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Abstract

Hepatitis C virus (HCV) is a major global healthrden accounting for around 170
million chronic infections worldwide. Since its d®very, which dates back to about 30 years
ago, many details of the viral genome organizadiod the astonishing genetic diversity have
been unveiled but, owing to the difficulty of cuitug HCV in vitro and obtaining fully
susceptible yet immunocompeteint vivo models, we are still a long way from the full
comprehension of viral life cycle, host cell patlyswdacilitating or counteracting infection,
pathogenetic mechanisms vivo, and host defenses. Here, we illustrate the lifilcycle
into cells, describe the interplay between immume genetic host factors shaping the course
of infection, and provide details of the molecuégproaches currently used to genotype,

monitor replicatiornin vivo, and studying the emergence of drug-resistant vaigants.

(137 words)
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HCV: A momentousvirusfor Virology

The Hepatitis C virus (HCV) was identified in 198%is year marks a departure from
traditional virology, based on isolation, cultivati and biochemical studies, to modern
virology that uses molecular biology and bioteclggl to discover, characterize, and
monitor viruses. HCV is indeed the first infectioagent discovered thanks to molecular
biology techniques that, owing to the difficulty teplicate the virusn vitro, have been
extensively used to define the molecular aspeckG) biology.

Today HCV is making history again. Recently develbpdirect-acting antivirals
(DAASs) eliminate infection in over 90% treated imdiuals and are changing the idea that
antivirals, in general, can at most block viralligagion and slow disease progression. Poorly
tolerated interferon (IFN)-based therapeutic regisnare being rapidly replaced with IFN-
free DAA regimens, and tissue damage in patienth \@dvanced stages of disease is
stabilized and possibly reversed [1]. Further, itedastudy of HCV’s dependence on host
factors has permitted development of host-direetataviral therapies. This review provides
an overview of some key aspects of viral interacto cellular and host levels and illustrates
current methods to monitor viral replication anch@gyping with particular emphasis on
fundaments and recent clinical findings importantétermine susceptibility or resistance to

DAAs.

HCV life cycle and host-cell interactionsin vitro

HCYV belongs the Flaviviridae, a large family of efoped, single-stranded RNA viruses that
is organized into the genera Hepacivirus, FlavjirBestivirus, and Pegivirus [2], and that
includes many viruses transmitted by arthropods gmesving matter of health concern [3].
The HCV life cycle is only partly understood; ddffilties in establishing aim vitro model of

replication and the complex network of cell surfawelecules used to mediate viral entry
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have delayed comprehension of various moleculathar@sms [4, 5]. Briefly, as shown in
Figure 1, the HCV virion circulates in the bloo@stm either as free-particle or surrounded
by host low-density lipoproteins [6], attaches oftite target cell membrane by sequential
binding of various receptor molecules, and entets ithe cell by a clathrin-mediated
endocytosis process. Disruption of the viral capsithe endocytic compartment releases the
9.6 kb single-stranded RNA genome of positive pglainto the cytoplasm. The RNA
genome is then directly translated at the roughopla@mic reticulum (ER) in a single
polyprotein precursor of about 3,000 amino aciddiess that is eventually cleaved by
cellular and viral proteases into ten mature pregllié, 8]. These proteins, enlisted in the
order they are encoded, include the structural eo envelope glycoproteins E1 and E2,
and the following nonstructural proteins: p7 virapcand nonstructural protein 2 (NS2) that
participate in virus assembly and release; NS3 [d8dA, the protease complex that, as
described in Chapters 3 and 4 of this Theme Seciactively targeted by the protease
inhibitor class of DAAs; NS4B, a membrane-assodgbeotein that mediates virus—host
interactions; NS5A, a zinc-binding and proline-rigcydrophilic phosphoprotein involved in
HCV RNA replication and targeted by NS5A inhibit¥AAs; and NS5B, the RNA-
dependent RNA polymerase targeted by nucleosidenaneéhucleoside polymerase inhibitor
DAAs. New virions are assembled in an ER-deriveahgartment and released by exocytosis
following a Golgi-dependent secretory pathway. Ajothis process the virus undergoes
maturation and becomes surrounded by endogenamdieins that, as described below, are
believed to help immune escape [4, 5]. Binding ¢stHipoproteins and envelope without
clearly discernable surface features confer to H@Wns low buoyant density and broad
size range (40-80 nm diameter) [5].

Lack of a reliablein vitro method to study HCV replication was due to scarce

adaptability of primary hepatic cells to vitro propagation, no availability of viral isolates
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adapted tan vitro culture, and large use of cell-to-cell transmisgdio disseminate infection
to neighbor cells. This mechanism has complicatehtification of cellular receptors
necessary for viral entry and is believed to ftetidi immunological escape, virus persistence,
and resistance to DAAs [9-12]. Also, receptor usagpears to depend upon cell type and
infection via free-particle or cell-to-cell transsaion [4, 13].

The cell culture derived HCV (HCVcc) and the HC\Arts-complemented particles
(HCV+cp) are among the most used methods to study replicat HCV replicationin vitro
[4]. HCVcc uses JFH1, a HCV genotype 2a strainatgal from a Japanese patient with
fulminant hepatitis and replicates in Huh-7, a horoall line from hepatocellular carcinoma
[14, 15]. HCVcc generates infectious virus and,ngseither native or inter-genotype
recombinant JFH1 variants, has allowed identifysoghe HCV entry factors, defining virion
structure and biochemical properties, and testidd\[Potency. HC\fcp, described in detail
elsewhere [16, 17], employs pseudotyped HCV viriggenerated in packaging cells
transfected with viral proteins provided by diffetreonstructs. HC¥Wpcan be theoretically
obtained from any isolate but support only singlerd infection and are unable to spread.

