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HCV Virology 1
Eve-Isabelle Pécheur, Fabien Zoulim, and Birke Bartosch

1.1 Experimental Systems to Study HCV Life Cycle

In parallel to these key discoveries, adequate and improved in vitro and in vivo
models were developed. Sophisticated cell culture systems were designed to facili-
tate HCV propagation and establish long-term culture systems. The human hepa-
toma cell line Huh7 was first used as culture model for HCV infection, but without
much success. Huh7 cells can produce interferons (IFN), potent physiological
antiviral molecules. Several lines of evidence indicated that HCV replication
intermediates activate IFN regulatory factor 3 (IRF-3), and induces IFN production
in these cells [1] via the IFN-inducible cellular DExD/H box RNA helicase RIG-I,
which upon binding to HCV RNA triggers IRF-3 via its caspase activation and
recruitment domain homologue (CARD). The selection of an Huh7 cell clone
exhibiting a dominant negative mutation in the CARD homology domain of RIG-I
led to the discovery of the Huh7.5 clone, which is highly permissive for HCV
replication. Huh7.5 cells produce high levels of infectious virions and maintain
persistent infection over several passages [2, 3]. However, the general impact of
RIG-I/IRF-3 signaling on permissiveness to HCV replication in these cells has been
a matter of debate, and the issue is still unresolved. While some authors regard RIG-I
as a cytosolic pathogen sensor/receptor, the inactivation of which leads to increased
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permissiveness [1, 4], others have shown that (a) inactivation of IRF-3 in Huh7 cells
does not modify HCV replication efficiency, nor increases permissiveness, and
(b) restoration of functional RIG-I signaling in Huh7.5 cells does not alter HCV
replication [5]. These discrepancies might be due to the use of varying technical
approaches and the use of different HCV replicons and corroborate with the obser-
vation that RIG-I signaling is only poorly activated by single-stranded (ss) RNAs
and in particular by HCV ssRNA. Thus, upon HCV entry into its host cell, HCV
RNA, released from the nucleocapsid, can be quickly translated with only minimal
activation of RIG-I. This leads to the synthesis of viral proteins. Importantly, the
viral protease NS3/4A is able to degrade Cardif, an adaptor of RIG-I indispensable
for subsequent IRF-3 activation. Only at later stages of replication will double-
stranded (ds) RNA intermediates appear that could efficiently activate the RIG-I
signaling pathway [5]. Studies aimed at defining the molecular determinants of the
interaction between dsRNA and RIG-I point to the presence of a 50-triphosphate and
a minimal length of dsRNAs, together with the restriction of RIG-I ATPase activity
as critical for RIG-I signaling activation [6, 7].

The use of Huh7.5 cells led to the discovery of two of the four essential receptors
required for HCV entry, claudin-1 [8] and occludin [9, 10], and led to the identifica-
tion of other receptor molecules and entry factors, such as the Niemann-Pick C1L1
molecule [11], and the receptor of the epidermal growth factor [12], and the heparan
sulfate proteoglycan syndecan-1 [13, 14]. Human primary hepatocytes are the most
physiologically relevant cells to perform in vitro infections, closely reproducing the
in vivo situation [15], but their survival in culture is limited and their capacity to
sustain productive infection is low. To overcome these limitations, human embry-
onic pluripotent stem cell-derived hepatocytes (hESC) were isolated, differentiated
into hepatocyte-like cells (HLC), and successfully infected with HCV, able to
complete a full replication cycle [16]. Similar successful infection experiments
could be mounted with human-induced pluripotent stem cells (hiPSC) derived
from patients [17].

HCV in vivo studies were long hampered by the lack of (small) animal models
able to sustain HCV infection and develop humanlike disease symptoms.
Chimpanzees were instrumental to the discovery and identification of HCV as the
etiologic agent for non-A non-B viral hepatitis [18]. However, the natural course of
infection in chimpanzees differs from that in humans, since very few develop
chronic HCV infection and no fibrosis and only one hepatocellular carcinoma
(HCC) case have been observed [19]. Moreover, availability, cost, and ethical
concerns limit the use of these primates for HCV research. Support for invasive
research on chimpanzees was recently discontinued in the USA. Small animal
(rodent) models were therefore developed. The first fully permissive murine model
that supported long-term HCV infection was produced by intrasplenic injection of
primary human hepatocytes into immunodeficient mice with diseased liver, such as
Alb-uPA/SCID (urokinase-type plasminogen activator transgenic severe combined
immunodeficiency) and FRG (fumarylacetoacetate hydrolase-recombination
activating gene 2-interleukin-2 receptor, common γ-chain knockout) [20–
22]. These mice with human chimeric liver secrete human serum albumin levels
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similar to those observed in humans [23], and display a humanlike blood lipoprotein
profile [24] that renders them highly susceptible for infection with human
hepatotropic pathogens such as HCV and the hepatitis B virus, thus enabling the
study of HCV biology, the evaluation of different antiviral strategies, and the
occurrence of antiviral resistance [20, 25]. However, these mice are immunode-
ficient, and active research was conducted to develop a fully immunocompetent
mouse model of HCV infection with hepato-pathological manifestations [26].

1.2 Structural Organization of Viral Particles

HCV isolated from the serum of infected patients, chimpanzees, or mice with
humanized livers can be fractionated into roughly three populations: a very compact
and heavy fraction, a fraction of intermediate density, and a population of very light
particles floating at the surface of density gradients [27]. HCVcc display a similar
biophysical behavior [28]. Observed by transmission electron microscopy (TEM),
the three populations appear respectively as (a) 35–40 nm nonenveloped particles;
(b) 70 nm spherical particles, comprising an electron-dense core and a lipid envelope
identified as a bilayer, and considered as canonical viral particles; and (c) particles
with the aspect of serum lipoproteins, called lipo-viro-particles (LVPs; see below
and Fig. 1.1).

All particles have in common the presence of a nucleocapsid composed of the
single-stranded viral RNA compacted by the capsid protein called core. Particle
populations of intermediate and light densities are enveloped fractions harboring the

Fig. 1.1 A simplified scheme of lipoviral particle assembly: assembly occurs at the ER at the
interface between the HCV-induced membranous web containing the HCV replication complex and
lipid droplets where core and NS5A are localized. LVP production depends on cellular VLDL
assembly and secretion, which is mediated by lipidation of nascent ApoB via mitochondrial
triglyceride transfer protein (MTP). See text for further details
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glycoproteins E1 and E2 embedded in the lipid membrane surrounding the nucleo-
capsid. Core, E1, and E2 constitute the structural proteins of HCV. At the virion
surface, E1 and E2 form a heterodimer assembled by covalent interactions and
stabilized by disulfide bridges [29].

1.2.1 Nonenveloped Nucleocapsids

A high-density fraction of viral particles isolated from HCV-infected patients was
found composed of the HCV core, associated with HCV RNA. Electron microscopy
revealed particles of heterogeneous size, with the predominant population 38–43 nm
in diameter [30]. Similar structures were found in HCV produced in cell cultures
(HCVcc) [31], with a mean diameter of 44 nm. However, these fractions displayed
only low infectivity, so they are unlikely to be infectious.

