genotype la and 32 variants from genotype Sayedl as 28 NS4A
isolates of genotype 1la and 31 variants of genotype 3a weitgsa.
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Table 3.1: PCR parameter optimisationTo optimise the PCR reaction, the DMSO
concentration, the MgGlconcentration and the annealing temperature were adjusted.
Final settings used are in bold.

Agent Variation
DMSO 1.0% 15% 20% 25% 50% 7.5% 10.0%
MgCl, 1.0mM 15mM 20mM 25mM 3.0mM 3.5mM

Temperature 50°C 52°C 52.5°C 53°C 55°C 57.5°C 60°C

NS3 genotype 3a NS4A genotype 3a

MW

3 kb

823H m—p mo «1 kb
- e [T - e ——544bp

0.5 kb

Figure 3.1: Amplification of the NS3 protease and NS4A gene of genotype 8&g
nested PCRPrimers flanking the NS3 protease and NS4A gene region werendelsig
to introduce restriction sites on both ends for future clappurposes. Amplification
of the NS3 protease gene of genotype 3a resulted in a 823 bpgirdeft-hand side.
Amplification of the NS4A gene of genotype 3a resulted in a p$ptdaluct, right-hand
side. MW, molecular weight marker.

A consensus sequence was generated for the NS3 proteaseSdiddene, respec-
tively, by incorporating all the sequences belonging tosamne genotype. Figure 3.2
shows the amino acid alignment of genotype 1la NS3 protegsesees to the 1a con-
sensus sequence and Fig. 3.3 that of genotype 3a NS3 pree@sences to the 3a
consensus sequence. The NS4A amino acid alignment of gendty and 3a vari-
ants to their respective consensus sequence is depictad.irBE. The subtype la
consensus sequence differed from that of the 1a prototypm i (NCBI accession
number M62321) at 2 positions (lle48Phe and Ser91Ala) withé NS3 protease; the
subtype 3a consensus sequence differed to that of the ypetstrain pHCV3a-Gla at
3 positions (lle48Val, Thr91Ala and Thr179Ala) within theSR protease. Ten spo-

radic amino acid changes were found in the NS3 protease segs®f genotype 1a
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variants, 15 in that of genotype 3a variants. A mean nudeatind amino acid se-
guence divergence between the variants of the same genségealculated using the
Simmonics2005/1.8 software. Analysis of the genotype 1a NS3 proteasecsegps

showed a mean sequence divergence of 7.6 % on the nucleetele &nd 2.5 % on
the amino acid level between the 29 analysed variants. Oil8bfamino acids, sub-
stitutions were identified at 25 positions (13.8 %). Betwden32 genotype 3a NS3
protease sequences a mean sequence divergence of 6.9 %omutldaide level and
2.7 % on the amino acid level was calculated. Out of 181 amandsasubstitutions

were identified at 29 positions (16 %). No insertions or defet were detected.

The consensus sequence of the genotype 1a NS4A variargsediffo the HCV H
strain prototype sequence at one amino acid position (Mald9 the consensus se-
guence of genotype 3a NS4A was identical to the prototype pB&#=&la amino acid
sequence. Five sporadic amino acid substitutions weredfougenotype la variants
and all 6 substitutions identified in genotype 3a variantsewsporadic. Within the
NS4A gene a mean sequence divergence of 7.4 % on the nueldetiel and 3.7 %
on the amino acid level between the 28 analysed genotyperiemisawas identified.
For genotype 3a NS4A genes the calculated mean sequencgettize was 5.3 % on
the nucleotide level and 0.7 % on the amino acid level betwkeer81 analysed vari-
ants. Overall 8 out of 54 (14.8 %) amino acids within genotypesariants and 6 out
of 54 (11 %) within genotype 3a variants were substitutedpam®d to the consensus
sequence. Table 3.2 summarises the genetic variabilityymihe NS3 protease and

NS4A nucleotide and amino acid sequence in genotype la avatidats.
Types of amino acid substitutions

The amino acid sequences of clinical variants were comgardte consensus amino
acid sequence and amino acid substitutions relative todhsensus sequence iden-
tified. In Fig 3.2 and 3.3, conservative as well as non-coadie amino acid sub-
stitutions away from the consensus sequence, togethetheatfunctional domains of
the NS3 protease are indicated. The most frequent non-c@tse amino acid sub-
stitutions were represented by non-polar to polar substits, followed by a change

from amino acids with a neutral side chain to amino acids wittharged side chain,
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e.g., the non-polar amino acid Ala was often replaced by di@r@mino acid Thr. A
common change from an amino acid with a neutral side chaiméondth a positively
charged side chain was a GlIn to Lys substitution. Table ¥&sgan overview of all the
physico-chemical types of substitutions in the NS3 praessjuences of genotype la

and 3a variants.

None of the genotype 1a or 3a variants showed any substituitiothe catalytic triad,
constituted of His57, Asp81 and Ser139. No variant was ifiedtthat contained any
of the described resistance mutations for Pls at positign436 43, 54, 109, 155,
156, 168 and 170 (Tonet al. (2006); Bartelet al. (2008); Cuberat al. (2008);
Kuntzenet al. (2008); Heet al. (2008)). Furthermore, no variant had an amino acid
substitution within the zinc binding site Cys97, Cys99, Cysaaf His149, the S1
substrate binding pocket lle/Leul32, Leul35, Phel54 amd3M or the S2 substrate
binding pocket Arg155, Arg123, Arg/Lys161, Arg/GIn165 aAgp/GIn168. Gly137,
which is part of the oxyanion hole, was not substituted eith@l29 and lle/Leu64,
which are involved in the contact with the NS4A amino aci@8g are substituted in
several genotype la variants but in no genotype 3a vari@rte.genotype la variant
and 9 genotype 3a variants had an Ala to Thr change at po§itigithin the NS4A
binding site, which is highly conserved among the remainegjdues (amino acid
1-22). Apart from highly polymorphic sites at position 40dat74 in genotype la
and position 7, 98 and 176 in genotype 3a, amino acid subshtiwere evenly dis-
tributed throughout the protease gene. The diversity ofNB& protease gene was
further evaluated by determination of the type of nuclemsdbstitution. The propor-
tion of nucleotide sites with substitutions were dividetbisynonymous (no amino
acid change) and non-synonymous (resulting in amino aad@d). Within genotype
la variants the proportion of synonymous nucleotide suligins was 25.1 %, that
of non-synonymous substitutions 1.3%. For genotype 3antwithe proportion of
synonymous nucleotide substitution was 22.2 % and 1.3 %dargynonymous sub-
stitutions. In both cases the proportion of synonymous tgukisns is significantly
higher than the proportion of non-synonymous substitgti@uggesting that the sub-
stitutions away from the consensus sequence arose duedonnagenetic drift rather

than positive selection pressure.
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Most amino acid substitutions away from the consensus segua NS4A were con-
servative, with only one non-conservative amino acid stusin within a genotype 3a
variant and a polymorphic site at position 46 including momservative amino acid
changes within the genotype la variants (Fig. 3.4). Theabvdiversity of NS4A
within a genotype is rather low when compared to the highrbgeneity between
genotypes within the antigenic region (Simmomedsl. (1993)). The proportion of
synonymous nucleotide changes was significantly higher tha proportion of non-
synonymous substitutions within genotype la variants5@3versus 2.1 %) as well
as in genotype 3a variants (20.9 % versus 0.4 %). This suggesitural sequence di-
vergence arisen through random genetic drift as describedeafor the NS3 protease

gene.

Table 3.2: Nucleotide and amino acid sequence divergence within the Nfs@ease
and NS4A geneThe nucleotide (nt) and amino acid (aa) sequence divergeeiecen
the NS3 protease sequences from different clinical variaatsanalysed using p-value
calculations and are shown in column 2 and 3. 29 genotype 1a32ngenotype 3a
sequences were analysed. Likewise the nt and aa sequencgetizerbetween the
NS4A sequences of 28 genotype la and 31 genotype 3a variaetanadysed. The
proportion of synonymous nt substitutions and non-synomgnmt substitutions are
shown in the forth and fifth column.

Gene nt sequence aasequence Synonymous nt Non-synonymous
divergence divergence substitutions nt substitutions

la NS3 protease 7.6% 2.5% 25.1% 1.3%

3a NS3 protease 6.9% 2.7% 22.1% 1.3%

la NS4A 7.4% 3.7% 23.5% 2.1%

3a NS4A 5.3% 0.7% 20.9% 0.4%

96



Variability of the HCV NS3 Protease and NS4A Cofactor Gene in@goe 1a and 3a

1(1027) 81
Consensus GRDKNQVE GEVQIVSTAA QTFLATCENG VCWTVYHGAG TRTIASPKGP VIQMYTNVDQ DLVGWPAPQG
T
2 Ioooenn G tevvennnnn Acvieiiinns e L tiies tiineneete vonerannns
RI1148 L T it i e T ettt et e Me et e e
RILI159 i i e e 2 At tieieiieae seeen A....
RILI188 it et it e e A it iiies tiieteeees seesreeaes seeseseeae sesesenaan
RII220 ettt it ittt it e T ettt it iee ettt taeeeaaeee teaeeaaaee eeaaan V...
RI1230 i et e A ittt deseeceaes cre e S
RI1249 i i e e T oittiiieree casvenanss soansasans Iiiiiiie e cennnanans
RII256 ittt et e T ieeeeionee cteneasase sassroosss saosssosne sosanesoas
RI1274 i i et e A i i iiiiee dtieeceees ceseieeates seaieseens seeenasaen
RI1296 i i i i et e S -
RII580 o e e e T T N.
RIIT55 i it i i e Al teveenann S Liveees v K ouiiuSane
RILIT60 i i it it e e et e e e eeeaaee eeaaaaaaan
RILIT762 i i i it it e A i iiiis tiiiiaecie seesseeens seeaatases asaseenans
RI1902 it i i e 2 N 2 S | IR
RI1933 i s e e T iiieiietee eseveanass sanasscaas soanenaass sseasSeiaas
R12069 ..o i e Dl T iiteveetos eaetoroess soeessssse sosssansss savssaSeas
RI2110 it e e aaHl T otiiiiineae sensananee aneseaSiis coaia K ciiiiiia
RI2112 it ittt i e e wa Hl T ieeeetonee etoneesass sosonesses sassasoane sosavenaas
RI2134 o e e e T ettt eiee ettt e tieaees teeeaeae e Toeeo...
RI2182 it it e Accveienn T ieeeetonee eteneesase sossnensss savsatanes ssavoosass
R1I2268 i i e e e T teeeeeenee ensvenanss soeessSiit tiiiieneen seaaan V...
R12325 Lo e e - - D | G
R1I2367 i e e e T ottt it ittt de e eaee teeeeeaeee eeaaas V. P
RI2446 it i it e eaeaeeaan 2
RI2529 i e e e S Tieieieinne conananaan
R12631 ittt e e Dl L U - RO
RI2670 i et e T teeeeionee ctoveasase sassreesss sasessanos sonvosssss
RI2678 it e e . IT.o..... e
91 181
Consensus ARSLTPCTCG SSDLYLVTRH ADVIPVRRRG DSRGSLLSPR PISYLKGSSG GPLLCPAGHA VGIFRAAVCT RGVAKAVDFI PVENLETTMR S
S
R11143 S......
R11148 N......
R11159 S.oean.
R11188 Seevene
R11220 N......
R11230 S......
R11249 N......
R11256 Noooowo o
R11274 S..enn.
R11296 S..ei.
R11580 S.o.e.
R11755 N......
R11760 Seevnnn
R11762 S..ennn
R11902 S......
R11933 N......
R12069 Noooowo o
R12110 S
R12112 N......
R12134 N......
R12182 N......
R12268 N......
R12325 N......
R12367 Noooooo o
R12446 N......
R12529 N.o.....
R12631 . .N..
R12670 S......
R12678 N

Figure 3.2: Amino acid alignment of full-length NS3 protease sequencessjdues

1 (1027) to 181 (1207)), from 29 variants of genotype la to t@sensus sequence.
Amino acid residues are indicated by standard single-tetteles. The consensus se-
guence is listed on the top line and points indicate residdestical to the consensus
sequence. Colour code: Red: catalytic triad His57, Asp81 8adl39; Dark blue:
zinc binding residues Cys97, Cys99, Cys145 and His149; Ligld: bNS4A bind-
ing site; Purple: S1 binding pocket 1le132, Leul35, Phelbd Alal57; Green: S2
binding pocket Arg123, Argl55, Argl61, Lys165 and Aspld8ckB conservative
substitutions; Orange: non-conservative substitutions.
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1(1027) 81
consensus GRDKNVVT GEVQVLSTAT QTFLGTTVGG VMWTVYHGAG SRTLAGAKHP ALQMYTNVDQ DLVGWPAPPG

R11247  ......
R11276  ......
R11288  ......
R11325  ......
R11329  ......
R11354  ......
R11458  ......
R11468  ......
R11482  ......
R11483  ......
R11523  ......
R11547  ......
R11551  ......
R11587  ......
R11610  ......
R11682  ......
R11709  ......
R11890  ......
R12465  ......
R12501  ......
R12512  ......
R12516  ......
R12517  ......
R12520  ......
R12634  ......
R12657  ......
R12672  ......
R12673  ......
R12676  ......
R12679  ......
R12698  ......
R12706  ......

el S R R e il R SR B i S SR I B i i i 2 S S S i

91 181
consensus AKSLEPCTCG SADLYLVTRD ADVIPARRRG DSTASLLSPR PLACLKGSSG GPVMCPSGHV AGIFRAAVCT RGVAKALQFI PVETLNTQAR S

R11247  .......
R11276  .......
R11288  .......
R11325  .......
R11329  .......
R11354  T......
R11458  .......
R11468  .......
R11482  .......
R11483  T......
R11523  .......
R11547  .......
R11551  .......
R11587  .......
R11610  ....O0..
R11682  .......
R11709  .......
R118%0  .......
R12465  .......
R12501  .......
R12512  .......
R12516  .......
R12517  .......
R12520  .......
R12634  T......
R12657  .......
R12672  .......
R12673  .......
R12676  .......
R12679  .......
R12698  .......
R12706  .......

PHPHAHEASAPEFEFPEPPEMPAPAPANAS PSR PER
nnnznn 2 2 NMNZZZO0NNnNn0NNNNNZZZ2ZZ200n 20

Figure 3.3: Amino acid alignment of full-length NS3 protease sequencessjdues

1 (1027) to 181 (1207)), from 32 variants of genotype 3a to th@sensus sequence.
Amino acid residues are indicated by standard single-tetteles. The consensus se-
guence is listed on the top line and points indicate residdestical to the consensus
sequence. Colour code: Red: catalytic triad His57, Asp81 8adl39; Dark blue:
zinc binding residues Cys97, Cys99, Cys145 and His149; Ligle: lNS4A binding
site; Purple: S1 binding pocket Leul32, Leul35, Phel54 aad5X; Green: S2
binding pocket Thr123, Argl55, Argl61, Lys165 and GIn16BicB conservative
substitutions; Orange: non-conservative substitutions.
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a

1(1658) 54
consensus STWVLVGGVL AALAAYCLST GCVVIVGRIV LSGKPAIIPD REVLYREFDE MEEC

v 0

R11147 Veer ceens Rover onns
R11148 Tevr venns Rover o
R11154 Tovr eenn. Rovvr onn.
R11159 R P
R11188 LLILY. LR.. .L
R11220 Voo eenn. Rovev onn.
R11239 Tooe vunn. Keveo onnn
R11242 Tove ceeeiQunnn e
RIT1249 tetererene e e e L P
RII256  oteeeeeis et e e Toe vunn Rovev onn.
R11327 Veer eenn. Rover onn.
R11328 S
R11363 T... KeeoiRoven ..
R11370 Veer ein Rover onn.
R11385 Voo eenn. Rovev onn.
R11387 LV .Q.
R11497 Tove vvnns Roven onns
R11529 Veer venn. Roven onn.
R11530 I... K.A..O..
R11532 Veer venn. Rover onns
R11535 Tove vvnn Roven onns
R11539 Veer veeiQ0uen orns
R11540 Veer eenn. Roven onn.
R11548 Veer venn. Rover onns
R11550 Veer venn. Roven onn.
R11560 Veer venn. Rover onn.
R11562 Tove vvnn Rover onn.
R11571 Teie ciieiQeene
b

1(1658) 54

consensus STWVLLGGVL AALAAYCLSV GCVVIVGHIE LGGKPALVPD KEVLYQQYDE MEEC

R11276
R11288
R11325
R11354
R11482
R11483
R11502
R11503
R11511
R11536
R11547
R11551
R11572
R11587
R11610
R11682
R12516
R12517
R12520
R12579
R12625
R12634
R12643
R12657
R12672
R12673
R12676
R12679
R12698
R12706
R11709

Figure 3.4: Amino acid alignment of full-length NS4A sequences (residug (1658)

to 54 (1711)), from 28 genotype la variants (a) and 31 genet@a variants (b) to
their consensus sequenc@mino acid residues are indicated by standard single-tette
codes. The consensus sequence is listed on the top line amd palicate residues
identical to the consensus sequence. Blue: N-terminal memelgegment (highly con-
served); Red: amino acids essential for cofactor activitink: kink segment; Green:
C-terminal acidic domain (highly conserved); Black: consgive substitutions; Or-
ange: non-conservative substitutions.
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Table 3.3: Physico-chemical types of substitutions in the NS3 proteas genotype 1a and 3a variants aligned to their consensus
sequence Amino acid residues are indicated by standard singlestatbde. Substitutions away from the consensus sequence we

sorted according to their physico-chemical properties &sttd if they occurred in at least 2 variants.

Type of substitutions la NS3 protease 3a NS3 protease la NS4A 3a NS4A
Hydrophobic to hydrophobic V29A, G31A, V33l, V48l, A67V, ¥, 137V,
A40G, 164L, P67A, V1071, 1170V
V71l, A87V
Polar neutral to polar neutral Q89N, H110Q, N174S N176S
Polar basic to polar basic R24K, R62K K34R, R41K,
Polar acidic to polar acidic D110E
Hydrophobic to neutral polar ATT, P67S, P86S, AT7T, A39T, A9l

A87S, A91T, A147S  A165S/T, A179T
Polar neutral to non-polar hydrophobic S122G
Polar basic to polar neutral R46Q,
Polar neutral to polar charged N27D, Q33H, Q80K
Hydrophobic to polar charged

BE pue BT a04@U| 9US9) 10}0BJ0D VSN pue asealold ESN AOH 8yl Jo AlljiqeLen
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3.2.4 3-Dimensional (3D) modelling of amino acid substitutions

To estimate the influence of the identified conservative amtgonservative amino
acid substitutions on the structure or function of the NS@egase, they were mod-
elled onto the 3D structure of the genotype 1la NS3 protease fne HCV H strain
(Kim etal. (1996)). Using the UCSF Chimera software, functional domaind
amino acid positions where substitutions were identifiedrenoutlined. Figure 3.5
shows the 3D structure of the HCV H strain protease complextdtie NS4A pep-
tide and polymorphic sites identified within genotype laasats highlighted. Figure
3.6 shows the equivalent for genotype 3a variants. As the 88etof genotype 1a pro-
tease was used, amino acid residues do not always corregptmetype 3a residues.
However, spatial arrangement will be similar. Most of the+monservative amino acid
substitutions within the genotype la variants mapped tfaseroops of the protease
and pointed away from the remaining protein residues. Heweserl2?2 is located
between Asp168 and Argl55, which are part of the S2 subdtiating pocket and
involved in the binding of the PI BILN 2061 (Courcambestkal. (2006)). Two vari-
ants have a Gly122 substitution, a change from a polar angitbveith a hydroxyl
group to a non-polar smaller amino acid without a hydroxpiugr. Gly122, without a
hydroxyl group, might possibly interact differently withrddl 55 and Asp168, having
an influence on the structure of the S2 binding pocket.

The majority of non-conservative amino acid substitutiathin the genotype 3a vari-
ants also map to surface loops, except for Alal66, whichtpaoawards Arg123 of the
S2 substrate binding pocket. Three genotype 3a variants a&erl66 and 2 have
a Thrl66 substitution, 2 amino acids which are polar andieulkan the non-polar
amino acid Ala, possibly pushing Arg123 out of his positionl @ffecting the S2 sub-
strate binding pocket. Two further polymorphic residues®nr47 and Alal51. Both
are located on interigp-strands. At position 47, 3 variants have a Thr to Ala substi-
tution and at position 151, one variant has an Ala to Thr suwiten. A change from

a bulkier and polar amino acid, such as Thr, to a smaller anehydrophobic amino

acid, such as Ala, possibly has an influence on the 3D striciuthe protein.
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Overall, the amino acid substitutions within the genotypeafid 3a variants are either
conservative, which can be found ohstrands,a-helices and loop regions, or non-
conservative, which mostly locate to the surface loops e/tieey do not influence the
structure of the protease. Furthermore, all sites of switistn are located away from
the active site and other functional domains, except fomadebstitutions possibly
affecting the S2 substrate binding pocket. Modelling thsifans of substitutions
onto the 3D structure of the NS3 protease allows speculataiout their possible
influence on protein structure and function. The observédrabsequence diversity
most likely arose through random genetic drift rather thasitive selection pressure,
as non-conservative amino acid changes locate mostly tseutiace area where they

are less likely to have an influence on the functional domains

3.2.5 Summary of results

In summary, these results show that the NS3 protease of yyendt and 3a is suf-
ficiently flexible to tolerate substitutions, despite thedtional constraints provided
mainly by the catalytic domain, but also its substrate migdbockets and the cofac-
tor binding site as well as the zinc binding site. In concamawith the functional
constraints, polymorphic sites are mainly found away fréw functionally impor-
tant domains. Substitutions away from the consensus segquee evenly distributed
throughout the gene and synonymous nucleotide substitiaoe far more common
than non-synonymous substitutions, supporting a mectmaoishatural genetic poly-
morphism induced through random genetic drift. The NS4Aegeterates substitu-
tions within the cofactor activity region and the kink segmdut is more conserved
within the functionally constraint N-terminal membrangsent. Even though NS4A
is highly diverse between genotypes, it is fairly consenwdtiin genotypes.
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1a NS3 Protease

Conservative

/ AA Substitutions

Non-Conservative
AA Substitutions

NS4A Peptide

S2 Binding Pocket

Figure 3.5: 3D analysis of sequence diversity in genotype la variarsnino acid
positions where substitutions away from the consensus seglave been identified,
were mapped onto the crystal structure of the genotype 1a HCvaih :NS3 protease.
The NS3 protease domain (white) is shown complexed with a signi¥&tA cofactor
peptide (orange). Colour code: Light blue: sites of consémesamino acid substitu-
tions; Yellow: sites of non-conservative amino acid sulnstins; Red: catalytic triad
His57, Asp81 and Serl139; Dark blue: zinc binding residueQCy€£ys99, Cys145
and His149; Purple: S1 binding pocket lle132, Leul35, PHedd Alal57; Green:
S2 binding pocket Arg123, Arg155, Arg161, Lys165 and Asp168
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3a NS3 Protease

Conservative
AA Substitutions

Zinc Binding Site

.
Arg123 "

Ala166

Non-Conservative
AA Substitutions

N/ N\
—

S2 Binding Pocket
NS4A Peptide

Figure 3.6: 3D analysis of sequence diversity in genotype 3a variarsnino acid
positions where substitutions away from the consensus segbave been identified,
were mapped onto the crystal structure of the genotype 1a HCWathdNS3 pro-
tease. As the genotype la protease is used as a model, amdsodepicted corre-
spond to genotype la residues. The NS3 protease domain (iglstejwn complexed
with a synthetic NS4A cofactor peptide (orange). Colour codghtiblue: sites of
conservative amino acid substitutions; Yellow: sites of-nonservative amino acid
substitutions; Red: catalytic triad His57, Asp81 and S&;13ark blue: zinc binding
residues Cys97, Cys99, Cys145 and His149; Purple: S1 bindidggpbeul32 (lle in
the model), Leu135, Phel54 and Alal57; Green: S2 bindinggiddrl123 (Arg in the
model), Arg155, Arg161, Lys165 and GIn168 (Asp in the model)
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3.3 Discussion

The HCV RNA genome displays high genetic diversity, which isewenly distributed
throughout the genome (Chetal. (1991)). The NS3 protease has previously been
identified as one of the less variable gene regions of the HGWme (Pawlotsky
(2006)). Due to its role as a target for specifically targetstiviral therapy a detailed
understanding of the NS3 protease diversity is crucial. issussed in section 1.8.1
intergenotypic diversity plays a major role in the efficaad¢ protease and polymerase
inhibitors. The intragenotypic diversity most likely withve further influence on how
patients within the same genotype respond to treatment dathded understanding is
important to facilitate drug development. The aim of thailsspresented in this chap-
ter was to investigate the genetic diversity of the HCV NS3gase and its cofactor
NS4A in the absence of any specific antiviral pressure andssiply identify pre-
existing resistance mutations. The NS3 protease diveragybeen studied previously
by different groups (Holland-Stalest al. (2002); Lodriniet al. (2003); Valletet al.
(2005); Pawlotsky (2006); Wintees al. (2006); Akhavaret al. (2009)). This study
will add to the current knowledge of NS3 protease sequeneasity, especially for
genotype 3a, which has not been studied extensively. Thk fsoused on genotype
la and 3a, as these are the predominant genotypes in NoEherype and are less well

described than genotype 1b, on which research mostly fescuse

Even though the NS3 protease is one of the less diverse getestiCV genome, vari-
ability was found among the studied HCV variants on the nuideq7.6 % sequence
divergence between variants of genotype 1la and 6.9 % fortg@m@a) and amino
acid level (2.5% for genotype 1a and 2.7 % for genotype 3ak Jdnetic diversity
between genotype la variants and genotype 3a variants wad fo be fairly simi-

lar with amino acid sequence divergences of 2.5% and 2.7$peotively. However,
within the NS4A cofactor amino acid sequence, divergencefaand to be higher in
genotype la variants compared to genotype 3a variants (8ef8as 0.7 %). A previ-
ous study (Lodrinet al. (2003)) has reported a slightly higher value for genotype la
variants, with 4.5 % nucleotide and 4 % amino acid sequenaggknce and a lower

value for genotype 3a variants, with a nucleotide sequenegence of 3.7 % and
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an amino acid sequence divergence of 1.6 %. Even though shés@resented here
could not identify a significant difference between genetyja and 3a NS3 protease
diversity, a difference was found within the NS4A gene. Adovamino acid sequence
diversity was found within genotype 3a variants, as repbbte Lodrini et al. for the
NS3 protease. However, the overall diversity is low withathbgenotypes and sample
sets differ in number, making a comparison difficult. Furthere, Lodriniet al. do

not distinguish between subtypes in the genotype 3 group.

Holland-Staleyet al. have reported slightly higher values for NS3 protease dityer
with a nucleotide sequence divergence of 30.2 % and an angsidcsaquence diver-
gence of 11 % for genotype la variants (Holland-Stalegl. (2002)). Significantly
higher values were reported by Vallgtal., who found an amino acid sequence diver-
gence of 22.1 % (nucleotide sequence divergence 41.2 %iyvgdnotype la variants
(Vallet et al. (2005)). Whereas the 2 first studies also directly sequermedredomi-
nant variant in each plasma sample, as in this study, \&tlat sequenced a mean of
17 variants per clinical isolate. Clonal analysis allowsdkeection of the depth of the
guasispecies and will include the possibly highly varisddguences of less dominant
viral variants, increasing the overall genetic diversiggestted. The higher diversity in
the Vallet and Holland-Staley study might also be attridutethe age of the analysed
patients. The mean age of patient in these 2 studies was 582ayehrs, whereas pa-
tients in this study were on average 10 years younger, witbamge of 40 years. Itis
possible that the patients studied here had a shorter tinméeation, which might in-
fluence the degree of genomic diversity (Casehal. (1999); Farciet al. (2000)). As
discussed in section 1.6.1, viral proteins are under thespre of the immune system
and will evade it through mutational escape, generatingersie pool of viral variants
over time. Positive selection pressure though, is limitedhe functional constraints

of the protease.

Like most RNA viruses, HCV has a high mutation rate and if it isd@am, theoreti-
cally each site will contain an equal number of mutationsweleer, this is not the case
as e.g., has been shown for E1 HVR1 and also NS3 (HollandyStakd. (2002);

Peninet al. (2001)). As demonstrated by these studies, substitutimsaadom, al-
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though some regions of the genome are more permissive tdiongdhan others be-
cause proteins like the NS3 protease are functionally canstd. Kimet al. have
reported that the NS4A binding domain within the N-termiregjion of the NS3 pro-
tease is flexible (Kinetal. (1996)). They demonstrated that the binding of NS4A
induces a structural rearrangement of the NS3 proteasiyttatdomain towards a
more favorable conformation. This suggests that some roaotaare possible within
this region. The NS4A binding domain of the NS3 protease waadyfconserved
within the genotype l1a and 3a variants analysed, with onb/ mwlymorphic site at
position 7. Ala7 is the dominant amino acid, although Thioiertated as well. Only
one nucleotide substitution is necessary to change frontdAlehr, making this sub-
stitution fairly accessible. Ala7 is part of a hydrophobimcket formed by the NS3
protease residues Alab, Ala7, Val33, lle/Val35, Leu44 1G4l Alalll and the NS4A
residue Leu3l This interaction is part of the extensive hydrophobicratéion be-
tween NS4A and NS3 (Kinat al. (1996)). Although Thr has a hydrophilic hydroxyl
group, it might still replace Ala with its hydrophobic metlyroup. The methyl group
is likely to be positioned within the hydrophobic pocket dhd hydroxyl group away
from it. It is important that the hydrophobic pocket maintits hydrophobic charac-
ter to not disrupt the interaction between NS3 and NS4A. Tutian of a hydroxyl
group though, might affect the 3D conformation. Other resglof the hydrophobic
pocket with polymorphism are Val33 and Val107. Two genotypevariants show a
lle33 substitution and 2 genotype 3a variants a lle107 guben. Both substitutions
keep the hydrophobic character and are unlikely to have ameé#fect on the protease

structure or function.

lle25, and Gly27 of NS4A are highly conserved across genotypes and togetiier w
Val23,, lle/Leu29, and Leu31 they make significant contact with the NS3 protease
(lle/Leu29,; first amino acid is the one occurring in genotype la, thersgthbe one
occurring in genotype 3a) (Kimat al. (1996)). The 4 NS3 protease residues Pro88,
lle64, Val29 and Val/Leu36 are involved in the contact witBMA lle25, (Fig. 3.7).

All 4 positions are conserved within genotype la and gere8gvariants except for

6 genotype la variants that have a conservative amino abglitttion (2x Leu64, 1x

Met64 and 3x Ala29). These substitutions away from the cosisesequence are un-
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lle/Leubd

Figure 3.7: NS3/4A interaction.The highly conserved lle2®f NS4A (red, ball and
stick) interacts with the 4 hydrophobic NS3 residues Pro8&%4| Val29 and Val36
(yellow spheres). The NS3 protease is depicted in whitg-slseets andv-helices
and the NS4A peptide in orange. Conservative substitutiony &amn the consensus
sequence are tolerated as long as the hydrophobic char&taaintained.

likely to have an effect on the interaction between NS3 andA3s they all are non-
polar neutral to nonpolar neutral changes and amino acelalawut the same size as

well. However, it demonstrates that it is important to keepltydrophobic character.