HCVcc, HCV;cp, and basically alin vitro methods use Huh-7 cells that, although
permissive to HCV replication, differ from primatyepatocytes for different restriction
mechanisms, diverse localization of HCV receptars] absence of the cell polarity observed
in hepatic tissue. As a result, viral entry, asdgmblease, and cell-to-cell spread obsemved
vivo is not completely reproduced vitro [5]. HepG2 cell clones and hepatoma cells derived
from primary hepatocytes are permissive to HCVicaplbnin vitro and should allow better
understanding of virus-host cell interplay. On tlagard, a growing body of evidence shows
that host genetics impact disease progression, mamesponse, and antiviral therapy [18,
19]. Nucleotide polymorphism of IFN and IFN-stimield genes, for instance, strongly

correlates with disease and therapy outcome t@tiet that host-targeting antivirals have
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become an attractive field of drug research [20].

The natural history of infection

An estimated 130-200 million people worldwide aezgistently infected with HCV, up
to 4 million new infections occur annually, and thajority of infected persons are unaware
of their infection status [21-23]. HCV spreads paiity through percutaneous contact with
infected blood. Before identification, many peopbkrame HCV-infected as a result of unsafe
injection practices, blood or blood products. Blots$ting greatly reduced the risk of
iatrogenic exposure in developed countries; howawesafe medical procedures remain an
important source of new infections particularlyr@source-poor settings. In many developed
countries, most infections now occur amongst peagle use injected or intranasal drugs.
Specific populations, notably human immunodeficiencus (HIV)-positive men who have
sex with men, are at increased risk of sexual tagson. Vertical transmission and
transmission through piercing or tattooing are alsssible [23, 24].

HCV causes hepatic inflammation and fibrosis thatyrprogress sub-clinically over
decades. Long-term sequelae include cirrhosis,stagk liver disease, and hepatocellular
carcinoma (HCC). In the Western world, chronic H{Dféction is the leading indication for
liver transplant and the leading cause of end-diagedisease, HCC, and liver-related death
[23, 25, 26]. Individual outcomes are highly vateggbwith many patients experiencing
minimal changes while others progress rapidly [Edprosis progression is uneven and may
accelerate with longer duration of infection; cobidr conditions such as HIV infection
accelerate disease progression [22]. A large mediéysis reported the risk of cirrhosis at 7-
18% after 20 years and 41% after 30 years of irde¢R7]. Cirrhotic patients are at high risk
for hepatic decompensation (27.7-39.5% risk ower fiears) and HCC (2.8-7.4% in the first

year, and 8-16.1% over five years) [28]. Factoed thcrease the risks of fibrosis, cirrhosis,
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and HCC include male sex, increasing age, alcos®| and HIV co-infection.

Most infected individuals have no symptoms durihg acute infection, although 15-
30% may experience non-specific symptoms [22]. Beeamost acute HCV infections are
sub-clinical, it is difficult to calculate how marpatients clear HCV without treatment [22,
23]. This typically occurs in the first six monthfier exposure and is estimated at between
<20% and about 50% in different populations [2BPpr#taneous clearance is affected by host

genetics, race, age, sex, and comorbidities suel\a§29-32].

The host response and the outcome of HCV infection
Innate immunity

Soon after establishing infection in hepatic fé6t€V undergoes an exponential “ramp-
up” phase of replication [33]; the rate of increasereases abruptly when cells in the liver
express a host of IFN-stimulated genes (ISGs) lthrat HCV replication and spread [34].
Innate immunity is a first line of defense agaiHS1V infection [35] and stimulates adaptive
immunity. HCV RNA binds to retinoic acid-induciblgene |, activating mitochondrial
antiviral signaling (MAVS) proteins; double-stramd®&NA bound to Toll-like receptor-3
induces signaling via TIR domain-containing adaptducing IFN$ (TRIF). Both pathways
activate NikB and IRF3 translocation to the nucleus. Here, fhreynote expression of IFNs
and ISGs to inhibit viral replication, plus proifhmatory cytokines and chemokines to
recruit and activate immune cells. HCV’s NS3-4Atpase specifically cleaves MAVS and
TRIF to dampen IFN induction [36, 37]. HCV may ss¥eral additional strategies to reduce
innate antiviral responses (reviewed in [36, 373G expression in HCV-infected
hepatocytes, even those with evidence of MAVS dgay demonstrates that these
mechanisms do not completely abolish innate immyuUi3i8, 39]. Hepatocytes preferentially

express IFN: following HCV infection [40]. Dendritic cells, Kdfer cells, and other
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nonparenchymal cells also recognize viral molecydatterns, contributing to IFN and

cytokine production and response without themsehagboring replicating HCV [34, 36].

Role of adaptive immunity in the outcome of infection

Innate antiviral responses can limit HCV replicatiand spread, but rarely mediate
elimination of infection without action by the adi&p immune response. Indeed, a hallmark
of HCV control is the arrival in the liver of T-lypmocytes that produce IFN-Elevated
blood levels of transaminases, indicating hepatwoagll death, are seen as viral loads
decline. Chronic infection is defined as infectiasting more than 6 months; spontaneous
clearance is rare but not unheard of after thisippdome key immunologic features of
spontaneous clearance and chronic infection arensuiped in Table 1.