1.2.2 Canonical Particle Structure

This intermediate-density pool of viral particles constitutes about 50% of the total
particle population of HCV grown in cell cultures (clone JFH-1). This pool has been
characterized at the ultrastructural level by cryo-TEM: analysis revealed particles of
an average diameter of 60–64 nm, composed of a 5–6-nm-thick electron-dense
bilayer, surrounding the nucleocapsid viewed as the densest zone [31]. These
particles are characterized by a high E2/core protein ratio and contain HCV RNA.
As a matter of fact, this fraction of in vitro-produced particles had the highest
infectivity. However, particles produced in vitro from another clone (Jc1), or
in vivo in mice with humanized livers, displayed a lower but more homogeneous
density profile, and a higher specific infectivity than JFH-1 HCVcc, and were found
enriched with apolipoprotein E (apoE; see below) [23, 32]. The lipid envelope of
JFH-1 HCVcc was highly enriched in cholesterol as compared to cellular
membranes and displayed a high cholesterol-to-phospholipid content [33]. Together
with sphingomyelin, virion-associated cholesterol played a key role in HCV infec-
tivity. The envelope of Jc1 HCVcc showed similar cholesterol contents as those
measured for cellular membranes, but was found enriched in sphingomyelin [32], a
lipid composition comparable to that of low-density lipoproteins (LDL) of human
serum.

1.2.3 LVP Structure

A hallmark of HCV particles is their association with host cell lipids and
lipoproteins, mainly very-low-density lipoproteins (VLDL) and LDL, which are
known to impact virion assembly, infectivity, and structure [27, 28, 34, 35] (see
Fig. 1.1). In patient, sera virions display a very low buoyant density and are
associated with lipoproteins. Based on these findings, HCV virions have been called
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lipo-viro particles (LVPs) [27]. Biochemical as well as electron microscopy-based
approaches have confirmed LVPs as hybrid particles composed of viral components
and cellular lipoprotein components including in particular apolipoproteins E, B100/
48, CI, CII, and CIII [36]. The dependence of HCV assembly on the cellular lipid
metabolism is probably responsible for the strong morphological heterogeneity and
dynamic structural changes of LVPs that have been observed in response to changes
in dietary triglycerides [34, 37]. In serum, HCV components have been identified in
various forms: LVPs, composed of an electron-dense center encapsidating the HCV
RNA genome surrounded by a detergent-sensitive lipid coat. Interestingly,
nucleocapsids are frequently detected at the periphery of the LVP and not in the
center. LVPs also contain, besides the envelope glycoprotein heterodimer, E1/E2,
ApoE, and B100 at the surface. Subviral lipoprotein-like particles, which contained
E1/E2 and ApoE and B but lacked the nucleocapsid and HCV genome, were also
detected in patient sera [38]. Interestingly, lipoprotein-like particles represent a
predominant form of HCV in the blood, suggesting that they may play a major
role in HCV immune responses and evasion. Indeed, reversible association of ApoE
with LVPs in the serum has been shown to protect viruses from neutralization and
modify their interactions with heparan sulfate proteoglycans (HSPG) [39]. However,
the exact roles of LVPs in persistence as well as transmission remain to be
determined.

1.3 The Viral Proteins

The HCV particles contain a positive polarity RNA genome with 50 and 30 untrans-
lated regions (UTR) and a long open reading frame encoding a polyprotein precursor
of about 3000 amino acids. UTRs constitute highly conserved, cis-acting RNA
elements regulating viral genome translation and replication. Translation of the
polyprotein is initiated by ribosome binding to an internal ribosome entry site
(IRES), which spans most of the 5’-UTR and the first 24–40 nucleotides of the
core coding region. This results in the production of a single precursor polyprotein,
which is processed by cellular and viral proteases into ten structural and nonstruc-
tural proteins (core, E1, E2, p7, NS2, NS3, NS4A, NS4B, NS5A, and NS5B). Core
protein and the envelope glycoproteins (E1 and E2) make up the structural
components of the virion. Nonstructural proteins (from NS3 to NS5B) assemble
into a membranous-web-associated HCV RNA replicase complex that catalyzes the
amplification of the viral RNA genome.

1.3.1 Core

It is a multifunctional protein. One of its main functions is to form the viral capsid
with the genomic RNA, thereby contributing to particle assembly. The monomeric,
mature form of HCV core is a 21 kDa protein with lipid and RNA-binding activities
[40]. The three-dimensional structure of core is still unknown, but biophysical
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studies revealed that the protein forms dimers. The monomers are organized in two
domains, D1 and D2. A large part of the D1 domain is intrinsically disordered. This
feature might contribute to core RNA chaperoning functions, critical for the struc-
tural remodeling and packaging of the RNA genome into the viral particle [41]. As
other intrinsically unstructured proteins, core is expected to adopt different
conformations depending on the presence of specific cellular partners, involved in
gene transcription, lipid metabolism, apoptosis, and cell signaling. Through its
mainly α-helical D2 domain, core associates to the membranes of the endoplasmic
reticulum (ER) and lipid droplets (LDs) [42] (Fig. 1.1), where efficient viral replica-
tion, assembly, and infectious particle production occur. Comprehensive mutagene-
sis studies revealed residues critical for HCV infectivity, but not for viral RNA
replication, evidencing the key role of core in HCV particle formation [43].

Core recruits nonstructural proteins, HCV RNA, and the replication complex to
LD-associated membranes [44]. In particular, core recruits NS5A to LDs through
direct protein/protein interactions, at regions enriched in HCV glycoproteins, E1 and
E2. This spatial vicinity between structural proteins involved in particle formation
and nonstructural proteins of the replication complex closely links particle assembly
to virus replication. It was therefore suggested that LDs can serve as platforms for
virion formation [44]. Core also interacts with host cell factors that play a role in the
viral assembly process. Diacylglycerol acetyltransferase-1 (DGAT1), a key enzyme
of LD biogenesis, binds core and targets it to LDs; the inhibition of this trafficking
impairs HCV particle production [45]. DGAT1 was also shown to facilitate the
binding of NS5A to core and guide both proteins onto the surface of LDs, aiding
infection [46]. Nucleoporin-98 is a structural component of the nuclear pore com-
plex, which interacts with HCV core and relocalizes to LDs [36]; it is a key factor
involved in late steps of viral particle biogenesis, whose functions are most likely
hijacked by HCV to efficiently transport its proteins from various compartments.
The tail-interacting protein of 47 kDa (TIP47) also contributes to the targeting of
NS5A to core-enriched HCV assembly sites on the surface of LDs, by direct TIP47/
NS5A interactions [47].