Analysis of all variants revealed mostly synonymous nugiieosubstitutions within
genotype la and 3a variants. About 20-25 % of all nucleotm@tipns had synony-
mous substitutions and only about 1-2 % were non-synonyrandsesulted in amino
acid changes. The same was true for NS4A. The far greateogirop of synony-
Mous versus non-synonymous nucleotide substitutiongatel that the natural se-
guence divergence is a product of random genetic drift ahdunto positive selection
pressure. Functional constraints within the NS3/4A pre¢eamake mutations within
the catalytic, substrate binding and zinc domains highlykaty as shown by others
(Holland-Staleyet al. (2002); Valletet al. (2005)). None of the variants analysed had
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a mutation within the catalytic domain comprised of the 3raoracids His57, Asp81
and Serl39. However, mutations within the catalytic dontexe been described
by others. One study e.g., found 2 sporadic mutations affpthe catalytic Ser129
(Ser139Pro) and Asp81 (Asp81Gly) (Valkttal. (2005)). These changes most likely
are lethal as they present non-conservative amino acicdyelseand variants would cir-
culate in very low numbers, which could only be picked up bynel analysis. As
no clonal analysis was performed in this study, it was utjike detect any variants
with lethal mutations. Gly137, together with Ser139, aegadn oxyanion hole. This
helps to stabilise the transition state during the hydislgbpeptides, thereby lowering
the activation energy. This favoured energetic state iomapt for efficient catalysis
(Kim et al. (1996)). Expectantly, residue Gly137 and Ser139 were cuadeacross

all variants analysed.

NS3 has a very flat substrate binding site and requires peptitling spanning the
S6 to S4’ binding site. The Schechter and Berger nomencldeseribes the subsites
of a protease (Schechter & Berger (1967)). The amino aciduesiof a polypeptide
binding to the active site of the protease are called P (fptige) and the subsites on
the protease they are binding to are called S (for subsi@spending on the size of
the peptide, substrate residues around the cleavage siteegaumbered up to P8. The
subsites on the protease are accordingly numbered, e,§52531, S1’, S2’, S3' etc.,
where S1 and S1’ are located adjacent to the scissile bonel SThsubstrate binding
pocket of the NS3 protease is lined by the hydrophobic amandsdle132, Leul35,
Phel54, and Alal57. Argl55, Arg/Thrl23, Arg1l61, Lys16% Asp/GIn168, which
are mainly charged residues, line the S2-S6 binding poéket ét al. (1996)). None
of the variants analysed showed any substitutions at ther &2 substrate binding
pocket, which is consistent with findings by others (Vadleal. (2005)). This suggests
that the integrity of the substrate binding pockets is ingoat; and that preserving

polarity and hydrophobicity alone are not sufficient.
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The NS3 protease contains a zinc ion that is tetrahedradiydioated by the 4 residues
Cys97, Cys99, Cys145, and His149 and a water molecule @iah (1996)). The 3
Cys residues are particularly crucial for protease actiitytational studies showed
that replacement of any of these with an Ala led to signifiyargduced protease ac-
tivity (Hijikata et al. (1993)). Substituting His149 to Ala had a less dramaticogffe
which is consistent with the indirect interaction of Hisl#fh the zinc ion. As the
zinc ion is located 26 away from the catalytic site, it has been suggested to play a
structural role (Kimet al. (1996)). Folding analysis i&.coli have revealed that the
NS3 protease does not fold properly in the absence of zippating this hypothesis
(De Francescet al. (1996)). Consistent with this crucial role of zinc and its @he

nation, no mutation within the zinc binding site was founéuny variant.

None of the variants contained any of the reported resistandations for Pls at po-
sition 36, 41, 43, 54, 109, 155, 156, 168 and 170 (Tengl. (2006); Bartelst al.

(2008); Cuberaet al. (2008); Kuntzeret al. (2008); Heet al. (2008)). As described
in section 1.8.4, viral variants containing resistanceations are often impaired in
their replication kinetics and will not be the main straircailating in a pool of quasis-
pecies. As no clonal analysis was performed in this studyag unlikely to detect any

variants with Pl resistance mutations.

Outside the NS3 protease active site and substrate bindiokefs, polymorphisms
have been identified at several positions. Conservative@auid substitutions were
found on interior and surfagé-strands, as well as surface loops and generally only 2-3
variants differed in their sequence from the consensuseseg suggesting that these
substitutions are sporadic. Most conservative subgiitstinvolved changes from one
hydrophobic to another hydrophobic amino acid. Within ggpe 1a variants polar
neutral to polar neutral substitutions were observed s¢vienes as well. A highly
polymorphic site is amino acid position 40, which lies on afate loop and faces
away from the protease, allowing amino acids of differemésito replace each other.
Furthermore, only one nucleotide change is necessary for ®Rla change, whereas
2 nucleotide changes are necessary for a change to Gly. Xpiairs the Thr/Ala

polymorphism within genotype la variants and why there iy one variant with a
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Gly. Why no polymorphism was found at this site within gen@a is unclear. The
genotype la polymorphic site 174 is part of a surfaekeelix, allowing certain flex-
ibility of the amino acid. However, Asn174 points toward&) on the opponent
loop. This restricts the size of amino acid 174, explainimg¢onservative Asn174Ser
polymorphism. Both amino acids are polar and are about the sare. Also, only
one nucleotide change is necessary to change form Asn tdr&erestingly, the op-
ponent amino acid GIn80 can be substituted with Lys, a norsewative change from
a polar neutral to a polar positive amino acid. An Asn174%ange though, was not
associated with a GIn80Lys change. As no data is availabté@fitness of the indi-
vidual variants, it cannot be estimated whether a specificbtoation of amino acids
at position 174 and 80 are favourable.

Within genotype 3a variants, highly polymorphic sites wienend at position 7, 98 and
176. Ala7 is part of the NS4A binding domain and has been dssdiabove. Thr98 is
part of a surface loop pointing away from the protease atigviexibility with amino
acid substitution. A simple adenosine to guanosine nudeaubstitution results in
a change of Thr to Ala, explaining the Thr to Ala polymorphisAsnl176 is part of a
surfacea-helix facing away from the protease, suggesting that areftexibility of
the amino acid residue at this position will be allowed. As &sn176Ser substitution
is a conservative amino acid change, it is unlikely to haveagpmmpact on protease

structure and function.

The most common non-conservative amino acid changes esta@ubstitutions of a
hydrophobic amino acid with a neutral polar one, followedshystitutions of neutral
side chains with charged side chains. In general non-ceatsex amino acid substitu-
tions away from the consensus sequence mapped to surfgse Within genotype la
variants though, 2 variants had a Ser122Gly change. Seslid2ated on a loop, but
points towards Asp168 and Arg155, which are part of the S@ibqpocket. Both are
involved in the resistance mechanism against the PI BILN Z@&iLircambeclet al.
(2006)). Arg155, together with Ala156, directly binds te thhibitor, whereas Arg168
indirectly affects inhibitor binding. The hydroxyl group®er122 could possibly build
a hydrogen bond with the guanidinium group of Arg155. The-potar amino acid
Gly does not have a hydroxyl group to build a hydrogen bonds ditsrupted interac-
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tion might have an influence on the 3D structure and affecstsate binding as well
as inhibitor binding. More detailed structural modellifgptigh is necessary to get

conclusive prediction on this amino acid polymorphism.

Within genotype 3a variants, the polymorphic site Alal6®cated on &-strand and
points towards Thr123, which is part of the S2 binding pocketr166 was found in 3
genotype 3a variants and Thrl66 in 2 variants. Ala is a snydildphobic amino acid,
whereas Ser and Thr are both polar and bulkier. Substitwtiokla with Ser/Thr is
therefore likely to push away the opponent Thr123 and chamg&2 binding pocket
environment. As the binding of PlIs is influenced by the 3Ddtre of the binding
site, the efficacy of some Pls might be reduced in varianttsatoing Ser166/Thr166.

Thr47 and Alal51 are 2 further polymorphic sites locatederior 5-strands. Thr47
points towards Aspl110, which is also polymorphic (Aspl19GAla47 was found in
3 genotype 3a variants. Substitution of Thr47 with a largein® acid would displace
Asp110 and modulate the 3D structure. However, Ala is smtidkn Thr and it is un-
clear what kind of effect a substitution would have. Vall1s#l &hr151 were found in
one genotype 3a variant each. Alal51 points towards ArghXBeopponens-strand
and a replacement with the slightly bulkier amino acids \ad hr might displace
Arg118 and have an effect on the 3D structure and the furait@omains.

The genetic diversity of NS4A was slightly higher within géype 1a variants com-
pared to genotype 3a variants. Like NS3 protease sequerasitl, NS4A nucleotide
sequence diversity was mostly synonymous. Around 23 % ofeotide positions
within genotype 1a variants had synonymous substitutions2d % within genotype
3avariants. The proportion of non-synonymous substitgteovay from the consensus
sequence was higher in genotype la variants compared toygeri@a variants (2.1 %
versus 0.4 %), but overall low and most likely due to genetitt.dThe N-terminal
membrane segment, which is highly conserved across geemtypalso highly con-
served within genotype 1a and 3a variants (Betsa. (2008)). Only 3 variants of
genotype 3a had a substitution away from the consensusrsszgjevhich were con-
servative and sporadic and unlikely to affect the membrapelogy of NS4A. Some

variability was found within the region essential for cdfacactivity. As discussed
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above, Val23, lle25,, Gly27, and lle29 are crucial for the interaction with the NS3
protease and expectantly only conservative amino acidtifutizns were observed.
Whereas an lle2Wal polymorphism was found in genotype 1a variants, gereB8g
variants were highly conserved in this area. lleRBeracting with the NS3 hydropho-
bic pocket is conserved within both genotypes. Some diyevgs also found within
the kink region and the C-terminal domain, but except for agd&GIn substitution, all
amino acid substitutions were conservative. These resudfgest that the NS4A gene
is highly conserved within a genotype, but flexible enoughalton some mutations,

especially within the genotype 1a kink and C-terminal region

3.4 Conclusion

This study describes the polymorphisms within the NS3 ais#eand NS4A cofactor
gene of genotype 1a and 3a clinical variants. It shows tlealNtB3/4A protease is flex-
ible enough to tolerate substitutions despite the diffefemctional constraints. Even
though no mutations were found within the catalytic site, 81 and S2 binding pocket
or the zinc binding domain, natural polymorphism observetide of the functional
domains of the NS3 protease could potentially have an efiectinical resistance to
HCV Pls. Amino acid substitutions from smaller to bulkier draim neutral to charged
residues or vice versa influence the interaction betweawnithéhl amino acids and po-
tentially alter the 3D structure of the protease, therelbgcéihg functional sites. 3D
modelling was used to estimate which non-conservativetgutisns would influence
the 3D structure of the NS3 protease and have an effect omtieidnal domains. As
discussed in section 1.8, Pls show different efficaciesifterént genotypes. Because
of the genetic variability of HCV proteins encoded by difiergenotypes, the molec-
ular structure of protease and polymerase enzymatic sifesstand potentially limits
the effectiveness of certain classes of inhibitors (Halt&taleyet al. (2002)). The
case of BILN 2061 demonstrated very early on that structuffi@rdnces within geno-
types have a big impact on drug efficacies. The intragenotyipersity potentially has
a similar influence on protease efficacies in individualeatéd with the same geno-

type. As shown in chapter 4 and 5, NS3 proteases from clineaénts of the same
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genotype subtype behave differently in intergenotypics2@mbinants. Differences in
their susceptibility to the PI BILN 2061 could be demonstiads well.

The information provided here will be very valuable for thesdyn of new Pls. Con-
sidering sites of potentially influential polymorphismhihitors could be designed to
target sites which are conserved across and within gen®tpe subtypes. This will
enable the development of inhibitors that are more likelypéoeffective in all geno-
types and subtypes. Furthermore, individuals with knowmaracid polymorphism at
target sites could be excluded from treatments with paéyntineffective drugs, sav-
ing them from antivirals with often severe side effects. ldoer, clonal analysis will
have to be performed in order to obtain information on alldineulating viral variants

within a patient.
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Chapter 4
Construction of Intra- and
Intergenotypic Recombinants

4.1 Introduction

Research into antiviral drugs and vaccines has been hampgié lack of a full vi-
ral life cycle cell culture system. Only recently a full-ggh HCV cell culture system
in which infectious virus can be generated in Huh7 cells ftoamsfection of com-
plete HCV genomic RNA sequences has been described (Lindeebat (2005);
Wakitaet al. (2005)). JFH1 was isolated from a patient with fulminantdiéjs C and
a subgenomic replicon containing the JFH1 derived norestral genes replicated
very efficiently in Huh7 cells (Katet al. (2003)). Surprisinglyjn vitro transcribed
full-length RNA from pJFH1 replicated very efficiently in Héleells as well and the
cell culture generated HCV was also infectious in chimpasf@ékitaet al. (2005)).

It was the first full-length HCV RNA to replicate efficiently irelt culture and proved
to be an important milestone in HCV research. The big advanvédull-length virus
replication is that it also produces infectious virus, kalthe replicons, thereby pro-
viding insight into the whole viral lifecycle. For the firsirte this allowed the analysis
of viral proteins in the context of the entire viral lifecgclUnfortunately, as to date,
the genotype 2a isolate JFH1 has remained the only isola#ittently replicate in
cell culture. However, the JFH1-system has been expandeithéo genotypes by re-
placing parts of the JFH1 genes with those of other genotypesble JFH1-based
intergenotypic recombinants containing genotype spestificctural proteins (core, E1
and E2), p7 and NS2 have been developed for all 7 genotypets¢Rmanret al.
(2006); Gottweiret al. (2007); Yietal. (2007); Jensert al. (2008); Scheett al.
(2008); Gottweiret al. (2009)), which allow the study of vaccines and entry intukst
for all genotypes. However, full-length HCV cell culture sy®s allowing the study
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of the NS3 protease are currently only available for ger®t§p (JFH1 and J6CF)
(Lindenbachet al. (2005); Wakitaet al. (2005); Murayamat al. (2007a)) and la
(H77), which needs adaptive mutations to replicate effitygiyi et al. (2006b)). The
limited number of replication competent full-length reface sequences limits the as-
sessment of how genetic variation between the differendtypes and within subtypes
influences susceptibility to antiviral therapy and devatept of resistance.

The use of chimaeric replicon vectors, where protease geihdsdferent genotypes
were inserted into the genotype 1a/lb/2a standard regli¢@s been demonstrated in
several reports (Bindeat al. (2007); Qiet al. (2009)). These intergenotypic replicons
have greatly expanded the ability of tools to assess geveti@tion within genotypes,
subtypes and quasispecies. Before, replication compedplitons were restricted to
laboratory optimised strains which did not represent theénse genetic diversity of
HCV. Furthermore, they demonstrated that the NS3 protedsadsional in a hetero-
logous background. However, replacing the helicase asguedltly reduced replicon
fitness, indicating that the helicase is highly specific ioognising and interacting
with other parts of the RNA complex (@t al. (2009)). Other approaches involve
the release of reporter molecules upon NS3/4A cleavagenieuveret al. (2008)).
However, none of these methods release infectious virusatbald allow the whole

replication cycle of HCV to be analysed.

The aim of the current study was to develop effective celturel systems for the 6
major genotypes of HCV. This will allow the comparison of tieseptibility of each to

different Pls, such as BILN 2061 (chapter 5). Furthermoneubh passaging in sub-
inhibitory concentrations of the drug, the ability and maaism of antiviral resistance

development between genotypes can be compared (chapter 6).

Recently, the full-length replication competent clone JoEK JFH1/J6/C-846) has
been developed. This clone comprises the J6CF core, theopevahd the p7 coding
sequences and a portion of the NS2 gene, with the remaindee giolyprotein de-
rived from JFH1 (Lindenbacht al. (2005); Pietschmanet al. (2006)). It replicates
autonomously and yields high infectious titres in the Hotcalls. It was therefore cho-

sen as a backbone for the construction of the intra- andyatstypic recombinants in
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the current study. Intra- and intergenotypic recombiname first constructed within
the JFH1 backbone and then cloned into the Jc1 backbone.ihitiahapproach, natu-
rally occurring restriction sites outside the NS3 proteasee used for the construction
of recombinants. As this approach was not successful, fspeestriction sites at the
exact boundaries of the NS3 protease were designed. Thiemgpartly successful,
which led to the strategy of including the NS4A cofactor ia tecombinant construc-
tion. Homologous NS4A allowed the rescue of replicationedéfe intergenotypic
recombinants for most variants. The development of thgsiication competent in-
tergenotypic recombinants will improve the ability to pietctlinical doses, efficacies
and development of drug resistance mutations to differéntirPa diverse range of

HCYV variants circulating worldwide.

4.2 Results

4.2.1 Design and construction of intra- and intergenotypic recom-

binants containing heterologous NS3 protease
Using naturally occurring restriction sites

To establish full-length cell culture systems allowing tealysis and characterisa-
tion of the NS3 protease gene of all 6 major genotypes, iatestypic recombinants
based on the genotype 2a clones JFH1 and Jcl were constriictexdyenotypic re-
combinants containing the NS3 protease gene of heterodoggenotypes were created
through ligation of protease domain sequences from diftegenotypes into the Jcl
and JFH1 backbone sequence (Fig. 4.1). JFH1 contains Zaffgtoccurring unique
restriction sitesNotl within NS2 andSpe within the NS3 helicase. Primers flanked
with these restriction sites were used to amplify the cqoasing fragment from geno-
type la (pH77*) and 3a (pHCV3a-Gla) prototype plasmids orepatplasma. The
1149 bp fragment was digested in a double digest, cleanedlandd into the like-
wise digested JFH1 backbone. The resulting intergenotgaicmbinants contain the
full-length NS3 protease plus the 3’ 464 nucleotides of NS#vall as the 5’ 142 nu-
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cleotides of the NS3 helicase and were namgx], Fwhere x stands for the genotype
the NS2-3 fragment is derived from (Fig. 4.2). RNA transatihe®m the recombi-
nant plasmids and the replication defective pJFH1-GND dkaselcl and JFH1 was
electroporated into the HCV permissive Huh7 cells and viggdication assessed by
NS5A immunostaining (Fig. 4.3). Initially Huh7 cells wersad for assessment of
viral replication, but they were replaced with the far moegmissive Huh7 subclone
Huh7.5, which has a defect in RIG-I signalling (Bligtttal. (2002); Sumpteet al.
(2005)). HCV variants replicate to higher levels in thesdscelo create the corre-
sponding Jcl based recombinant(), the Spé restriction site in the plasmid back-
bone of Jcl first had to be mutated, to render3ipe restriction site within the NS3
helicase unique. This was done by PCR using primers inclugimgt mutations and

religation of the modified insert back into Jc1.
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Figure 4.1: Genome map of JFH1 and Jc1Genome map of JFH1 and Jcl used in
recombinant construction. The structural genes are depliah grey; non-structural
genes in white. The intragenotypic recombinant Jc1 contdieson-structural genes
and part of NS2 of the genotype 2a isolate J6CF (dark grey) aaddamaining non-

structural genes from JFH1.
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Figure 4.2: F, x,, and J,x,, recombinants Genome map of cDNA clones: JFH1 back-
bone, light grey and white; Jc1 backbone, dark grey and white flagment between
the restriction sites Notl and Spel was replaced with the cpoeasing intergenotypic
gene (replaced region, coloured).
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Figure 4.3: Anti-NS5A immunostaining RNA transcripts from JFH1, Jcl1, JFH1/Jcl
recombinants (here J2a) or the replication defective JRBIND were electroporated
into Huh7 or Huh7.5 cells (here Huh7.5) and replication wasessed by immunos-
taining against the HCV non-structural protein NS5A. Cells warenterstained with
the nucleic acid probe 4’,6’-diamidino-2-phenylindolednychloride (DAPI) (blue)
and sheep anti-NS5A serum (greesm20X magnificationp 100X magnification.

Replication assessment in Huh7 cells

JHF1 and Jcl replicated in Huh7 cells with infectivity titef 5 x 10° FFU/ml and 2.9

x 10 FFU/mI, respectively. In contrast, Huh7 cells transfectétth RNA transcripts
from pJ6CF, the replication defective pJFH1-GND and mockdiected cells were
negative for anti-NS5A staining. For all further experirtgeoarried out in this study,
Jcl was used as a positive and JFH1-GND as a negative carBpéctively.

The JFH1 recombinants,Ea, and F,3a, were severely impaired or defective in their
replication kinetics and transfected cells were negatireNN'S5A. Even though Jcl
replicates to higher levels in Huh7 cells than JFH1, usirigakca backbone to create
the intergenotypic recombinantsld, and J 33, did not result in improved replication
kinetics. Cells transfected with, Ja, and J 3a, RNA were NS5A negative as well.

Replication assessment in Huh7.5 cells

Alternatively, the replication kinetics of parental anda@enbinant variants were as-
sessed in Huh7.5 cells. 24 hours post-electroporationte@®¥% of all cells trans-
fected with JFH1 and Jcl RNA were positive for NS5A, indicgtreplication (Fig.
4.4). In contrast, JFH-GND replication was not detected. Wae Jcl continues to
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infect 70-80 % of all cells, JFH1 infectivity is slightly raded during passaging. In
all graphs of HCV RNA passaging in cell culture, data points@atted with lines
connecting them for better visualisation. During the cewsthe experiment the cell
cultures were continuously split and variants have to spbedween cells to not be di-
luted out. Serial dilutions of cell culture supernatantsevesed to infect ige Huh7.5
cells and to determine the tissue culture infective dose [DEg! The TCID,, for Jcl
(10*° TCIDso/ml) was expectantly higher than that of JFH1{4@'CID5y/ml). Due to
the better replication kinetics and higher infectivity oflJit was used for further re-
combinant construction. Neither of the 4 recombinantd &, J,1a,, F,,3a, or F,3a,)

replicated in the Huh7.5 cell culture to detectable levels.
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Figure 4.4: Replication kinetics of JFH1, JFH-GND and Jc1 full-length RNA t&an-
scripts in Huh7.5 cells 10u.g of RNA was electroporated into Huh7.5 cells and cells
incubated for 24 hours. The cells were then stained for NS5Aterratively pas-
saged and assessed for NS5A positive cells every 3 to 4 dagg-aiis records the
percentage of HCV NS5A-positive cells as scored by fluorescaimroscopy.
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Introducing artificial restriction sites

The defective replication kinetics of the X, and Jx,, recombinants might be due to
the partial inclusion of gene segments from NS2 and the N88ase. This creates
intergenotypic NS2 and NS3 helicase proteins. The coradiedifferences between
genotypes possibly disrupt the correct folding of thesegins and affect their func-
tion. The cloning strategy was therefore changed to onlysta protease domain and
leave the entire NS2 and NS3 helicase of backbone identitgefierate recombinants
containing only the NS3 protease gene of heterologous gpest2 unique restriction
sites, aBstB site at the 5’end and Bglll site at the 3’end of the NS3 protease were
introduced, creating Jc1-BB. The unique restriction sitesevigentified using Vector
NTI scan. Jc1-BB containing the introduced restrictionssgeowed similar replica-
tion kinetics to the parental strain Jc1 (Fig. 4.5). Prategsnes from genotypes la
(H77%), 1b (HC-J4), 2a (J6CF), 3a (HCV3a-Gla), 4a (ED43*), 56KE.480*) and 6a
(EUHK2*) were amplified by PCR and cloned into Jc1-BB. The prisngere designed
to include JFH1 sequence up to the start of the NS3 proteas (géposition 3420)
and the corresponding genotype sequence to the 3’'end of3BgMtease (nt position
3963). From the 3’end of the protease to the restriction gig primer sequence was
designed to include JFH1 sequence again. Because p4a (EE€gt88ined a naturally
occurringBglll restriction site within the protease domain, this resion site first had
to be mutated by site directed mutagenesis. Recombinantaiemy heterologous
proteases were termed Jx, where x identifies the genotype pirbtease domain (Fig.
4.6).

RNA transcribed from the recombinant plasmids and the rafitin defective pJFH1-
GND as well as Jcl was electroporated into the highly pemeidduh7.5 cells and
virus replication assessed by NS5A immunostaining. Besl@daswhich showed sim-
ilar replication kinetics to that of the parental strain Johly J5a replicated to de-
tectable levels and it took 25 days to spread to 80 % of thecodéilire (Fig. 4.7). As
the cell culture was split through the course of the expanminrtbe virus would have had
to spread to neighbouring cells to achieve this infecti@yfiency during passaging,

indicating that the J5a recombinant is able to spread betweks.
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Figure 4.5: Replication kinetics of Jcl, Jc1-BB and JFH-GND full-length RNA
transcripts in Huh7.5 cells 10,9 of RNA was electroporated into Huh7.5 cells and
cells incubated for 24 hours. The cells were then stained f&AN& alternatively
passaged and assessed for NS5A positive cells every 3 to 4 days
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Figure 4.6: Genome map of Jx recombinant§&enome map of cDNA clones (pJ6CF,
dark grey; pJFH1, white). The NS3 protease gene of Jc1 was regladth the cor-
responding intra- or intergenotypic gene (replaced regiomloured) using the geneti-
cally engineered restriction sites BstBl and Bglll.
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Figure 4.7: Jx recombinants and their viability in Huh7.5 cells.RNA transcripts
from Jla, J1b, J2a, J3a, J4a, J5a and J6a were electroporattedHuh7.5 cells and
replication was assessed by immunostaining against NS5Asd@inigts from the Jla,
J1b, J3a, J4a and J6a clones showed no detectable replicélbwmalues lying on the
x-axis line).
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4.2.2 Design and construction of intra- and intergenotypic recom-

binants containing heterologous NS3 protease and NS4A

Since the NS4A cofactor is an indispensable part of the N®8pse function and
highly variable in sequence between genotypes, it wastigated whether inclusion
of the homologous NS4A gene in the intra- and intergenotsggombinants improved
their replication ability (Bartenschlaget al. (1995); Faillaet al. (1995); Tanjiet al.
(1995)). Two unique restriction sites were introduced at%rend Blpl) and at the
3’end Mlul) of NS4A and the corresponding NS4A genes from genotypesLiia
2a (pJ6CF), 3a, 4a, 5a and 6a were amplified by PCR using primtgrsSag and
Mlul restriction sites. Introducing 8lpl restriction site into pJFH1 results in one
non-synonymous nt change on the 3’end of the restrictien $iue to that an alter-
native restriction site, with compatible ends but différezcognition sequence was
introduced to the 5’end of the inserted fragme8apg produces NNN..3’ overhangs
and the recognition sequence is entirely located on th&eegiithe cutting site. This
allowed the design of a recognition site fa that changed the vector sequence back
to that of JFH1 once the insert was religated into the vedtoe obvious disadvantage
of this approach is that the restriction site is destroyedl famgments cannot be cut
out anymore with the same restriction enzymes. The primers @esigned to include
JFH1 sequence up to the start of the NS4A gene (nt 5313), tieendrresponding
genotype sequence to the 3’end of NS4A (nt 5474) and JFHleseguagain to the
restriction site. As the introduction of thdlul restriction site was not synonymous
and no alternative compatible restriction enzymes coulétbbad, it was reversed to
the JFH1 amino acid sequence after NS4A gene insertion éylsi#cted mutagene-
sis. The entire mutagenesis reaction was carried out omfats subcloned into the
TOPO vector. JFH1 fragments including the intra- or integgpic NS4A gene were
then recloned into JFH1 and Jc1, respectively. The correlipg intra- and intergeno-
typic recombinants containing the NS3 protease and NS4& gequence of hetero-
or homologous genotypes in the JFH1 background were terneediiere xx stands
for the corresponding genotype in the protease and NS4Amegrespectively (Fig.

4.8). Recombinants with Jc1 as a background were named Jxx4 D).
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Figure 4.8: Genome map of Fxx recombinants Genome map of cDNA clones
(pJFH1, light grey and white). The NS3 protease gene of JFH1 egaced with the
corresponding intergenotypic gene (replaced region, emd) using the genetically
engineered restriction sites BstBl and Bglll. The NS4A gdné~bl1 was replaced
with the corresponding intergenotypic gene using the geakyi engineered restric-
tion sites Blpl and Mlul.

Comparing Fxx and Jxx replication kinetics in Huh7 cells

Initially recombinant replication was assessed in HuhTscdecause the replicative
fitness of Fxx and Jxx were too low to determine percentageiy®sIS5A cells, foci
forming units (FFU) per well were determined. Recombinargsanpassaged in Huh7
cells and seeded into 24-well plates for anti-NS5A stainiigil and JFH1 RNA tran-
scripts replicated in 60-70 % of all cells and were omittedh@ comparison of Fxx
with Jxx recombinants (Fig. 4.10). Flala and Jlala repicégvels were below the
detection limit and no NS5A positive cells were detectedrtuthe passaging exper-
iment. Both, F3a3a and J3a3a replicated to detectable levgim Huh7 cells (Fig.
4.10). As expected from the better replication kinetics cff, Xhe Jc1 recombinant
J3a3a replicated to higher levels than the JFH1 based resantl-3a3a. After peak-
ing on day 7, FFU/well levels start to decrease for both rdmoants. Because the Jcl
based recombinant replicated more efficiently, for theofelhg experiments only Jxx

recombinants were assessed.
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Figure 4.9: Genome map of Jxx recombinant&senome map of cDNA clones (pJ6CF,
dark grey; pJFH1, white). The NS3 protease gene of Jc1 was reglaith the cor-
responding intra- or intergenotypic gene (replaced regiooloured) using the geneti-
cally engineered restriction sites BstBl and Bglll. The N&éAe of Jc1 was replaced
with the corresponding intra- or intergenotypic gene using genetically engineered
restriction sites Blpl/Sapl and Mlul.
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Figure 4.10: Recombinants Flala, Jlala, F3a3a and J3a3a and their viability
in Huh7 cells. RNA transcripts from Flala, Jlala, F3a3a, J3a3a and JFH1-GND
were electroporated into Huh7 cells and replication was assésy immunostaining
against NS5A. Thg-axis records the number of foci forming units (FFU) per wall i
24-well plates. Transcripts from the Flala, Jlala and JFHNBXlones showed no
detectable replication (all values lying on theaxis line).
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Comparing replication kinetics of Jxx recombinants in Huh7.5 cells

As the replication kinetics of the J3a3a recombinant wag l@v in the Huh7 cells,
all remaining experiments were carried out with Huh7.5cdReplication competent
recombinants could be created with genotype 1b, 2a, 3a, &&arFig. 4.11, 4.12
and 4.13). Four days after transfection, J1blb was detat&2l% of the cell culture,
but was then cleared from the cell culture likely reflectingraability to infect Huh7.5
cellsde novobeyond the transfection stage (Fig. 4.11 top). In markedrast J2a2a
and J5ab5a replication was detected in almost all cells 2 dgstransfection, compa-
rable to Jcl (Fig. 4.12). The immediate spread of these reo@nts and Jcl was ac-
companied by increased cell death, followed by proliferatnf HCV-NS5A negative
Huh7.5 cells as described in previous studies (Zhetreg. (2006); Gottweiret al.
(2007); Mateet al. (2008); Scheeét al. (2008)). However, both start to re-spread in
the cell culture after this initial decrease in infected frelquency, indicating sequence
changes that reduce the cytopathic effect of the virus aachgte its survival in cell
culture. Theses changes were termed as “attenuating”, ke rlaar the difference

with conventional “adaptive” mutations that enhance gilon ability.

Replicating J3a3a and J6a6a viruses were found in 80 % of theuture after an
eclipse phase of 6 and 33 days, respectively (Fig. 4.13). @oadpto other Jxx re-
combinants, where the percentage of NS5A positive cellsredisced again after an
eclipse phase, J3a3a still infected 80 % of the cell cultOrdag/s post-electroporation,
indicating continuous spread to uninfected cells. Sugantanfectivity was measured
at the peak of the infection by determining TG}B (Table 4.1). The highest infectivity
titre was measured for J2a2a with a TGJnl of 10*2. The TCID,, measurement for
J1b1lb was below detection limit (TCKml <10), indicating that this recombinant
does not secrete any infectious virus into the supernataonly at levels below the
detection limit. J1lala and J4ad4a were not viable or thelicapn was not efficient
enough to be detected with our assay. However, replacerhdreg BIS3 protease gene
in J4ada with that of patient-derived protease genes getkthe replication com-
petent recombinants J4ada-7, -8, -19, also see sectio® @&®@. 4.11 bottom and
4.17 bottom). J4ada-7 and Jd4ada-19 showed a similar raphcprofile to J1blb,
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with NS5A-positive cells initially detected in 50 % of thellogulture but then cleared
out as the culture was passaged. As with J1blb, no detectdbtdious virus was
secreted into the supernatant (TGJInl <10). J1ala and J4ada both differ to the pro-
totype sequence H77 and ED43 by one (H77-Met1205Thr) and43EThr1048Ala,
Thr1064lle, lle1160Thr and Argl176Ala) amino acids, respely, in the protease
gene, whereas both are identical to H77 and ED43, resphgctinethe NS4A gene
(Table C.2 and C.4, Appendix C). Which amino acid polymorphisrepibally in-
fluences the impaired replication kinetics of J1lala anda4adliscussed in section
4.3.