In resolving infections, adaptive immunity rapidiyounts a cell-mediated response
targeting multiple HCV epitopes and high-titer, dalty-reactive neutralizing antibodies
(bNADbs) [41, 42]. By targeting multiple epitopes]ymphocytes reduce viral opportunities
for immune escape. HCV'’s error-prone replicatioratsigy permits rapid evolution, and
immune responses select for variants that escapegm#ion. Some immune escape
mutations are not tolerated because they impaat fitness [43]. A second characteristic of
effective anti-HCV immunity is the preservation pélyfunctional T-lymphocyte activity.
CD8" T-lymphocytes (and other immune cells) are depende help from HCV-specific
CD4" T-lymphocytes; these are readily detected eatlgyr aiCV infection regardless of its
outcome. In resolving infection, HCV-specific CD4-lymphocytes support CD8T-
lymphocyte survival, proliferation, and antivirattevity. Effector T-lymphocytes accumulate
in the liver and slow HCYV replication through cyhok release (IFN; TNF-o) and killing of
infected cells. T-lymphocyte responses persist lafigr the virus has been cleared, and

mediate protection, albeit imperfect, against cloranfection in subsequent exposures. As
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regards humoral immunity, bNAbs binding viral EXato a lesser extent, E1 glycoproteins
are produced at high titer and within the first femonths of infection. This results in
blocking HCV infection of its target cells. Key &lrneutralization targets — i.e. conserved
domains required for hepatocyte infection - aredéid behind glycans, lipoproteins, and
hypervariable decoy domains. bNAbs bind the essledomains rather than the decoys [9,
44]. bNAbs may contribute to clearance because MMt continuously infect new target
cells to maintain even an established infectior].[45

In contrast to the broad and sustained T-lymphocgsponses in resolving HCV
infection, T-lymphocytes in persisting HCV infeationay target a more limited set of
epitopes; often, an initially broad response nasioWihus, fewer viral sequence changes are
required for immune escape. HCV that persists nomk infection often shows evidence of
immune-mediated selection for variants that aveitbgnition by CD8 T-lymphocytes [34].
Where viral epitope sequences remain unchanged-$p@vific T-lymphocyte responses are
characterized by progressive loss of function. CD4ymphocyte responses fail through a
mechanism independent of epitope escape [34, 428" G-lymphocytes, lacking CD4T-
lymphocyte help, lose effector functions, expresmkars associated with exhaustion, and
stop proliferating. Inflammatory T-lymphocytes, dreently not HCV-specific, infiltrate the
liver and may mediate tissue damage [46]. FinalBtients with chronic infection also
express neutralizing antibodies, but these may daiter and may be isolate-specific, often

targeting hypervariable epitopes with high potdritaimmune escape [9, 34].

Role of host genetics in the outcome of infection
HCV infection is more likely to persist in peopleearing a set of unfavorable
polymorphisms in the IFN-locus; the same alleles are associated with &i@fr IFN-o-

based antiviral therapy [40]. High ISG expressionthe infected liver is also a poor
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prognostic indicator for IFN-based HCV treatment [47]. The cluster of IENeocus
polymorphisms includes a frame-shift in the IkBAl-gene; the favorable allele abolishes IFN-
M protein expression [40]. It has been proposetllBd-A4 might regulate hepatocyte IFN
responsiveness, perhaps through negative feedbackamisms. Alternatively, IFIN4 (or a
linked polymorphism) may support prolonged innatenune activation and thereby interfere
with maturation of an adaptive immune response. [A8jether IFNAx acts strictly via innate
immunity, or influences adaptive immunity, is urte@r. Additional important
polymorphisms are in the HLA locus. These may iffice the outcome of infection through
selection of immunodominant epitopes [43], crosstiee responses [49], and interactions

with natural killer cells [50].

Importance of viral load and genotyping in the outcome of infection and ther apy

HCV viral load

Monitoring of the course of infection and therapeuésponse is based on HCV RNA
measurement in plasma or serum of patients andgruacki-HCV treatment, is aimed at
optimizing therapy duration, and prompting earlgadintinuation to prevent potential side
effects and reduce unnecessary costs. Baselineload, extent and sharpness of viremia
decay in the early phases of treatment (4 and Eksyeand undetectable HCV RNA at the
end of treatment represent key parameters guidiNgtieatment.

With DAAs and according to current guidelines, H®Wal load monitoring during
therapy remains crucial for patient management vatiard to futility rules and assessment
of therapy efficacy [51-53]. In addition, due teetrapid decay expected in almost all patients
treated with DAAs, HCV RNA monitoring is also ustedassess patient adherence.

The methods to measure HCV viral load have greatiglved since their initial

10
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establishment. Today automated real-time reversastriptase-polymerase chain reaction
(RT-PCR) and transcription-mediated amplificatidM@) platforms from different vendors
are widely used throughout western countries (T@DI¢54,56]. These systems accurately
quantify HCV RNA within a broad linear range, wighlower limit of detection (LLOD)
sometimes even below the lower limit of quantificat(LLOQ).

Despite good inter-assay agreement of linear ratiggge are important differences
concerning LLOD, LLOQ and low HCV RNA concentratjomhich are crucial for clinical
evaluation. Since decision to prolong or stop DDwrapy is often taken with a single
measurement, accurate quantification is importéomtreduce uncertainty, several strategies
have been devised. For instance, with the Roché Rige System/COBAS TagMan assay
virological response has been set at 25 IU/ml,Ub@Q of this assay. Depending on their
LLOQ, other assays use lower levels [52-55]. Thius,threshold and the number of patients
achieving virological response may differ dependorg the assay and influence clinical
management [56-62]. For instance, patients recgivirst generation DAA (Telaprevir)
combined with PeglFN and RBV and with HCV RNA uretgable at week 4 were used to
identify patients eligible for shortened treatmédtt vs 48 weeks) [63]. Based on this
criterion, in the OPTIMIZE study, for instance, 3486 72% of patients would have been
eligible for shorter treatment if HCV RNA was megeli with Abbott RealTime or Roche
High Pure System/COBAS TagMan [59]. Thus, curramtlglines recommend considering
assay performances and performing virological noomg in the same laboratory for patient
management [51, 61].