1.3.2 E1 and E2

HCV virions harbor at their surface two transmembrane type I proteins, E1 and E2,
in the form of a covalent heterodimer stabilized by disulfide bridges [29]. The
transmembrane domains of E1 and E2, located at their C-termini, are involved in
heterodimerization and have ER retention sequences [48]. E1 and E2 are heavily
glycosylated, with respectively 5 and 11 conserved N-linked glycans. This N-linked
glycosylation plays key roles in (a) HCV assembly by regulating the folding of E1
and E2 and the formation of the E1/E2 heterodimer; (b) HCV entry into target cells
by modulating the affinity of viral particles for cell surface receptors, in particular
CD81 (see below and Fig. 1.2); and (c) HCV susceptibility to neutralizing antibodies
by contributing to the evasion of HCV from the humoral immune response
[49]. Both proteins are involved in the steps of viral entry and fusion, unlike other
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Fig. 1.2 HCV entry into hepatocytes is a multistep process. HCV arriving from the blood and
associated with serum lipoproteins attaches to heparan sulfate proteoglycans (HSPG) and
recognizes the receptor for low-density lipoproteins (LDL-R) and the scavenger receptor SR-BI
at the basolateral surface of hepatocytes (1). This initial binding and recognition step is followed by
the recognition of the tetraspanin CD81 (2), of the receptor for epidermal growth factor EGF-R, of
components of the tight junction claudin-1 and occludin, and of the cholesterol absorption molecule
NPC1L1, at the apical biliary pole (3). The viral particle is then internalized together with CD81 and
claudin-1 via clathrin-mediated endocytosis in an early endosome (4), where fusion takes place
between viral envelope and endosomal membrane (5), mediated by HCV envelope glycoproteins
E1 and E2 (in blue and pink, respectively). This leads to the release of HCV nucleocapsid into the
cytosol to initiate RNA translation and viral replication
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members of the Flaviviridae family such as alphaviruses or flaviviruses where E1 or
E trimers, respectively, are sufficient. Due to their high glycan content, HCV E1 and
E2 long resisted attempts to produce and purify them at high yields and to determine
their 3D-structure.

1. E1 is a 192aa protein. In the absence of high-resolution structure, it was modeled
in silico as a truncated class II fusion protein, mainly composed of β-sheet folds
[50]. The 3D-structure of its N-terminal domain has recently been solved by
X-ray crystallography [51] and revealed an unusual and totally unexpected
architecture for a protein (domain) presumably involved in processes of viral
entry and fusion. It forms a covalent homodimer, and its closest structural
homologue is a human phosphatidylcholine transfer protein in complex with a
phospholipid. Although it is still unclear if this structure corresponds to the
structure on the virion, a post-attachment structure, or a post-fusion fold, this
opens novel perspectives in terms of lipid binding capacity of the viral particles.
Indeed, the N-terminal domain of HCV E1 has been suggested to be responsible
for the binding to ApoB and ApoE, which are components of LVPs. This same
domain was also suggested to facilitate virus entry through either low-density
lipoprotein receptor or heparan sulfate [52, 53]. At the surface of HCV virions, E1
forms a trimer, most likely assembled through interactions in the transmembrane
domains [54]. The formation of this trimer depends on the presence of E2, and
this trimeric form is essential for virus infectivity. This configuration was recently
confirmed by computational analyses, supporting a trimeric arrangement of
E1/E2 further assembled into a pentamer, with 12 pentamers comprising a single
HCV virion [55].

E2 is a 363aa glycoprotein, composed of three hypervariable regions called
HVR1, HVR2, and the intergenotypic variable region (igVR), a stem region, and
the transmembrane domain. E2 is the receptor-binding protein, shown to interact
with the tetraspanin CD81 and the scavenger receptor BI (SRB1), two HCV
co-receptors (see Fig. 1.2). The HVR1 region plays an instrumental role in HCV
entry into hepatocytes, by contributing to E2-SRBI interactions [56, 57]. E2 is also
the major target of neutralizing antibodies, and the first neutralizing epitopes
described on HCV E2 were found within HVR1 [58]. Anti-HVR1 antibodies
neutralize HCV by interfering with E2-SRBI interactions [59, 60]. HCV can contin-
uously escape the host neutralizing response by mutations, resulting in loss of
recognition of HCV envelope glycoproteins by antibodies; the genetic evolution of
the envelope is therefore shaped by neutralizing antibody pressure, in particular in
the HVR1 region [61]. HVR1 conceals the CD81 binding site on E2, thereby
decreasing exposure of conserved epitopes [62]. HVR1 may thus act as an immuno-
logical decoy, diverting the immune system.

Since E2 is twice the size of E1, it was hypothesized to be the fusion protein of
HCV, by analogy to the E protein of the dengue [63, 64] and tick-borne encephalitis
flaviviruses [65], or to the E1 protein of the Semliki Forest alphavirus
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[66]. Therefore, it has long been considered as a class II fusion protein rich in
β-strands, containing putative fusion peptides [67, 68] (chapter on “Viral Entry/
Fusion” for more details). A truncated version of E2 was recently generated and
complexed with a neutralizing antibody, which was amenable to X-ray diffraction.
As for E1, the high-resolution structure of E2 revealed an unexpected fold. Indeed,
most of the protein residues are either in loops or intrinsically disordered
[69, 70]. Only one β-sandwich region is shared with presumed structural
homologues from flaviviruses and alphaviruses. This truncated HCV E2 protein,
which maximally measures ~50 Å, does not adopt the extended class II fusion
protein fold (100–120 Å) [71].

Taken together, the recent structural data for HCV E1 and E2 do not support the
prediction that they are class II fusion proteins. Moreover, one predicted putative
fusion peptide of E2 is contained within the hydrophobic core, ruling out membrane
fusion activity. The E2 ectodomain also does not undergo major rearrangements
upon exposure to low pH [69]. This strongly suggests that E2 is not a fusion protein.
The N-terminus of E1 lacks any structural resemblance to other viral fusion proteins.
Therefore, HCV membrane fusion might be a completely different mechanism from
that described for other Flaviviridae and related viruses such as alphaviruses.

In the ER of infected hepatocytes, HCV E1/E2 glycoproteins, ApoB, and ApoE
colocalize and form a ternary physical complex [72]. This complex then readily
associates with intracellular infectious viral particles and is found conserved in the
secreted infectious viral particles. This strongly suggests that the complex formed by
HCV E1/E2, ApoB, and ApoE may initiate LVP morphogenesis.

1.3.3 P7

P7 is a member of the family of viral viroporins, such as Vpu of the human
immunodeficiency virus (HIV-1), E5 of the human papillomavirus 16 (HPV16),
and the M2 protein of the influenza A virus. It is classified as a viroporin because it
oligomerizes to form hydrophilic pore/ion channels. It is a 63aa membrane-spanning
protein, essential for efficient virus particle assembly and release [73]. The structure
of p7 is still a matter of debate mainly due to its sensitivity to the solvent or lipid
environment generally used for purification. The oligomerization state of p7 has
been described as a hexamer [74], and recent computer simulations yield hexameric
and heptameric channels [75]. P7 has nonselective pore properties and, like several
other viroporins, displays a low ion selectivity, with minor preferences for
cations vs. anions. It has proton conductance properties and may act to prevent
acidification in otherwise acidic intracellular compartments. This action is required
for productive HCV infection [76]. Therefore, p7 might be regarded as a modulator
of the pH-mediated maturation process of HCV particles as a first stage and as a key
factor to render secreted virions pH-resistant as a second stage.