Table 4.1: Supernatant infectivity titres determined by TGJRssay.

Viral variant Days post-electroporation TCJ{ml

JFH1 5 166
Jcl 5 10°
JFH1-GND 5 < 10
Jlala 5 <10
Jiblb 5 <10
J2a2a 5 167
J3a3a 15 1o
J4ada-19 5 < 10
J5aba 5 10°
J6aba 33 1%
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Figure 4.11: Recombinants J1blb and J4ada and their viability in Huh7.5llse
Results from 2 independent experiments are presentedJ¥xxB). RNA transcripts

from J1blb (top) and J4ada-19 (bottom) were electroporated Huh7.5 cells and
replication was assessed by immunostaining against NS5A.
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Figure 4.12: Recombinants J2a2a and J5a5a and their viability in Huh7.5lkse
Results from 2 independent experiments are presentedJkxxB). RNA transcripts
from J2a2a (top) and J5a5a (bottom) were electroporated Hub7.5 cells and repli-
cation was assessed by immunostaining against NS5A.
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Figure 4.13: Recombinants J3a3a and J6a6a and their viability in Huh7.5llse
Results from 2 independent experiments are presented¥J¥xxB). RNA transcripts
from J3a3a (top) and J6a6a (bottom) were electroporated Hub7.5 cells and repli-
cation was assessed by immunostaining against NS5A.
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Investigation of the replication defect of the J1ala recomimant

To investigate whether the defect in replication in the dlscombinant was due to
the genotype 1a NS3 protease, the genotype la NS4A cofactocampatibilities
between these and the genotype 2a backbone, both proteieseptaced with that of
genotype 3a. The Jlala NS3 protease or the NS4A cofactoreplced with that
of genotype 3a, which are compatible with the genotype 2&tmaee, to create J1a3a
and J3ala. Jla3a contains the NS3 protease of genotype ibeaN&4A cofactor
of genotype 3a. J3ala contains the genotype 3a NS3 protedsbeaNS4A cofactor
from genotype 1a (Fig. 4.14). Neither of the 2 recombinaegdicated to detectable
levels in Huh7.5 cells, indicating that incompatibilitysises of NS3 protease or NS4A
alone is not responsible for the defect in replication. Regri@ent of the NS3 protease
gene in J1ala with that of patient-derived protease gendlyg pescued the replication

defective phenotype of J1ala, as described in section.4.2.3

BstBI BglII NS4A

NS3 protease™, ™
BlpIMlul p3a

o BstBI BglII NS4A

J3ala 16%0 © g

S3

p3a BlpI Mlul

Figure 4.14: Genome map of the recombinants J1a3a and J3aXaenome map of
cDNA clones (pJ6CF, dark grey; pJFH1, white). The NS3 protease gf JFH1 was
replaced with the corresponding intergenotypic gene (repthregion, coloured) using
the genetically engineered restriction sites BstBl andIiBdhe NS4A gene of JFH1
was replaced with another corresponding intergenotypic gesiag the genetically
engineered restriction sites Blpl and Mlul.
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Role of Huh7.5 cells in recombinant replication kinetics

Huh7.5 cells lose their susceptibility to support HCV regation when they are left to
grow to confluency. During passaging of Huh7.5 cells it wasdfore made sure they
never reached more than 70-80 % confluency. Nevertheless, RINA replicated
to lower levels in cells that have been passaged for sevexeksvbefore they were
transfected compared to fresh cells grown up from liquicbgien (Fig. 4.15). A large
number of Huh7.5 aliquots was therefore prepared, stordiduid nitrogen and for

each transfection a fresh batch of cells grown up.
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Figure 4.15: Passaging of J3a3a in fresh and passaged Huh7.5 cell8a3a repli-
cates more efficiently in fresh Huh7.5 cells than Huh7.5dékht have been passaged
several times and have reached high confluency.
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4.2.3 Replication kinetics of J1ala, J1blb, J3a3a, J4a4a and J6aba
containing NS3 protease genes derived from HCV-infected

patient plasma

This part investigates whether the differing replicationetics of recombinants con-
structed from different genotypes were a consistent g@eeaissociated property or
whether it originated from naturally occurring varialylietween HCV variants within
a genotype. For this purpose recombinants from proteasesganplified from multi-
ple patients infected with genotypes 1a, 1b, 3a, 4a or 6atmated markedly different
replication kinetics and abilities to generate infectiouss (Fig. 4.11, 4.12 and 4.13;
Table 4.1), were constructed. For each genotype, recomisiveere created using
PCR-amplified protease sequences from epidemiologicalipked patients infected
with genotypes 1l1a, 1b, 3a, 4a or 6a, which were then clonedting corresponding
intergenotypic recombinant. From the 32 genotype 3a verianalysed in chapter 3,
the protease genes of 4 were used to replace the proteassagdda3a. Clones con-
taining amino acid polymorphisms not found in any other seqe in the Los Alamos
HCV sequence database, GenBank or the consensus sequengedataset (Fig. 3.3)
were discarded, ensuring representation of naturally ogupolymorphism, except
for J3a3a-6. J3a3a-6 has an Asn at position 1046, which igyanpophic site with
Ser/Gly/Arg. Asn did not occur in the analysed dataset, bul@6Asn is a conserva-
tive amino acid change and might occur naturally. Clone J8&Bassibly represents
a non-dominant viral variant of patient R11354 it was amglifiom. Recombinants
with patient-derived NS3 protease genes were named Jxb@uof patient. All 4
constructs (J3a3a-3, -6, -8, -11) yielded replicatingwiout with different replication
kinetics (Fig. 4.16 top). J3a3a-11 (R11276) replication detected in most cells on
day 9, slightly earlier than with J3a3a. J3a3a-8 (R11288)8a8a-3 (R11482) spread
occurred after an eclipse phase of 28 days and that of J3gR341854) after 37 days.

It was unclear whether the differences in the replicatiorecs of the J3a3a recombi-
nants represented different degrees of compatibility betwthe patient-derived pro-
tease sequences and the NS4A cofactor sequence derivethizaeference strain or

whether there were specific compatibility problems with ¢femotype 2a backbone
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sequence. To investigate this, we compared the NS4A segs@icthe prototype
(HCV3a-Gla) with those of the 4 subjects (Table C.3, AppendixAl)J3a3a recom-
binants’ NS4A cofactor sequences were identical at the araaid level, except for
a Leul670lle amino acid substitution in the J3a3a-11 recoamb. Leul670 is domi-
nant among genotype 3a variants, although 14 sequence¥aligimd 3 with Phe were
identified among the 180 variants analysed. These obsengatidicate that reduced
compatibility between the NS3 protease and the prototype 3&#=8la NS4A is most
likely not a determinant for the observed differences inrdq@ication kinetics of the
J3a3a recombinants. Differences in replication kinetiesvieen the different J3a3a

recombinants are therefore most likely due to the proteasH.i

By the same methods, J1ala recombinants with patient-dgrrateases were created.
From the 29 genotype 1a variants analysed in chapter 3, tiegse genes of 9 were
used to replace the protease domain of J1lala. 7 recombnegtitated to detectable
levels, Jlala-1 (R11188), -2 (R11159), -3 (R11148), -4 (R111-83)R11296), -6
(R11256) and -8 (R11249). Jlala-7 (R11256) and Jlala-9 (R1di20yt produce
any detectable virus (Fig. 4.18). However, none spread teertian 0.08 % of the
cell culture and all cells were NS5A-negative after 30 dalgzcept for J1lala-1, all
Jlala recombinants contained naturally occurring amimd @aymorphisms repre-
sented among sequences of the 570 variants available fromatiabases and the 31
variants analysed in chapter 3 (Table C.2, Appendix C). InreshtJlala-1, which
was the recombinant showing the best replication kinetiostained one amino acid
substitution (Glu1056Gly) that does not occur in any othetiant analysed. To in-
vestigate whether the H77*-NS4A cofactor was responsiié¢hfe severally impaired
replication fitness of the J1ala recombinants, NS4A amirtbssruences of subjects
whose proteases were used in the recombinants, were cainpéahethat of H77*.
The membrane segment and the NS3 cofactor region showea acishidentity (Ta-
ble C.2, Appendix C). Some polymorphisms occurred in the Citexhdlomain of the
NS4A cofactor, which though, is not involved in the directeiraction with the NS3
protease (Brasst al. (2008)). Differences in replication kinetics between tliféed
ent J1ala recombinants are therefore most likely due torthtease itself. Whether

the overall poor replication kinetics of the Jlala recorabis can be attributed to
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the reduced enzymatic function of the 1a proteases or theampatibility with the
remaining type 2a sequence remains to be investigated.

The generation of J4ada patient-derived protease recamisimesulted in a replicat-
ing virus in 3 (J4ada-7, -8, -19) out of 4 (J4ada-7, -8, -9, {B&ombinant viruses
(Fig. 4.17 bottom). A total of 40-50% of all cells were posgitifor NS5A 4 days

post-electroporation with J4ada-7 and J4ad4a-19 RNA, wkejdada-8 only repli-
cated to very low levels. J4ad4a-ED43* (Ala1048 and lle1084a4a-7 (Thr1039 and
Argl1056), J4ada-10 (Prol1169) and J4ada-19 (1le1153) awsimino acid polymor-

phisms which do not exist in any other genotype 4a variantyaed (n = 39) (Table

C.4, Appendix C). Only recombinant J4a4a-8 shows an amingpatysinorphism that

also exists within the 4a variants from the database. It @eam which amino acid
polymorphism contributes to the impaired replication pitgpe in J4a4a-ED43* and
Jdada-10.

The generation of J1b1b patient-derived protease rec@ntsnmesulted in replicating
virus for both of the generated recombinants J1b1b-2 anth31B, with both showing
similar replication kinetics to the prototype recombindfablb (Fig. 4.17 top). All
amino acid polymorphisms in the 2 recombinants are najuaaiturring (Table C.1,
Appendix C). The same was true for J6a6a patient-derivece@set recombinants
(Fig. 4.16 bottom). J6a6a-4 immediately infected 70-80 %tefcell culture, whereas
J6a6a-8 took 30 days to spread to the rest of the cell cukurelar to the prototype
recombinant J6a6a. All amino acid polymorphisms in the Bmdmzinants are naturally
occurring (Table C.5, Appendix C).
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Figure 4.16: J3a3a and J6a6a patient-derived protease recombinants #edr vi-
ability in Huh7.5 cells. The protease region of J3a3a (top) and J6a6a (bottom) was
replaced with that of 2 or 4 patient-derived protease genes their replication ca-
pacity assessed in the Huh7.5 cells.
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derived protease genes and their replication capacity ss=se in the Huh7.5 cells.
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4.2.4 ldentification of adaptive and attenuating mutations in re-

covered Jx and Jxx viruses

J5a, J6aba and the patient-derived recombinants J3a3&3a-6 and J3a3a-8 only
spread in the cell culture after an eclipse phase. To irg&&tiwhether the delay in
replication reflected a requirement for adaptive mutatimnallow efficient replica-
tion, the nt sequence from the NS3 protease and NS4A genansegmplified from
cell culture supernatants after the recombinant had sppe8d % of the cell culture
was determined (Table 4.2). The gene region from nt posREB3 to 4178, which
included the 3’end of NS2 and the 5’end of the NS3 helicasenambsition 5230 to
5536, including NS4A, were sequenced at peak infectivityhef individual viruses.
In the recovered genome of passaged J3a3a-6, mutationsdeteted within NS2
(A3364G), the NS3 protease (A3478G) and the NS3 helicasano@4005T) in all 5
clones analysed. These led to a GIn1008Arg amino acid charg®2, a Asn1046Ser
amino acid change in the NS3 protease domain and a Thr12228eo acid change
in the NS3 helicase domain. In the recovered genomes of gegdada3a-8 and J3a3a-
3, no substitutions were detected except in NS4A, wheredbies analysed had the
C5328G and T5329C substitutions among others. The resullend663Arg amino
acid substitution only became dominant in the J3a3a reawembiafter 43 days pas-
saging in the cell culture.

J5a had 2 substitutions within the NS3 protease domain (8G&ihd C3854G), lead-
ing to the amino acid substitutions Asn1103Ser and Cys1 1/ 1Within the type 2a
NS4A, one nt substitution (G5430A) led to the amino acid geaAspl679Asn. The
J6aba recombinant virus had 2 substitutions (A3558G andB&BY resulting in a
Val1040Leu amino acid change within the N-terminal parthef NS3 protease. This
amino acid is highly conserved among all genotypes, ontynatlg Leu, Val or lle
(Brasset al. (2008)). Both J2a2a and J5a5a replicated to high levels Ircakure,
accompanied by increased cell death. After an initial eleee of the virus, both spread
in cell culture again, indicating the acquisition of attating mutations (Fig. 4.12). A
C3538G nt change within the protease domain of J2a2a leadShol@66Ser amino
acid change. Within J5a5a, 3 nt changes (C3416G, T3968C a@8143, leading to
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a GIn1247Leu amino acid change, were identified (Table 4.2).

Table 4.2: Mutations of Jx and Jxx recombinants during passaging in Hah5 cells.
Nt positions are numbered according to the H77 (AFO0960&yegfce position.

Viral variant  NS2 NS3 protease NS3 helicase NS4A

J5a A3649G + C3854G G5430A

J2a2a C3538G

J3a3a C5328G + T5329C

J3a3a-3

Clone 1,4,5 C5328G + T5329C

Clone 2 C5328G + T5329C + T5365C

Clone 3 C5328G + T5329C + T5447C

Clone 6 C5328G + T5329C + T5358C

J3a3a-6

Clone 1-4 A3364G A3478G A4005T

Clone 5 A3364G A3478G A4005T + A3362G

J3a3a-8

Clone 1,3,5 C5328G + T5329C

Clone 2 C5328G + T5329C + T5389C
+ A5434G

Clone 4 C5328G + T5329C + A5472G

J5aba C3416G T3968C + A4081T

J6aba A3458G + G3459T
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4.2.5 Recombinant adapted/attenuated viruses efficiently infect
Huh7.5 cells

To identify whether the substitutions occurring in NS4A@aated for the differences
in replication kinetics of the J3a3a-3 and -8 recombinanisgs, mutations were in-
troduced into the original plasmids and their viabilityteasin Huh7.5 cells. Both
J3a3a-3 16634 and J3a3a-Bie63a Spread directly within the cell culture and after 11
and 17 days, respectively, almost all cells were infecteth mplication kinetics sim-
ilar to that of J3a3a and J3a3a-11 (Fig. 4.19). The Leul6®3Alino acid change at
the 5’end of NS4A was therefore sufficient to restore efficreplication. In contrast,
J3a3a-&y1008r,N10465, T122280fECtEd 4 % Of HUN7.5 cells after only 3 days compared to
the original J3a3a-6, which took 20 days before any Huhd&tpe cells could be
detected (Fig. 4.20 top). The mutant failed to subsequespitgad to the rest of the
cell culture, indicating the likely presence of mutationgside of the sequenced NS3

protease and NS4A gene region in the original adapted clone.

Reintroducing the Val1040Leu amino acid change into J6at&rgéed a recombi-
nant (J6a6&;040.) Which showed improved replication kinetics as well (Fig2Gtbot-
tom). At 2 days post-electroporation, J6aggo. replicated in 80 % of the cell culture
and continued to infect most of the cell culture 14 days pdstiroporation. J2a2a
and J5ab5a both replicated to high levels but replicationagzasmpanied by increased
cell death. Reintroducing the identified mutations (Tab®) ¢enerated 2 attenuated
viruses, J2a2p0s6s and J5a5@1247. (Fig. 4.21). Both J2a2fgess and J5a5@1247
were immediately able to infect about 80 % of the cell culiame continued to infect
the majority of cells 14 days post-electroporation. Deseglacell death was observed

as well.
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Figure 4.19: Recombinants J3a3a-3 and J3a3a-8 including adaptive mutas and
their viability in Huh7.5 cells. Viability of J3a3a-3 15634 and J3a3a-8 1563 Were
assessed by anti-NS5A immunostaining.
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Figure 4.20: Recombinants J3a3a-6 and J6a6a including adaptive mutascend
their Vlablllty in Huh7.5 cells. \ﬂablllty of J33.3a-%1008R1N104631T1222@nd J6aba,1040L
were assessed by anti-NS5A immunostaining.
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Figure 4.21: Recombinants J2a2a and J5a5a including attenuating mutatsoand
their viability in Huh7.5 cells. Viability of J2a2arigessand J5a5ay1247. Were assessed
by anti-NS5A immunostaining.
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Genetic stability of J3a3a

To investigate whether recombinant virus secreted intstipernatant of the cell cul-
ture infects nave cells, TCID, measurements were performed (Table 4.1). Using
the J3a3a recombinant it was also investigated how thistioiges viral recombinant
spreads within a cell culture of hee Huh7.5 cells. J3a3a cell culture derived super-
natant was passed through a 2 filter to remove all cells, diluted 1 in 5 and used
to infect ndve Huh7.5 cells. Supernatants collected from the J3a3sapasy exper-
iment (Fig. 4.13 top, J3a34) on day 15 and day 30 were compared (Fig. 4.22).
Day 30 supernatant spread faster than day 15 supernatditating that the infec-
tivity of cell culture supernatant has increased duringitiiteal cell culture passaging
experiment. After 24 days of passaging, the entire genontapf30 supernatant re-
covered virus was sequenced. Besides the before describedltige adaptive muta-
tion (Leul663Ala), no additional mutations were identifiethe consensus sequence,
indicating stable replication of J3a3a in Huh7.5 cells.

100

—&— J3a3a-SN d13 )
—O— J3a3a-SN d30 Sequencing

% HCV NS5A positive Huh7.5 cell

0 5 10 15 20 25 30
Days post-electroporation

Figure 4.22: Passaging of J3a3a supernatant (SN) in hee Huh7.5 cells. Super-
natant collected on day 13 and day 30 from the J3a3a passa&yipgriment (Fig. 4.13
top, J3a3aA) was used to infect fige Huh7.5 cells and spread within the cell culture
followed by anti-NS5A immunostaining. The arrow indicatesdhy of supernatant
collection for whole genome sequencing.
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4.2.6 Summary of results

A panel of intra- and intergenotypic recombinants basederitll-length replication-
competent clone Jcl were constructed and their replicagsassed in the Huh7.5 cell
culture system. Using naturally occurring restrictioresito replace a fragment in-
cluding the NS3 protease plus parts of NS2 and the NS3 helwés that of Jc1,
resulted in replication defective recombinants. The ihiiciion of unique restriction
sites on the boundaries of the NS3 protease led to a replicatmpetent intergeno-
typic recombinant for genotype 5a. Including the NS4A ctdagene in the recom-
binant construction rescued the intergenotypic reconmtghaf genotype 1b, 3a and
6a. For genotype 1la and 4a including the homologous NS4A wasuficient to re-
store replication. However, additional replacement of &8 protease with that of
patient-derived ones improved replication kinetics taedttble levels. Intra- and in-
tergenotypic recombinants varied widely in their replicatkinetics. Some required
adaptive, others attenuating cell culture mutations. Redicing these into the orig-
inal viruses resulted in stably replicating intra- and ligémotypic recombinants. The
generated intergenotypic recombinants provide an efectll culture system for the
assessment of antiviral susceptibilities and resistaeseldpment of NS3 protease

genes for the 6 major genotypes of HCV.

4.3 Discussion

The genetic variability of HCV proteins of different genogganfluences the molecular
structure of protease and polymerase enzymatic sites aedt@ly limits the effec-
tiveness of antiviral therapy targeting viral replicatioroteins (Holland-Stalegt al.
(2002)). As discussed in section 1.8.1, the PI BILN 2061 shewsarly 2 log weaker
binding affinity to genotype 2 and 3 proteases than to typ@tepses (Thibeaudt al.
(2004)), a difference that translates to much weaker aatiefficacy of BILN 2061
among patients with HCV genotype 2 or 3 infection (Reeseal. (2005)) than those
with genotype 1 (Lamarret al. (2003)). The reduced effectiveness of antiviral drugs

on certain genotypes also potentially facilitates the Wgraent of resistance muta-
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tions. Another PI, VX-950, showed similar efficacy in germmyla, 1b and 2a, but
lower efficacy in genotype 3a (Pereti al. (2006); Reesinlet al. (2006)).

Current drug discovery and optimisation is mostly dependaraboratory-optimised
standard replicons. However, the standard replicon systdynallows the evaluation
of a limited number of laboratory strains that do not refleetgreat genetic inter- and
intragenotypic diversity of HCV. Different replicon-baseector approaches have to
date been limited to the investigation of the activity of qguunds against different
HCYV variants from genotype 1 to 4 (Bindet al. (2007); Qiet al. (2009)). However,
the replicon based system does not include structural gareetherefore does not rep-
resent the full viral life cycle of HCV. This chapter descstibe development of a full-
length HCV cell culture system, allowing the study of the N$@@ase of the 6 major
genotypes. Recombinant viruses were constructed from ddbfragenotypic geno-
type 2a recombinant, which replicates efficiently in Huh@ells (Pietschmanat al.
(2006)). The resulting recombinant viruses encode the NB8@&ase or the NS3 pro-
tease and NS4A gene from genotype la, 1b, 2a, 3a, 4a, 5a ootédype strains or
different clinical variants, respectively.

At the beginning only Huh7 cells and pJFH1, the first fulldgmHCV RNA to repli-
cate efficiently in Huh7 cells, were available and recombisavere constructed with
pJFH1 as a backbone (Wak#hal. (2005)). Initially, naturally occurring restriction
sites were used to swap a fragment of JFH1 including the N&2ase with the equiv-
alent from genotype 1la or 3a prototype plasmids. The fragmalso contained part
of the NS2 protein and the NS3 helicase domain, resultingtergenotypic NS2 and
NS3 helicase proteins. The replication Kinetics of the ltegyrecombinants, Fla,
and F,3a,, were assessed in the Huh7 cell culture system by immumasgafior the
non-structural protein NS5A. Neither of the recombinamtsdpced detectable virus,
suggesting that the recombinants were either replicatioompetent or the replication
fitness was too low to be detected by immunostaining. Thergéaintergenotypic
NS2 and NS3 helicase proteins are possibly not functiortaé. 3D structure of a pro-
tein is important for its function and changing amino acidthim a protein will most

likely alter its 3D structure and thereby affect the funitid'he replication defect of
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the recombinants might also be due to incompatibilitiesveen the genotype 1a/3a
proteins and the genotype 2a backbone. The genotype 2awemqfdhe NS3 protease
differs considerably to that of genotype 1a and 3a (Fig. ¥.E8rthermore, the NS3

protease closely interacts with its cofactor NS4A and ggrefla/3a proteases might
work less efficiently with a genotype 2a NS4A cofactor, asualssed below.

NS3 protease

1027 1113
JFH1 II\P ITAYAQQTRG LLGAIVVSMT GRDRTEQAGE VQILSTVSQS FLGTTISGVL WIVYHGAGNK TLAGLRGPVT QOMYSSAEGDL VGWPIS
Jlala .......... tiiiiiian . C.IT.L. ...KNQVE.. ...V..AT.T ..A.C.N..C ........ TR .I.SPK...I ...TNVDQ.. .... A
Jlblb .......... .... S..... V..C.IT.L KNQVE ..VV..AT.. A.C.N..C ........ S. .... PK..I TNVDL.. ... QA
J2a2a  ..... St e Toovinn onn K.o..... IV oot St i e S e e
J3a3a ... i e T..T.L. ...KNVVT v AT.T ...... G..M ........ SR AKH.AL TNVDQ.. .... A
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J5a5a .......... ... Voo, L. ...KN.AE .V...AT.T . C.N..M F S PK v TNVDK.. .....
J6aba .......... c.iiiiaaa. V.T..T.L. ...KN.VE .VV..AT A.S.N..M ........ S. .... P....C TNVDL.. .....
1114 1207
JFH1 PPGTK SLEPCKCGAV DLYLVTRNAD VIPARRRGDK RGALLSPRPI STLKGSSGGP VLCPRGHVVG LFRAAVCSRG VAKSIDFIPV ETLDVVTR
Jlala .Q.SR ..T..T..SS ....... H.. ... V.o.... S ..S....... . Yoo L...A..A.. .......T.. ...AV..... .N.GTT...
Jlblb ...AR .MT..S..SS ....... H.. ... V.o.... S ..S...... V .Y........ L...S..... Voo, T.. ... AV..... SMETTM
J2a2a  ..... ..... Tt e i i e e P A, V.o e e I....
J3a3a ..... ..... A..SA ....... D.. ......... S TAS...... L AC M..S...A. I...... T.. ... ALQ.... ... STQ
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NS4A
1658 1712

JFH1 STWVLAGGVL AAVAAYCLAT GCVSIIGRLH VNQRVVVAPD KEVLYEAFDE MEEC

Jlala .....V.... ..L.....S. ...V.V..IV LSGKPAII.. R....QE... ........

Jlblb .....V.... ..L.....T. .S.V.V..II LSGKPA.V.. R....QE... ........

J222a ... i e C...... O S

J3a3a ..... L.... .. L..... SV ...V.V.HIE LGGKPALV.. ..... QQY.. ........

J4ada ..... Voo, .. L..... SV .S.V.V..VV LSGQPA.I.. R Q0. . .

J5a5a ..... V...V ..L..... TV .S.A.V..II LSG.PA.I.. R....QQ... ........

J6a6a ..... Voo .. L..... SV ...V.C..IT LTGKPA.V.. R.I..QQ... ........

Figure 4.23: Comparison of genotype 1a, 1b, 2a, 3a, 4a, 5a and 6a NS3 preteas
and NS4A cofactor sequenceslop, alignment of NS3 protease residues (in black)
from recombinants Jlala, J1blb, J2a2a, J3a3a, J4ada, Jaabal6aba to JFH1
(NCBI accession number AB047639). Bottom, alignment of NSdi&gse cofactor
residues (in black) from recombinants J1lala, J1blb, J2d2a3a, J4ada, J5a5a and
J6aba to JFH1. Dots indicate amino acid sequence identity.
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Because recombinants based on the JFH1 clone were not teygitadetectable lev-
els in the Huh7 cell culture system, further recombinantseve®nstructed based on
the Jc1 backbone. Jcl is an intragenotypic genotype 2a t@oant, which replicates
efficiently in Huh7.5 cells and yields infectious titres 1@01,000-fold higher than
JFH1 (Pietschmanet al. (2006)). Furthermore, Huh7 cells were replaced with the far
more permissive Huh7 subclone Huh7.5, in which HCV variaadicate to higher
levels (Blightet al. (2002); Sumpteet al. (2005)).

To reduce a possible influence of intergenotypic NS2 and Nfi8dse proteins on re-
combinant viability, 2 unique restriction sites were imlnged at the boundaries of the
NS3 protease. This allowed the construction of intra- atetgenotypic recombinants
including the NS3 protease alone from another genotype.ederythe attempt to re-
place the NS3 protease alone was not successful in creaffigation competent in-
tergenotypic viruses, except for genotype 5a (J5a) (Fif, #hich only spread within
the cell culture after acquiring adaptive mutations (TabR®). Two adaptive mutations
were identified within the NS3 protease (Asn1103Ser and G3&Iir) and one within
NS4A (Aspl697Asn). Asnl1103 is the dominant amino acid withli genotypes ex-
cept those of type 2a, where Ser is dominant. This suggestg#Asn1103Ser amino
acid change towards type 2a consensus sequence is a restheifmompatibility be-
tween the type 5a NS3 protease and the remaining type 2arssqu@ys1171 is part
of the zinc binding site Cys1123, Cys1125, Cys1171 and Hislfl&yjng a struc-
tural role (De Francesacet al. (1996); Kimet al. (1996)). It has been reported that
these 3 Cys are necessary within NS3 (Tedbury & Harris (20@dugh one geno-
type 1b variant with Trp1171 and one genotype 3a variant Witti171 can be found
among GenBank variants. It cannot be excluded that those digsto Taq errors or
represent non-viable variants, but as the consensus ssxjoé viable variant was
sequenced here, it is unlikely that Cys1171Thr is a Taq ewsrThr is bulkier and
bigger than Cys, this amino acid change might result in changéhe 3D structure
of the protease to better interact with the remaining typerdseins. Aspl697Asn is
part of the C-terminal acidic domain of NS4A, which has beemshto fold into an
a-helix in a pH-dependent manner. Using Ala substitutiorieag been demonstrated

that Asp1697, among other residues within the C-terminustusial in RNA repli-
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cation (Lindenbaclet al. (2007)). Also, Asp1697 is dominant among all genotypes,
supporting a crucial role of Asp at this site. However, A9l & tolerated as well,
as some genotype 1 sequences within GenBank have an Asn1687Asp1697Asn
amino acid change might therefore play a structural roleeas Wtroducing the indi-
vidual adaptive mutations into the original J5a recombinesuld be necessary to get
conclusive results on the influence of the individual motagion the replicative fithess
of J5a.

Jcl including the 2 unique restriction sites (Jc1-BB) and thegenotypic recom-
binant J2a replicated similarly to the parental strain (F§5 and 4.7), indicating
that the introduction of new restriction sites and fragm@mapping has not a major
affect on the replication ability of Jc1. Since the NS3 paste forms a stable com-
plex with NS4A (Bartenschlaget al. (1995)) and is required for itsans cleavage
activity and membrane anchoring (Faidaal. (1994, 1995); Tanjet al. (1995)), it
was reasoned that the poor replication ability of most Jxstroicts may have origi-
nated through incompatibilities between these 2 proteasgonents. Due to their
close interaction and the substantial sequence varialnlithe NS4A contact zone
of genotype 2a and the other genotypes (Fig. 4.23), it mighéXpected that cofac-
tors of different genotypes might attenuate protease ictiHowever, it has been
shown that the NS3 protease domain can functionally crassact with the NS4A
cofactor from another genotype (Franetoal. (2008); Wright-Minogueet al. (2000))
and NS3 protease genes from different genotypes clonedLim@a reference strain
replicons do produce replication competent repliconsefits by other groups to in-
clude full-length NS3/4A genes of other genotypes, inglgdhe helicase, in the 1b
or 2a chimaeric replicon system generally failed to creéfteiently replicating repli-
cons, although in the latter case this may reflect a furtherpatibility restriction for
the helicase to be of the same genotype as the RNA polymeraseathby NS5B
(Binderet al. (2007); Qiet al. (2009)).

The NS4A of genotype 2 has been shown to be much less efficiedmterologous
combinations than those of other genotypes (Wright-Minogjus. (2000)), which

might explain why most of our recombinant viruses contajrine type 2a cofactor
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did not replicate efficiently enough for detection. NS4A ehgtype 1a, 1b, 3a, 4a, 5a
and 6a are more similar to each other on the amino acid sequevred than they are to
genotype 2a (Fig. 4.23). Why though the genotype 5a proteasesfa viable complex
with the 2a backbone and the others do not remains unclear.