As mentioned, HCV must continuously infect new &trgells to maintain even an
established infection [45]. It is assumed thereftirat clearance from each infected cell
occurs when viral replication has been halted fsuféicient time. However, even when HCV

RNA is not detected with the most sensitive asgtalg possible that minute, undetected

11



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

amounts of virus are still present. This “residuaémia”, firstly demonstrated for HIV with
highly sensitive tests developed hoc, with enhanced sensitivity, may indicate suboptima
treatment and enhanced risk of virological fail{é]. To prevent this occurrence in HCV,
ultrasensitive versions using increased input samplume and modified calibration curve
have been developed from commercial assays [68]innary data on patients receiving
first generation DAA-based therapy suggest thalyeachievement of HCV RNA values
undetectable with such ultrasensitive tests isiptied of sustained virological response [66].
Further studies are warranted to determine whedissays with enhanced sensitivity are
necessary for clinical management of patientseceatith new DAAS.

HCV core antigen (HCV Ag) is also gaining importanior effective monitoring of
new generation DAAs. Architect HCV Core Antigen {Tesne of most used systems,
guantitates down to 0.06 pg/mL HCV Ag, roughly esponding to 700 IU/mL HCV RNA.
This marker proved useful in IFN-based therapy [63], and good predictor of sustained
virological response in first generation DAA-bagbérapy [69, 70]. This analysis is less
expensive and time consuming compared to moleadaays, and should be considered

whenever high analytical sensitivity is not a més;, 69].

HCV genotyping

HCV shows enormous genomic sequence variabilityrrébiy there are seven
confirmed genotypes that are organized in 67 cot, 20 provisionally assigned, and 21
unassigned subtypes; median variability among ggest and subtypes is approximately
33%, and 10%, respectively [71]. Because type amdtibn of treatment also depends on the
genotype, HCV genotyping is mandatory in patiertgitde for antiviral therapy [72].
Further, owing to important barriers to resistangenotyping is also important for DAA-

based therapies. As long as highly and broadlyctfie all oral combination therapies will be

12
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available, it is conceivable the importance of Hg&hotyping will decline in the future [72,
73].

Sequencing of conserved genomic regions is the gm@ddard for HCV genotyping,
but this method is limited to high-level labora&s; reverse hybridization or genotype-
specific real-time RT-PCR are easier-to-perform aodtinely used but, particularly first
generation assays that targeted the 5’ untranslagidn (5’'UTR), can misclassify isolates
especially at subtype level. A consistent improvenias been achieved by including coding
regions in other targets, e.g. NS5B and core prpf@ssessing non-overlapping sequences

amongst genotypes and subtypes [73].

Analysis of HCV resistance

Because of high replication rate and no proofreadictivity of the viral polymerase,
HCV is highly variable and each possible singleatiah and combination of mutations may
arise every day in a given infected individual. Gme plasticity and drug-driven selection
create the conditions for the emergence of registamants [33] and, as a consequence, most
mutations associated with resistance are locatddnathe drug target regions (Figure 2) [74-
76]. Despite the reduced fitness, such variaqsliaovergrow wild-type viruses and during
this process they may accumulate additional, fgfrestoring, mutations [76]. Single drug,
drug family and genotype/subtype often influenaeeémerging mutations. In turn, each DAA
class displays different genetic barrier to resistaand cross-resistance between drugs
inhibiting NS3 protease and NS5A is frequently obsd.

Direct sequencing of PCR products has been theadethchoice for investigating the
presence of mutations conferring antiviral resisgariJnfortunately, this approach analyzes
the predominant species and, as observed with HIvatiants below 20% may escape

detection despite being crucial during the inighhses of resistance development [78]. Next
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generation sequencing (NGS) detects and quantitateants present at frequencies as low as
0.5% [79] and, therefore, permits early detectibmegistance mutations, definition of their
kinetics, and progressive disappearance afterntesat suspension [80-83]. Although there
are no commercial kits, many laboratories analy&3-MA, NS5A, and NS5B regions with
NGS but its use in clinical practice is still limd¢ and requires expert guidance for
interpretation.

Natural variants carrying resistance-associatecatiuns have been repeatedly found
by conventional and NGS analyses but, with the gti@e of searching for Q80K mutation in
patients infected with genotype 1a and to be esuldibr treatment with Simeprevir, there is
no agreement on the usefulness of performing sesisttesting before DAA-based therapy
[84-86]. Even the use of resistance testing iningilcases is questioned sinde:The
emergence of resistant variants does not accourdllifeirological failures;ii. The resistant
variants rapidly decline (but do not always disapeafter stopping treatment [86, 87,
The different classes and combination of drugsiggasal enormously increase the genetic
barrier to resistance.

According to most recent guidelines and since N&sgistance mutations can persist
for over two years post-treatment [87], resistaresting is recommended for patients who
need urgent treatment and have failed previousntesa with NS5A inhibitors. In contrast,
the utility of routine testing for NS5B mutations guestionable. Resistance to nucleotide
analogues targeting NS5B (i.e. Sofosbuvir) is ramnd S282T, the only mutation (so far)
associated with Sofosbuvir resistance, confergdgndisadvantage. As mentioned, however,
unfit variants continue to evolve during treatmantl select for compensatory mutations that

counterbalance fitness loss.
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Conclusions

Understanding the HCYV life cycle and host factdrat thinder or allow persistence of
infection is crucial to develop post-exposure arappylactic measures for the global control
of HCV. Only a fraction of the global patient poatibn has been diagnosed and, in spite of
aforementioned remarkable advances in antivirakghe less than 1% has been treated [88-
90] and those who have been treated remain vulleetalve-infection [91]. Therapy alone is
therefore not sufficient to eliminate the globalrden of HCV infection and chronic liver
disease in the near future. In contrast, individuwaho have mounted a successful immune
response against HCV have a substantial degreeotdégbion upon subsequent exposures.
This suggests that effective immunological straegb protect against persistent infection

are feasible [42, 89] and likely capable to facew$dremendous genetic diversity [71].