Regardless of its ion channel activity, p7 interacts with the protein NS2. This
serves to recruit the envelope glycoproteins E1 and E2 to the ER membrane sites of
HCV assembly and regulates core localization to these sites [77]. Direct interactions
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between p7, core, and HCV glycoproteins have been reported in infectious cell
systems [78]. P7 is also necessary for the final steps of capsid assembly and for
capsid envelopment, linking capsid assembly to membrane envelopment of nascent
RNA-containing core protein multimers [73]. As the HCV glycoproteins interact
with ApoB and ApoE [72], these data suggest that p7 may influence apolipoprotein
incorporation into HCV particles or particle maturation, thus contributing to virus
production and infectivity.

1.3.4 NS2

The 217aa long NS2 protein is membrane-associated via three putative transmem-
brane segments with a perinuclear ER localization in its N-terminus [79, 80]. The
C-terminal protease domain (aa 94–217) resides on the cytoplasmic face of the ER
membrane [80], and its activity is strongly enhanced by the N-terminal domain of
NS3 [81, 82]. NS2/NS3 catalyze the cleavage at the NS2/NS3 site [83, 84] which
frees fully functional NS3 protein. The NS2 protease domain is highly conserved
and requires dimerization for the formation of a composite active site with a catalytic
triad analogous to those of cysteine proteases [85]. NS2 expressed alone has been
shown to exhibit only low-level intrinsic protease activity, and as mentioned, its
protease activity is stimulated by the NS3 serine protease domain (residues 1–180)
[86]. Mutational analysis revealed a hydrophobic NS3 surface patch that mediates
NS2 protease stimulation as well as NS5A hyperphosphorylation and viral RNA
replication [83, 85, 87]. The finding that NS2 dimerization is required for proteolysis
suggests that certain concentrations of the protein have to be accumulated before
NS2–3 processing, and thus initiation of RNA replication can occur. Within this time
window, the virus may generate sufficient amounts of NS3/4A to antagonize the
activation of the interferon pathway, which is necessary to allow the onset of viral
replication (see below) [88].

NS2 protein, independently of its proteolytic activity, is required for viral assem-
bly [81, 82, 89–91]. Several laboratories have shown that full-length NS2 is required
for particle production [92]. Construction of chimeric HCV genomes derived from
different genotypes revealed that interactions of the N-terminal transmembrane
segment of NS2 with upstream structural proteins as well as interactions between
the C-terminus of NS2 with downstream nonstructural proteins are likely required
for virion assembly [93]. Moreover, NS2 was shown to co-localize with several
other HCV proteins, and in particular with E2 and NS5A, raising the question
whether NS2 may induce membrane alterations and act as bridge to mediate
interactions between structural virion components and the viral RNA replication
complex that are required for assembly, encapsidation, and release. NS2 has in
addition been reported to interact with various cellular proteins resulting in interfer-
ence with apoptosis, inhibition of cell proliferation, inflammatory processes, hepatic
lipid metabolism, and DNA repair [94–99], but most of these data remain to be
validated in physiologically relevant replication systems.
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1.3.5 NS3/4A

NS3 is a 70 kDa protein with a serine protease domain located in the N-terminus and
NTPase/RNA helicase activity in the C-terminal two thirds of the protein [100]. It
forms a chymotrypsin-like fold with two beta-barrel subdomains. NS3 associates
non-covalently with the 54aa long cofactor NS4A. The central residues 21–32 of
NS4A form a beta-strand that is integrated into the N-terminal beta-barrel of NS3,
while the N-terminus forms a transmembrane helix that mediates membrane associ-
ation of the NS3/4A complex. The C-terminus of NS4A (aa 40–54) forms an alpha
helix that interacts with replicase components and is required for viral RNA replica-
tion and assembly [101]. The substrate specificity of NS3/4A remains ill-defined, but
is thought to be determined by a rather common consensus cleavage sequence as
well as positioning of the NS3/4A complex in respect to the membrane [102]. Indeed,
membrane association of NS3/4A is determined in a sequential manner by the
amphipathic alpha helix in the N-terminus (aa 12–23) of NS3 and the N-terminal
alpha helix (aa 1–21) of NS4A. Importantly, NS3/4A is not only located on ER
membranes but also at mitochondria and mitochondria-associated membranes
[103, 104], where the NS3/4A complex cleaves and thus inactivates the innate
immune sensor MAVS [105]. An additional NS3/4A substrate important for viral
immune evasion is importin beta1, which is required for IRF3 and NF-kB signaling
[106]. The NTPase/RNA helicase activity of NS3 couples ATP hydrolysis to double-
stranded RNA unwinding and is required for viral RNA replication and
assembly [102].

1.3.6 NS4B

NS4B is the least characterized of the HCV proteins due to its hydrophobicity, strong
membrane association, and lack of well-defined enzymatic functions. NS4B is an
oligomeric membrane protein of 261 aa located on the cytoplasmic side of the ER
membrane [107]. The N-terminus of NS4B is thought to be at least partially
translocated into the ER lumen [108] and consists of two the amphipathic alpha
helices AH1 (aa 3–35) and AH2 (aa 42–66). Oligomerization of the AH2 helix is
thought to mediate transition of the membrane bilayer [107, 109]. Furthermore, site
directed mutagenesis of AH1 and AH2 has implied these helixes in virion production
[110] and assembly of the viral replication complex [111]. The central part of NS4B
(aa 191–261) comprises four predicted transmembrane domains, the C-terminus
consists of two strongly conserved amphipathic alpha helices (aa 201–213; aa
229–253). The central transmembrane domains of both, N- and C-terminal helices,
play important roles in membrane association. NS4B induces the formation of
particular membranous vesicles in ER- or ER-derived membranes, within which
viral replication takes place [112, 113]. Among the factors that drive the vesicle
formation process are the oligomerization of NS4B and certain host cell factors
known to interact directly with NS4B [114, 115]. The induction of membranous
vesicles by NS4B may be due to its capacity to induce membrane curvature which in
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turn maintains nonstructural proteins and viral RNA inside newly formed replication
vesicles [116–118]. Indeed, NS4B interacts with other viral nonstructural proteins
and binds viral RNA [119]. In addition, NS4B displays NTPase activity and is
required for viral assembly [120]. While NS4B is considered the main driver of
membranous vesicle formation, other viral proteins participate. Recent data show
that also the sole expression of NS3/4A, NS5A, and even NS5B can trigger vesicle
formation [121]. Interestingly, membrane vesicles triggered by the expression of
individual viral proteins are different from those observed upon expression of the
entire NS3–5B cassette, which results in formation of double-membrane
vesicles [121].