To resolve this compatibility issue, the corresponding blmgous genotype specific
NS4A cofactor was included in the construction of the recioralx viruses (Fig. 4.8
and 4.9). This led to viable recombinants for genotypes 432, 5a and 6a (Fig. 4.11,
4.12 and 4.13). Preliminary experiments in Huh7 cells, canmg the JFH1 based
recombinant F3a3a with the Jc1 based recombinant J3a3aedhas expected that
recombinants based on the Jc1 backbone replicated moriewrtfyoFig. 4.10). J1lala
and J4ada were impaired in their replication, but replacemithe NS3 protease gene
in J4ada with that of patients allowed the generation oficapbn competent 4a re-
combinants (Fig. 4.11 bottom and 4.17 bottom). As expeci2d2a replicated most
efficiently and immediately spread within the cell cultufeg; 4.12 top) and J5a5a
also spread to most cells within 2 days (Fig. 4.12 bottomd) lsomparable with the
parental Jc1. Similarly, the spread of Jc1 and these 2 reicamiviruses was also ac-
companied by increased cell death, followed by proliferanf HCV-NS5A negative
Huh7.5 cells, as described in previous studies (Zhetreg. (2006); Gottweiret al.
(2007); Matewet al. (2008); Scheett al. (2008)). Reintroduction of attenuating mu-
tations into J2a2a and J5a5a (Table 4.2) allowed the gemerat 2 recombinants
which immediately and continuously infected the cell crdtand were associated with
decreased cell death (Fig. 4.21). The Thr1066Ser aminocheidge within the NS3
protease of J2a2a is a change towards the JFH1 sequenck haki€er1066. Thrl1066
is dominant among genotype 2 sequences, but Ser1066 oscwedland is therefore
naturally occurring. The attenuating effect of Thr1l0668erJ2a2a is in accordance
with the lower replication kinetics of JFH1 compared to Jear J5a5a an attenuating
amino acid change was found within the NS3 helicase domdni,237Leu. GIn1247
is dominant across genotypes, indicating a crucial rolelofabthis position. A non-
conservative amino acid change away from the consensussegjof HCV explains
the attenuating effect of GIn1247Leu.
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In contrast, the observed clearance of J1blb and J4a4det &rahsfection is the likely
consequence of their failure to generate any infectioussviFig. 4.11). Unlike the
other recombinant viruses, where spread is reduced afteclgse phase, J3a3a con-
tinuously infected about 80 % of the cell culture, with higkeduencies of infected
cells even after 70 days of passaging in cell culture (Fid.34op). As it has been
shown that the catalytic efficiencies of genotype la, 3a angdrdteases are similar
(Francoet al. (2008)), the inability of genotype 1a and some genotype dambi-
nants to replicate efficiently likely is a consequence ofitltempatibility between the

NS3 protease/NS4A and the remaining type 2a sequence.

Jlala and J4ada both differ from the prototype sequenceamtV2D43 by one (H77-
Met1205Thr) and 4 (ED43-Thrl048Ala, Thr1064lle, llel160®&nd Argl176Ala)
amino acids, respectively, in the protease gene, wherdhsab® homologous to H77
and EDA43, respectively, in the NS4A gene (Table C.2 and C.4eAp C). Met1205
is predominant among genotype la variants, although onbeob70 available se-
guences of other genotype la variants contained a Thr eesitthis site, one a Val
and one an lle. Four of 459 genotype 1b variants in the HCV datbontained the
Thr residue at this position as well, largely discounting thubstitution as a cause
of the poor replication ability of the J1ala clone. In costrahe Thrl048Ala muta-
tion in genotype 4a is, with one exception in a genotype 3mna(Alal048), absent
among protease gene sequences of all genotypes includiagadhble genotype 4a
sequences (n = 39). The presence of an Ala at this site isftinereertainly con-
sistent with the poor/impaired replication of J4ad4a. Theeas true for Thr1064,
which is, with the exception of one variant, conserved anmtbeganalysed variants of
genotype 1a, 1b, 3a, 4a and 6a. However, in genotype 2 vauganhr/Ser polymor-
phism can be found at this position, suggesting that mutatiahis site is tolerated.
Nevertheless, Thrl064Ser is a conservative amino acicgehavhereas Thr1064lle is
non-conservative and possibly affecting the fithess of d4@r1160 and Alall76 are
the predominant amino acids at these positions within timetype 4a variants anal-
ysed, making these substitutions unlikely candidatesHeroor replication kinetics
of J4ada.
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The J6a6a recombinant only spread within the cell cultuteran eclipse phase,
indicating adaptive mutations (Fig. 4.13 bottom). The idesd mutation within
the NS3 protease (Vall040Leu) is a change at a position whiglly conserved
Leu/Val/Phe/Met polymorphism and reintroducing it inte triginal recombinant res-
cued its impaired replication kinetic (Fig. 4.20 bottom)al2040 is part of a highly
conserved NS3 amino acid segment (residue 1036-1050)dirasfana-helix. The
hydrophobic residues at positions 1039, 1040, 1043, 10441847 are conserved
among all HCV genotypes and form the very strong hydrophaldie sf the helix on
the protein surface (Brass al. (2008)). Vall040Leu is a conservative amino acid
change maintaining the hydrophobic character, but chgnigwards the more domi-
nant amino acid at a polymorphic site, explaining the bigactp/al1040Leu has on

the replication fitness of J6a6a.

Even though the NS3 protease is considered one of the moee@a proteins en-
coded by the HCV genome, different genotypes do show sulmstamino acid se-
guence variability that potentially influences its struetand function (Holland-Staley
et al. (2002); Lodriniet al. (2003); Valletet al. (2005); Winterset al. (2006)). Fur-
thermore, it has been demonstrated that catalytic effi@emthin a subtype can vary
widely, especially within genotype 1b, whereas genotyper8teases showed the most
homogenous range of activities (Fraretal. (2008)). Cloning of patient-derived NS3
protease genes of genotype 1 into the 1b replicon constascstiown 2- to 7-fold dif-
ferences in the replication capacities of the construcig{@l. (2009)). To investigate
the influence of these intrasubtype sequence differencescombinant viability, NS3
protease gene sequences from study patient plasma samgieslinectly amplified
and cloned into the corresponding Jlala, J1blb, J3a3a dAd4l6a6a recombinant

viruses.

All 4 J3a3a recombinants constructed from the original 43a8l patient-derived pro-
tease genes generated viable recombinants (Fig. 4.16Tto@ R recombinants J3a3a-3
and -8, which showed diminished replication kinetics, dduwg rescued by introducing
an adaptive Leul663Ala amino acid change within the mengsagment of NS4A
(Fig. 4.19). The Leul663Ala amino acid change presumaldiuisial for efficient and
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continuous spread of the J3a3a recombinants as it was @olsesthin the J3a3a re-
combinant as well after 43 days in cell culture (Table 4.2ixtlkermore, Leul663Alais
an amino acid change towards the consensus genotype 2axsegseggesting adap-
tation to the Jcl backbone sequence. Position 1663 is p#reaghembrane segment
and the amino acid repertoire of 26 reference positions liAMdLeu, with Val being
the most frequent one (Brastsal. (2008)). The Leul663Ala is therefore an amino
acid change towards the more frequently occurring amind, aiplaining its posi-
tive effect on the replicative fitness of J3a3a-3 and -8. &sng J3a3a supernatant in
naive Huh7.5 cells did not reveal any further mutations, iatitg that J3a3a stably
replicates in Huh7.5 cells. Three adaptive mutations waatified in virus recovered
from the J3a3a-6 cell culture. GIn1008Arg (NS2 protein) &hdL222Ser (NS3 heli-
case domain) are both amino acid changes from genotype htiyge 3 sequence.
This suggests that these residues are interacting with 8&p¥otease and the substi-
tutions counteract incompatibilities between the genetya protease and the type 2a
NS2 and NS3 helicase proteins. Serl046Asn is an amino aaitgehback towards
consensus genotype 3 sequence. This suggests that the claserepresents a qua-
sispecies with reduced fitness and the mutation towardosns sequence rescues it.
Reintroduction of these into the original J3a3a-6 resulted virus that immediately
was detectable in Huh7.5 cells but did not spread any fasaéerthe wild type after an
initial spread to 10 % of the cell culture. This suggests thate are other determinants
for efficient spread of this recombinant (4.20 top).

Similarly, NS3 proteases from patients infected with ggpetlb, 4a or 6a were cloned
into the corresponding J1blb, J4a4a and J6a6a recomhindots J1blb recombi-
nants with patient derived protease genes replicated teeiime extent as the prototype
J1blb, indicating that patient-derived sequences can $ily savapped and analysed
(Fig. 4.17 top). Replacement of the NS3 protease gene of tvaJdrototype recom-
binant with those amplified from genotype 4a-infected pasieeversed the impaired
replication phenotype in 3 (J4ada-7, -8, -19) out of 4 caBes @.17 bottom). J4ada-7
and J4a4a-19 replicated similarly to J1b1b, whereas J8aéplication kinetics were
very low and those of J4ad4a and J4ada-10 were below detdictibnTo which amino

acid polymorphism this discrepancy is due is unclear, a®nlytJ4ad4a and J4ada-10,
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but also J4a4a-19 and -7 have an amino acid polymorphisnatiest not occur in any
other sequence of the analysed dataset. Replacing the J&36prdtease with that of
patient-derived genes resulted in replicating recomhsanboth cases (J6a6a-4 and
-8) (Fig. 4.16 bottom). J6a6a-4 immediately spread withmdaell culture and main-
tained a continuous infection, whereas J6a6a-8 showediaatmn profile similar to
that of prototype J6a6a. As discussed above, Val1040Lebéms identified to be a
crucial adaptive change for J6a6a. J6a6a-8 also contaialsd pbsition 1040 whereas
J6a6a-4 contains an lle, a bulkier amino acid similar to Laictvmay underlie its im-

proved replication kinetics.

In a similar manner, NS3 proteases from patients infectdd genotype la were
cloned into the corresponding Jlala recombinants. Thécatiph kinetics of the
resulting recombinants were very low or below detectiontland none of the viruses
were able to acquire adaptive mutations; all Huh7.5 cetucas were NS5A-negative
after 30 days (Fig. 4.18). It has been reported thatrtiwvitro catalytic efficiency of the
genotype 1a NS3 protease is similar to those of 3a and 4apbathose recombinants
were replication competemt vitro (Francoet al. (2008)). It is therefore unlikely
that the J1ala recombinants reproduce less efficientlytheadl3a3as and J4ada-7 and
Jdada-19 because of differences in the enzymatic activitlgyeoproteases. This sug-
gests that genotype 1la NS3 protease/NS4A are less conepaithl the genotype 2a
backbone than genotype 1b, 3a, 4a, 5a and 6a.

To investigate why J5a was replication competent and ther dtts not and why J5a5a,
J3a3a and J6ab6a replicated more efficiently than J1lalab diulJ4ada, their nt and
amino acid sequence within the NS3 protease and NS4A gerecsarpared to that
of JFH1 (Table 4.3). No significant difference between tliusace divergence of the
different Jxxs to JFH1 could be identified, suggesting thatifferences in replication

kinetic are due to specific individual amino acids rathenttiee overall sequence.
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Table 4.3: Nucleotide and amino acid sequence divergence within the Nfs@ease
and the NS4A gene between JFH1 and JxxThe nt and amino acid sequence of
the NS3 protease and the NS4A cofactor gene of each Jxx were rechvpigh that
of JFH1. Using p-value calculations the sequence divergdratween JFH1 and Jxx
was determined (JFH vs. Jxx, JFH1 sequence compared to tmesponding Jxx
sequence).

JFH1 vs. Jxx Nucleotide sequence Amino acid sequence

divergence (%) divergence (%)

NS3

JFH1 vs. Jlala 34.6 28.0
JFH1 vs. J1blb 33.9 30.0
JFH1 vs. J2a2a 10.5 7.0
JFH1 vs. J3a3a 35.5 27.0
JFH1 vs. J4ada 35.7 29.0
JFH1 vs. J5a5a 34.8 26.0
JFH1 vs. J6aba 34.4 24.0
NS4A

JFH1 vs. Jlala 35.7 32.1
JFH1 vs. J1blb 35.7 32.1
JFH1 vs. J2a2a 12.5 5.4
JFH1 vs. J3a3a 41.7 35.7
JFH1 vs. J4ada 42.9 33.9
JFH1 vs. J5a5a 40.5 33.9
JFH1 vs. J6a6a 38.7 33.9
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4.4 Conclusion

This chapter describes the development of a full-length HEMtilture system, which
allows the investigation of protease gene function in all &§ongenotypes, a much
greater range than the genotype 2a and 1a full-length eg¢jgliccompetent clones de-
scribed previously (Lindenbaddt al. (2005); Wakitaet al. (2005); Yiet al. (2006b);
Murayamaet al. (2007a)). Replacing the NS3 protease alone only generatgiliea-
tion competent intergenotypic recombinant for genotypdiauding the NS4A gene
in the recombinant construction resulted in replicatiompetent intra- and intergeno-
typic recombinants representing all 6 major genotypes.oldn introduction of cell
culture adaptive/attenuating mutations, stably rephcatecombinants could be cre-
ated for genotype 2a, 3a, 5a and 6a. The developed systeeseeps a powerful tool
to study the NS3 protease within the full viral life cycle aadtls to the currently avail-
able JFH1-based systems for the study of the non-strugjareds (Pietschmaret al.
(2006); Gottweiret al. (2007); Yietal. (2007); Jensent al. (2008); Scheett al.
(2008); Gottweiret al. (2009)). This system allows the assessment of antiviral sus
ceptibilities and resistance development of HCV NS3 praeges from genotypes
1 to 6, which will be described in chapter 5 and 6. The easewitich protease gene
sequences directly amplified from clinical specimens camnberted in the expres-
sion vector of the appropriate genotype, allows quick asseat of the huge diversity

within HCV genotypes, subtypes and quasispecies variants.
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Chapter 5

Susceptibility of Different HCV
Genotypes to Pls

5.1 Introduction

The HCV-NS3 serine protease is essential for viral replicasind therefore an attrac-
tive target for HCV-specific antiviral therapy (Pawlotsky &Mutchison (2004)). As
discussed in section 1.8.1 and chapter 3, the genetic ayiald HCV proteins en-
coded by different genotypes results in substantial difiees in the molecular struc-
ture of protease and polymerase enzymatic sites. Becauseardrugs are often
specifically designed for the protease of one genotype,thryshow limited efficacy
in other genotypes (Holland-Staleyal. (2002)). One of the first PIs developed was
BILN 2061, which is a small, orally bioavailable molecule miiéed in a substrate-
based approach (Fig. 5.1 left) (Lamaeteal. (2003)). BILN 2061 was specifically
developed for genotype 1 enzymes and was the first Pl to elmerat trials. Geno-
type 1 infected patients showed an impressive reductiordW RNA levels after only

2 days, with some patients even reaching undetectableslextdin 24-28 hours after
administration (Lamarret al. (2003)). Due to structural differences in the protease
protein, BILN 2061 showed weaker binding affinity for genayp and 3 proteases
(Thibeaultet al. (2004)) and as expected lower efficacy in patients infectiéadgeno-
type 2 and 3 (Reiseat al. (2005)). HoweverK; values for nongenotype 1 NS3/4A
proteins are still below 100 nM, making it a potent and contipetinhibitor for all
genotypes. Even though further development of BILN 2061 lwate halted due
to cardiotoxicity in laboratory animals, it is a good PI faiopf of concept studies
(Vanwolleghenet al. (2007)).
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VX-950 is another Pl with potent activity against genotypantl 2 NS3/4A proteins
(Fig. 5.1 right) (Reesinkt al. (2006)), but lower efficacy against genotype 3a pro-
teases (Perrat al. (2006); Paulsort al. (2009); Fosteet al. (2009)). The case of
BILN 2061, and VX-950 later, demonstrated very early on th& crucial to inves-
tigate drug efficacies in all 6 genotypes. Incomplete emddio of the virus due to
reduced efficacy of antiviral drugs on certain genotypes ptgentially facilitates the
development of resistance mutations, also see sectich 1.8.

This chapter describes the assessment of antiviral suisidiéips of HCV NS3 protease
genes from HCV genotypes 1 to 6. Using the cell culture systesaribed in chapter
4, BILN 2061 and VX-950 efficacies on the NS3/4A protease o8 atlajor genotypes
were assessed and compared. Intragenotypic differencesgseptibility to BILN
2061 between patient-derived proteases were additiomatbgtigated.

HaCO

BILN 2061 VX-950

Figure 5.1: HCV protease inhibitors Chemical structure of the HCV PIs BILN 2061
(left) and VX-950 (right).
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5.2 Results

5.2.1 Susceptibility of Jxx recombinants to BILN 2061
Effect of BILN 2061 on supernatant infectivity

Intra- and intergenotypic recombinants derived from ggpet2a, 3a, 5a and 6a that
produced infectious virus were evaluated for Pl sensitivihis section describes how
the activity of BILN 2061 is affected by the sequence diffees of enzymes from
various genotypes (Fig. 4.23). Huh7.5 cells were infect&l wirus containing su-
pernatant (MOI of 0.015), then the reduction in FFU/ml upoh 2061 treatment
assessed (Fig. 5.2a-d). Supernatant infectivities oeathmbinant viruses were inhib-
ited, but to different extents. J2a2a, J3a3a and J5a5a gheiwdar dose-responses
(IC50 = 210nM, 80 nM and 110 nM, respectively), whereas J6a6g #2 nM) was
40- to 100-fold more susceptible to BILN 2061. To visually qmare the reduction in
supernatant infectivity between the different genotypésts from Fig. 5.2 were also

plotted against each other (Fig. 5.3).
Effect of BILN 2061 on viral replication

Since no infectious virus could be generated for J1blb aadal49, Pl susceptibility
was also assessed after synthetic RNA had been electropamtadresh Huh7.5 cells
(Fig. 5.4 and 5.5). After 24 hours, Pl was added and the remtuat the frequency
of NS5A positive cells was assessed at 96 hours post-gectaton. J1blb, J4ada-
19 and J6a6a showed 100- to 1,000-fold greater suscetifiC;, = 3nM, 2nM
and 1nM, respectively) than J2a2a, J3a3a and J5a5%g €C@20nM, 105nM and
480 nM, respectively). To visually compare the reductionimal replication between
the different genotypes, plots from Fig 5.4 and 5.5 were plstied against each other
(Fig. 5.6).
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Figure 5.2: Antiviral inhibition of Jxxs; reduction in supernatant infectivity. After

8 hours inoculation with (a) J2a2a, (b) J3a3a, (c) J5a5a andJ@aba (MOI 0.015),
Huh7.5 cells were washed and incubated in media containinge@IMSO, as a car-
rier control, with or without the indicated doses of BILN 206dhibition was calcu-
lated at 72 hours post-infection as reduction in supernatafectivity (FFU/ml; mean
+SEM; n = 3) after antiviral addition compared to infectiviof the control without
antiviral.
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Figure 5.3: Antiviral inhibition of Jxxs; comparing reduction in supermatant in-
fectivity. To compare the reduction in supernatant infectivity betwenendifferent
genotypes, plots from Fig. 5.2 were plotted against eachrothe
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Figure 5.4: Antiviral inhibition of (a) J1blb, (b) J4ad4a-19 and (c) J6aGaeduc-
tion in viral replication. 1-10g RNA was electroporated into Huh7.5 cells and in-
cubated for 24 hours. Cells were then washed and incubated inancettaining
0.1% DMSO, as a carrier control, with or without the indicateolséds of BILN 2061
for further 72 hours. The percent inhibition of replicatisras determined at 96 hours
post-electroporation (meaftSEM; n = 3) and calculated as the ratio of NS5A-positive
cells in BILN 2061-treated cells to those of the control withantiviral.
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Figure 5.5: Antiviral inhibition of (a) J2a2a, (b) J3a3a and (c) J5a5a; wuction in
viral replication. 1-10.9 RNA was electroporated into Huh7.5 cells and incubated for
24 hours. Cells were then washed and incubated in media contathil % DMSO,

as a carrier control, with or without the indicated doses of BIR061 for further

72 hours. The percent inhibition of replication was deteredirat 96 hours post-
electroporation (meantSEM; n = 3) and calculated as the ratio of NS5A-positive
cells in BILN 2061-treated cells to those of the control withantiviral.
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Figure 5.6: Antiviral inhibition of Jxxs; comparing reduction in viral replication
To compare the reduction in viral replication between thdedént genotypes, plots
from Fig. 5.4 and 5.5 were plotted against each other.
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Effect of naturally occurring sequence variability on BILN 2061 efficacy

To investigate whether naturally occurring sequence bdityawithin a genotype led
to differences in antiviral susceptibilities, the J3a3zormabinants with patient-derived
proteases including adaptive mutations (J3a3aws3a, J3a3a-815634 and J3a3a-11)
were subjected to BILN 2061 treatment as described above. J8a8a recombi-
nant generated from the HCV3a-Gla prototype sequence shawd@;, value of
130 nM, comparable to previous assays (Fig. 5.5), but 2- faBtower than 1Gs
of the patient-derived sequences (310 nM for J3a3a-11, BOdnJ3a3a-8 16634 and
240 nM for J3a3a-3iss3a) (Fig. 5.7). Although requiring further evaluation of more
replicates’ antiviral dilutions to establish formal ssdital significance, these small
differences in apparent susceptibility suggest that soihtieeonaturally occurring se-
guence variability within a subtype or genotype might hawdiract and potentially

clinically significant effect on response to antiviral thpy.
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Figure 5.7: Antiviral inhibition of J3a3a-recombinants with patient-d@éved pro-
teases; reduction in viral replication1-10.g of RNA was electroporated into Huh7.5
cells and incubated for 24 hours. Cells were then washed andated in media
containing 0.1 % DMSO, as a carrier control, with or without timelicated doses of
BILN 2061 for further 72 hours. The percent inhibition of liegtion was determined
at 96 hours post-electroporation (meatSEM; n = 3) and calculated as the ratio of
NS5A-positive cells in BILN 2061-treated cells to those ettimtrol without antiviral.
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5.2.2 Susceptibility of Jxx recombinants to VX-950
Effect of VX-950 on viral replication

Initially VX-950 susceptibility was assessed for the igtmotypic recombinants J1blb,
J3a3a and J4ada-19. Following electroporation of symthieNA into Huh7.5 cells,
VX-950 was added and the reduction in the frequency of NS5gitpe cells was
assessed at 96 hours post-electroporation. J1bl 4@70nM) showed about 2-
fold greater susceptibility to VX-950 than J3a3a{J& 1,520 nM) and about 3-fold
greater susceptibility than J4ad4a-19 {JG 2,330nM) (Fig. 5.8a-c). VX-950 sus-
ceptibility testing for genotype 2a, 5a and 6a was carriedvath the cell culture
attenuated/adapted recombinants. Jeaba (IC5, = 1,230 nM) showed similar sus-
ceptibility to VX-950 as J3a3a, whereas J2a2gssand J6a6&;o40. Showed similar
susceptibility to J1b1b (I¢5 = 1,020 nM and 650 nM, respectively) (Fig. 5.9a-c). To
visually compare the reduction in viral replication betwedbe different genotypes,
plots from Fig. 5.8 and 5.9 were additionally plotted agagech other (Fig. 5.10).
Further dilutions of VX-950 concentrations have to be asse¢$Hetween 500 nM and
10,000 nM to get more accurate results on thg Malues of J2a2a, J5a5a and J6a6a.

5.2.3 Summary of results

The J6aba recombinant was about a 100-fold more suscepiti¢lLN 2061 than
J2a2a, J3a3a and J5a5a, whether assessed by reductioreinagapt infectivity or
viral replication. Genotype 1b and 4a based recombinamtwesth similar susceptibil-

ity to BILN 2061 as genotype 6a. Subtle differences in susio#ipt to BILN 2061
were also found between J3a3a recombinants with patieivedegroteases. Likewise,
genotype specific differences in susceptibility were obsgiupon VX-950 treatment.
J1blb, J2a2apsssand J6a6g1040. Were most susceptible to VX-950, whereas J3a3a
and J5a5@1247 sShowed intermediate susceptibility and J4a4a-19 provbed the most
resistant recombinant. Overall BILN 2016 was about a 100-fobre potent on Jxx

recombinants than VX-950.
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Figure 5.8: Antiviral inhibition of (a) J1b1b, (b) J3a3a and (c) J4ada-19%eduction

in viral replication. 1-10:g RNA was electroporated into Huh7.5 cells and incubated
for 24 hours. Cells were then washed and incubated in media tongg0.1 % DMSO,

as a carrier control, with or without the indicated doses of 930 for further 72 hours.
The percent inhibition of replication was determined at 9@risqgost-electroporation
(mean+SEM; n = 3), and calculated as the ratio of NS5A-positive ciell¥X-950-
treated cells to those of the control without antiviral.

174



Susceptibility of Different HCV Genotypes to Pls

a J2a2a-T1oe6s b J5a5a-aiz47t

120

120

IC50 = 1020 nM IC50 = 1230 nM

100 1

100 1
80 1 80 1
60 1 60 1
40 7 40

20 1 20 1

noAV 10 100 500 1000 10000
VX-950 concentration (nM)

noAV 10 100 500 1000 10000
VX-950 concentration (nM)

Relative infectivity compared to no AV (%)
Relative infectivity compared to no AV (%)

C J6aba-vioaoL

120

IC50 = 650 nM
100 A

80 1

60

40 4

20 1

noAV 10 100 500 1000 10000
VX-950 concentration (nM)

Relative infectivity compared to no AV (%)

Figure 5.9: Antiviral inhibition of (a) J2a2atigees (D) J5a5agi2470 and (c)
J6abay1040.; reduction in viral replication. 1-10xg RNA was electroporated into
Huh7.5 cells and incubated for 24 hours. Cells were then washeédracubated in
media containing 0.1 % DMSO, as a carrier control, with or witlhdhe indicated
doses of VX-950 for further 72 hours. The percent inhibibdmeplication was de-
termined at 96 hours post-electroporation (mea8EM; n = 3), and calculated as
the ratio of NS5A-positive cells in VX-950-treated cellshimse of the control without
antiviral.
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Figure 5.10: Antiviral inhibition of J2a2a, J5a5a and J6a6a; comparing diction
in viral replication. To compare the reduction in viral replication between théegent
genotypes, plots from Fig. 5.8 and 5.9 were plotted againsh ether.
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5.3 Discussion

The PI BILN 2061 has been shown to rapidly reduce HCV RNA plasmaldein
patients infected with genotype 1 (Lamaeteal. (2003)). The drug development of
this P1 has been targeted to genotype 1 proteases, becawsgmel infected patients
respond poorly to the current standard care of treatmenasodepresent the majority
of HCV patients in the developed world. However, other gepesy such as type 2 and
3, account for many infections around the world as well, whsrgenotype 4-6 are
mainly found in Asia and Africa, also see section 1.3.3. Duimtergenotypic genetic
differences, Pls that are highly optimised to bind the 3Ddtire of proteases of one
genotype do not efficiently bind to proteases of other ggresy Inin vitro sensitivity
studies, BILN 2061 showed decreased affinity for the NS3/4dtgarse of genotype
2 and 3 (Thibeaulet al. (2004)). As expected, patients infected with HCV genotype
2 and 3 were less susceptible to BILN 2061 treatment (Reisa&lt (2005)). It is
therefore crucial to assess the antiviral efficacy of Pls iffierdnt genotypes before

they go into clinical trials.

In this chapter, the antiviral susceptibility of NS3/4A prases of all 6 major geno-
types towards BILN 2061 and VX-950 were assessed. Even thBUgk 2061 de-
velopment had been halted due to cardiotoxicity in labeyaémimals, it is a good PI
to test the practicality of the cell culture system desdatilmechapter 4 and to estimate
IC50s of Pls towards the 6 major genotypes (Vanwollegle@l. (2007)). Using the
intra- and intergenotypic recombinants described in avaft J1blb was shown to
be more susceptible to BILN 2061 than J2a2a and J3a3a, as éaslbmonstrated
previouslyin vitro andin vivo (Reiseret al. (2005); Thibeaulet al. (2004)). Thein
vitro affinity of BILN 2061 to genotype 1 proteases has been destribdoe about
100-fold higher than for those of genotype 2 and 3, which c&sléhe observed 35- to
240-fold difference in susceptibility between J1blb anal3#3and J2a2a, respectively
(Thibeaultet al. (2004)).
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Interestingly, J4a4a-19 and J6a6a were equally susceftbBILN 2061 as J1blb
and J5a5a similarly to J2a2a and J3a3a. Experiments usmgssed proteins showed
similar 1G5, values for genotype la, 1b, 4a, 5a and 6a, whereas a lowerpdilsle

ity of J5a5a towards BILN 2061 was observed in this study (8#iet al. (2008);
Massariolet al. (2009)). In the study by Massariol, the NS3 protein from dgpe
1b and 2a replicon as well as from clinical strains of genetyp6 were expressed
and assessed for their cleavage efficiency at the NS5A-N8B&ipn. The reported
IC5o values for genotype 2a and 5a are about 20- to 100-fold Idveerthose described
here. However, a comparison is difficult as purified proteasgside the context of the
remaining virus were analysed, whereas this study asspsest@se activity within the
full viral lifecycle (Massariolet al. (2009)). Furthermore, only the cleavage efficiency
at the NS5A-NS5B junction was analysed. The study by Seietat, which analysed
biochemical potencies of purified proteins as well, als@mregal 10- to 50-fold lower
IC5o values for genotype 3a and 5a, respectively (Seieteat. (2008)). The discrep-
ancy between these studies and the results described hese cartainly are due to
differences in the assay itself. TheslGralues for genotype 1b compared to 3a and 2a
(35- and 240-fold differences) reported here, reflect ¢yotbee in vivo described effi-
cacies of BILN 2061 on genotype 1 compared to 2 and 3 (10- tofdl@0difference

in HCV RNA level reduction) (Lamarret al. (2003); Reiser (2003)). The system de-
scribed here therefore reflects the efficacy of Pls in paigrfiécted with the different
viral strains more accurately than protein based kinetidiss. Although BILN 2061
is no longer in development, the observed similag@lues for genotype 1b, 4a and
6a suggest that future Pls of that class developed for gpadtynay be effective not

only against genotype 1, but also against genotype 4a ancbGzapes.

Equivalent differences in susceptibility to BILN 2061 seivgly were observed whether
determined by supernatant infectivity reduction or intani of replication (Fig. 5.3
and 5.6). Differences in susceptibility extended even toavds within a genotype,
with IC5, values ranging from around 130 nM to 310 nM in a panel of paitemived
and reference genotype 3a protease sequences (Fig. 5i3)2-Ttb 3-fold difference

may influence the effectiveness of antiviral therapy as.well
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Even though BILN 2061 has been specifically developed for tygeol protease en-
zymes, the residues that are in direct contact with the itgrilare well conserved,
suggesting that this class of Pl should be active againgeabtypes and subtypes
(Thibeaultet al. (2004)). X-ray crystallography of the NS3/4A protease ctaxgd
with a macrocyclic tripeptide inhibitor, identified 19 rdaes within 5A of the in-
hibitor, of which 13 were conserved among genotype 1, 2 aratiants (Thibeauléet
al. (2004)). Positions 78, 79 and 80 of the NS3 protease diffeetdieen genotype
1 and genotype 2 sequences and position 123 and 168 betweetyge 1 and 3 se-
guences. Position 132 was replaced in both genotype 2 aneéB edmpared to type
1. Mutational analysis has suggested that substitutiotieeae 5 residues are respon-
sible for 80 % of the binding energy difference for BILN 206hdhing to proteases of
different genotypes (Thibeauwdt al. (2004)).