Transparency declaration

The authors declare no conflicts of interest arkhawledge the NIH grants RO1 Al060561
and R0O1 Al089957 (awarded to LBD), Fondo Ricercaerie (MRC), and FAS Salute 2016
“UNAVIR: Malattie Virali Rare: una strategia innovativa per combatterle con un unico
agente antivirale”, CUP B32114001060002 (MP).

All authors wrote, revised and commented on theusenpt at all stages.

15



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

References

1.

10.

Martin NK, Vickerman P, Dore GJ, Grebely J, Min&rCairns J et al. Prioritization of
HCV treatment in the direct-acting antiviral eran &conomic evaluation. J Hepatol
2016; 65: 17-25.

Simmonds P. The origin of hepatitis C virus. CuspMicrobiol Immunol 2013; 369:
1-15.

Choumet V, Despres P. Dengue and other flavivinéections. Rev Sci Tech 2015; 34
473-8, 467-72.

Maggi F, Focosi D, Pistello M. How current directiag antiviral and novel cell
culture systems for HCV are shaping therapy anceouthr diagnosis of chronic HCV
infection. Curr Drug Targets 2015 Aug 6.

Paul D, Madan V, Bartenschlager R. Hepatitis Cs/iRNA replication and assembly:
Living on the fat of the land. Cell Host Microbel2) 16: 569-79.

Andre P, Komurian-Pradel F, Deforges S, Perret Mrldhd JL, Sodoyer M et al.
Characterization of low- and very-low-density hegmtC virus RNA-containing
particles. J Virol 2002; 76: 6919-28.

Lohmann V. Hepatitis C virus RNA replication. Cdrop Microbiol Immunol 2013;
369: 167-98.

Niepmann M. Hepatitis C virus RNA translation. Cliop Microbiol Immunol 2013;
369: 143-66.

Ball JK, Tarr AW, McKeating JA. The past, presemidafuture of neutralizing
antibodies for hepatitis C virus. Antiviral Res 20105:100-11.

Timpe JM, Stamataki Z, Jennings A, Hu K, Farquhak, Marris HJ et al. Hepatitis C
virus cell-cell transmission in hepatoma cellsha presence of neutralizing antibodies.

Hepatology 2008; 47: 17-24.

16



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Xiao F, Fofana |, Heydmann L, Barth H, Soulier Eghidrsetzer F et al. Hepatitis C
virus cell-cell transmission and resistance to dfieeting antiviral agents. PL0S
Pathogens 2014; 1@1004128.

Yoon JC, Lim JB, Park JH, Lee JM. Cell-to-cell axttwith hepatitis C virus-infected
cells reduces functional capacity of natural kiltetls. J Virol 2011; 8512557-69.
Barretto N, Sainz B, Jr., Hussain S, Uprichard Bketermining the involvement and
therapeutic implications of host cellular factarshiepatitis C virus cell-to-cell spread. J
Virol 2014; 88: 5050-61.

Lindenbach BD, Evans MJ, Syder AJ, Woélk B, Tellinggen TL, Liu CC et al.
Complete replication of hepatitis C virus in calltare. Science 2005; 309: 623-6.
Wakita T, Pietschmann T, Kato T, Date T, Miyamoto Zhao Z et al. Production of
infectious hepatitis C virus in tissue culture frangloned viral genome. Nat Med 2005;
11: 791-6.

Steinmann E, Brohm C, Kallis S, Bartenschlager Risehmann T. Efficient trans-
encapsidation of hepatitis C virus RNAs into infeas virus-like particles. J Virol
2008; 82: 7034-46.

Suzuki R, Saito K, Kato T, Shirakura M, Akazawa Bhii K et al. Trans-
complemented hepatitis C virus particles as a tiérdaol for study of virus assembly
and infection. Virology 2012; 432: 29-38.

Mina MM, Luciani F, Cameron B, Bull RA, Beard MRoBth D et al. Resistance to
hepatitis C virus: Potential genetic and immunatagdeterminants. Lancet Infect Dis
2015; 15: 451-60.

Yang DR, Zhu HZ. Hepatitis C virus and antivirah&te immunity: Who wins at tug-
of-war? World J Gastroenterol 2015; 21: 3786-3800.

Baugh JM, Garcia-Rivera JA, Gallay PA. Host-tanggtagents in the treatment of

17



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

hepatitis C: A beginning and an end? Antiviral R843; 100: 555-61.

Mohd Hanafiah K, Groeger J, Flaxman AD, Wiersma &lobal epidemiology of
hepatitis C virus infection: New estimates of apgeesfic antibody to HCV
seroprevalence. Hepatology 2013; 57: 1333-42.

Hajarizadeh B, Grebely J, Dore GJ. Epidemiology aradural history of HCV
infection. Nat Rev Gastroenterol Hepatol 2013;3%B-62.

Westbrook RH, Dusheiko G. Natural history of hejgatC. J Hepatol 2014; 61: S58-68.
Webster DP, Klenerman P, Dusheiko GM. Hepatitit&cet 2015; 385: 1124-35.
Perz JF, Armstrong GL, Farrington LA, Hutin YJ, B&8P. The contributions of
hepatitis B virus and hepatitis C virus infectidoscirrhosis and primary liver cancer
worldwide. J Hepatol 2006; 45: 529-38.

El-Serag HB. Epidemiology of viral hepatitis and phawcellular carcinoma.
Gastroenterology 2012; 142: 1264-73.

Thein HH, Yi Q, Dore GJ, Krahn MD. Estimation oage-specific fibrosis progression
rates in chronic hepatitis C virus infection: A @einalysis and meta-regression.
Hepatology 2008; 48: 418-31.

Xu F, Moorman AC, Tong X, Gordon SC, Rupp LB, Lud#lal. All-cause mortality
and progression risks to hepatic decompensation hapdtocellular carcinoma in
patients infected with hepatitis C virus. Clin lof®is 2016; 62: 289-97.