1.3.7 NS5A

NS5A is a 447-amino-acid-long zinc-binding and proline-rich hydrophilic phospho-
protein with pleiotropic roles in the HCV life cycle. NS5A alters NS5B polymerase
activity in vitro, is required for viral RNA replication and assembly, and modulates
cell signaling pathways, interferon responses, and apoptosis. NS5A is composed of
an N-terminal amphipathic helix of 30 aa that mediates membrane association [122]
followed by three structural domains separated by two low-complexity sequences
[123]. Domain I (aa 28–213) is known to bind RNA and lipid droplets and is
essential for viral RNA replication [118, 124–126]. It has been crystallized as a
dimer in two different configurations [127, 128] pointing to distinct functional
conformations and/or multimerization of NS5A. Domains II (aa 250–342) and III
(aa 356–447) are naturally unstructured and known to interact with a number of
different viral and cellular proteins [129, 130]. Roles of these domains in RNA
replication and viral assembly have recently been described [131–133]. Phosphory-
lation has been implicated as regulatory switch that modulates several functions of
NS5A depending on the ratio of phosphorylated versus hyperphosphorylated forms
[134, 135]. While basal phosphorylation has been observed at central and C-terminal
residues, highly conserved serine residues located between aa 214 and 249 have
been shown to be hyperphosphorylated [133, 134, 136].

The IFN sensitivity-determining region (ISDR) at the C-terminus of NS5A has
been reported to contain strong trans-activating capacities, suggesting that NS5A
likely functions as a transcriptional activator [137]. In addition, NS5A has been
shown to interact with a number of cellular factors [138, 139]. In particular, the
activation of phosphatidylinositol-4-kinase alpha (PI4KA) by NS5A is critical for
the creation of the viral replication compartment. PI4P, the product of PI4KA
activity, recruits, e.g., cellular lipid transfer proteins to this replication compartment,
such as the cholesterol transporter oxysterol-binding protein [140]. In addition,
PI4KA modulates the phosphorylation status of NS5A [141]. NS5A is also known
to interact with other cellular factors and pathways that either impact the HCV life
cycle as well as associated pathogenic processes. Among these are, e.g.,
pro-proliferative targets such as p53/p21 [142], the cell cycle kinases cdc2 and
cdk2 [143], and Grb2 [144]. Interactions between NS5A and apoptosis regulating
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proteins such as Bax [145], members of the Src family of tyrosine kinases [137], and
modulation of epidermal growth factor receptor (EGFR) trafficking and signaling
[146, 147], possibly via interactions with cellular SH3-domain-containing, are also
likely to have proviral as well as pro-oncogenic effects. Finally, NS5A has been
shown to co-localize with core protein on lipid droplets and to interact with different
lipoproteins [148]. In particular, NS5A may cause inhibition of ApoB100
secretion [149].

1.3.8 NS5B

During HCV replication, the positive-strand RNA genome is used as the template for
an RNA-dependent RNA polymerase (RdRp), which synthesizes a complementary
negative-strand RNA and subsequently genomic positive-strand RNA. Both of these
steps are catalyzed by the RdRp NS5B [150], which has rapidly emerged as a major
target for antiviral intervention (see below, chapter “Direct-Acting Antivirals and
Their Mode of Action”). This protein contains motifs shared by all viral RdRps, and
has the classical fingers, palm, and thumb subdomains, based on the similarity of the
enzyme structure with the shape of a right hand. The palm domain is the most highly
conserved domain across different polymerases and the location of the active site. In
contrast, the thumb domain is the most variable. Fingers and thumb domains vary
significantly in both size and secondary structure depending on the specific
requirements for replication in a given virus [151]. A special feature of the HCV
RdRp is that extensive interactions between the fingers and thumb subdomains result
in a completely enclosed active site. HCV NS5B functions as an oligomer, which
was reported to be important for cooperative RNA synthesis activity [152]. It is
associated with the ER membrane through its C-terminus (tail-anchored protein)
[153], and membrane targeting occurs by a posttranslational mechanism. NS5B has
been recently identified as a cofactor of HCV assembly through a genetic association
with the p7 viroporin contributing to virion-specific infectivity [154].

1.4 Life Cycle

1.4.1 Entry

Viral entry is defined as the stages by which a virus penetrates into and delivers its
genetic material into the host cell. This does not necessarily lead to productive
infection, and frequently the process of entry is being studied regardless of the
capacity of the virus to replicate or not in infected target cells. General features of
viral entry comprise the attachment of viral particles to cell surface molecules, the
recognition of specific receptors at this surface, followed by internalization of virions
in intracellular compartments by mechanisms that depend or not on pH. This leads to
viral fusion, which triggers the release of the viral genetic material into the cyto-
plasm of the target cell. Studies of HCV entry have long been hampered by the
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absence of relevant virus/cell culture models. Major advances were made with the
advent of HCVpp as a surrogate model of HCV particles [155]. HCVpp consist of a
retroviral nucleocapsid and harbor the HCV glycoproteins E1 and E2 at their surface
in the form of a noncovalent E1/E2 heterodimer [156, 157]. Many key observations
on HCV entry obtained with the HCVpp model have retrospectively been validated
using infectious cell culture-grown HCV virus, HCVcc.

The process of HCV entry is initiated by physical interactions between structural
elements of the virions (E1/E2 heterodimer, apolipoproteins) and host cell surface
molecules (see Fig. 1.2). The heparan sulfate proteoglycan (HSPG) syndecan-1 is an
element of the extracellular matrix, reported to bring about viral attachment to the
surface of hepatocytes [13, 14] through the involvement of virion-associated apoE
[52]. The HSPGs syndecan-2 and syndecan-4 were also reported to play a role in
viral attachment, but to a lesser extent than syndecan-1 [158]. Syndecan-1 forms a
complex with the tetraspanin CD81 [13], a key HCV receptor [56, 159], thereby
linking the process of attachment to that of receptor recognition. Through its
numerous glycosaminoglycan moieties and their high level of sulfation specific to
liver cells, as well as through its engagement in a complex with CD81, syndecan-1
may contribute to HCV hepatotropism.

Initially described as an HCV receptor [57, 160], the lipoprotein-binding mole-
cule scavenger receptor BI (SRBI) has also been described as an attachment factor,
involving the apoE moiety of HCVcc particles for initial interactions [161]. HCV
entry mediated by SRBI also relies on the lipid transfer function of this molecule and
on interactions between the hypervariable region 1 (HVR1) region of E2 and SRBI.
This receptor is also a key entry factor for virions produced in mice with humanized
livers [23]. However, SRBI engagement in the entry of such particles seems to solely
rely on its lipid transfer function and to be independent of E2 [23].

Since HCV associates with serum lipoproteins, the involvement of the receptor
for low-density lipoproteins (LDL-R) in HCV entry has been suggested
[162, 163]. However, engagement of this receptor seems to lead to nonproductive
infection as virions end up in degradation compartments such as lysosomes [164]. Its
implication in HCV entry deserves further in vivo investigations.