The Jxx recombinants described in chapter 4 all have ValtB/Asp79 except for
J2a2a, discounting those residues for the differencesdaetwlblb, J4a4a-19, J6aba
and J5a5a recombinant susceptibility (Fig. 4.23) (J4adaldnda-19 are identical on
the amino acid level in all positions discussed here). J¥%%8ae only recombinant
with a charged amino acid at position 80, possibly partlyoaating for its decreased
susceptibility. Substitutions at position 123 and 132 witlpenotype 3 variants have
also been suggested to play a role in BILN 2061 binding diffees (Thibeaulét al.
(2004)). However, amino acid residue 123 is identical amahglb, J2a2a, J4ada-
19, J5a5a and J6a6a recombinants and the polymorphismitwpds2 is conserva-
tive. These 2 residues therefore do not explain the diffexem susceptibility between
J5a5a and J1blb, J4ada-19 and J6a6a. Furthermore, re2Rlibaslbeen described to
play a role in inhibitor binding (Thibeauét al. (2004)). J2a2a is the only recombi-
nant with a charged residue (Lys) at position 122, wherdab@bther recombinants
have polar neutral amino acids (Thr/Ser), suggesting uesi®?2 plays a role in type
2 specific binding. Finally, the genotype 3a residue GIn1&8 been identified as
the major determinant for the reduction in affinity of BILN 206inding to genotype
3a proteases. Although residue 168 does not directly icitevéh the inhibitor, it
has been shown to be a crucial determinant of inhibitor bigdas the development

of resistance mutations have been mapped to this positentiga 1.8.4). Aspl68
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is conserved among genotype 1, 2, 4 and 6 and interacts wgh28rand Argl55
that are connected to BILN 2061. The GIn168 substitution @&3a3results in ab-
rogation of salt bridges to residues 123 and 155, which aeetbre less stabilised
and the binding affinity to BILN 2061 is reduced. The Glul68 itbtion within
the J5a5a recombinant maintains the negative charge arshlhleridges are not af-
fected. However, the Glu side chain is longer than that of, Agssibly pushing the
2 BILN 2061 binding residues Arg123 and Arg155 out of theirimgl interaction
position (Courcambeckt al. (2006)). J4ada-19 and J6a6a have identical amino acids
to genotype 1 at the described positions, providing oneilplesexplanation for their
similarity in susceptibility towards BILN 2061. Interesgly, genotype 1b, 4a and 6a,
which showed the highest susceptibility to BILN 2061, are® dle genotypes show-
ing lower response rates to the current IENibavirin combination treatment. This
could suggest that genotype 6a is closely related to geadtypnd 4, which have
been shown to be marginally closer related to each othertthére other genotypes
(Simmondset al. (2005)).

VX-950 is currently the most advanced Pl in clinical triafs previousin vitro study
has reported about 2-fold higher susceptibility of the ggoe 1a/1b replicon to VX-
950 when compared to the genotype 2a replicon (Pawsah (2009)). Biochemical
cleavage analysis with purified proteases showed that gga@&a is about 10- to 40-
fold and genotype 4 about 5- to 10-fold less susceptible te98” than the other
genotypes (Seiwedt al. (2008)). In an ongoing phase Ila clinical trial VX-950 has
demonstrated substantial activity in genotype 2 infectatiepts, but only limited ef-
ficacy in genotype 3 infected individuals, for whom treatin@na result was stopped
(Fosteret al. (2009)). As demonstrated by these studies, VX-950 showsiderable
differences in potency against different genotypes likeNBR0O61, which highlights
again how important it is to evaluate Pls on all genotypesteetlinical assessment.
Susceptibility testings of Jxxs upon VX-950 treatment hetvewn highest susceptibil-
ity for the J1blb, J6a6@aq40. and J2a2q,0s6srecombinants. The measuredsd@al-
ues (600-1,000 nM) are slightly higher than those reportegtipusly (Seiwertt al.
(2008); McCowret al. (2009); Paulsort al. (2009)). For the J1blb recombinant

the 1G, value described here (870 nM) is similar to thed®alue reported from the
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replicon system (625 nM) (Paulsetbal. (2009)). However, I¢, values measured in
biochemical cleavage studies are 5- to 15-fold lower fogaiiotypes except for geno-
type 3a, for which they are almost identical (Seiwadral. (2008)). Comparisons are
difficult though, due to the considerable differences indesays. Furthermore, that
study does not specify which subtypes of genotype 4, 5 andé used. In agreement
with that study though, the genotype 6a recombinant showvitfhest susceptibility
towards VX-950, followed by genotype 1 and 2. However, the smsceptibility of
J3a3a and J5a%a,47. and the very low susceptibility of J4a4a-19 are in disage®m
with that study (Seiweret al. (2008)). A clinical trial using VX-950 monotherapy
has been conducted with genotype 4 infected patients, bptiblished results could
be found online. From the here described preliminary resiltould be expected that
genotype 4a infected patients do not respond to VX-950 gyerahereas genotype
6a infected patients should show good response rates. Ypenda infected patients
would be expected to show only a minimal response, similayetootype 3 infected
individuals (Fosteet al. (2009)).

Residues identified during resistance development studidg®iConlb replicon (NS3
protease residues Val36, Thr54, Arg155, Alal56 and Val{A@)et al. (2008)), are
identical to Conlb amino acid sequence in all Jxxs, excepbsitipn 36 and 170.
The recombinants J1blb and J6&Gao, which were most susceptible to VX-950,
have Val36, whereas J2a2aess J3a3a, J4ada-19 and J5apa7 have Leu36. The
Val36Leu substitution has been described to show somdassesto VX-950, provid-
ing a possible explanation for the reduced susceptibifity2a2ar,9s65 J3a3a, J4ada-
19 and J5a58;247. (Zhouet al. (2008)). However, J2aZaosss Still is more suscepti-
ble than J3a3a, J4ada-19 and J5goa, indicating that further residues play a role
in the variability of VX-950 binding. Residue 170 is a polymhbic site with amino
acid Val/Leu occurring across genotypes. As all the recoants described here have
Val/Leul70, it is unlikely that this position plays a roletime variability of suscepti-
bilities between Jxxs.
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5.4 Conclusion

The intra- and intergenotypic recombinants developed asdribed in chapter 4 were
used in this chapter to demonstrate that different NS3 preteact differently to the

same PIl. Previously published results on differences letvgenotypes upon their
sensitivity towards the PIs BILN 2061 and VX-950 have beerfioored, underscoring

the usefulness of the developed cell culture system. Fumibve, data is presented
on inhibitor sensitivity of genotype 4, 5 and 6, which have heen studied in the

full-length viral lifecycle yet. Any PI identified in highatoughput screening can be
evaluated for its efficacy on different genotypes and treatsidesigned according to
the outcome. Antiviral susceptibilities can be tested uigftoassessment of reduction
in both supernatant infectivity and replication kineti¢sis and the fact that the whole
viral lifecycle can be studied is a major advantage to théicep system. Protease
genes from patients nze to treatment can also be easily assessed for their iségsit

towards PIs, providing a valuable tool for individuallyltaed treatment options.
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Chapter 6

|dentification and Phenotyping of
Resistance Mutations against HCV Pls

6.1 Introduction

A major issue in HCV treatment is the rapid selection of dregistant genetic vari-
ants. Viral variants with drug-resistant phenotypes haentobserved in patients ex-
periencing viral rebound during therapy with STAT-C agd®arrazinet al. (2007a)).
Due to the huge pool of genetically different variants dating in an individual, the
so-called quasispecies, resistant variants may alreagydsent in a patient. For ex-
ample, the resistance mutation Alal156Thr has been found prdsent in close to 1 %
of NS3 sequences within the liver quasispecies of a tredatmave chronic patient
(Cuberoet al. (2008)). Other reports have found pre-existing proteasestant vari-
ants in treatment-nee patients with a frequency of 0.2-2.8 % (Barteisl. (2008);
Colsonet al. (2008); Kuntzeret al. (2008)). Furthermore, resistance mutations were
also identified in the replicon system, even though it dog¢semresent the huge diver-
sity of a quasispecies pool within an infected individuab{@zi et al. (2003); Luet al.
(2004); Linetal. (2004); Tonget al. (2008)). This shows that antivirals not only
rapidly select for pre-existing resistant variants, bat tlesistance mutations can also

be rapidly induced due to the high replication and error odtbe RdARp.

Resistance mutations often have a major impact on the fitfeswioal variant, be-
cause a mutation affecting inhibitor binding is also likédyimpair enzymatic func-
tion. Accordingly, compensatory mutations have been ifledtwithin resistant vari-
ants (Yietal. (2006a)). For effective treatment with STAT-C agents, ithisrefore
crucial to eradicate a viral population before resistancgatrons can arise. As the

development of resistance mutations in monotherapy witreatidrugs is almost cer-
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tain, combination treatment with other STAT-C agents ant#dl-« and ribavirin is
inevitable.

To screen patients for possible pre-existing Pl resistanamts, which would make
them unresponsive towards that PI, resistance mutatiorestbebe identifiedn vitro.
Furthermore, the identification of the resistance profildierent Pls will allow the
design of combination treatment of drugs that do not set@dtie same resistant vari-

ants.

In this chapter, thén vitro selection of Jxx recombinants with decreased BILN 2061
and VX-950 susceptibility is described. In addition, th8uance of the identified
resistance mutations on the phenotype and Pl susceptibilihe corresponding Jxx
recombinant was investigated. Because all NS3/4A Pls birtldcsame active site
of the protease, their resistance profile is often very similFor example, residue
156 of the NS3 protease has been described as a resistansddoseveral Pls and
mutations at residue 168 have been reported in BILN 2061 aktiNFL91 resistance
(Lin etal. (2004); Luet al. (2004); Tonget al. (2006); Seiweret al. (2006)). As

BILN 2061 and ITMN-191 are both macrocyclic inhibitors, theesistance profile
is very similar and identification of resistance mutationsier BILN 2061 will help

understand resistance development for macrocyclic itdr#in general. The results
on resistance development in nongenotype 1 viruses pesanthis chapter add to
the current knowledge of resistance mutations which ardlyniogsed on the genotype
1b replicon andn vivo analysis. Table 6.1 summarises the resistance mutatians th
have been described in the literature as to date.
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Table 6.1: Resistance mutations described in the literaturéMutations that con-
fer high level resistance are in bold. (Letal. (2004); Luet al. (2004); Linet al.
(2005a); Moet al. (2005); Seiwertet al. (2007a); Sarraziret al. (2007a,b); Heet al.
(2008); McCowret al. (2008); Susseet al. (2008); Tonget al. (2008); Welsclet al.
(2008); Thompson & McHutchison (2009)).

V36  V36+T54 Q41  F43 T54  S138
VX-950 M/A  V36M+T54A R C A
SCH503034 M/A R C(S) A
ITMN-191 R S T
BILN 2061

R155 R155+V36 A156 A156+V36 D168 V170
VX-950 K/IQ/T R155K+V36M S/V/T A156T+V36M A
SCH503034 K/Q/T R155K+V36M S/  n.d. A
ITMN-191  K/Q/T R155K+V36M S/V/T n.d. VIAIE
BILN2061 K/Q/T R155K+V36M TNV  n.d. VIA

n.d., not described in literature but association with airtil resistance has been suggested.
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6.2 Results

6.2.1 Invitro selection of BILN 2061-resistant recombinant viruses

To select for resistance mutations, intra- and intergguotgecombinants described
in chapter 4 were passaged in initially subinhibitory butr@asing concentrations of
BILN 2061 beyond the I¢ys determined for each genotype. For simplicity the NS3
protease residues 1027 to 1207 (absolute numbering) arberachl (1027) to 181
(1207) in this chapter.

To establish the protocol for the passaging experimentnbst stably replicating re-
combinant J3a3a was passaged under increasing conaamgratiBILN 2061, starting
with 0.3 x IC5o. The PI concentration was then increased every 4 or 5 daysatdr
about 70x IC5,. Every 4 or 5 days RNA was extracted from the supernatant and th
NS3 protease gene sequenced. Mutations at position 16& dfi83 protease gene
started to appear at a concentration ok 3Cs,. In a second approach, the Pl was
directly added at a concentration of 3c3C5, and increased to 78 IC5, after 7 days.
Substitutions at residue 168 of the NS3 protease gene wenéfidd at day 10 of the
passaging experiment. The following passaging experisneste therefore started
at Pl concentrations of 1@ IC5,. Because the J6a6a cell culture adaptive mutation
(V1040L) had not been identified at the start of the passagxpgriment, J6a6a was
first passaged in Huh7.5 cells for 35 days before Pl was adug&baddition started
from 1 x IC5o. For genotype 2a and 5a the original recombinants J2a2a5athJ
were initially used for the passaging experiment, stanwty Pl concentrations of 10

x 1C59. The RT-PCR on RNA extracted from day 12 supernatant was uessitd,
because RNA levels were relatively low. To increase the amofuURNA for further
experiments, cell pellets were collected for RNA extracidrurthermore, the cell cul-
ture attenuated recombinants J2a@gssand J5a5@1247. Were constructed and used
for resistance development studies in genotype 2a and 5addmion, Pl concentra-
tions for type 2a and 5a were kept ak1C5,. Table 6.2 gives the individual schedules

for each passaging experiment.
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Table 6.2: Schedule for inducing antiviral (AV) resistance upon BILN 206treat-
ment PE, post-electroporation.

Clone Day PE of AV addition AV concentration Days of AV pressur

Jlblb 3 1 day 23 nM, 8
7 days 230 nM

J2a2ar1066s 4 8 days 500 nM, 22
14 days 1,000 nM

J3a3a 2 7 days 350 nM 21
14 days 7,000 nM

Jdada-19 3 3 days 10nM 13
10 days 100 nM

J5a5ay12471 4 21 days 500 nM 21

J6aba 35 10 days 1 nM 28

18 days 10nM

Recombinants were passaged for 3 weeks and each passagangrexy was carried
out in duplicate and without antiviral addition as a contrAt the end of passaging,
RNA was extracted and subjected to RT-PCR to amplify the coaigmgpn of the HCV
NS3 protease domain. To delineate the identity and frequeinsubstitutions, the RT-
PCR product from each genotype passage was subcloned inT®th® vector, and
10 individual colonies of 2 replicates and the control wasbjected to sequencing.
As J1blb and J4ad4a-19 do not stably replicate in Huh7.5,adtieal analysis was
performed on day 8. Initially the primers JFH1-s and -as [@#013, Appendix A)
were used to amplify the protease gene and their restristtes used for cloning the
fragment into TOPO. Using this approach, fragments inclgdesistance mutations
could be directly cloned into the corresponding Jxx recarabis and their phenotype
assesseih vitro, section 6.2.3. However, in J4a4a-19 clonal analysis on done
contained a mutation at a resistance locus. The RT-PCR milotas therefore op-
timised to be more sensitive by using primers without adddi restriction sites and
that would generate a shorter PCR product (JFH-3265 and »glTable A.12 and
A.5, Appendix A). With this approach, RNA could be extracted successfully am-
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plified from the J4a4a-19 cell culture on day 13. Clonal ansligkentified resistance
mutations at either position 156 or 168 in all 10 clones aswdyof each duplicate. Fig-
ures 6.1 to 6.6 show the alignment of 10 clones from each pegsaxperiment. The
NS4A cofactor was not analysed because no resistance heidegn described within
the NS4A gene in the literature. All 6 genotypes showed switisins at position 168,
although this position differed in both the identity of théldvype encoded amino
acid and the substitutions that arose during passagindg(6ab). In contrast, this site
remained invariant in each control passage experimenoipeed in parallel without
addition of BILN 2061. Genotypes 1b, 2a, 3a and 4a showed cetmpéplacement
of the wild type codon in both replicate passages, whileasghent frequencies of
genotype 5a and 6a ranged from 70-90 %. Genotypes 1b and #miaaldy showed
a further substitution of the Ala residue at position 156 & &hd Gly in a proportion
of clones (Table 6.3). Wherease double mutants occurredngdmotype 1b clones,
genotype 4a clones contained either a mutation at posi@not 168. One of the 2
replicates from the genotype 2a recombinant showed a chatrgesition 195 in half
of the clones analysed. All other substitutions recordedragrtiones in either BILN
2061 or control passages occurred infrequently (0-3 amany set of 10 clones), at
variable positions and were equally frequent among BILN 2p&4saged and control
virus populations. The Vall4lLeu substitution in genotype®nes corresponds to the

Val1040Leu cell culture adaptive mutation described inptead.
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1(1027) 54
Jlblb AACGDILHGL PVSARLGQEI LLGPADGYTS KGWKLLAPIT AYSQQTRGVL GCIITSLTGR DKNQVEGEVQ VVSTATQSFL ATCINGVCWT

T < T
B0 o VPPN
B0 o N PP
T = < Y
L = =T P T......
B < <
B0 = < P
B = <
B < <
B = < 0 e

B < < - P
B < < - PP
B < < - PP
B = < - PP
B < T -
B < < - P
T = < - e
B o
B < < - P
B < I < = P

TIDIDCL et eetetee et e e e e e e e e e
TIDID=C2 e v oot ee et et e e e e e e
TIDID=C3  eveeteitee e e e Qe e Gt e
TIDID=CA ettt e e et e e e e e e e e e e
TIDID=C5 .+t eetet e e et e e e e e
TIDIDCE e veeveeee e et e e e e e e e
TIDID=CT e veevee e e et e e e e s
TIDIDC8 e eetetee et e e e e e e e e
TIDID=CO et eetetee et e e e e e e e
TIDID=CLO ..o vennee et e et e e e e s

55 144
Jlblb VYHGAGSKTL AGPKGPITQM YTNVDLDLVG WQAPPGARSM TPCSCGSSDL YLVTRHADVI PVRRRGDSRG SLLSPRPVSY LKGSSGGPLL

B < <
T = <
Jlblb-A3 .......... .... Y C ...
o < <
B = < .
T = <
T = <
B = < N Y
JIb1b-A9 . ... ... it e e /2
T = < Y

o < < -
B = < -
B = < -
B = < -
B < < - S.
B o - PPN
T = < -
B < < =
B < < -
B = < =

B < <o
B < < <
B o P Noo it e
T = < o Y
B = < o
B < < o
0 = < o P
B < T o
B < T o
T = < <

Figure 6.1: Acquisition of mutations in J1b1b-NS3 during passaging undBILN
2061.NS3 residue 1 (1027) to 144 (1170), continued on next page.
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145 155 168 181 (1207) 227
Jlblb CPSGHVVGVF RAAVCTRGVA KAVDFIPVES METTMRSPTE SDNSTPPAVP QTYQVGYLHA PTGSGKSTKV PVAYAAQGYK VLV

Jlblb-Al .......... .......... ... [
Jlblb-A2 .......... ..., ... P A, i ..
Jlblb-A3 .......... . Voo L G
Jlblb-A4 .......... . Voo .. G
Jlblb-A5 .......... ... ... N
G
A
E

JIb1b-RA6 . ...t s ca G e e e e e
Jlblb-A7 .......... i a.n
Jlblb-A8 .......... ... ...
Jlblb-A9 .......... . 2
Jlblb-A10 .......... . Voo oL [

Jlblb-Bl .......... ......oi... ... E

Jlblb-B2 .......... ... ... E

J1blb-B3  .......... c.iieieiaan o.n E

Jlblb-B4 .......... ... ... G

Jlblb-B5 .......... .......... ... B i e i e e e
G
A
G

Jlblb-B6 .......... ........0.. ...
Jlblb-B7 .......... ...l ...
Jlblb-B8 .......... .......... ...
Jlblb-B9 .......... . /2
Jlblb-B1l0 .......... .......... ... B e e i e e

o < <R
TIDID=C2 ittt e e e eaaeee et eeaaaee heaea e heeaaeeaae eaaeaaaae e
B < <R Y

Figure 6.1: Acquisition of mutations in J1b1b-NS3 during passaging undBILN
2061. NS3 residue 145 (1171) to 227 (1253). The J1blb recombinanpassaged
in Huh7.5 cells under increasing concentrations of BILN 2(B3-230 nM). On day 8
of the passaging experiment viral RNA was extracted frons egitl the NS3 protease
gene cloned into the TOPO cloning vector. The passagingiemest was carried out
in duplicate and 10 clones analysed in each (J1b1b-Al to -Al01b-B1 to -B10). As
a control J1b1b was passaged without BILN 2061 and 10 clonelysed (J1b1b-c1
to -c10). Previously described residues where resistandatioans can arise under
BILN 2061 are indicated in red; the NS3 protease domain iscatgid in black; the
NS2 3’end and the NS3 helicase 5’end are indicated in grey.
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1(1027) 49
J2a2a-11066s VGDGEAACGD ILHGLPVSAR LGQEILLGPA DGYTSKGWKL LAPITAYAQQ TRGLLGTIVV SMTGRDKTEQ AGEIQVLSTV SQSFLGTSIS

B T - N
J2828.710665 B2 1t i it e e et e et e et e ea e e et e e eae e e
J2a2a_p1066s—A3
J2a2a_pip66s—A4
J2a2a_p1066s—AS
J2a2a_p1966s—A6
J2a2a_pyp66s—A7
J2a2a_p1066s—A8
J2a2a_p1066s—A9 ..
J2a2a_r1066s—A10

J2a2a_r1066s~B1
J2a2a_p1066s~B2
J2a2a_r;1066s~B3
J2a2a_r1066s—B4
J2a2a_p1066s—~B5
J2a2a_p1066s~B6
J2a2a_p1066s—B7
J2a2a_p1066s—B8
J2a2a_p1066s—~B9
J2a2a_p1966s—~B10

J2a2a_pyp6es—Cl
J2a2a_p1066s—C2
J2a2a_py966s—C3
J2a2a_pi066s—C4
J2a2a_p1066s—C5
J2a2a_11966s—C6
J2a2a_pi066s—C7
J2a2a_p1066s—C8
J2a2a_p1066s—C9
J2a2a_p1066s—c10

50 139
J2a2a_ri066s GVLWTVYHGA GNKTLAGSRG PVTQMYSSAE GDLVGWPSPP GTKSLEPCTC GAVDLYLVTR NADVIPARRR GDKRGALLSP RPLSTLKGSS

J2a2a_pip66s—Al
J2a2a_pi066s—A2
J2a2a_py966s—A3
J2a2a_pyp66s—A4
J2a2a_p1066s—A5
J2a2a_r1066s—A6
J2a2a_r1066s~A7
J2a2a_r1066s—A8
J2a2a_pi066s—BA9 ..
J2a2a_p1066s—~A10

J2a2a_r1066s—B1
J2a2a_p1066s—B2
J2a2a_r1066s—B3
J2a2a_p1066s—-B4
J2a2a_r1966s—B5
J2a2a_p1966s—~B6
J2a2a_p1966s—B7
J2a2a_r;1066s~B8
J2a2a_p1966s—B9
J2a2a_r;1066s~B10

J2a2a_pipees—Cl
J2a2a_p1066s—C2
J2a2a_r1966s—C3
J2a2a_pi066s—C4
J2a2a_p1966s—C5
J2a2a_p1066s—C6
J2a2a_pi966s—C7
J2a2a_p1966s—C8
J2a2a_p1066s=C9 . .
J2a2a_p1966s—C10

Figure 6.2: Acquisition of mutations in J2a2a1056sNS3 during passaging under
BILN 2061. NS3 residue 1 (1027) to 139 (1165), continued on next page.
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140 155 168 181(1207) 195 227
J2a2a_ri066s GGPVLCPRGH AVGVFRAAVC SRGVAKSIDF IPVETLDIVT RSPTEFSDNST PPAVPQTYQV GYLHAPTGSG KSTKVPVAYA AQGYKVLV

J2a2a_p1066s=BALl ... e e
J2228 710665 B2 .ttt e e
J2a2a8 710665=B3 .. it e e e
J2328 710665"B4 .ttt e e
J2a2a8 710665=A5 ..ttt i e e e
J2328 710665=B6 .ttt e e
J2a2a p1066s~A7 ... .P... il i
J2a2a8 710665=A8 ..t e e
J22238 710665"A9 .ttt e e
J2a2a 11066s~B10 .. ... i e

dKddKId<

J2a2a 11066s~Bl ... e e
J2a2a 710665™B2 .. it it i e
J2a2a 11066s™B3 .o e e
L - -
J2a2a8 710665=B5 .. it i i e e
B - 1 -
J2a2a 710665~ B7 -ttt i e e
J2a2a 71066s™B8 .. i i it i e
J2a2a 710665=B9 .. i it i e e
J2a2a_71066s~B10 .. ... i e

<HKIKIKKIHKK

J2a2a_qip66s—Cl
J2a2a_r1066s—C2
J2a2a_q1066s—C3
J2a2a_p1p66s—C4
J2a2a_p1p66s—C5
J2a2a_q1066s—C6
J2a2a_pjp66s—C7
J2a2a_p1966s—C8
J2a2a_p1066s—C9
BT o B

Figure 6.2: Acquisition of mutations in J2a2a10565sNS3 during passaging under
BILN 2061. NS3 residue 140 (1166) to 227 (1253). The J2adasrecombinant
was passaged in Huh7.5 cells under increasing concentrat@rBILN 2061 (500-
1,000 nM). On day 22 of the passaging experiment viral RNA wizaated from cells
and the NS3 protease gene cloned into the TOPO cloning vatterpassaging exper-
iment was carried out in duplicate and 10 clones analysed ehd€d2a2ar10s6sAl tO
-A10, J2a2a1066sB1 to -B10). As a control J2a2apsssWas passaged without BILN
2061 and 10 clones analysed (J2a2gssCl to -c10). Previously described residues
where resistance mutations can arise under BILN 2061 arecatdd in red; the NS3
protease domain is indicated in black; the NS2 3’end and the Ni8ase 5’end are
indicated in grey.
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1(1027) 54
J3a3a AACGDILHGL PVSARLGQEI LLGPADGYTS KGWKLLAPIT AYAQQTRGLL GTIVTSLTGR DKNVVTGEVQ VLSTATQTFL GTTIGGVMWT

0 T T L
I T - -V
8 T T R
I 1T - T
0 T T R
I 1T - T N
J383@-AT Lt e e e et aaaae b eaeaaee e eeeaaeae e e
BT - -
J383@-A9 L. e et e aaee et e b eaeaaee e eeeaaeae eaaeaaeaae e
J3a3@-AL0 ... e e et eaaae b eaeaae e e eaaeaae e e

J323@-BL .. e e et eaaae e eaeaaee eeae e e e
J3838-B2 ... e et e e e e aaaae et eeaaaaaae heeeaeeee e
B e = P
J3838-B4 ... e et et e e aaaae et aaaaae e e
B0 T R
B0 T T
T - e =
B0 T L -
B0 T T R Y
T - R = 3 0

I 1T - T o
J383@7C2 L.t e e e et e aee e eaeaaeaa e eaaeaeaae teeaeaeaae heeaaeaaee e
I TR - R o
J383@7C4 L. e e et e eaaaae b eaaaaee eaeaeeaaae eaeaeeaae eaaaeaae
J3@3@7C5 L. e et e e e e aaae e e eeeaeaaa
J383@7C6 L. e e et eaaeaaae haeaeaaae eeeeaeaae e eaaaeaae
J383@CT ottt et e e e aeee b eeaaae eeaeeaaae eeaeaaeae et
B0 T T R
J383@7C9 L. e e e e e eaae e eeaaae b eeeaaaae haeeaaaae e
J383a-CL0 ... i it e e e e eaaaae heeeaaaae i e

55 144
J3a3a VYHGAGSRTL AGAKHPALQOM YTNVDQDLVG WPAPPGTKSL EPCACGSADL YLVTRDADVI PARRRGDSTA SLLSPRPLAC LKGSSGGPVM

J3a3a-Al
J3a3a-A2
J3a3a-A3
J3a3a-A4
J3a3a-A5
J3a3a-A6
J3a3a-A7
J3a3a-A8
J3a3a-A9
J3a3a-A10 .......... .. 2P ettt e e e

B L = 3 PP
J3838-B2 ... e e aae e e e aaaae heeeeeaaae i e
B e =
J3838-B4 . e e e e e aaae et aaaee e e
B0 T T R 1
J383@-B6 ... e e b e aeaeaae e e eeaaeae e e
0 T T
T - e =
B0 T TR
I TR - R = 0

Figure 6.3: Acquisition of mutations in J3a3a-NS3 during passaging undBILN
2061.NS3 residue 1 (1027) to 144 (1170), continued on next page.
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145 155 168 181 (1207) 227
J3a3a CPSGHVAGIF RAAVCTRGVA KALQFIPVET LSTQTRSPTE SDNSTPPAVP QTYQVGYLHA PTGSGKSTKV PVAYAAQGYK VLV

J3a3a-A9 ... iiieieiaa. .
J3a3a-A10 .......... ....ieeaa. ..

J3a3a-Bl  .........0. cieeiiiaan o
J3a3a-B2  .......... ciiiiiiie e
J3a3a-B3  ........ih ieieiiiaan .