Thomas DL, Thio CL, Martin MP, Qi Y, Ge D, O'Huigd et al. Genetic variation in
IL28b and spontaneous clearance of hepatitis Gviature 2009; 461: 798-801.
Wang CC, Krantz E, Klarquist J, Krows M, McBride &¢ott EP et al. Acute hepatitis
C in a contemporary US cohort: Modes of acquisitaord factors influencing viral
clearance. J Infect Dis 2007; 196: 1474-82.

Grebely J, Page K, Sacks-Davis R, van der Loeff Rise TM, Bruneau J et al. The

18



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

32.

33.

34.

35.

36.

37.

38.

39.

40.

4].

42.

effects of female sex, viral genotype, and il28bajgpe on spontaneous clearance of
acute hepatitis C virus infection. Hepatology 2083; 109-20.

Kenny-Walsh E. Clinical outcomes after hepatitisyfeéction from contaminated anti-D
immune globulin. Irish hepatology research grouenigl J Med 1999; 340: 1228-33.
Dustin LB. Too low to measure, infectious nonethsldlood 2012; 119: 6181-2.
Dustin LB, Cashman SB, Laidlaw SM. Immune contnadl dailure in HCV infection--
tipping the balance J Leukoc Biol 2014; 96: 535-48.

Schoggins JW, Rice CM. Innate immune responsesefmatitis C virus. Curr Top
Microbiol Immunol. 2013; 369: 219-42.

Horner SM, Gale M, Jr. Regulation of hepatic innatenunity by hepatitis C virus. Nat
Med 2013; 19: 879-88.

Li K, Lemon SM. Innate immune responses in hematili virus infection. Semin
Immunopathol 2013; 35: 53-72.

Sheahan T, Imanaka N, Marukian S, Dorner M, LiPBss A, Rice CM. Interferon
lambda alleles predict innate antiviral immune oeses and hepatitis C virus
permissiveness. Cell Host Microbe 2014; 15: 190-202

Wieland S, Makowska Z, Campana B, et al. Simultasatetection of hepatitis C virus
and interferon stimulated gene expression in iefiédtuman liver. Hepatology 2014;
59: 2121-30.

Laidlaw SM, Dustin LB. Interferon lambda: Opporttes, risks, and uncertainties in
the fight against HCV. Front Immunology 2014; 5554

Holz L, Rehermann B. T cell responses in hepafilisvirus infection: Historical
overview and goals for future research. AntivirasR2015; 114: 96-105.

Honegger JR, Zhou Y, Walker CM. Will there be acmae to prevent HCV infection?

Semin Liver Dis 2014; 34: 79-88.

19



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

Dazert E, Neumann-Haefelin C, Bressanelli S, Fitmmca K, Kort J, Timm J et al.
Loss of viral fitness and cross-recognition by CDB<¢ells limit HCV escape from a
protective HLA-B27-restricted human immune respolds€lin Invest 2009; 119: 376-
86.

Cashman SB, Marsden BD, Dustin LB. The humoral imenwuesponse to HCV:
Understanding is key to vaccine development. Frmntunol 2014; 5: 550.

de Jong YP, Dorner M, Mommersteeg MC, Xiao JW, BalAB, Robbins JB et al.
Broadly neutralizing antibodies abrogate estabtishepatitis C virus infection. Sci
Transl Med 2014; 6: 254ral129.

Klenerman P, Thimme R. T cell responses in hepafiti The good, the bad and the
unconventional. Gut 2012; 61: 1226-34.

Sarasin-Filipowicz M, Oakeley EJ, Duong FH, Chms¥ Terracciano L, Filipowicz
W et al. Interferon signaling and treatment outcamehronic hepatitis C. Proc Natl
Acad Sci USA 2008; 105: 7034-9.

Park SH, Rehermann B. Immune responses to HCV dhdr dnepatitis viruses.
Immunity 2014; 40: 13-24.

Cornberg M, Wedemeyer H. Hepatitis C virus infeatitom the perspective of
heterologous immunity. Curr Opin Virol 2016; 16:-81

Cheent K, Khakoo SI. Natural killer cells and hésatC: Action and reaction. Gut
2011; 60: 268-78.

European Association for the Study of the Liver. 3$A Recommendations on
Treatment of Hepatitis C 2015. J Hepatol 2015;16®-236.

Sarrazin C, Wedemeyer H, Cloherty G, Cohen DE, @hex S, Herman C et al.
Importance of very early HCV RNA kinetics for pretion of treatment outcome of

highly effective all oral direct acting antivirabmbination therapy. J Virol Methods

20



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

53.

54.

55.

56.

57.

58.

59.

60.

2015; 214: 29-32.

AASLD/IDSA HCV Guidance Panel. Hepatitis C guidancAASLD-IDSA
recommendations for testing, managing, and treadshglts infected with hepatitis C
virus. Hepatology 2015; 62: 932-54.

Cobb B, Pockros PJ, Vilchez RA, Vierling JM. HC\NR viral load assessments in
the era of direct-acting antivirals. Am J Gastreeoit2013; 108: 471-5.

Schalasta G, Speicher A, Borner A, Enders M. Perdoce of the new Aptima HCV
Quant Dx assay in comparison to the COBAS TagMarvBH@ssay for use with the
High Pure System in the Detection and Quantificattd HCV RNA in plasma or
serum. J Clin Microbiol 2016; 54: 1101-7.

Fevery B, Susser S, Lenz O, Perner D, Picchio Gra%a C et al. HCV RNA
guantification with different assays: implicatiofts protease-inhibitor-based response-
guided therapy. Antivir Ther 2014; 19: 559-67.