CD81 is a member of the tetraspanin web, which coordinates extracellular and
intracellular processes, in particular through its link with the cytoskeleton
[165]. Tetraspanins have four transmembrane passages and two extracellular
loops. HCV virions recognize a patch of amino acids in CD81, present in the large
extracellular loop [159, 166], through specific residues of E2 contained in the
recently published three-dimensional structures [69, 70]. The HVR1 region of E2
is thought to conceal CD81-binding sites [62], suggesting that structural
rearrangements are necessary for E2-CD81 interactions. As described above,
syndecan-1 and CD81 form a complex, involved in HCV internalization in intracel-
lular acidic compartments [13].

Claudin-1 and occludin are integral components of the tight junctions that
delineate the basolateral from the apical membranes of hepatocytes. These molecules
were reported to play a key role in HCV entry [8–10, 167], and to compose the
minimal quartet of receptors required for efficient HCV entry, together with SRBI
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and CD81. Claudin-1 forms a complex with CD81, instrumental to viral particle
internalization [168]. The component Sec24C of the coat protein complex II (COPII)
machinery of intracellular protein transport was found crucial for proper claudin-1
transport to and exposure at the hepatocyte cell surface, which identifies this
molecule as a key cofactor of HCV entry [169]. After infection, the expression of
claudin-1 and occludin is downregulated [9]; this downregulation serves to prevent
secondary infection of already infected hepatocytes, a phenomenon known as
exclusion of superinfection [170]. Similar observations have been described for
syndecan-1 [13].

The receptor of the epidermal growth factor (EGFR) and ephrin receptor A2
(EphA2) have been identified as host cofactors of HCV entry [12]. Entry involves
the receptor tyrosine kinase (RTK) activity of both receptors, as shown in in vitro
and in vivo models of HCV infection. Engagement of these molecules in HCV entry
is achieved by regulating the association of CD81 and claudin-1, thereby activating
the GTPase HRas [171]. Indeed, the current view is that HCV binding to CD81
induces RTK phosphorylation, thereby leading to HRas activation. HRas may then
promote lateral diffusion of CD81 within the plasma membrane and its stable
clustering with Claudin-1, prior to subsequent virus internalization.

In the search for the involvement of lipid receptor molecules in HCV/LVP entry,
the cholesterol transporter Niemann Pick C1-like1 (NPC1L1) and the receptor for
very-low-density lipoproteins (VLDLR) were identified as entry factors. NPC1L1 is
a 13-transmembrane domain protein of the apical membrane of hepatocytes. It is
involved in cellular cholesterol absorption and contributes to cholesterol homeosta-
sis. The implication of this molecule in HCV entry expands the view that virion-
associated cholesterol plays a key role in viral entry [11]. However, the exact nature
of HCV/NPC1L1 interactions remains unclear. NPC1L1 expression is
downregulated during HCV infection, which might contribute to the exclusion of
superinfection, as suggested for claudin-1, occludin, and syndecan-1.

Most recently, the VLDLR was identified as a new molecule of the (complex)
pathway of HCV access to hepatocytes [172]. Surprisingly, HCV infection using
VLDLR does not require any of the above-described HCV receptors; therefore
VLDLR-mediated HCV infection may be different from previously reported entry
mechanisms. The interaction between HCV and VLDLR requires E2 and the apoE
part of the LVP.

Our current model of HCV entry implies that multiple interactions take place at
the surface of hepatocytes for subsequent efficient entry. Virion binding to attach-
ment factors may lead to structural rearrangements of protein components of the
viral particle, with the exposure of previously masked regions in the E1/E2
heterodimer. SRBI is the first receptor molecule to be recognized in the cascade of
HCV entry events [173]. This triggers the binding to CD81, induces EGFR phos-
phorylation and activation of the GTPase HRas, and drives the lateral diffusion of
CD81 molecules in the membrane plane and their clustering at claudin-1-enriched
sites, where virions also likely interact with occludin. Virions are then internalized
through a clathrin-dependent endocytosis process involving the small GTPase Rab5
[174, 175], together with syndecan-1 complexed with CD81 [13]. At this stage,
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NPC1L1 might alter the lipid composition of the viral envelope, to facilitate
subsequent viral fusion.

While the predominant site of viral replication is hepatocytes, some lines of
evidence suggest that HCV is also lymphotropic. HCV has been shown to interact
with and use B cells as vehicle to optimize its transmission into the liver; however,
no active replication in B cells was observed [176]. With the recent identification of
the immune cell-specific, co-stimulatory receptor B7.2 as a co-receptor of
lymphotropic HCV strains, strong evidence has now emerged that suggests that
HCV may actively replicate in B cells [177].

HCV infection can be achieved by two modes: (a) a cell-free transmission, where
virions come from the blood circulation and infect naïve hepatocytes, or transit
outside an infected cell to reach adjacent targets, and (b) via cell-to-cell transmission,
where the virus propagates between adjacent hepatocytes without being exposed to
the extracellular medium. This latter mode of viral transmission is particularly
efficient to escape the immune system and presumably facilitates the establishment
of chronic infection. The cell-to-cell transmission route was found dependent on
SRBI, claudin-1, and occludin [178, 179] and on the E1/E2 heterodimer of HCV
[180]. The NPC1L1 molecule also plays a role in this mode of transmission, in a
manner involving its cholesterol transporter properties, and maybe in conjunction
with the tight junction components claudin-1 and occludin, located in the vicinity of
NPC1L1 at the hepatocyte apical membrane [181]. ApoE incorporated onto the viral
particle was found to play a key role in HCV cell-to-cell spread, thereby linking viral
assembly to viral propagation [182]. In another study, apoE was found dispensable
to this mode of HCV transmission [181]; these conflicting data might evolve from
the use of different cellular models. The involvement of CD81 in HCV cell-cell
propagation is still a matter of debate: initial findings suggested that CD81 is
dispensable [180]. However, cumulating pieces of evidence now suggest that
CD81 plays at least a partial role in cell-to-cell transmission [13, 178, 183].

The process of viral fusion is the stage where the viral envelope merges with
cellular membranes through the action of viral fusion proteins. This leads to the
release of the viral genetic material in the cytosol. After their internalization in
intracellular compartments through clathrin-dependent endocytosis, HCV virions
are exposed to low pH in the endosomes, where conformational rearrangements of
their envelope glycoproteins are likely to occur. At present and in spite of the recent
publication of the 3D-structures of both E1 and E2, it is impossible to determine
which protein triggers membrane fusion. Experimental evidence using HCVpp and
HCVcc in combination with artificial membranes (liposomes) or cellular membranes
show that HCV-induced fusion of liposomes is pH-dependent, over a large range of
pH of 6 to 4 which would correspond to early to late endosomal compartments in
cellulo [68, 174, 184]. CD81 and claudin-1 are involved in HCV fusion in
endosomal compartments positive for the small GTPase Rab5 [174]. CD81 was
found to prime HCV for low pH-dependent fusion, likely through conformational
rearrangements in the E1/E2 heterodimer [185]. Fusion is also strongly dependent
upon cholesterol and sphingomyelin present in the target membranes [68, 184] and
in the viral envelope [11].
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1.4.2 Replication

Soon after fusion and release of HCV positive-strand RNA into the cytosol, replica-
tion begins in a peculiar compartment derived from the ER, called membranous web
[112]. At the ultrastructural level, this web is composed of single- and double-
membrane vesicles and contains markers of rough ER, early and late endosomes,
transport COP vesicles, mitochondria, and lipid droplets (LDs) [121]. Double-
membrane vesicles are induced by NS5A, while NS4B induces single-membrane
vesicles. Within this membranous compartment, active replication and assembly of
de novo synthesized viral machineries take place (see “Assembly” chapter). NS3 to
NS5B are minimal viral protein components required for RNA replication. NS5B is
the RNA-dependent RNA polymerase and constitutes the catalytic core of the
replication machinery. Purified NS5B is not very efficient at replication, suggesting
cellular cofactors are required in addition. NS5B can be phosphorylated by the
interacting cellular protein kinase C-related kinase 2 (PRK2), and depletion of
PRK2 inhibits HCV replication, suggesting that the PKR2-mediated phosphoryla-
tion is important for function [186]. Interaction with the cellular chaperonin TRiC/
CCT is also important for NS5B function [187], but the underlying mechanism is not
elucidated.