HEHEHFEPEHEEBERR E R B - )

I T T R <
J3838-C2 .. .iiiiii et e e L
B T T R <

Figure 6.3: Acquisition of mutations in J3a3a-NS3 during passaging undBILN
2061.NS3 residue 145 (1171) to 227 (1253). The J3a3a recombinanpassaged in
Huh7.5 cells under increasing concentrations of BILN 2083-7,000 nM). On day 21
of the passaging experiment viral RNA was extracted frons egitl the NS3 protease
gene cloned into the TOPO cloning vector. The passagingiemest was carried out
in duplicate and 10 clones analysed in each (J3a3a-Al to -A383a-B1 to -B10). As
a control J3a3a was passaged without BILN 2061 and 10 clonelysed (J3a3a-cl
to -c10). Previously described residues where resistandatioans can arise under
BILN 2061 are indicated in red; the NS3 protease domain iscatgid in black; the
NS2 3’end and the NS3 helicase 5’end are indicated in grey.
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1(1027) 54
J4ada-19 AACGDILHGL PVSARLGQEI LLGPADGYTS KGWKLLAPIT AYAQQTRGML GTIITSLTGR DTNENCGEIQ VLSTATQSFL GTAINGVMWT

J4a4a-19-A1
J4ada-19-A2
J4ada-19-A3
J4ad4a-19-A4
J4ad4a-19-A5
J4ada-19-A6
J4ad4a-19-A7
J4ad4a-19-A8
J4ada-19-A9
J4a4a-19-A10

J4ada-19-B1l
J4ad4a-19-B2
J4a4a-19-B3
J4ad4a-19-B4
J4ad4a-19-B5
J4a4a-19-B6
J4ad4a-19-B7
J4ada-19-B8
J4ad4a-19-B9
J4a4a-19-B10

J4ada-19-cl
J4ad4a-19-c2
J4ad4a-19-c3
J4ada-19-c4
J4ada-19-c5
J4ad4a-19-c6
J4ada-19-c7
J4ada-19-c8
J4ad4a-19-c9
J4ada-19-cl10

55 144
J4ada-19 VYHGAGSKTI SGPKGPVNQM YTNVDQDLVG WPAPPGVKSL APCTCGASDL FLVTRHADVV PVRRRGDTRG ALISPRPIST LKGSSGGPLL

J4ad4a-19-A1
J4ada-19-A2
J4ad4a-19-A3
J4ad4a-19-A4
J4ad4a-19-A5
J4ada-19-A6
J4ada-19-A7
J4ad4a-19-A8
J4ad4a-19-A9
J4ada-19-A10

J4ad4a-19-B1
J4ada-19-B2
J4ad4a-19-B3
J4ada-19-B4
J4ada-19-B5
J4ad4a-19-B6
J4a4a-19-B7
J4ad4a-19-B8
J4ad4a-19-B9
J4ada-19-B10

J4ada-19-cl
J4ada-19-c2
J4ada-19-c3
J4ada-19-c4
J4ad4a-19-c5
J4ada-19-cé6
J4ada-19-c7
J4ad4a-19-c8
J4ad4a-19-c9
J4a4a-19-CLl0 .. ...ttt e e et et e e e e

Figure 6.4: Acquisition of mutations in J4a4a-19-NS3 during passaginghder
BILN 2061. NS3 residue 1 (1027) to 144 (1170), continued on next page.
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145 155 168 181(1207)
J4ada-19 CPLGHAAGIF RAAVCTRGVA KAVDFVPVES LETTMRS

J4ada-19-A1 .......... ... ... Gt ...
J4ada-19-A2 .......... . Ve e e
J4ada-19-A3 .......... L.ieeeaae. el
J4ada-19-A4 .......... ... Gl Lol
J4ada-19-A5 .......... . Ve e e
J4a4a-19-A6 .......... c..eeiiaan ... G

J4ad4a-19-A7 .......... i s Govtvin i
J4ada-19-A8 .......... ... e G.oviih
J4ada-19-A9 .......... L. L. v

J4a4a-19-A10 .......... .....iiiaa. o a.n G

J4ad4a-19-B1 .......... ... ...
J4ad4a-19-B2 .......... ... o

E
E
J4ad4a-19-B3  .......... o ol Ao i
J4ada-19-B4 .......... ..iiiiiee e Aot i
J4ad4a-19-B5 .......... ... ... G...... ...
J4a4a-19-B6 .......... c..ieiiiaan ... G
J4a4a-19-B7 .......... ciiiiiaaan .. G
J4a4a-19-B8 .......... . .
J4ad4a-19-B9 .......... . PP
J4a4a-19-B10 .......... ... ... G.ooviin il

J4ada-19-cl ... ... i i e
J4ada-19-C2 . ... ... i e e
J4a4a-19-C3 ... ... e e e
J4ada-19-Cd .. ... i e e
J4ada-19-c5 . ... ... L i e
J4ad4a-19-C6 . ... ... i e e
J4a4a-19-CT ...ttt it e e
J4a4a-19-C8 .. ... ... i e e
J4ada-19-c9 ... ... i e i
J4a4a-19-C10 ... ...t it e e

Figure 6.4: Acquisition of mutations in J4ad4a-NS3 during passaging undBILN
2061.NS3residue 145 (1171) to 181 (1207). The J4ada-19 recomhivespassaged
in Huh7.5 cells under increasing concentrations of BILN2(080-100 nM). On day 13
of the passaging experiment viral RNA was extracted frons egltl the NS3 protease
gene cloned into the TOPO cloning vector. The passagingexpet was carried out
in duplicate and 10 clones analysed in each (J4ad4a-19-AAk®); J4ada-19-Bl to
-B10). As a control J4a4a-19 was passaged without BILN 206 18radones analysed
(J4ada-19-cl to -c10). Previously described residues whesistance mutations can
arise under BILN 2061 are indicated in red; the NS3 proteaseala is indicated in
black; the NS2 3’end is indicated in grey.
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1(1027) 54
J5a5a-g12471, AACGDILHGL PVSARLGQEI LLGPADGYTS KGWKLLAPIT AYAQQTRGVL GAIVVSLTGR DKNEAEGEVQ VLSTATQTFL GTCINGVMWT

J5a5a 0124707l L. e e e e iaeeeee e e Dt i e
J5a858 01247072 ... it i ee e aaae e e aaaaaa e aaaaaa aeeeeaaaae eaaaaaaaas
J5a5a_g;2471,-A3
J5a5a_g12471.-A4
J5a5a_g;2471,-A5
J5a5a_g;12471.-A6
J5a5a_g12471.-A7
J5a5a_g;2471,-A8
J5a5a_g1247.-A9 ..
J5a5a_g1247.-AL0

J5a5a_g12471.-B1
J5a5a_g1247.-B2
J5a5a_g12471.-B3
J5a5a_g12471,-B4
J5a5a_g12471.-B5
J5a5a_g;247,-B6
J5a5a_g12471.-B7
J5a5a_g1247.~B8
J5a5a_g;12471.-B9
J5a5a_g;247.-B10

J5a5a_g12471-c1
J5a5a_g12471.-C2
J5a5a_g;2471-C3
J5a5a_g;2471.-Cc4
J5a5a_g;2471,-¢5
J5a5a_g12471.-C6
J5a5a_g;2471,-¢7
J5a5a_g;12471,-C8
J5a5a_g12471.-C9
J5a5a_g;12471,-¢c10

55 144
J5a5a_g12471 VFHGAGSKTL AGPKGPVVQM YTNVDKDLVG WPSPPGTRSL TPCTCGSADL YLVTRHADVI PARRRGDTRA SLLSPRPISY LKGSSGGPIM

J5a5a_g;12471-A1
J5a5a_g12471.-A2
J5a5a_g;2471-A3
J5a5a_g;2471.-A4
J5a5a_g;247,-A5
J5a5a_g;1247.-A6
J5a5a_g;247,-A7
J5a5a_g1247.-A8
J5a5a_g1247.-A9 ..
J5a5a_g12471,-A10

J5a5a_g;2471,-B1
J5a5a_g12471.-B2
J5a5a_g;247,-B3
J5a5a_g12471.-B4
J5a5a_g1247.-B5
J5a5a_g;2471.-B6
J5a5a_g1247.-B7
J5a5a_g1247.~B8
J5a5a_g;2471.-B9
J5a5a_g1247.-B10

J5a5a_g1247.-Cl
J5a5a_g12471.-C2
J5a5a_g1247.-C3
J5a5a_g;12471-C4
J5a5a_g;2471-C5
J5a5a_g12471.-C6
J5a5a_g12471-C7
J5a5a_g;12471.-C8
J5a5a_g12470.-C9 ..
J5a5a_g;12471.-¢c10

Figure 6.5: Acquisition of mutations in J5a5&y1247-NS3 during passaging under
BILN 2061. NS3 residue 1 (1027) to 144 (1170), continued on next page.
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145 155 168 181(1207) 224
J5a5a_g12471 CPSGHVVGVF RAAVCTRGVA KALEFVPVEN LETTMRSPTF SDNSTPPAVP QTYQVGYLHA PTGSGKSTKV PVAYAALGYK
J5a5a_g12470-AL ... ... L. L. P
J5a5a_g1247."A2 ... ...l i .. /2P
J5a5a_g12470.7A3 ... ...l Ll L. P
J5a5a_g1247.mBA4 ... ... i L. 2
J5a5a_g1247.=A5 ... ... L. L. Al e e G...... .... Gt e e
J5a5a_g1247."RA6 . ... ... il L. P
J5a5a 01247."A7 ...t i e Gttt e [
J5a5a_g1247.-A8 ...l L. L. P
J5a5a g1247."A9 ...l i o 7 P
J5a5a g1247,=A10 . ... ... L. L T Gttt it e e e e e

J5a5a_g;12471,-B1
J5a5a_g1247.-B2
J5a5a_g;247.-B3
J5a5a_g12471.-B4
J5a5a_g12471.-B5
J5a5a_g1247.,-B6
J5a5a_g1247,-B7
J5a5a_g12471,-B8
J5a5a_g12471,-B9
J5a5a_g1247,-B10 ... ... Ll L.

J5a5a_g12471-Cc1
J5a5a_g1247.-C2
J5a5a_g12471-C3
J5a5a_g12471,-c4
J5a5a_g12471,-¢5
J5a5a_g1247.-C6
J5a5a_g12471-¢7
J5a5a_g12471,-C8
J5a5a_g1247.-C9
J5a5a_g12471.-¢10

Figure 6.5: Acquisition of mutations in J5a5&y1247-NS3 during passaging under
BILN 2061. NS3 residue 145 (1171) to 224 (1250). The J5gbay recombinant
was passaged in Huh7.5 cells under BILN 2061 (500 nM). On dayf #fe passaging
experiment viral RNA was extracted from cells and the NS3 @setgene cloned into
the TOPO cloning vector. The passaging experiment was choig in duplicate
and 10 clones analysed in each (J5a@au7i-Al to -Al10, J5a5a@1247-B1 to -B10).

As a control J5a5@1247 Was passaged without BILN 2061 and 10 clones analysed
(J5a5ag12471-c1 to -c10). Previously described residues where resistanatations
can arise under BILN 2061 are indicated in red; the NS3 proded@main is indicated

in black; the NS2 3’end and the NS3 helicase 5’end are indicatedey.
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1(1027) 14 54
J6a6a AACGDILHGL PVSARLGQEI LLGPADGYTS KGWKLLAPIT AYAQQTRGLV GTIVTSLTGR DKNEVEGEVQ VVSTATQSFL ATSINGVMWT

J6a6a-Bl . ......... i e D PP
J6262-B2 ... ...t i e aeees e e L it e e e
J6a6a-B3 ... ... i ieiias e e e P

55 144
J6a6a VYHGAGSKTL AGPRGPVCQM YTNVDLDLVG WPSPPGARSL TPCNCGSSDL YLVTREADVI PARRRGDSRA ALLSPRPIST LKGSSGGPIM

J6a6a-Al .......... ..........
J6a6a-A2 .......... ..........
J6a6a-A3 .......... ...
J6a6a-BA4 .......... ...
J6a6a-A5 .......... ..........
J6a6a-A6 .......... ..........
J6a6a-A7 .......... c...i..a..n
J6a6a-A8 .......... ..........
J6a6a-A9 .......... ..........
J6a6a-Al0 .......... ..........

Figure 6.6: Acquisition of mutations in J6a6a-NS3 during passaging undBILN
2061.NS3 residue 1 (1027) to 144 (1170), continued on next page.
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145 155 168 181(1207) 227
J6a6a CPSGHVVGLF RAAVCTRGVA KSLDFVPVEN METTMRSPTE SDNSTPPAVP QTYQVGYLHA PTGSGKSTKV PVAYAAQGYK VLV

J6E6A-AT ... e iaah e e teeaeaaee heeaeaaaae heeeaeaaae e e e
J6a6a-Al0 .......... .......a.. ... Voeooor oo = R ...
v

J6a6a-Bl .......... ..... A.... ...
J6a6a-B2 ... ... it aae e e eaaaee teeeeaaaae e e e
J6a6a-B3  .......... c.i.eeeiaan o o.n

T LT R =
JBEBA=C2 .ttt i e e eaaae heeeaeaaae eaeaeeaaae e e e e
J6a6a-c3  .......... ciiiiiiiie e Y

Figure 6.6: Acquisition of mutations in J6a6a-NS3 during passaging undBILN
2061. NS3 residue 145 (1171) to 224 (1250). The J6a6a recombinanpassaged
in Huh7.5 cells under increasing concentrations of BILN 2Q&-10 nM). On day 28
of the passaging experiment viral RNA was extracted frons egitl the NS3 protease
gene cloned into the TOPO cloning vector. The passagingiemest was carried out
in duplicate and 10 clones analysed in each (J6a6a-Al to -4886a-B1 to -B10). As
a control J6a6a was passaged without BILN 2061 and 10 clonelysedh (J6a6a-cl
to -c10). Previously described residues where resistandatioans can arise under
BILN 2061 are indicated in red; the NS3 protease domain iscatgid in black; the
NS2 3’end and the NS3 helicase 5’end are indicated in grey.
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Table 6.3: Summary of mutations acquired within the Jxx NS3 protease geaturing
passaging under BILN 2061.

Viral variant BILN 2061 Day Position WT % remaining WT (mutaiis)

(nM)! Replicate 1 Replicate 2 Control
Jiblb 230 8 168 D 0(7G, 1A, 1E,1V) 10 (3G, 1A,5E) 100
156 A 60 (4V) 90 (1V) 100
J2a2ai066s 1,000 22 168 D 08V, 2Y) 0 (4V, 6Y) 100
195 Q 100 40 (6H) 100
J3a3a 7,000 21 168 Q 0 (4L, 5R, 1K) 0 (8L, 2K) 100
Jdada-19 100 13 168 D 20 (6G, 2V) 20 (4G, 2A,2E) 100
156 A 80 (2V) 80 (2T) 100
J5a5@1247. 500 21 168 E 0 (7A, 1V, 2G) 10 (9A) 100
J6aba 10 28 168 D 30 (4V, 2E, 1H) 30 (3V, 1E, 3N) 100

IFinal passaging concentration of BILN 2061.

2Proportion of clones retaining original amino acid in 2 régite passaging experiments (10 clones
analysed in each) and in a control passaged without BILN 2A®lclones analysed). Mutations were
included in this table if they occurred in at least 4 clones,aba position of previously identified
resistance mutations. WT, wild type.

6.2.2 Invitro selection of VX-950-resistant recombinant viruses

The development of antiviral resistance in the Jxx recomufiis upon VX-950 treat-
ment was investigated as described in section 6.2.1 for BIDB12 As resistance
development was observed with BILN 2061 concentrations\asak1-2x 1C5, and
because only a limited amount of VX-950 was available, thespging experiment was
just carried out with the 3 recombinants J1blb, J3a3a anthd#@ and Pl concentra-
tions of 2-3x IC5,. An additional obstacle were the relatively high;dGzalues for
VX-950 on Jxxs (650-2,230 nM). Table 6.4 provides the indlidl schedules for each
passaging experiment. As described in section 6.2.1, RNAexaacted from cell
pellets at the end of the passaging experiments and cloabisas of the NS3 protease
gene performed (Fig. 6.7 to 6.9). None of the genotypes sti@ngmificant substitu-
tion rates at any of the described resistance loci (NS3 aseteesidues 36, 41, 43, 54,
155, 156 and 170) (Table 6.1). This is presumably due to twePlbconcentrations in
combination with short passaging times (for genotype 1b4a)dNevertheless, a few

potential resistance mutations were identified (Table.6.5)
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Table 6.4: Schedule for inducing antiviral (AV) resistance upon VX-950eatment.
PE, post-electroporation.

Clone Day PE of AV addition AV concentration Days of AV pressur

J1blb 3 13 days 1,800 nM 13
J3a3a 3 23 days 5,000 nM 23
Jdada-19 3 13 days 5,000 nM 13

One genotype 1b clone had a Val36Ala substitution, a registenutation described in
the literature (Table 6.1). In addition, replacement ofthid type codon was observed
at position 174 in both replicates. Even though this residag not been described
previously as a resistance locus, the fact that it develapédth replicates but in no

other passaging experiment, strongly suggests that itesiatance mutation towards
VX-950. Genotype 3a showed almost complete replacemeheokild type codon at

position 77. Again, this position has not been describedrasiatance locus towards
VX-950, but as it developed in both replicates, involvemanesistance towards VX-

950 is suggested. Genotype 4a showed no obvious resistanelpment. However,

one clone each contained a substitution at position 36, 84186, which have been

described as resistance loci in the literature (Table 6.1).
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1(1027) 36 41 43 54
Jlblb AACGDILHGL PVSARLGQEI LLGPADGYTS KGWKLLAPIT AYSQQTRGVL GCIITSLTGR DKNQVEGEVQ VVSTATQSFL ATCINGVCWT

Jlblb-Al
Jlblb-A2
Jlblb-A3
Jlblb-A4
Jlblb-A5
Jlblb-2A6
Jlblb-A7
Jlblb-A8
Jlblb-A9
Jlblb-A10

Jlblb-B1l
Jlblb-B2
J1lblb-B3
Jlblb-B4
J1lblb-B5
Jlblb-B6
Jlblb-B7
Jlblb-B8
Jlblb-B9
Jlblb-B10

55 144
Jlblb VYHGAGSKTL AGPKGPITQM YTNVDLDLVG WQAPPGARSM TPCSCGSSDL YLVTRHADVI PVRRRGDSRG SLLSPRPVSY LKGSSGGPLL

Jlblb-Al
Jlblb-A2
Jlblb-A3
Jlblb-A4
Jlblb-AS5
Jlblb-A6
Jlblb-A7
Jlblb-A8
Jlblb-A9
Jlblb-A10

Jlblb-Bl

Jlblb-B2

Jlblb-B3

Jlblb-B4

J1lblb-B5

Jlblb-B6

Jlblb-B7

J1lblb-B8

J1lblb-B9

Jlblb-B10

145 155 170 174 181(1207)

Jlblb CPSGHVVGVF RAAVCTRGVA KAVDFIPVES METTMRS
J1blb-Al ... ... i e e
Jlblb-A2 .......... L. e P o.......
Jlblb-A3 .......... L. e Po.......
Jlblb-A4 . ......... L e P o.......
J1b1lb-A5 ... ... i i e
JIb1b-A6 . ... ...t i e e
J1blb-A7 .......... ... e S..P .......
JIb1b-A8 . ... ... ... i e e
JIblb-A9 . ... .. ... i e e
J1blb-A10 .......... i e e
J1lblb-Bl
J1lblb-B2
J1lblb-B3
J1lblb-B4
J1lblb-B5
J1lblb-B6
J1lblb-B7
J1lblb-B8
J1lblb-B9
J1lblb-B10

Figure 6.7: Acquisition of mutations in J1b1b-NS3 during passaging undgX-
950. NS3 residue 1 (1027) to 181 (1207). The J1blb recombinant wssagad in
Huh7.5 cells under VX-950 (1,800 nM) for 13 days. Viral RNA exztsacted from
cells and the NS3 protease gene cloned into the TOPO clonetgrvd he passaging
experiment was carried out in duplicate and 10 clones andlyseach (J1blb-Al to
-A10, J1b1b-Bl to -B10). Previously described residues &hesistance mutations
can arise under VX-950 are indicated in red; the NS3 proteaseain is indicated in
black; the NS2 3’end is indicated in grey.
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1(1027) 36 4143 53
J3a3a TAACGDILHG LPVSARLGQE ILLGPADGYT SKGWKLLAPI TAYAQQTRGL LGTIVTSLTG RDKNVVTGEV QVLSTATQTF LGTTIGGVMW

J3a3a-Al
J3a3a-A2
J3a3a-A3
J3a3a-A4
J3a3a-A5
J3a3a-A6
J3a3a-A7
J3a3a-A8
J3a3a-A9
J3a3a-Al0

54 77 143
J3a3a TVYHGAGSRT LAGAKHPALQ MYTNVDQDLV GWPAPPGTKS LEPCACGSAD LYLVTRDADV IPARRRGDST ASLLSPRPLA CLKGSSGGPV

J3a3a-Al
J3a3a-A2
J3a3a-A3
J3a3a-A4
J3a3a-A5
J3a3a-A6
J3a3a-A7
J3a3a-A8
J3a3a-A9
J3a3a-Al0

J3a3a-Bl
J3a3a-B2

144 155 170 181(1207)
J3a3a MCPSGHVAGI FRAAVCTRGV AKALQFIPVE TLSTQTRS

J3a3a-ALl ...k e e e
J3a32-A2 ...k et e eaeaaa
J3a3a-A3 L. e e e
J3a3a-A4 ... e e e
J3a3a-A5 ... i e e
J383@-A6 ... e e e
J3a3a-A7 .. e e caeaaa
J3a3a-A8 ... it e
J3a3a-A9 ...t e e e
J3a3a-A10 .......... i e e

J3a3a-Bl
J3a3a-B2
J3a3a-B3
J3a3a-B4
J3a3a-B5
J3a3a-B6
J3a3a-B7
J3a3a-B8
J3a3a-B9
J3a3a-B10

Figure 6.8: Acquisition of mutations in J3a3a-NS3 during passaging undgX-
950. NS3 residue 1 (1027) to 181 (1207). The J3a3a recombinant wesapgead in
Huh7.5 cells under VX-950 (5,000 nM) for 23 days. Viral RNA ezisacted from
cells and the NS3 protease gene cloned into the TOPO clontigrvd he passaging
experiment was carried out in duplicate and 10 clones andlyseach (J3a3a-Al to
-A10, J3a3a-Bl to -B10). Previously described residues &hesistance mutations
can arise under VX-950 are indicated in red; the NS3 proteaseain is indicated in
black; the NS2 3’end is indicated in grey.
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1(1027) 36 41 43 54 62
J4ada-19 GLPVSARLGQ EILLGPADGY TSKGWKLLAP ITAYAQQTRG MLGTIITSLT GRDTNENCGE IQVLSTATQS FLGTAINGVM WIVYHGAGSK

J4ad4a-19-Al1
J4ada-19-A2
J4ad4a-19-A3
J4ada-19-A4
J4ada-19-A5
J4ada-19-26
J4ad4a-19-A7
J4ad4a-19-A8
J4ad4a-19-A9
o T N

0 R e - 3 Y
J4ada-19-B2 ... ... ... it i iiieee e e AL e e A........
0 R e -
J4ad4a-19-B4 ......... 2
J4a4a-19-B5 .. ... i e et et e e et e
J4a4a-19-B6 ... ... it e et e e e e D... ...
0 T -
J4ad4a-19-B8 ... ... e e et e e aa e e aaaa e e
J4ad4a-19-BO ... ... it e e e e e P i
J484a-19-BL0 . ...ttt it e e aeaee e eaeaaee eaeaeeaaae eeeaaaeeae e eaeaaaae

63 152
J4ada-19 TISGPKGPVN OMYTNVDQODL VGWPAPPGVK SLAPCTCGAS DLFLVTRHAD VVPVRRRGDT RGALISPRPI STLKGSSGGP LLCPLGHAAG

J4ada-19-A1
J4ada-19-A2
J4ad4a-19-A3
J4ada-19-A4
J4ad4a-19-A5
J4ada-19-A6
J4ada-19-A7
J4ada-19-A8
J4ada-19-A9
J4a4a-19-A10

J4ada-19-B1
J4ad4a-19-B2
J4ad4a-19-B3
J4ad4a-19-B4
J4ada-19-B5
J4ad4a-19-B6
J4ada-19-B7
J4ad4a-19-B8
J4ad4a-19-B9
J4a4a-19-B10

155 170 181(1207)
J4ada-19 IFRAAVCTRG VAKAVDFVPV ESLETTMRS

J4ada-19-A1 ... cieieiiee et
J4ad4a-19-A2 .......... cieiiiiiee i
J4ada-19-A3 ... ... e e
J4ada-19-A4 . ... i i
J4ada-19-A5 . ... Ll ..
J4a4a-19-A6 .......... ciiiiiiiee teaeaaa
J4a4a-19-A7 .. ... ...t i e
J4ad4a-19-A8 .......... ciiiiiiiee ieaeaaan
J4ad4a-19-A9 .......... cieiiiiiee e
J4a4a-19-A10 .......... . ....iiiiin deeieaaa.

J4ad4a-19-B1
J4ad4a-19-B2
J4ad4a-19-B3
J4ad4a-19-B4
J4ada-19-B5
J4ad4a-19-B6
J4ad4a-19-B7
J4ad4a-19-B8
J4ad4a-19-B9
J4ada-19-B10

Figure 6.9: Acquisition of mutations in J4a4a-19-NS3 during passagingder VX-
950. NS3 residue 1 (1027) to 181 (1207). The J4ada-19 recombinasippassaged
in Huh7.5 cells under VX-950 (5,000 nM) for 13 days. Viral RhM#s extracted from
cells and the NS3 protease gene cloned into the TOPO clontigrvd he passaging
experiment was carried out in duplicate and 10 clones analysesach (J4a4a-19-
Al to -A10, J4ada-19-B1 to -B10). Previously describeddwss where resistance
mutations can arise under VX-950 are indicated in red; the [W®8ase domain is
indicated in black; the NS2 3’end is indicated in grey.
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Table 6.5: Summary of mutations acquired within the Jxx NS3 protease gaturing
passaging under VX-950.

Viral variant VX-950 Day Positon WT % remaining WT  (mutatidis
(nM)! Replicate 1 Replicate2  Control
J1lblb 1,800 13 36 Y, 100 90 (1A) 100
174 S 60 (4P) 70 (3P) 100
J3a3a 5,000 23 77 N 10 (9S) 0 (10S) 100
Jdada-19 5,000 13 36 L 100 90 (1P) 100
54 T 100 90 (1A) 100
156 A 100 90 (1V) 100

LFinal passaging concentration of VX-950.

2Proportion of clones retaining original amino acid in 2 régdte passaging experiments (10 clones
analysed in each) and in a control passaged without VX-980ctnes analysed). Mutations were
included in this table if they occurred in at least 4 clones,aba position of previously identified
resistance mutations. WT, wild type.

6.2.3 Influence of BILN 2061-resistance mutations on recombinant

viruses replication kinetics

To investigate the influence of the resistance mutationstiited in section 6.2.1, in-
dividual mutations were reintroduced into the correspogdixx recombinants. For
genotype 2a, 3a, 5a and 6a, where extracted RNA levels welne thig fragment in-
cluding the NS3 protease gene plus resistance mutationsliveasly ligated into the
corresponding Jxx recombinant. For genotype 2a, 5a andesadih culture atten-
uated/adapted recombinants were used for mutant coristiucixxs including only
one resistance mutation and no other mutations were ids=htifirough clonal anal-
ysis and RNA prepared from the desired clone. For genotypentibda, where ex-
tracted RNA levels were low and alternative primers with@striction sites had to be
used, mutations were introduced through site directed geuiasis. To reduce poten-
tial PCR-induced errors, the naturally occurring restrictsitesNotl and Spé were
used to subclone a fragment including the HCV NS3 proteaseautoimto TOPO. Af-
ter site directed mutagenesis on the TOPO clone and sequentieation, the insert

was cloned back into the corresponding Jxx recombinant anél Ripared from it.

206



Identification and Phenotyping of Resistance MutationsrejaiCV Pls

The replication fitness of each mutant recombinant was tkeassed in the Huh7.5
cell culture system (Fig. 6.10 to 6.12).

The J1b1b-D168G mutant replicated to similar levels as titebtype J1blb, whereas
replication fitness of the J1b1b-A156V and the J1blb-A1BA%8G mutants were
slightly reduced (Fig. 6.10 top). The D168V substitutiomgetely abrogated the
replication ability of J2a2g0s6s OF reduced it to undetectable levels, whereas the
J2a2ar1066sD168Y mutant replicated similarly to wild type (Fig. 6.16tbom). The 2
genotype 3a mutants J3a3a-Q168L and -Q168K replicatedbsiynio the wild type,
whereas the Q168R mutation reduced the replicative fitned8aBa after an initial
spread (Fig. 6.11 top). For genotype 5a 3 mutants were te$tezl E168A mutation
did not noticeably affect the replication kinetics of J5a%a7. The E168G mutation
reduced the fitness of J5a§a47. after an initial spread, whereas the E168V muta-
tion slowed the spread of J5a§a.7 (Fig. 6.11 bottom). The replication kinetics
of J6aba,1040. Were not noticeably affected by the D168E and D168H mutatom
detectable replication was completely abrogated by theBWIGutation (Fig. 6.12).
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% HCV NS5A positive Huh7.5 cells

% HCV NS5A positive Huh7.5 cells

100 -
—— J1b1b
80 1 —O— J1b1b-A156V
—v— J1b1b-D168G
—&— J1b1b-A156V-D168G
60 -
40 A
20 A
0¥

0 2 4 6 8 10 12 14 16 18

Days post-electroporation

100 7

80 1

\

60 -

40 1
—l— J2a2a-t1066s

—0O— J2a2a-t1066s-D168V

20 —V— J2a2a-11066s-D168Y

0 Q C : 7 Q : Q r ]
0 2 4 6 8 0 12 14 16 18

Days post-electroporation

Figure 6.10: Influence of BILN 2061-resistance mutations on the recombima
J1blb and J2a2a0s6s Resistance mutations identified during passaging of th&ld1b
(top) or J2a2ar1066s(b0ttom) recombinant under BILN 2061 were introduced int® th
original recombinant and their replication kinetics assed in the Huh7.5 cell culture
system. 1@g of RNA was electroporated into Huh7.5 cells and cells intedbéor 24
hours. The cells were then stained for NS5A or alternativegspged and assessed
for NS5A positive cells every 3 to 4 days. The transcript floenJ2a2ar0s6sD168V
clone showed no detectable replication (all values lyingleutaxis line).
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100

—— J3a3a

—O— J3a3a-Q168L
J3a3a-Q168K

—©0— J3a3a-Q168R

% HCV NS5A positive Huh7.5 cells

0 2 4 6 8 10 12 14 16 18

Days post-electroporation

@® 100

©

(8]

i

N~ 80 1

L

=]

I

) .

> 60

=

(7]

8_ 40 - —il— J5ab5a-q1247L

< —V— Jb5ab5a-a1247.-E168A

0 —O— J5a5a-q1247.-E168G

%’ —0— J5a5a-a1247.-E168V
20 A

>

(&)

I

R 0

0 2 4 6 8 10 12 14 16 18
Days post-electroporation
Figure 6.11: Influence of BILN 2061-resistance mutations on the recombina
J3a3a and J5a5a247. Resistance mutations identified during passaging of th8a3a
(top) or J5a5ay1247 (bottom) recombinant under BILN 2061 were introduced into th
original recombinant and their replication kinetics assed in the Huh7.5 cell culture
system. 1g of RNA was electroporated into Huh7.5 cells and cells intedbéor 24

hours. The cells were then stained for NS5A or alternativebspged and assessed
for NS5A positive cells every 3 to 4 days.
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100 1

80 A

60 -

—— J6a6a-vio40L

—&— J6aba-vios0L-D168E
—v— J6aba-vio40.-D168H
—O— J6a6a-v1040.-D168V

40 A

20 A

% HCV NS5A positive Huh7.5 cells

0 O O O ? o)

0 2 4 6 8 10 12 14 16 18

Days post-electroporation

Figure 6.12: Influence of BILN 2061-resistance mutations on the J6aGao. re-
combinant. Resistance mutations identified during passaging of th&éadéacombi-
nant under BILN 2061 were introduced into the original recamalnt and their repli-
cation kinetics assessed in the Huh7.5 cell culture systedng of RNA was elec-
troporated into Huh7.5 cells and cells incubated for 24 ®uiThe cells were then
stained for NS5A or alternatively passaged and assessed ok NS&sitive cells every
3 to 4 days. The transcript from the J6a@a40-D168V clone showed no detectable
replication (all values lying on the-axis line).
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6.2.4 BILN 2061 susceptibility of recombinant viruses including

BILN 2061-resistance mutations

To assess the impact of resistance mutations identifiecciioses.2.1 on BILN 2061

susceptibility, 1G, values of Jxx recombinants including resistance mutatiessribed
in section 6.2.3, were measured and compared with the vl {fyig. 6.13-6.17, Table
6.6).