Taylor N, Haschke-Becher E, Greil R, Strasser M,eiRbfler H. Performance
characteristics of the COBAS Ampliprep/COBAS TagMaf.0 and the Abbott
RealTime hepatitis C assays — implications for oesp-guided therapy in genotype 1
infections. Antivir Ther 2014; 19: 449-54.

Cloherty G, Cohen D, Sarrazin C, Wedemeyer H, Ce&, Herman C et al. HCV
RNA assay sensitivity impacts the management akptst treated with direct-acting
antivirals. Antivir Ther 2015; 20: 177-83.

Sarrazin C, Dierynck I, Cloherty G, Ghys A, JanskgerLuo D et al. An OPTIMIZE
Study retrospective analysis for the managemertelafprevir-treated HCV patients
using the Abbott RealTime HCV RNA assay. J Clin Mimol 2015; 53: 1264-9.
Vermehren J, Aghemo A, Falconer K, Susser S, Lu@@hZeuzem S et al. Clinical

significance of residual viremia detected by twalittme PCR assays for response-

21



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

61.

62.

63.

64.

65.

66.

67.

68.

guided therapy of HCV genotype 1 infection. J Hepa014; 60: 913-9.

Wiesmann F, Naeth G, Berger A, Hirsch HH, Regeisgd30ss RS et al. Multicentric
performance analysis of HCV quantification assays itgs potential relevance for HCV
treatment. Med Microbiol Immunol 2016; 205: 263-8.

Strassl R, Rutter K, Stattermayer AF, BeinhardK&nmer M, Hofer H et al. Real-
Time PCR Assays for the Quantification of HCV RNBoncordance, Discrepancies
and Implications for Response Guided Therapy. PDo8 2015; 10: e0135963.
Fevery B, Susser S, Lenz O, Cloherty G, Pernerile<a. et al. Comparison of three
guantitative HCV RNA assays in samples from HCVaigpe 1- or 4-infected patients
treated with the NS3/4A protease inhibitor simeprelvClin Virol 2015; 72: 133-40.
Sahu GK. Potential implication of residual virermapatients on effective antiretroviral
therapy. AIDS Res Hum Retroviruses 2015; 31: 25-35.

Amendola A, Bloisi M, Marsella P, Sabatini R, BibApAngeletti C, Capobianchi MR.
Standardization and performance evaluation of "firedli and "ultrasensitive” versions
of the Abbott RealTime HIV-1 assay, adapted to giiaminimal residual viremia. J
Clin Virol 2011; 52: 17-22.

Garbuglia AR, Visco-Comandini U, Lionetti R, et dlltrasensitive HCV-RNA
guantification in PEG-Interferon, Telaprevir ancb&virin standard treatment protocol:
new insights into viral clearance dynamics and ttneat outcome predictors.
Submitted.

Loggi E, Cursaro C, Scuteri A, Grandini E, Panno ,ABAlli S et al. Patterns of HCV-
RNA and HCV core antigen in the early monitoringsténdard treatment for chronic
hepatitis C. J Clin Virol 2013; 56: 207-11.

Vermehren J, Susser S, Berger A, Perner D, P&ferAllwinn R et al. Clinical utility

of the ARCHITECT HCV Ag assay for early treatmenbnitoring in patients with

22



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

chronic hepatitis C genotype 1 infection. J ClinoV/2012; 55: 17-22.

Chevaliez S, Soulier A, Poiteau L Bouvier-Alias Fawlotsky JM. Clinical utility of
hepatitis C virus core antigen quantification inigats with chronic hepatitis C. J Clin
Virol 2014; 61: 145-8.

Garbuglia AR, Lionetti R, Lapa D, Taibi C, Visco-@andini U, Montalbano M et al.
The clinical significance of HCV core antigen dei@e during Telaprevir/Peg-
Interferon/Ribavirin therapy in patients with HCVdkenotype infection. J Clin Virol
2015; 69: 68-73.

Smith DB, Bukh J, Kuiken C, Muerhoff AS, Rice CMta$leton JT et al. Expanded
classification of hepatitis C virus into 7 genoty@and 67 subtypes: updated criteria and
genotype assignment web resource. Hepatology B2t 4818-27.

Lange CM, Jacobson IM, Rice CM, Zeuzem S. Emergwegapies for the treatment of
hepatitis C. EMBO Mol Med 2014; 6: 4-15.

Bowden DS, Berzsenyi MD. Chronic hepatitis C viragection: genotyping and its
clinical role. Future Microbiol 2006; 1: 103-12.

Sarrazin C, Zeuzem S. Resistance to direct antiggants in patients with hepatitis C
virus infection. Gastroenterology 2010; 138: 44762

Kieffer TL, Kwong AD, Picchio GR. Viral resistande specifically targeted antiviral
therapies for hepatitis C (STAT-Cs). J Antimicrobetnhother 2010; 65: 202-12.
Poveda E, Soriano V. Drug resistance testing iratigp C therapy. Future Virology
2012; 7:309-21.

Buggisch P, Sarrazin C, Mauss S, Hinrichsen H, 8irK&, Vermehren J et al.
Sofosbuvir-based treatment under real life condgiomm Germany (The SOFGER trial).
J Hepatol 2015; 62: S622.

Thielen A, Martini N, Thiele B, Daumer M. Validaticof HIV-1 drug resistance testing

23



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

79.

80.

81.

82.

83.

84.

85.

86.

87.

by deep sequencing: insights from comparative Sasgguencing. Antivir Ther 2014;
19: A78.

Gregori J, Esteban JI, Cubero M, Garcia-Cehic Dales C, Casillas R et al. Ultra-
deep pyrosequencing (UDPS) data treatment to sangylicon HCV minor variants.
PLoS One 2013; 8: e83361.