NS4B drives the scaffold formation required for HCV RNA replication, which
takes place in membranous vesicles. The viral replication complex contains besides
NS4B also NS3/4A, NS5A, and NS5B. Physical interactions between these viral
proteins lead to formation of the membrane-associated multiprotein complex that
coordinates RNA replication [188–191]. NS5B is the key enzyme of RNA synthesis
and uses the positive incoming RNA genome to generate a first negative-strand
genome, which in turn serves as template for positive-strand RNA synthesis. These
steps produce double-stranded RNA intermediates. The newly replicated positive-
strand RNA can then be reused for replication or translation or be packaged into
virions. The 30end of the HCV negative-strand is an excellent template for de novo
initiation, whereas the 30end of the positive-strand hardly gives rise to terminal de
novo initiation, probably because it is buried within a stable stem structure
[192, 193]. Indeed, auxiliary factors are required for and control initiation of
negative-strand synthesis by NS5B [194]. After binding, NS5B synthesizes a dinu-
cleotide primer [195], and a conformational change in the polymerase structure then
allows egress of the template-primer duplex [196, 197]. RNA synthesis then pro-
ceeds at 100–400 nts/min and is highly error-prone, resulting in the high genetic
variability of HCV isolates [198]. The 30 non-translated region (NTR) is essential for
initiation and regulation of negative-strand RNA synthesis [192, 199]. It is com-
posed of a variable region, which forms two stem-loop structures, a polyU/UC tract
and a conserved 98-nucleotide-long X-tail, which also comprises three stem-loop
structures at the end of the viral genome [200]. Additional stem loops have been
identified within the NS5B coding region that are implied in the formation of a
kissing-loop interaction with the second stem loop in the X-tail. This interaction,
which forms a pseudoknot structure at the 30 end of the genome, is essential for RNA
replication [201–203]. NS3, NS5A, as well as NS5B have all been shown to bind to
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the polyU [125, 199, 204–206]. However, the distinct functional role of the polyU/
UC region in viral RNA synthesis has not been clarified yet. The 50NTR has a dual
function in genome replication. It contains an IRES sequence and thus drives
translation of the positive RNA strand. The 50NTR and a complementary stretch at
the 30end of the negative-strand RNA have been shown to adopt particular secondary
structures. In particular, two adjacent miR-122 seed sequences located in the 50NTR
point to a primordial role of this miR in the proper formation of RNA secondary
structures. The two adjacent sites as well as the intermittent, strongly conserved 8 nt
spacer are all important for HCV replication and translation [207, 208].

Different lines of evidence suggest roles of NS3/4A and NS5A in RNA replica-
tion, but the underlying mechanisms have not been fully elucidated. NS3 helicase
activity is thought to resolve the stem-loop structures in the 30NTR to facilitate de
novo replication initiation by NS5B. Structure determination of NS5A suggests that
NS5A forms dimers that bind RNA [124, 128]. Thus, NS5A may play a role in RNA
transport. In addition, NS5A may interact with cellular proteins that impact viral
replication. Indeed, NS5A- and NS5B-stimulated PI4KA activity is required for
membranous vesicle formation and HCV RNA replication [209]. In addition, HCV
replication depends on altered membrane structure, for which the expression of
genes that regulate the hepatic lipid metabolism is necessary [210–212]. In addition,
posttranslational modifications, e.g., phosphorylation, geranlygeranylation, or
palmitoylation of cellular and viral factors, are required for viral replication
[213]. Geranylgeranylated FBL2, for example, interacts with NS5A and this is
critical for HCV RNA replication [214]. Oligomerization of NS4B depends on
palmitoylation of C-terminal cysteine residues [107]. HCV core [215–217] and
NS5A [148, 218] are located on lipid droplets, which are frequently found in the
vicinity of membranous vesicles induced by HCV. LDs, or rather core protein on the
surface of LDs, are thought to coordinate replication with assembly, possibly via a
direct interaction with NS5A [44, 131, 133, 219]. In addition, LDs may also play an
important role in RNA replication [220].

Among the long list of host factors involved in RNA synthesis are, e.g., the
human VAMP-associated protein A (hVAP-A) and its isoform hVAP-B [221, 222],
which play a role in cellular vesicle transport and are thought to impact
HCV-induced membrane rearrangements (reviewed in [223]). hVAP-A, e.g., binds
to hypophosphorylated NS5A and is thought to regulate viral replicase activity in an
NS5A phosphorylation-dependent manner [224]. Prolactin regulatory element-
binding protein, which regulates anterograde ER-Golgi transport, interacts with
NS4B, relocalizes to the viral replication complex, and is also required for membra-
nous vesicle formation [115]. Within the family of the peptidyl-prolyl cis/trans
isomerases, cyclophilin B was initially found to interact with NS5B and to regulate
template binding of the polymerase [225]. More recent data point however to a role
of cyclophilin A (CyPA) in HCV replication [226, 227] by modulating conformation
of NS5A [226] and biogenesis of the membranous web [228]. Binding of the liver-
specific, highly abundant microRNA miR-122 to two seed sequences in the 50NTR
probably prevents degradation by RNases, stabilizes the viral genome [229],
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stimulates translation of the viral RNA, and prevents activation of innate immune
responses [230].

As mentioned above, NS5B has an intrinsically high error rate estimated at
2.5 � 10�5 mutations per nucleotide per genome replication [231]. In addition,
selective pressure exerted by antiviral immune responses drives evolution of the
genetic diversity of HCV. HCV is today classified into seven genotypes,
characterized by differences in over 30–33% of nucleotide positions. In addition,
HCV genotypes 1–6 have been classified into subtypes that differ in at least 15% of
nucleotide positions [232]. HCV genetic variability is not evenly distributed across
the viral genome. The 50-NTR region and viral capsid are the most conserved regions
of the genome, while the most variable region codes for the envelope glycoproteins
E1 and E2. In particular, the sequences encoding HVR1 and HVR2 of E2 display the
least sequence homology between different isolates [233, 234].