The cell culture adapted/attenuated recombinants Jaafka J2a2a106ssand J5aba
-012471 Showed similar |G, values as the wild type recombinants J6a6a, J2a2a and
J5ab5a (Table 6.6). The A156V mutation provided about 4-folgher resistance to
J1b1b towards BILN 2061 than the D168G mutation (277- vs.dd-¢hange in I
value). Surprisingly, the double mutant J1b1b-A156V-D&68as more susceptible

to the PI than J1b1b-A156V but more resistant than J1b1BB16he genotype 2a
resistance mutation D168Y only resulted in a very moderdtéd/increase in the 1€

value of J2a2a,066s Whereas the genotype 3a resistance mutations Q168K, Q168L
and Q168R increased the resistance profile of the J3a3a batam 51-, 30- and
43-fold, respectively. Mutations identified for genotype rendered the J5a%ga7.
recombinant only moderately resistant, with E168A inciregishe 1G, value 5-fold,
E168G 1.6-fold and E168V 8-fold. The highest impact on tasise towards BILN
2061 had the D168H mutation on the J6g&@ao. recombinant. The J6a&agao.-
D168H mutant recombinant was 527-fold less susceptible iNBI061 than the wild

type recombinant J6a&auso . The second mutation identified in genotype 6a, D168E,
resulted in a 60-fold increased resistance profile for J6afa .
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a J1b1b b J1b1b-A156V

120

IC50 =3 nM

-|- IC50 = 830 nM

n.d.

noAV 1 10 100 1000 5000 10000
BILN 2061 concentration (nM)

noAvV 1 10 100 1000 5000 10000
BILN 2061 concentration (nM)

Relative infectivity compared to no AV (%)
Relative infectivity compared to no AV (%)

£ ¢ J1b1b-D168G £ d J1b1b-A156V-D168G

> >

< <

o 120 o 120

g IC50 =200 nM g IC50 = 540 nM
o 1007 o 100
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S 60 S 60

2 2

2 401 2 407
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[:4 BILN 2061 concentration (nM) 14 BILN 2061 concentration (nM)

Figure 6.13: BILN 2061 susceptibility of J1b1b recombinants including sestance
mutations (J1b1lb-rm)Resistance mutations identified during passaging of th&ld1b
recombinant under BILN 2061 were introduced into the origiditblb recombinant
to create J1b1b-A156V, J1b1b-D168G and J1b1lb-A156V-D188®ug (a) J1blb
and (b)-(d) J1blb-rm RNA was electroporated into Huh7.5scald incubated for 24
hours. Cells were then washed and incubated in media contathihgo DMSO, as a
carrier control, with or without the indicated doses of BILNG&AOfor further 72 hours.
The percent inhibition of replication was determined at 9@nisqgost-electroporation
(mean+SEM; n = 3) and calculated as the ratio of NS5A-positive cellBILN 2061-
treated cells to those of the control without antiviral. nmbt determined.
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a J2a2a b J2a2a-t10ess

120
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IC50 =720 nM IC50 =990 nM
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100 1
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80 1

60 1 60 4
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40 1

20 1 20

noAV 1 10 100 1000 5000 10000
BILN 2061 concentration (nM)

noAV 1 10 100 1000 5000 10000
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Relative infectivity compared to no AV (%)

C J2a2a-t1066s-D168Y

120

IC50 = 7000 nM
100 A

80 1

60

40 7

20 1

noAV 1 10 100 1000 5000 10000
BILN 2061 concentration (nM)

Relative infectivity compared to no AV (%)

Figure 6.14: BILN 2061 susceptibility of J2a2a recombinants includingtehuating
and resistance mutations (J2a2a-rmiResistance mutations identified during passag-
ing of the J2a2a10sssrecombinant under BILN 2061 were introduced into the origi-
nal J2a2ar1gessrecombinant to create J2a2qoessD168V and J2a2a1066sD168Y. 1-
1019 (a) J2a2a, (b) J2a2apsesand (C) J2a2a1066sD168Y RNA was electroporated
into Huh7.5 cells and incubated for 24 hours. Cells were therhedsand incubated
in media containing 0.1 % DMSO, as a carrier control, with oraut the indicated
doses of BILN 2061 for further 72 hours. The percent infobibf replication was de-
termined at 96 hours post-electroporation (mea8EM; n = 3) and calculated as the
ratio of NS5A-positive cells in BILN 2061-treated cells togé of the control without
antiviral. J2a2ar1066sD168V recombinant replication was below detection limitdan
was not assessed for BILN 2061 susceptibility.
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Figure 6.15: BILN 2061 susceptibility of J3a3a recombinants including sestance
mutations (J3a3a-rm)Resistance mutations identified during passaging of th8d3a
recombinant under BILN 2061 were introduced into the origjiiza3a recombinant
to create J3a3a-Q168K, J3a3a-Q168L and J3a3a-Q168R.Agl@) J3a3a and (b)-
(d) J3a3a-rm RNA was electroporated into Huh7.5 cells andlated for 24 hours.
Cells were then washed and incubated in media containing 0.1 %5OMs a car-
rier control, with or without the indicated doses of BILN 20@t further 72 hours.
The percent inhibition of replication was determined at 9@rdsqgost-electroporation
(meant+SEM; n = 3) and calculated as the ratio of NS5A-positive cellBILN 2061-
treated cells to those of the control without antiviral.
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Figure 6.16: BILN 2061 susceptibility of J5a5a recombinants includingtahuating
and resistance mutations (J5a%s247-rm).
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Figure 6.16: BILN 2061 susceptibility of J5a5a recombinants includingtahuating
and resistance mutations (J5a5s247-rm). Resistance mutations identified during
passaging of the J5a5%3 247 recombinant under BILN 2061 were introduced into the
original J5a5ag12471 recombinant to create J5a5%.47-E168A, J5a5a1247-E168G
and J5a5ay1247-E168V. 1-1Qug (a) J5a5a, (b) J5a5a:247.and (c)-(e) J5a5a-rm RNA
was electroporated into Huh7.5 cells and incubated for 24reolCells were then
washed and incubated in media containing 0.1 % DMSO, as aeracantrol, with or
without the indicated doses of BILN 2061 for further 72 hoditse percent inhibition
of replication was determined at 96 hours post-electrogoraimeant+SEM; n = 3)
and calculated as the ratio of NS5A-positive cells in BILN22@@ated cells to those
of the control without antiviral. n.d., not determined.
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Figure 6.17: BILN 2061 susceptibility of J6a6a recombinants including aptive
and resistance mutations (J6a6agso.-rm). Resistance mutations identified during
passaging of the J6a6agso. recombinant under BILN 2061 were introduced into the
original J6a6ay;040. recombinant to create J6aBags0-D168E, J6a68/1040-D168H
and J6&6&/1040|_'D168\/. 1-1QLg (a) J6aba, (b) J6a66.1040|_ and (C)-(d) J6a6a/1040L-

rm RNA was electroporated into Huh7.5 cells and incubate@fohours. Cells were
then washed and incubated in media containing 0.1 % DMSO, asré&ec control,
with or without the indicated doses of BILN 2061 for further @2irs. The percent in-
hibition of replication was determined at 96 hours post-gltgmoration (meantSEM;

n = 3) and calculated as the ratio of NS5A-positive cells inBI2061-treated cells
to those of the control without antiviral. J6a6aa.o-D168V recombinant replication
was below detection limit and was not assessed for BILN 206Eptibility.
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Table 6.6: Influence of resistance mutations on BILN 2061 susceptibjlitfold
change in IG,. WT, wild type.

Viral variant G, (nM) Fold change in Ig,
compared to WT
J1blb 3 -
J1blb-A156V 830 277
J1b1b-D168G 200 67
J1b1b-A156V-D168G 540 180
J2a2a 720 -
J2a2ar1066s 990 1.4
J2a2ar10665D168V - -
J2a2ar10665sD168Y 7,000 7
J3a3a 105 -
J3a3a-Q168K 5,350 51
J3a3a-Q168L 3,200 30
J3a3a-Q168R 4,540 43
J5a5a 480 -
J535%1247L 710 1.5
J535&31247|_'E168A 3,490 5
J5a5ay1247-E168G 1,130 16
J535a21247|_'E168V 5,920 8
J6aba 1
J6abay1040L 3 3
J6368,/1040|_'D168E 180 60
J63.63,/1040|_'D168H 1,580 52%

J6aba,1040-D168V - -

'Recombinants including resistance mutations generated &ell culture adapted/attenuated recombi-
nants were compared to the corresponding adapted/atteduacombinant.
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6.2.5 Summary of results

Intra- and intergenotypic recombinants constructed fro@VHyenotype 1 to 6 were
passaged in initially subinhibitory but increasing cortcations of BILN 2061 to in-
vestigate whether antiviral resistance could be induoedtro. Clonal analysis of
the HCV NS3 protease gene identified substitutions at posit@8 for all genotypes.
The identity of the amino acid that replaced the wild typéeddd between genotypes,
where genotype 1b, 2a, 4a and 6a have the same wild type edsididype 3a and 5a
an alternative one. Genotype 1b and 4a showed the sametstibss, type 2a, 5a and
6a similar ones and substitutions identified within type Bhrgbt occur in any other
genotype. In genotype 1b and 4a, substitutions were alsuifigel at position 156.

Most substitutions did not affect recombinant replicatiametics substantially, except
for Asp168Val which reduced the replicative fithess of J2agdasand J6a6&;os01
below detection limit. All mutants created showed an insesm resistance towards
BILN 2061 when compared with the wild type recombinant, witle 162681040, -
D168H mutant followed by the J1b1b-A156V mutant showinghlghest fold change
in PI susceptibility. Substitutions induced upon VX-958atment were identified at
previously described resistance loci 36, 54 and 156, botatlshe so far undescribed
positions 77 and 174.

6.3 Discussion

The rapid selection of viral variants displaying drug-sésnt phenotypes is a major
concern in HCV treatment. Several resistant phenotypes b@®a observed in pa-
tients experiencing viral rebound during therapy, as wellrareplicon experiments
(Lin etal. (2005a); Luet al. (2004); Cuberet al. (2008); Kuntzeret al. (2008)).
Antiviral drug treatment favours the selection and sprefagadants including resis-
tance mutations. Both the relative resistance of a variashitarviral fitness influence
the replication phenotype of a resistant variant. Oftemavass that show high levels
of resistance are impaired in their replication kineticd anly circulate in low fre-

guencies. However, upon antiviral drug treatment anti\gtesceptible variants will
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be cleared and the antiviral resistant variants can spszatign 1.8.4). Resistance
mutations arising under BILN 2061 pressure have been desteabthe 3 main posi-
tions Argl55, Alal56 and Asp168 (Let al. (2005a); Luet al. (2004); Cubereet al.
(2008)).

In this study, several new vitro resistance mutations in the NS3 protease gene of
all 6 major genotypes were identified. The dominant resgganutations observed
against BILN 2061 occurred at position 168, where the Aspltesin genotypes 1b,
2a, 4a and 6a changed to Gly/Glu/Ala/Val (genotype 1b and Ma)Tyr (2a) and

to Val/Asn/Glu/His (6a). In the genotype 3a protease gengatgution of GIn168 to
Leu/Arg/Lys was detected, while in genotype 5a Glu168 wastiuted with Ala/Gly/-
Val. Although conserved in position, a striking feature bistpattern of mutation
was the variable nature of the substituted amino acid, siggegreat flexibility in
the nature of the structural disruption to the proteasedaduby these resistance-
associated changes. The observation that resistancei@eslanutations in one geno-
type (such as Aspl168Glu substitution in genotype 1b, 4a andr@y occur as the
wild type amino acid in another (genotype 5a), is consistattt significant struc-
tural differences in the protease gene implied by the difiees between genotypes
in their susceptibility to inhibition by BILN 2061In vitro studies with the genotype
1b replicon have associated mutations towards Val/Ala \BithN 2061 resistance
at position 168 (Heet al. (2008)). Interestingly, the Asp168Glu mutation has been
described in literature as well, but in association withstesce to ITMN-191, an-
other macrocyclic Pl (Seiweet al. (2007a)). Resistance mutations towards a third
macrocyclic inhibitor, TMC435, also identified a variety ebistance mutations at po-
sition 168 (Aspl168Tyr/Glu/His/lle/Thr/Asn), which suppthe results described here
(Lenzetal. (2010)). The Aspl168lle/Thr mutation was not observed, ipbsslue to
the fact that 2 nucleotide changes are necessary for thisgehand the Pl pressure

applied here was not high enough to induce this.

These results demonstrate that resistance towards matoomhibitors can be in-
duced by a variety of viable changes and that the resistanodéetowards the differ-

ent members of one class of Pls is similar. The fact that albgges show mutations
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at the same position suggests a similar escape route from BOA84, something that
has been also suggested for TMC435 (Lenal. (2010)).

All escape mutations resulted from one single nucleotidengb. It is unclear why
genotype 1b, 4a and 6a show a higher variability in subgiitstthan genotype 2a.
The type 2a resistance mutations Asp168Tyr/Val showeddl000-fold higher resis-
tance to BILN 2061 in the type 1b replicon system than Asp188Aik/Glu/ Gly/Asn
(Lenzet al. (2010)). However, the J2a2a665sD168Y mutant only showed 7-fold in-
crease in resistance, which is 355-fold lower than thatrilees in the type 1b replicon
system. The low level resistance increment of Asp168Tyype 2a could possibly ex-
plain why only Asp168Tyr/Val arose in type 2a, as the type @sspging experiment
was shorter than the type 6a and involved relatively lowecdPicentrations than the
type 1b and 4a experiment. The resulting low Pl pressure dvoat be enough to
induce high level resistance mutations. It would be intiang2o see whether further
substitutions would arise within the genotype 2a recomiftiifat was passaged under
higher Pl concentrations. The discrepancy between thésekscribed here and those

reported elsewhere are presumably due to the differendas igenetic backgrounds.

The genotype 5a wild type amino acid at position 168 is Glugctvirs very similar to
Asp in genotype 1b, 2a, 4a and 6a (both are polar and negatikiarged), except that
it is one methyl chain longer. As expected, the resistancél@iin genotype 5a was
very similar with Glu168Ala/Val/Gly substitutions occurg. Substitutions identified
within genotype 3a on the other hand were different to thasalliother genotypes,
reflecting the charge difference in the wild type amino adig@sition 168 (GlIn is

polar neutral).

Although further mutations at positions 155 and 156 havenlassociated with BILN
2061 resistance (Liet al. (2005a); Luet al. (2004)), substitutions at position 156
were only observed in a minority of genotype 1b and 4a cloiés Alal56Val sub-
stitution was found in both genotypes, whereas the Alalb&Ubstitution was only
found in genotype 4a (Table 6.3). It is unclear why the Alalli6substitution only
occurred in genotype 4a and not in 1b. Both, Alal56Val and 2édhr only need one

nucleotide change and should be accessible to all genotypesever, these geno-
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type specific differences are consistent with a report teatdbed the occurrence of
the Alal56Val substitution in the genotype 1b, but not in g@motype 1a replicon
(Lenzet al. (2010)). Residue 195 in genotype 2a has not been describedeasa

tance locus before and it is unclear what effect the GIn18Sidbstitution has on the

recombinant replication and resistance profile.

Interestingly, no substitutions were identified at positidb5. The Argl55GIn muta-
tion has been observed duriimgvitro studies in the genotype 1b replicon system, but
was associated with lower resistance than the Alal56ThrAspd 68Val mutations
(Luetal. (2004)). In that study, Alal56Thr has been shown to conferhighest
fold increase in resistance to BILN 2061, followed by Aspl&B&nd Arg155Gin.
These findings could explain the appearance of substigabmosition 156 for only
the genotype 1b and 4a passaging experiment. In these, tom&dntrations reached
100 x IC5y, whereas it was about 709 I1C5, for type 3a, 10x IC5, for type 6a and
only 1-2 x 1C5, for type 2a and 5a. The observed pattern of substitution$ Gngeeno-
types (Table 6.3) suggests that resistance mutations #iomak56 only arise when Pl
concentrations reach 1001C5,. Two other studies reporting higher resistance for the
Alal156Val/Thr mutation than for the Asp168Val/Ala mutatjsupport these findings
(Lu et al. (2004); Heet al. (2008)). However, contradictory results showing slightly
higher levels of resistance for the Asp168Tyr/Val mutatrdmen compared with the
Alal56Val mutation, were reported elsewhere (Lehal. (2010)). These differences
are likely a result of differences in the genetic backgroand type of assay, demon-
strating how important it is to characterise resistanceatiasts in all HCV genotypes.
The time of AV pressure does not seem to have a major influendeeresistance
profile, as type 1b and 4a were only passaged for 8 and 13 aeyeatively.

Using specific site directed mutagenesis, the phenotypectsfof substitutions were
determined. Whereas the Asp168Val mutation reduced thecatipe fitness of the
J2a2ar1066s and J6a6g1040. recombinant below the detection limit, it only slowed
down the spread of the J5a§a.7 recombinant (Fig. 6.10 to 6.12). This deleteri-
ous effect on genotype 2a and 6a is surprising, as the Asl&8Mstitution in the
genotype 1b replicon only partly reduced its replicativedds (Heet al. (2008)). Pre-
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sumably these discrepancies are due to differences inffleestiit genotypic NS3 pro-
tease sequences. Viral variants with the Asp168Val mutgiaientially have compen-
satory secondary mutations outside the NS3 protease reg@iom J3a3a-Q168R and
the J5a5@1247.-E168G recombinant initially spread like the wild type reduinant,

but were then diluted out as the cell culture was split, satijgg inefficient spread
between cells as observed for J1b1lb and J4a4a-19 (Fig. 6dl4. B1). The remaining
tested substitutions did not show any major impact on recoamb fithness. However,
as no quantitative real-time PCR was performed it cannot bkiéed that there are
differences in intra- and extracellular RNA levels betweadld wype and mutant re-

combinants.

The different substitutions identified during the seletctexperiment had different ef-
fects on BILN 2061 susceptibility and did not correlate whieit effect on replication
fitness (Table 6.6). The J6agas -D168H mutant that conferred the highest level of
resistance of the mutants analysed, replicated with sireifeciency in the cell culture
as the wild type (Table 6.6 and Fig. 6.12). Within genotypeaBd 5a, all mutants
analysed showed a similar increase in resistance towardsl B061, although the
replication of some was impaired (Fig. 6.11). Only withimgg/pe 1b was higher
resistance associated with slightly lower replicatioreleFig. 6.10 top). The fold
increase in resistance in J1b1b induced by the Asp168Gjiur@tation was about the
same as described in the literature, whereas the measuredse for Alal56Val was
2- to 10-fold and for Aspl68Tyr in genotype 2a 100-fold loviean described be-
fore. The observed increase in resistance for the Aspl68idiation in genotype 6a
is about twice as high as reported before @dal. (2008); Lenzet al. (2010)). How-
ever, comparisons should be made with caution as the citelilestwere performed
using the genotype 1b replicon, whereas results presemteisi chapter are derived

from 6 different genotypic backgrounds.

The resistance mechanism of HCV to BILN 2061 has been describgtat detail
(Courcambeclet al. (2006)). Two different mechanisms were demonstrated. The
direct mechanism is based on the contact between the 2 muesielues Arg155GIin
and Alal56Thr and the inhibitor. Arg155 and Alal56 are péithe S2 binding pocket,
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which interacts with the large P2 moiety of BILN 2061. The S2#Rteraction is the
functionally most important interaction for BILN 2061 potgn Important electrostatic
interactions between Argl155 and the PI are lost when positib is replaced with
an uncharged amino acid like GIn, explaining the Argl55Ghutation. Alal56 is
also in close interaction with the Pl and a change towardsgeitand bulkier amino
acid like Thr produces strong steric constraints on therawateon with BILN 2061.
This markedly affects the affinity of BILN 2061 for the NS3/4£opease and explains
the Alal56Thr substitution. Val is also bulkier than Alapkining the Alal56Val
substitution.

The second, indirect mechanism involves Asp168, which ameglirectly interact
with BILN 2061. However, Asp168 builds 2 salt bridges with AR3 and Arg155,
2 residues that directly interact with BILN 2061. Mutatiorispasition 168 prevent
the formation of these salt bridges and alter the confooonatf Arg123 and Argl55,
thereby preventing optimal binding of BILN 2061 (Fig. 6.18)rg is a positively
charged amino acid and will need a negatively charged amimb ta build a salt
bridge. All amino acid substitutions towards nonpolar,ifpasy charged or neutral
amino acids will therefore disrupt the salt bridges betwessidue 168 and Arg123
and Arg155, thereby inducing BILN 2061 resistance. All sitbsons observed at
Aspl68 (Ala/Asn/Gly/His/Tyr/Val) are nonpolar, neutral positively charged, ex-
plaining the resistance mechanism of these substitutieigs 6.19). The exception
is the Asp168Glu substitution, a change towards another amid negatively charged
amino acid, which would not disrupt the building of the saitiges. However, the Glu
side chain is one carbon atom longer than the Asp side chassjlgy pushing Arg123
and Arg155 further away and rearranging the optimal spatrangement.

The highest fold resistance was induced by the Aspl168Histgution, which is the
only substitution with a positive charge. His168 not onlgrdpts the salt bridges
but also repulses the positively charged residues Arg1a3Aagl55, inducing more

extensive spatial rearrangements and explaining theasereresistance.
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Figure 6.18: Structural perspective on Asp168 resistance mechanidine catalytic
triad is depicted in orange and Aspl168 in white with nitrogemrad and oxygen in
blue. The negatively charged residue Asp168 makes 2 sdldsiwith the 2 positively
charged residues Arg123 and Arg155 (in blue), which direloithgl to BILN 2061. Dis-
ruption of these salt bridges changes the optimal PI bindiogformation of Arg123
and Arg155.

The resistance mechanism for genotype 5a works on a simalsis,bwith changes
from the polar and negatively charged amino acid Glu to narpamino acids like
Ala/Gly/Val (Fig. 6.20). In genotype 3a, the polar and nab&mino acid Gin is the
wild type residue. Furthermore, residue Thrl23 is a neainaiho as well, suggest-
ing a slightly different resistance mechanism. GIn can temraply be positively and
negatively charged, as it has an amine and hydroxyl grougantthereby build a salt
bridge with the positively charged Arg155 and the free hygltgroup of Thr123. All
substitutions observed within genotype 3a are towarddipelsi charged residues or
nonpolar amino acids that can not undergo both salt bridgesreereby destabilise the
interaction between BILN 2061 and the NS3/4A protease (FR@L)6

Analogously to BILN 2061, VX-950 resistance was induaeditro through passaging
Jxxs under VX-950 pressure. Due to the limiting amounts of350 available, the
PI concentration was kept at 253 IC5,. None of the genotypes showed significant
substitution rates at any of the resistance loci describeda literature (NS3 residue
36, 41, 43, 54, 155, 156 and 170) (Table 6.1). As discussegealius is presumably
due to the to low PI concentrations used. Neverthelessjmgenotype 1b and 3a
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one position (Serl74Pro and Asn77Ser, respectively) sth@gmificant substitution
rates in both replicates, suggesting a resistance mutgign 6.7 and 6.8). Both are
at a position which has not been described as a resistanee dmcl due to the low PI
concentrations this suggests a low level resistance muataResidue Asn77 lies on a
surfaceis-sheet and it is unclear what the exact phenotypic effectRerasubstitution
would have on fithess and resistance of a viral variant. Seslgart of am-helix and
close to the S2 binding pocket. A change towards the bulkiena acid Pro possibly
has a structural impact on Pl binding. To get conclusiveltesun the effect of these

mutations, specific site directed mutagenesis ang d€terminations are required.

No significant substitutions were observed within genogg@ewvhich can be explained
with the high 1G, value of J4ad4a-19 (2,330 nM). Nevertheless, one clone eash w
identified carrying a substitution at previously descrilvedistance loci (Leu36Pro,
Thr54Ala and Alal56Val, respectively) (Table 6.1 and 6.8Jthough it cannot be
excluded that these mutations arose due to Taq errors,¢hthéd they have been de-
scribed previously, strongly suggests that they reprasemtesistance mutations. Pas-
saging under higher PI concentrations should allow thetifilestion of more clones

containing resistance mutations.
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Asp168+Vall156

Figure 6.19: Structural perspective on Aspl168 resistance mutatiod$e catalytic
triad is depicted in orange and Asp168 and Alal56 in white wittogen in red and
oxygen in blue. Mutations observed during passaging ewpsris with Jxx under
BILN 2061 are depicted in pink.
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Alal68 Vall68

Figure 6.20: Structural perspective on Glul68 resistance mutationBhe catalytic
triad is depicted in orange and Glul168 in white with nitrogenréa and oxygen in
blue. Mutations observed during passaging experiments 3xithunder BILN 2061
are depicted in pink.

Argl168

Lys168

Figure 6.21: Structural perspective on GIn168 resistance mutationEhe catalytic
triad is depicted in orange and GIn168 in white with nitrogenréd and oxygen in
blue. Mutations observed during passaging experiments 3ithunder BILN 2061
are depicted in pink.
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6.4 Conclusion

To identify resistance mutations developing during Plttremt, Jxx recombinants of
HCV genotype 1 to 6 were passaged under increasing condensaf BILN 2061.
Several newn vitro resistance mutations were identified at the previouslytitied
resistance residues 156 and 168. The dominant resistarte¢ions observed against
BILN 2061 occurred at position 168, but within genotype 1b dadresistance mu-
tations were also observed at position 156. A high diversitgubstitutions was ob-
served at position 168, suggesting great flexibility in tpat&l arrangement of the
protease to evade PI binding. Using specific site directethgamesis allowed inves-
tigation of the effects identified resistance mutationsehav viral fithess and antiviral
resistance. Strikingly, the Asp168Val mutation completabrogated detectable viral
replication, whereas other substitutions only had minguadots on viral fitness. Amino
acid changes from polar and negatively to polar and po$itatearged residues had the
highest impact on viral susceptibility to BILN 2061. Simliaresistance development
upon VX-950 treatment was investigated. Two previoushdantified potentially low
level resistance loci were observed together with sporamitations at known resis-

tance loci.

Identification of previously described resistance mutetifor BILN 2061 and VX-950
underscore the usefulness of the Jxx-recombinant systesloged here. Progress
towards characterisation of these mutations and combmstwvill in the long term
provide the necessary data for the development of genofypefi drug-resistance

databases analogous to those developed for HIV-1.
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Chapter 7
Concluding Remarks and Outlook

HCV is globally widespread and a major health concern. It is ohthe main causes
of severe liver diseases, such as cirrhosis and hepatlacelarcinoma, which can lead
to death. The considerable genetic diversity between thendtgpes £30 %) leads
to substantial differences in persistence, disease adgots and treatment response.
Furthermore, the pre-existing huge pool of geneticalljedént variants within an in-
dividual, the so-called quasispecies, allows a rapid adimpot of HCV to selection
pressures, such as immunological recognition and antiveament. The current stan-
dard IFN«/ribavirin combination treatment is associated with sewsde effects and
patients with genotype 1 and 4 only respond poorly to thettnent. The development
of specific antiviral drugs is therefore highly desired. &de] drug development has
mainly been based on genotype la or 1b-based enzyme s&siaia the genotype 1b
replicon system, leading to genotype 1 specific drugs. Becaiusubstantial sequence
divergence between genotypes within the enzymatic genengagntivirals developed
upon genotype 1 enzymatic structures often show lower efésan nongenotype 1 en-
zymes. The case of the first Pl to enter clinical trials, BILN620demonstrated very
early on the immense impact structural differences witl@najypes can have on drug
efficacies. The genotype 1 specific Pl showed high efficacgmotype 1 infected pa-
tients, whereas genotype 2 and 3 infected patients wereaxmdkly or non-responsive
to BILN 2061 treatment (Lamarret al. (2003); Reiseet al. (2005)).

Another problem identified early on in clinical trials withGY antivirals, was the
rapid emergence of antiviral resistance mutations. As shiowHIV-1, large popula-
tion sizes and the relatively high error rate of the RNA polyase are the main factors
for the huge genetic diversity of HCV. Pre-occurring viratigats with resistance mu-

tations can therefore readily be selected for during anafitieatment. As shown in the
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replicon system, new antiviral specific resistance mutatean also be rapidly induced

upon antiviral treatment.

The variable efficacies of Pls on different genotypes andhfigence genotypes might
have on the effect of naturally occurring resistance momgtdemand the development
of anin vitro system to investigate the effectiveness of antivirals ffeent geno-
types. The aim of the PhD project presented here was to geweldntra- and in-
tergenotypic cell culture system that would allow thevitro assessment of HCV NS3

proteases from genotype 1 to 6.

In a first part, the natural polymorphism within the NS3 paste and NS4A cofactor
of genotype 1a and 3a clinical variants was analysed. It Wwews that the NS3/4A
protease is flexible enough to tolerate substitutions teesipe different functional con-
straints. No mutations were identified within the functibdamains of the catalytic
triad, the S1 and S2 binding pocket or the zinc binding domdowever, natural poly-
morphism outside of the functional domains was observedciwimight potentially
influence the 3D structure of the protease and affect funatisites. The identification
of polymorphic sites within the NS3 protease will be val@aln designing new Pls.
Inhibitor development could be designed targeting areashwwre conserved across
genotypes and subtypes, ensuring efficacy in all genotypesabtypes. In addition,
identification of individual polymorphism, known to be asgted with treatment fail-

ure, will enable patient specific treatment options.

The main part of this PhD project was the development of aléumgth HCV cell
culture system, which allows the investigation of protegsee function in all 6 ma-
jor genotypes. This extends the range of available full tiemgplication competent
clones that allow analysis of the NS3 protease gene fromtgpa®@a and 1la to all 6
major genotypes (Lindenbaeh al. (2005); Wakitaet al. (2005); Yiet al. (2006b);
Murayameaet al. (2007a)). Genetically engineered restriction sites onNB& pro-
tease boundaries allowed the generation of an intergeicotgplication competent
clone for genotype 5a. Extending the cloning strategy tduohe the homologous
NS4A cofactor in the recombinant construction resulte@plication competent intra-

and intergenotypic recombinants representing all 6 magmog/pes. Different cell
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culture adaptive/attenuating mutations were identified tilowed the generation of
stably replicating recombinant clones for genotype 2a,58aand 6a. The cell cul-
ture system presented here provides a powerful tool to sheliNS3 protease within
the full viral life cycle and adds to the currently availaBleH1-based systems for the
study of the non-structural genes (Pietschmeainal. (2006); Gottweiret al. (2007);

Yi etal. (2007); Jensent al. (2008); Scheett al. (2008); Gottweiret al. (2009)).
The genetically engineered restriction sites allow thetitisn of protease genes am-
plified from clinical specimens directly into the expressi@ctor. Protease genes from
all genotypes and subtypes can thereby easily be assesggd-fxisting antiviral re-
sistance mutations and their antiviral susceptibility.

Using the intra- and intergenotypic recombinants it coudddemonstrated that dif-
ferent NS3 proteases react differently to the same PI. Thetgpe 1b protease was
shown to be more susceptible to BILN 2061 than the genotype@&a derived pro-
teases, confirming previously reported results and undengrthe practicality of the
system (Thibeaulket al. (2004)). Furthermore, inhibitor sensitivity testing withlthe
full length viral lifecycle could be extended to genotype3aand 6a. Compared to the
replicon system, this cell culture system allows the assessof antiviral susceptibil-
ities in the context of the entire life cycle of the virus. Tdféect of antiviral efficacies
on replication kinetics as well as supernatant infecticay be assessed. Analogously,

genotype specific differences in susceptibility to VX-95€revalso demonstrated.

Passaging the intra- and intergenotypic recombinantsruncieasing BILN 2061 con-
centrations allowed thia vitro induction of resistance mutations. Several rewitro
resistance mutations were identified at previously desdriiesistance loci, emphasis-
ing again the practicality of the system. Whereas all gerextygeveloped resistance
mutations at position 168, only genotype 1b and 4a also dpedl resistance muta-
tions at position 156. The fact that higher Pl concentratiorere used in type 1b
and 4a passaging experiments suggests that mutationsitwmpd®$6 confer higher
levels of resistance than those at position 168. The greatsiy of resistance mu-
tations observed between the different genotypes denadestthe flexibility of the

HCV protease and highlights the importance of phenotypicastiarisation of resis-
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tance mutations for all genotypes. Phenotypic charaeti#ois of the individual resis-
tance mutations identified during passaging experimeststiiied mutations with no
or dramatic effects on viral replication kinetics. All stibgtions that were assessed
conferred an increase in antiviral resistance, providirgppthat they are real resis-
tance mutations and that the cell culture system describezldan be used to identify
them. Investigation of resistance development upon VXi8&itment identified previ-
ously unidentified substitutions as well as substitutiarelr@ady identified resistance

loci.

Replication competent intra- and intergenotypic recomttiméiave successfully been
created for genotype 1b, 2a, 3a, 4a, 5a and 6a. The geneddtaowell replicating
recombinant based on the important genotype 1a would cdenle set of Jxx recom-
binants. Possible strategies to create a well replicatiad d recombinant include the
insertion of further patient-derived protease genes ana mxtensive laboratory pas-
saging to hopefully induce adaptive mutations. Furtheemibre cloning strategy could
be extended to include the NS2 protein in the recombinardtoaction. NS2 is a zinc-
stimulated cysteine protease that cleaves the NS2-NS&gundéor which it requires
the N-terminal part of NS3 as a cofactor (Schregiedl. (2009)). Incompatibilities
between the heterologous NS2 and NS3 protease proteing ifiltila recombinant

might contribute to its poor replication kinetic.