Bartolini B, Selleri M, Garbuglia AR, Giombini Egibi C, Lionetti R et al. HCV NS3
guasispecies in liver and plasma and dynamics lalpitevir-resistant variants in
breakthrough patients assessed by UDPS: A casg stdidin Virol 2015; 72: 60-5.
Bartolini B, Lionetti R, Giombini E, Sias C, Tailli, Montalbano M et al. Dynamics of
HCV genotype 4 resistance-associated variants glumirologic escape with
pIFN/RBV+daclatasvir: a case study using ultra degmsequencing. J Clin Virol
2015; 66: 38-43.

Trémeaux P, Caporossi A, Ramiére C, Santoni E,olmiech N, Thélu MA et al.
Amplification and pyrosequencing of near-full-lehdtepatitis C virus for typing and
monitoring antiviral resistant strains. Clin Miciobinfect 2016; 22: 460.e1-460.e10.
Bergfors A, Leenheer D, Bergqvist A, Ameur A, Lersteand J. Analysis of hepatitis C
NS5A resistance associated polymorphisms using diep single molecule real time
(SMRT) sequencing. Antiviral Res 2016; 126: 81-9.

Vermehren J, Sarrazin C. The role of resistandd@V treatment. Best Pract Res Clin
Gastroenterol 2012; 26: 487-503.

Pawlotsky JM. Hepatitis C treatment: the data flgog@s on-an update from the liver
meeting 2014. Gastroenterology 2015; 148: 468-79.

Sarrazin C. The importance of resistance to dia@titviral drugs in HCV infection in
clinical practice. J Hepatol 2016; 64: 486-504.

Paolucci S, Fiorina L, Mariani B, Landini V, Gulnatti R, Novati S et al. Development

24



10

11

12

88.

89.

90.

91.

and persistence of DAA resistance associated muogtin patients failing HCV
treatment. J Clin Virol 2015; 72: 114-8.

Rehermann B. HCV in 2015: Advances in hepatitiesearch and treatment. Nat Rev
Gastroenterol Hepatol 2016; 13: 70-2.

Cox AL. Medicine. Global control of hepatitis C wf. Science 2015; 349: 790-1.
Thomas DL. Global control of hepatitis C: Where It#age meets opportunity. Nat
Med 2013; 19: 850-8.

Sulkowski MS, Gardiner DF, Rodriguez-Torres M, letCaclatasvir plus sofosbuvir for
previously treated or untreated chronic HCV infectiN Engl J Med 2014; 370: 211-

21.

25



10

11

12

13

14

15

16

17

18

19

20

21

22

Legend to figures

Figure 1. The HCV replication cycle. The seven steps of the viral life cycle, indicatethe
white boxes, are the following: Attachment, thealiparticle, surrounded with lipoproteins,
binds the target cells by interacting with severdeptors some, most of which shown in
figure, considered essential other accessory; Embtiowing attachment, the virus enters
through clathrin-mediated endocytosis; Uncoatihg: ¢ellular and viral membranes fuse and
the capsid is disorganized with a process triggénedhe low pH of the endosome. After
uncoating the positive-strand RNA genome is rel@éas® the cytoplasm; Translation: the
genomic RNA is directly translated in a polyprotenmecursor that is then cleaved into single
proteins by both host and viral proteases; Reptinathe non-structural proteins and some
host factors form a replication complex that systhed multiple copies of the HCV RNA
genome via a minus-strand replicative intermedidgsembly and maturation: packaging of
viral progeny takes place in the endoplasmic rétioufrom which the virion acquires the
envelope with E1 and E2 glycoproteins. Maturatiard aassociation with endogenous
lipoproteins to form lipoviral particles immediagebllow; Release: virions are released from

the cells most likely by exocytosis or transmittedther cells via a cell-free mechanism.

Figure 2. A schematic of the mutations conferring resistance to NS3, NS5A and NS5B

inhibitors. Numbers refer to the amino acid positions coreeldd resistance in various HCV

genotypes.
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Table 1. Immunologic characteristics of resolving and stiisg HCV infections

Resolving infection Persisting infection

T-cell responses  Broadly focused: limits viral escag Restricted number of epitopes

options facilitates viral escape
Duration of T-cell Rapid, sustained even after Wanes over time
response clearance
HCYV specific Persist Disappear
CD4+ T-cells
HCV-specific * Proliferate and expand * Lose proliferative capacity
CD8+ T-cells * Polyfunctional: produce IFN * Fewer polyfunctional cells
TNFo * Express markers of exhaustion
* Express perforin
Neutralizing * Early * Isolate-specific
antibody * High titer * Viral sequence evolution outpaces
* Broadly-reactive antibody reactivity
IFNA SNPs
rs12979860 C T
rs368234815TT AG
rs8099917 T G




Table2. Overview and features of automated assays netlaatd licensed to quantitate HCV RNA in plasmaesum samples

Technology . LLOD? LLOQP® Linear range

Test name Manufacturer used Level of automation (Um)  au/m)  (U/m)
Artus Hepatitis C Qiagen Real time RT- Moderate; extraction and amplification 15 20 up to 1.77x10
QS-RGQ PCR /detection in separate instruments; a few

manual steps
CobasAmpliprep/ Roche Real time RT- High; extraction and amplification /detection 15 15 up to 1.7x50
CobasTagMan PCR in separate instruments; sample loading can
v2.0 be fully automated
Abbott Realime Abbott Real time RT- High; extraction from primary tube; 12 12 up to 1.0x18
HCV PCR amplification/detection in a separate

instrument; a few manual steps
Versant HCV Siemens Real time RT-High; extraction from primary tube; 15 15 up to 1.0 x £0
RNA 2.0 PCR amplification/detection in a separate

instrument
Aptima HCV Hologic TMA © Fully automated; extraction/amplification 4 12 up to 1.0x18

Quant Dx Assay

/detection all in one instrument, starting fror
primary tube)

& Lower limit of detection;
®Lower limit of quantification:;

“Transcription-mediated amplification.
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