Possible next steps in the project also involve the devedmprof a diagnostic pheno-
typic assay for antiviral resistance. Instead of ligatimgpéfied protease sequences
into the expression vector and choosing individual clomgsasenting one viral vari-
ant, a more rapid approach involving direct RNA transcripfimm the ligation prod-
uct could be pursued. Because the cloning step is omittedR N#etranscript popula-
tion will reflect the diversity of HCV sequences within the gispecies population of
the sample. Minor populations of variants including resise mutations may there-

fore contribute to resistance development depending anitheivo abundance.
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Concluding Remarks and Outlook

In summary, during this PhD project a full length HCV cell cué system, which al-
lows the investigation of protease gene function in all 6aggoes within the full viral
life cycle, has been developed. Using this system, it coaldémonstrated that differ-
ent NS3 proteins react differently to the same PI. Any Plidiedl in high-throughput
screening can be evaluated for its efficacy on different tygres and treatments de-
signed according to the outcome. Passaging the recombimastib-inhibitory con-
centrations of antiviral drugs allowed the identificatidnpotential resistance muta-
tions to BILN 2061 and VX-950 and will therefore be of consalde value in pre-
clinical assessment of resistance induction and genotgriability for newly devel-

oped compounds.

The ease with which protease gene sequences directly adpiitm clinical spec-

imens can be inserted in the expression vector of the apptepgenotypes allows
for the first time direct monitoring of antiviral drug inhtlmn for specific proteases
through assessment of reduction in both supernatant wmfgaind replication kinet-

ics. Protease genes from study subjecisao treatment can then easily be assessed
for sensitivity to a range of antiviral drugs and screenedofe-occurring resistance
mutations, as well as providing a phenotypic assay for therassessment of emerg-
ing resistance during therapy and the influence of speciftatimns on treatment out-

come.

Romero-lbpez & Berzal-Herranz (2009)
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Appendix A
List of Primers

Table A.1: Primers used for amplification of the NS3 protease gene frofagma,
genotype 1a OS, outer sense; OA, outer anti-sense; IS, inner sensenh&y anti-
sense; OMS, outer middle sense; OMA, outer middle antiese§, middle sense;
MA, middle anti-sense.

Primer Position Sequence (5'-3)

NS3-1a-0S 2903 AGCGCAMYTGCACGTGTGGRTTCC
NS3-1a-O0OSb 2823 GCGCTGACTCTGTCACCATATTACAAGC
NS3-1a-OA 4113 CCAAAGCCCAGTGTTGCRGCRAC

NS3-1a-O0OA 4164 GCACCAAAGCCCAGYGTTGC
NS3-1a-OOOAb 4182 TGRGCCTTGGACATGTAARC

NS3-1a-1S 2937 GTCCGCGGCGGCCGYGACGCCRTCATCY
NS3-1la-ISb 2940 TATAGCGGCCGYGACGCCRTCATCY
NS3-1a-1S2 3276 ATGGAGACCAAGCTCATCACG

NS3-la-l1A 4103 GAGCACTAGTACTTTATAGCCCTGRGC
NS3-1a-IAb 4083 GGTTGAGCACTAGTACCTTATAGCC
NS3-1a-OMS 3466 GYATAATCACCAGCCTRACYGGC
NS3-1a-MS 3513 GAGGTCCAGATTGTRTCAACWGC

NS3-1a-OMA 3624 GGTATACATCTGGATRACRGGACC
NS3-la-MA 3569 TGGTAGACAGTCCARCAYACC
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List of Primers

Table A.2: Primers used for amplification of the NS3 protease gene frotagma,
genotype 3a.0S, outer sense; OA, outer anti-sense; IS, inner sensenh&yianti-
sense; MS, middle sense; MA, middle anti-sense.

Primer Position Sequence (5’-3")

NS3-3a-0OS 2899 GCGAGTCYGCCCTYCAWGTGTGGG
NS3-3a-OA 4116 AGAGCCRAAGCCTARTGTGGCCGC
NS3-3a-IS 2937 GCGCGYGGCGGCCGCGACGGTGTCATCY
NS3-3a-ISb 2936 TATAYGGCGGCCGCGACGGTGTCATCY
NS3-3a-1S2 3314 CTTGCGGAGATATTCTTTGCG

NS3-3a-IA 4078 CAGCACTAGTACAKTATATCCTTGTGC
NS3-3a-MS 3478 YTGACTGGYAGGGAYAAGAACG
NS3-3a-MA 3532 TGTACCYARGAAWGTCTGWGTRGC

Table A.3: Primers used for amplification of the NS3 protease gene frotagmids.
OS, outer sense; OA, outer anti-sense.

Primer Position Sequence (5-3’)

NS3p-1la-OS 3276 ATGGAGACYAAGRTCATYAC
NS3p-1a-OA 4335 TCYGCTTGGTCMAGGAC
NS3p-1b-OS 3323 GGACATCATYTYGGGYYTRC
NS3p-1b-OA 4033 TATAGCTYTTRCCGCTGCCAGTGG
NS3p-3a-OS 3276 ATGGAAATCAAGGTCATCAC
NS3p-3a-OA 4294 AGCGTCTTGGGCATGAC
NS3p-4a-0OS 3926 TATAGCGGCCGYGACGCCRTCATCY
NS3p-4a-OA 3326 TGTTGARTTGTCAGTGAACACTGG
NS3p-5a-0S - M13Primer

NS3p-5a-OA 4019 TATAGGAGGGTGCATGGAGGTCC
NS3p-6a-OS 3236 CCYATGGAGAAGAARRTYATCACS
NS3p-6a-OA 4286 RTCYGTGGAGTGGCACTCRTCA
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List of Primers

Table A.4: Primers used for amplification of the NS4A gene, genotype Talaa.
OS, outer sense; OA, outer anti-sense; IS, inner sensenh&y ianti-sense.

Primer Position Sequence (5-3’)

NS4A-1a-OS 4710 TGTGTCACYCAGACAGTCGA
NS4A-1a-OA 5706 GCTGTRAAWGCCATCARTGA
NS4A-1la-1S 4880 TATATCCGTCCTCTGTGAGTGC
NS4A-1a-IA 5622 TTCCACATATGCTTCGCCCA
NS4A-3a-0OS 4716 GARCAGTACGTYGACTTCAGC
NS4A-3a-OA 5636 ATCCCRCTCACAAAATTCCAC
NS4A-3a-IS 4714 CCGTCTGGRATGTTTGACTCG
NS4A-3a-IA 4861 YTGAGCTTGCTCGATRTAWGG

Table A.5: Primers used for the amplification of the NS3 protease generirplasmid
or plasma, introducing restriction sitesxBstBI-s, primers including a BstBlI restric-
tion site; xBglll-as, primers including a Bglll restrictiosite.

Primer Position Sequence (5’-3)

laBstBl-s 3394
laBglll-as 3941
1bBstBl-s 3394
1bBglll-as 3936
2aBstBl-s 3394
2aBglll-as 3937
3aBstBl-s 3394
3aBglll-as 3940
4aBstBl-s 3394
4aBglll-as 3935
5aBstBl-s 3394
5aBglll-as 3935
6aBstBl-s 3394
6aBglll-as 3935

TATATTCGAAGGGGTGGAAGTTGC
ATATAGATCTCATGGTTGTCYCTAGG
TATATTCGAAGGGGTGGAAGCTCCTYGCGCC
GCACCAAAGCCCAGYGTTGC
TATATTCGAAGGGGTGGAAGCTTCTCG
ATATAGATCTCGTGACGATGTCGAGTGTC
TATATTCGAAGGGYTGGAAGCTGTTGG
ATATAGATCTAGTCTGTGTRCTRAGGG

TATATTCGAAGGGGTGGAAACTCCTTGCTCCCATTACAGC

ATATAGATCTCATRGTRGTCTCAAGRGATTCR
TATATTCGAAGGGYTGGAAACTYCTCGC
ATATAGATCTCATCGTGGTYTCCAGGTTTTCR
TATATTCGAAGGGGTGGAAGCTCCTGGCTCCCATTAC
TGGTAGACAGTCCARCAYACC

237



List of Primers

Table A.6: Primers used for the amplification of the NS4A gene from plagi®,
introducing restriction sitesxSapl-s, primers including a Sapl restriction site; xMlul-
as, primers including a Mlul restriction site.

Primer Position Sequence (5’-3)

laSapl-s 5282 TATAGCTCTTCCTGACCTTGAGGTCATGACCAGCACCTGG
laMlul-as 5462 TATACGCGTGGCRCACTCTTCCATC

1bSapl-s 5282 TATAGCTCTTCCTGACCTTGAGGTCATGACCAGCACCTGG
1bMlul-as 5462 TATACGCGTGGCRCACTCYTCCATY

2aSapl-s 5282 TATAGCTCTTCCTGACCTTGAGGTCATGAC

2aMlul-as 5462 TATACGCGTGGCACATTCCTCCATC

3aSapl-s 5282 TATAGCTCTTCCTGACCTTGAGGTCATGACCAGCRCCTGG
3aMlul-as 5462 TATACGCGTGGCRCAYTCYTCCATC

4aSapl-s 5282 TATAGCTCTTCCTGACCTTGAGGTCATGACCAGYACGTGG
4aMlul-as 5462 TATACGCGTGGCRCACTCCTCCATT

5aSapl-s 5282 TATAGCTCTTCCTGACCTTGAGGTCATGACCAGYACGTGG
5aMlul-as 5462 TATACGCGTGGCGCATTCTTCC

6aSapl-s 5282 TATAGCTCTTCCTGACCTTGAGGTCATGACCAGYACATGG
6aMlul-as 5462 TATACGCGTGGCRCACTCCTCCATC

Table A.7: Primers used for the amplification of the core gene as a pagtcontrol.
OS, outer sense; OA, outer anti-sense; IS, inner sensenhy ianti-sense.

Primer Position Sequence (5’-3)

Core-OS 287 ACTGCCTGATAGGGTGCTTGCGAG
Core-OAS 750 ATGTACCCCATGAGGTCGGC
Core-IS 320 AGGTCTCGTAGACCGTGCATCATG
Core-1A 723 CAYGTRAGGGTATCGATGAC
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List of Primers

Table A.8: Primers used for the introduction of point mutations(a) Introduction

of BstBI into pJFH1, (b) introduction of Bglll into pJFH1, Y(antroduction of Blpl

into pJFH1, (d) introduction of Mlul into pJFH1, (e) mutatief Bglll restriction site
within p4a, (f) introduction of cell culture adaptive L1663fino acid mutation, (g)
mutation of Spel restriction site within the Jc1 backbone.

Sequence (5-3’)

Primer Position
(a)

BstBI-sQC 3384
BstBl-asQC 3384
(b)

Bglll-sQC 3944
Bglll-asQC 3944
(©)

Blpl-sQC 5281
Blpl-asQC 5281
(d)

Mlu-sQC 5468
Mlu-asQC 5468

(e)
p4aBmt-sQC 3685
p4aBmt-asQC 3685

(f)
NS4AAMt-sQC 5314

NS4AAmt-asQC 5314

(¢))

GCTGATGGCTACACTTCGAAGGGGTGGAAGC
GCT TCCACCCCT TCGAAGTGTAGCCATCAGC

CGACGTTGTTACAAGATCTCCCACTTTCAGTG

ACAACAGC

GCTGTTGTCACTGAAAGTGGGAGATCTTGTAA

CAACGTCG

CATGCATGCAAGCTGAGCTTGAGGTCATGACC
GGTCATGACCTCAAGCTCAGCTTGCATGCATG

RGARTGYGCCTCGCGTGCGGCTCTCATCG
CGATGAGAGCCGCACGCGAGGCRCAYTCY

CCGGAGTCAGATCACTTGCTCCGTGCACC
GGTGCACGGAGCAAGTGATCTGACTCCGG

GCACCTGGGTGTTGGCTGGAGGGGTCCTCG
CGAGGACCCCTCCAGCCAACACCCAGGTGC

Mlul-s Backbone TATAACGCGTACCAGTCCC
Pvul-as Backbone TATACCTCCGATCGTTGTCAG
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List of Primers

Table A.9: Primers used for whole genome sequencing of JFH1, Jcl and the in
tergenotypic recombinantslFH-B, sense primers; JFH-C, anti-sense primers.

Primer Position Sequence (5-3’)

JFH-B2 316 TATAAGGTCTCGTAGACCGTGCACC
JFH-B4 876 TATACCTGTTGTCCTGCATCACCG
JFH-B6 1516 TATACGTTCCACCAACGTGATTGC
JFH-B8 1549 GATGTCTTCCTACTGAACAGCACC
JFH-B10 2584 CGAAGCAGCATTGGAGAAGTTGG
JFH-B12 3201 TATACCACCTCACACCTATGTCG
JFH-B14 3889 TATACGAGCAGCTGTGTGCTCTCG
JFH-B16 4432 CGATATAGAAGAGGTAGGCCTCG
JFH-B18 5040 TATAGCCTCACACACATAGACGC
JFH-B19 5415 TATACCAGCGAGTCGTCGTTGC
JFH-B20 5714 TCTTCCATGATGGCATTCAGTGC
JFH-B21 5831 TATAGCTTTGTCGTCAGTGGCCTGG
JFH-B22 6284 TATAACGTGTGGGACTGGGTTTGC
JFH-B23 6532 TCCTATCAATTGCTACACGGAGG
JFH-B24 6749 TTTGCACCCACACCAAAGCC
JFH-B25 7002 TACACAGCAACACCTATGACGTGG
JFH-B26 7266 TATACGTTGCTGGTTGTGCTCTCC
JFH-B27 7542 TATAGGACCTGGAGTCTGATCAGG
JFH-B28 7982 TATAAGGTCCGCAGCTTGTC
JFH-B29 8332 ATGCTTCGACTCAACCGTCACTG
JFH-B30 8686 TATAGCCATGACCAGGTACTCTGC
JFH-B32 9191 ATATCCCTCATCTCCCGTGGA
JFH-C18 5545 TATAGCTGCAGCAAGCCTTGGATC
JFH-C19 5793 TATAGATCTGGGACGCTAACCAGC
JFH-C20 5944 GCCAGACATGATCTTGAATGCG
JFH-C21 6414 TATACGTGGTCATGATGCCAGTGC
JFH-C22 6642 CAGTCCTGTTACATAGGAGTACGACC
JFH-C23 6854 TTAGCATGGACCTCAATACGTCTGC
JFH-C24 7120 TATACAAGGTCGCTCTCTTCCTCG
JFH-C25 7383 TACTGGCCAAAGGTCTTGATGG
JFH-C26 7657 GTATGACATGGAGCAGCACACG
JFH-C27 8092 TATAGGTCCACGCAGAACACCTCA
JFH-C28 8430 TCCTACGTAAAGTCTCTCAGTCAGCG
JFH-C29 8811 TAGGTTGGGTCTCTGGTCAGGTAGT
JFH-C30 9298 GGTGAACCAACTGGATAAGTCCAGT
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List of Primers

Table A.10: Primers used for whole genome sequencing of JFH1, Jc1 and the in
tergenotypic recombinantslFH-F, anti-sense primers.

Primer Position Sequence (5-3’)

JFH-F1 34 GTTCCTCACAGGGGAGTGATT
JFH-F2 374 GCGACGGTTGGTGTTTCTTTT
JFH-F3 692 GTCGATGACTTTACCCACGTT

JFH-F4 953 GCTGTCATTGGAGCAGTCATT

JFH-F5 1253 GCCAGGGTAGATGGAGCAATT
JFH-F6 1589 GTTGATGTGCCAACTGCCGTT
JFH-F7 1778 CGGCCTCATATCCTCTGGATT
JFH-F8 2012 CTTGGTGAAACCAGTGGAGTT
JFH-F9 2410 TGAAGGTGGAGAAGACCAGTT
JFH-F10 2633 ATATAGGAGGCCATGGCAGTT
JFH-F11 3058 ACATGTGTCAAAGCGGCCCTT
JFH-F12 3293 TCCCCAGACGATGACCTTCTT
JFH-F13 3611 TAAGCCGGCTAGAGTCTTGTT
JFH-F14 3967 TCACTGAAAGTGGGAGACCTT
JFH-F15 4181 CCTGACTCCAGTCCTAATGTT
JFH-F16 4508 AATCAGGTGTCTCCCTCCCTT
JFH-F17 4768 TGTGGGACAGTCTGTGTGGTT
JFH-F18 5096 GGCTACTAGGTACGCGAAGTT
JFH-F19 5444 AGCCTCATACAGGACCTCCTT
JFH-F20 5780 TAACCAGCCTCCCATGATGTT
JFH-F21 5993 CAGGATCCCAGGCAGTAGATT
JFH-F22 6344 GGGCAGCTTGGGGAACAATTT
JFH-F23 6581 CCAGATGGCGGTCTTGTAGTT
JFH-F24 6806 GGACCCGACAGCATAGGAATT
JFH-F25 7236 AATCTGGCCTCCTCCACGATT
JFH-F26 7377 CAAAGGTCTTGATGGCCAGTT
JFH-F27 7786 TGTGAGGCGCTCTTTGATGTT
JFH-F28 8065 GCCATGATGGTTGTGGGAATT
JFH-F29 8344 ATGTCTCTCTCAGTGACGGTT
JFH-F30 8770 CCCAACGCCACAGACACATTT
JFH-F31 9029 GGCTGGAAGGTCCAAAGGATT
JFH-F32 9269 CTCCGGCAATGGAGTGAGTTT
JFH-F33 9655 TGATCTGCAGAGAGACCAGTT
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List of Primers

Table A.11: Primers used for sequencing of TOPO vector inserts.

Primer Position Sequence (5'-3’)

M13F - GTAAAACGACGGCCAG
M13R - CAGGAAACAGCTATGAC

Table A.12: Primers used for whole genome sequencing of JFH1, Jcl and the in
tergenotypic recombinants.

Primer Position Sequence (5’-3")

JFH-3265-s 3265 GGAACCCATCATCTTCAGTCC
JFH-3395-s 3395 TATAGCTGATGGCTACACCTCC
JFH-5230-s 5230 CCTATTACCAATGAGGTCACC
JFH-5536-as 5536 ATCTTGGACTTCAACATCTCG
JFH-5413-s 5413 TATACGTCAACCAGCGAGTCG
JFH-5769-as 5769 CCATGATGTTGAGAAGGATGG
JFH-5834-s 5834 TATAGGCTTTGTCGTCAGTGG
JFH-6918-as 6918 GTAGGCTGGTTATAGTAAGAGAGC
JFH-6691-s 6691 TTGCCAACTACCTTCTCCAGAG
JFH-6954-as 6954 TATATGATAGCTGGCTCACTGAGG
JFH-7093-s 7093 TACGTTCTGGACTTTCTCGAGC
JFH-7416-as 7416 ATATGGACGAGCCTGCATCAC
JFH-7649-s 7649 TATGATACCACCGTGTGCTGC
JFH-6249-s 6249 ATCCCATGCTCCGGATCCTGG
JFH-7549-as 7549 GGTCTTGGTCTACTTGCTCC
JFH-8273-s 8273 CGACTCAACCGTCACTGAG
JFH-8450-as 8450 GGTGCTAACCACTAGCATGG

Table A.13: Primers used for amplification of RNA from supernatant.

Primer  Position Sequence (5'-3’)

JFH1-s 2863 AGTGTCTGTGGTGGTTGTGC
JFH1-as 4158 CCTAATGTTGGGATTGATGCC
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List of Primers

Table A.14: Primers used for introduction of resistance mutations.

Primer

Position Sequence (5’-3’)

1bD168E-sQC
1bD168E-asQC
1bD168A/NV-sQC
1bD168A/NV-asQC

4aD168E-sQC
4aD168E-asQC
4aD168A/VIG-sQC
4aD168A/VIG-asQC
4aA156T-sQC
4aA156T-asQC
4aA156V-sQC
4aA156V-asQC

3924
3924

3924

3924

3924
3924
3924
3924
3924
3924
3924
3924

TCGCGAAGGCGGTGGAGTTCATACCCGTTGAG

CTCAACGGGTATGAACTCCACCGCCTTCGCGA
TCGCGAAGGCGGTGGYCTTCATACCCGTTGAG
CTCAACGGGTATGAAGRCCACCGCCTTCGCGA

TGGCTAAAGCAGTGGAGTTCGTGCCGGTTGAA
TTCAACCGGCACGAACTCCACTGCTTTAGCCA
TGGCTAAAGCAGTGGBTTTCGTGCCGGTTGAA
TTCAACCGGCACGAAAVCCACTGCTTTAGCCA
GCATCTTCCGAACCGCGGTGTGCACC
GGTGCACACCGCGGTTCGGAAGATGC
GCATCTTCCGAGTCGCGGTGTGCACC
GGTGCACACCGCGACTCGGAAGATGC
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Appendix B
Common Solutions and Buffers

4% Paraformaldehyde. In a foom hood, 8 mg of paraformaldehyde were added to
100 ml dH,0, followed by 2ml 1 M NaOH. The mixture was styred gently andu-
bated at 60°C until completely dissolved. 20 ml 10X PBS weeddand the solution
allowed to cool to room temperature. After adjusting the pH #, using 1 M HCI,
dH,O was added to a final volume of 200 ml. The solution was thesrditt through a
0.45um filter and aliquoted to 30 ml in 50 ml falcon tubes. Aliquotere wrapped in

aluminium foil and stored at -20°C.

Mowiol mounting medium. 2.4 g Mowiol (Calbiochem) were added to 6 g of glycerol
and thoroughly stirred. 6 ml diD were added and the mixture incubated at room
temperature for 2 hours. Following the addition of 12 ml OMrris (pH 8.5) the
solution was incubated at 55°C until Mowiol had dissolvete Bolution was clarified
by centrifugation at 1,50& g for 20 minutes and 1,4-diazobicyclooctane (DABCO,
antifade agent, Sigma) added to 2.5 %. Aliquots were stare2DaC.
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Common Solutions and Buffers

Table B.1: Reagents used in this thesis.

Reagent Company/Source
Cell Lines

Huh7 and Huh7.5 cell lines Gifts from Mark Harris, Leeds
DMEM media Invitrogen
100X non-essential amino acids Invitrogen
Penicillin-streptomycin Invitrogen
Hepes Sigma-Aldrich
FCS Harlan Sera-Lab
Plastic ware Nunc/Thermo Fisher Scientific
DMSO Hybri-MAX® Sigma-Aldrich
RNA Work

RNA/DNA extraction and purification kits QIAGEN
T7 RiboMAX™ for RNA production Promega
PCR

Primers Sigma-Aldrich
Access RT-PCR system Promega
GoTad’ DNA polymerase Promega
SuperScript" Il RT-PCR system Invitrogen
KOD Hot Start DNA polymerase NOVAGEN
VentR® polymerase New England BioLabs
FastStart Tag DNA polymerase Roche
SYBR Green | Invitrogen
Cloning Techniques

LB-agar and broth Merck
Glycine Sigma-Aldrich
2-mercaptoethanol, min 98 % Sigma-Aldrich
Glycerol Fisher Scientific Ltd
Phenol:chloroform:isoamyl-alcohol:25:24:1 Fluka/Sagldrich
Quick-change site directed mutagenesis kit Stratgene
pCR®-blunt II-TOPO vector Invitrogen
TOP10 One Shé&tchemically competerf.Coli Invitrogen

NEB 5-
NEB 103

New England BioLabs
New England BioLabs
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Common Solutions and Buffers

Table B.2: Reagents used in this thesis.

Reagent Company/Source
Enzymes

Restriction enzymes New England BioLabs
Mung Bean nuclease New England BioLabs
Antarctic Phosphatase New England BioLabs
T4 DNA Ligase New England BioLabs
Immunostaining

Paraformaldehyde powder 95 % Sigma-Aldrich
Triton-X Sigma-Aldrich
PBS tablets OXOID
NaOH tablets Sigma-Aldrich
Sheep anti-NS5A serum Gift from Mark Harris, Leeds
Alexa Fluor 488 donkey anti-sheep IgG Invitrogen
Protease Inhibitors

BILN 2061 Gift from GlaxoSmithKline
VX-950 Acme Bioscience, Inc. CA.

Table B.3: Recipe used to make up 1X PBS.

Reagent Quantity
Sodium chloride 8¢
Potassium chloride 0.2g
Di-sodium hydrogen phosphate 1.15¢
Potassium dihydrogen phosphate 0.2g
dH,O to a final volume of 11
pH 7.3

Table B.4: Recipe used to make up 50X TAE.

Reagent Quantity
Tris-acetate 2429
Glacial acetic acid 57.1ml
0.5 mM EDTA (pH 8.0) 100 ml
dH,O to a final volume of 11
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Common Solutions and Buffers

Table B.5: NEB restriction enzyme buffers.

Reagent Concentration
1

Bis-Tris-propane-HCI 10mM
MgCl, 10mM
Dithiothreitol 1mM
pH 7

2

NacCl 50mM
Tris-HCI 10 mM
MgCl, 10mM
Dithiothreitol 1mM
pH 7.9

3

NacCl 100 mM
Tris-HCI 50 mM
MgCl, 10mM
Dithiothreitol 1 mM
pH 7.9

4

Potassium acetate 50mM
Tris-acetate 20mM
Magnesium acetate 10mM
Dithiothreitol 1mM
pH 7.9
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Appendix C
Seguences

Table C.1: Amino acid diversity among NS3 sequences derived from HC\éaotéd
plasma of genotype lisequences were compared to 459 sequences retrieved from the
Los Alamos HCV database project (Kuiketal. (2005)) and NCBI GenBank. First
letter indicates the amino acid in HC-J4 (D10750), if not doanit in lower case letter.
Dominant amino acids are in big capital letters, minor oatag ones at polymorphic
sites in lower case. Amino acids not occurring in any otherasatrare in italic. Amino

acid positions are numbered according to their positionhia H77 (AF009606) refer-
ence strain.

NS3-1b
HC-J4 viL1039(m,p)  I/V1074(t) S1087(tp,ac) L/Q1106(kr) M/L1120
Jiblb

J1b1b-2 L T Q L
J1b1b-12 L Vv Q L
NS3-1b

HC-J4 S/T1124(a)  S1151(a)  V/AL176(,t)  vI1179() I/V196
Jibib

J1blb-2 T A A [ Vv
J1b1b-12 T A | Vv
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Sequences

Table C.2: Amino acid diversity among NS3 and NS4A sequences derivednfro
HCV-infected plasma of genotype laSequences were compared to 570 NS3 and
NS4A sequences retrieved from the Los Alamos HCV databasepfEuikeret al.
(2005)), NCBI GenBank and those in chapter 3. First lettergatks the amino acid in
H77 (AF011751), if not dominant in lower case letter. Domireamino acids are in big
capital letters, minor occurring ones at polymorphic sitke¢ower case. Amino acids
not occurring in any other variant are in italic. Amino aciegtions are numbered
according to their position in the H77 (AF009606) referest@in.

NS3-la

H77

A1033(t/s)

E1056

V1059 T/A1066(g,s)

V1077(a)

V1097,

Jlala-H77*
Jlala-1
Jlala-2
Jlala-3
Jlala-4
Jlala-5
Jlala-6
Jlala-7
Jlala-8
Jlala-9

NS3-1a

G

> >

>>0

H77

12090(m,l,v)

P1093(s,a)

P1112(s,,t,a,q) A1113(siw)

SIAIT1117(g)

S1127(a)

Jlala-H77*
Jlala-1
Jlala-2
Jlala-3
Jlala-4
Jlala-5
Jlala-6
Jlala-7
Jlala-8
Jlala-9

NS3-1a

rZ

>>>>>>>p>

H77

H1136(q,n,r)

S1148(g)

/L1179(v) N/S1200(d,g,k)

G/E1202

M1205(i,t,v)

Jlala-H77*
Jlala-1
Jlala-2
Jlala-3
Jlala-4
Jlala-5
Jlala-6
Jlala-7
Jlala-8
Jlala-9

NS4A-la

G

S
| S

S
| S
S

E
E

A4 444444

H77

K1691(r)

IIV1694(1,m)

P1696(y) Q/R1703(K)

C1711

Jlala-H77*
Jlala-1
Jlala-3
Jlala-6
Jlala-7
Jlala-8

R

Y R

R
R

L
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Sequences

Table C.3: Amino acid diversity among NS3 and NS4A sequences derivednfro
HCV-infected plasma of genotype 3&equences were compared to 242 NS3 and 180
NS4A sequences retrieved from the Los Alamos HCV databaseip(iuikeret al.
(2005)), NCBI GenBank and those in chapter 3. First lettergatks the amino acid

in HCV3a-Gla, if not dominant in lower case letter. Dominantiaonacids are in big
capital letters, minor occurring ones at polymorphic sitesower case. Amino acids
not occurring in any other variant are in italic. Amino aciegitions are numbered
according to their position in the H77 (AF009606) referest@in.

NS3-3a

HCV3a-Gla A/T1033(p) S1046(g,r) V1054(g,l,m) A1065(s,t)  \WA1074() A/N1093(l,n,p,s,t)
J3a3a-3 T

J3a3a-6

N
J3a3a-8 G L \% P
J3a3a-11 T \%

NS3-3a
HCV3a-Gla Al1117(tv) A/T1124(s) D1136(e,n) AL1177(mtv) TBDO(a.s)

J3a3a-3 A T T

J3a3a-6 T

J3a3a-8 A T T

J3a3a-11 A E A

NS4A-3a

HCV3a-Gla L1670(v,f)
J3a3a-3

J3a3a-6

J3a3a-8

J3a3a-11 |
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Sequences

Table C.4: Amino acid diversity among NS3 sequences derived from HC\&gtéd
plasma of genotype 4a Sequences were compared to 39 NS3 sequences retrieved
from the Los Alamos HCV database project (Kuik¢al. (2005)) and NCBI Gen-
Bank. First letter indicates the amino acid in ED43 (Y1160)ot dominant in lower

case letter. Dominant amino acids are in big capital letfersnor occurring ones at
polymorphic sites in lower case. Amino acids not occurringuy other variant are

in italic. Amino acid positions are numbered according teithposition in the H77
(AF009606) reference strain.

NS3-4a
ED43 L1039(m) F1040(clv) S1041(gn)  V/11044 T1048 C1056

Jdada-ED43* A

Jdada-7 T L G | R
J4ada-8 |

J4ada-10 M L G |

Jdada-19 M L G |

NS3-4a
ED43 V1059(l) T1064 V/I1074  a/S1087(g) R/K1118(t) A/T11216)

Jdada-ED43* |

Jdada-7 | |
J4ada-8 |
J4ada-10 | |
Jdada-19 | |

nnLn
AXAX
—

NS3-4a
ED43 S/IA1127 a/S1128 Y1131(f) V1140 L1153 i/T1160(1)

Jdada-ED43* T
Jdada-7 F
J4ada-8 A
J4ada-10

J4ada-19 A

F
F

nwnnn
<<<<

T
T
T

-

NS3-4a
ED43 L1169 rA1176(v)  M1173(,q)  11179(v,)

Jdada-ED43* A
Jdada-7 \%

J4ada-8 A
\%

A

L L

J4ada-10 P
J4ada-19

L
L
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Sequences

Table C.5: Amino acid diversity among NS3 sequences derived from HC\éatéd
plasma of genotype 6a.Sequences were compared to 15 NS3 sequences retrieved
from the Los Alamos HCV database project (Kuikeal. (2005)) and NCBI GenBank.
First letter indicates the amino acid in EUHK2 (Y12083), iftmmminant in lower

case letter. Dominant amino acids are in big capital letfersnor occurring ones at
polymorphic sites in lower case. Amino acids not occurringmy other variant are

in italic. Amino acid positions are numbered according teithposition in the H77
(AF009606) reference strain.

NS3-6a

EUHK2 T1030(s) V/L1040(m,f,i) d/A1065 v/L1070 N1075(s) p/A185
J6aba-EUHK2* A L A
J6aba-4 S | A L A
J6aba-8 A L S A
NS3-6a

EUHK2 f/S1087(a) K1094(r) I/K1106(g) n/T1124(a) s/N1148  A/TDH(v,S)
J6aba-EUHK2* S R

J6aba-4 S K T N

J6a6a-8 S K A N T
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Imhof, I. & Simmonds, P. 2010. Development of an intergepatyHCV cell culture
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