1.4.3 Assembly

Fractionation studies have shown that membranes composing the membranous web
contain NS5B, viral RNA, phosphatidylinositol 4-kinase III-alpha (PI4KIIIα),
ApoE, core protein, and infectious HCV [235, 236]. At early stages of assembly,
core associates with lipid droplets (LDs) followed by the recruitment of the replica-
tion complex [44], in an NS2-dependent manner [77]. LDs therefore play a central
role in the coordination of viral RNA synthesis and virion assembly, by physically
associating replication and assembly sites. Recently, the heterogeneous nuclear
ribonucleoprotein K (HNRNPK) was found recruited close to LDs, where it
co-localized with core and with the HCV plus-strand RNA [237]. HNRNPK might
limit the availability of viral RNA for incorporation into virions, thereby determining
efficiency of HCV particle production. The recruitment of NS5A to either LDs or
assembly sites in the ER (through interaction with core protein) is also required for
proper viral particle assembly [238]. The correct distribution of HCV NS5A to
replication and assembly sites is under the regulation of the ATPase p97/VCP
(valosin-containing protein) [239], a cytosolic enzyme involved in particular in
the fusion of Golgi membranes [240]. NS5A recruitment to LDs is also promoted
by the tail-interacting protein 47 (TIP47), through direct protein interactions
[47]. The interactions between NS5A and core are stabilized by the host molecular
chaperone ApoJ, thus facilitating infectious HCV particle production [241].

HCV virions are LVPs and HCV production depends on VLDL assembly and
secretion [242]. Thus, the roles of VLDL-associated proteins such as apoB, apoE,
apoA1, apoC1, and microsomal triglyceride transfer protein (MTP) in the formation
of infectious HCV particles have been addressed. ApoB and MTP were found
dispensable for infectious particle production [182]. NS5A and the E1/E2
heterodimer interact with apoE [72, 243–245]. ApoE is a key component of HCV
virions, required for virion infectivity and production [246]. While budding, the viral
particle interacts with nascent or immature lipoproteins, which indicates that the
lipoprotein secretion machinery is involved in the formation of HCV viral particle
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[247]. Mechanistically, the current evidence suggests that (a) viral capsids bud into
the ER lumen, followed by the incorporation of large amounts of cholesteryl esters
and triglycerides into these nascent HCV particles; (b) apoB and exchangeable
apolipoproteins (A1, C1, E) bind to these lipid-rich particles as if they were
lipoproteins; and (c) these HCV enveloped particles fuse with lipoproteins to
generate LVPs [248].

HCV assembly is modulated by several host factors, of which most are related to
lipid metabolism and LDs. Nucleoporin-98, a structural element of the nuclear pore
complex, has been recently described as a key factor of HCV morphogenesis, whose
nuclear functions are diverted by HCV for the transport of viral proteins to guide
assembly [36]. Diacylglycerol acyltransferase 1 (DGAT1) performs the last step in
triacylglycerol synthesis pathway and is involved in LD biogenesis, together with
DGAT2. DGAT1 plays a direct role in the recruitment of core and NS5A to LDs,
through direct interactions with core [45]. The small GTPase Rab18 is a
LD-associated protein that binds NS5A, thereby physically linking LDs to ER
membranes. Its GTP-bound (active) form is prominent over the GDP-bound (inac-
tive) one for this activity [249]. Rab32, another small GTPase of the Rab family, was
recently described to play a role in core recruitment to ER-derived membranes, likely
at virion assembly sites [250]. Unlike Rab18, Rab32 displayed this activity under its
GDP-bound form. The cytosolic group IVA phospholipase A2 gamma (PLA2G4A),
involved in the release of arachidonic acid, was shown to affect the amount of core
on LDs and the efficiency of core envelopment [251]. The phosphatidylinositol
3,5-bisphosphate 5-phosphatase FIG 4 is implicated in HCV morphogenesis and
infectivity through its capacity to modulate the amounts of cholesteryl esters
[252]. ABHD5 (α/β hydrolase domain-containing protein 5) was recently identified
as a host factor promoting both virus assembly and release [253]. ABHD5 associates
with LDs and triggers their hydrolysis, and HCV usurps ABHD5 lipase cofactor
function. HCV also recruits the lipid-binding protein annexin A3 to LDs to achieve
proper morphogenesis [254]. Cell-death-inducing DFFA-like effector B (CIDEB), a
regulator of the VLDL pathway associated with LDs, was shown to be required for
HCV assembly [255]. A kinase involved in the innate pathway, IκB kinase-α
(IKK-α), has been described as a crucial host factor for HCV assembly: HCV,
through its 30 untranslated region, interacts with DEAD box polypeptide 3, X-linked
(DDX3X) to activate IKK-α, which translocates to the nucleus and induces a
transcriptional program involving sterol regulatory element-binding proteins
(SREBPs) [256]. Consequently, this innate pathway induces lipogenic genes and
enhances core-associated LD formation to facilitate viral assembly.

1.4.4 Maturation/Release

According to the current model of HCV assembly, E1-/E2-enriched ER membranes
encompass luminal lipid droplets, into which hydrophobic nucleocapsids become
enclosed. Similar to the production of VLDL, where lipid-poor VLDL precursors
fuse with luminal LDs, these immature virion particles are thought to fuse with
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luminal lipid droplets or VLDL precursors to form properly lipidated “virus-like
particles” (LVP). Among the VLDL assembly machinery, in particular ApoE is
thought to play a primordial role in this intracellular lipidation by mediating fusion
between nascent VLDL and viral precursors [182, 243, 246, 254, 257, 258];
however ApoE does not affect formation of HCV nucleocapsids and their envelop-
ment per se [245]. Indeed, particles can efficiently be produced in sh-apoE cells, but
have increased density and low specific infectivity [245]. While association with
ApoE during the assembly process renders particles infectious [257, 259], only
particles containing sufficient ApoE amounts are secreted. Mechanistically, the
role of ApoE in HCV lipidation and secretion remains unclear, even though direct
interactions between ApoE and the glycoproteins E1/E2 have been implied
[182, 245]. Recently annexin A3 (ANXA3), a protein recruited to lipid-rich fractions
in HCV-infected cells, has been shown to be essential for interactions between ApoE
and the E2 glycoprotein. Curiously, ANXA3 silencing affected trafficking, but not
lipidation of HCV virions [254]. Reconstitution of HCV particle assembly in
non-hepatic cell lines has shown that besides ApoE members of the ApoA and
ApoC apolipoprotein families can also sustain HCV particle lipidation and secretion,
and the required conserved structural domains in these apolipoproteins have been
identified as amphipathic alpha-helical repeats [182, 260].

HCV virions then bud from the ER and traffic to the Golgi with COPII-vesicles
[257, 261]. It has also been shown that localization of ARF GTPases such as CYTH3
and ARF3 to the trans Golgi network (TGN), where they interact with coat proteins
to regulate vesicle budding and sorting, is necessary for HCV secretion. Release of
HCV from the TGN requires furthermore PRKD1. Secretion is then thought to occur
via a clathrin-dependent transendosomal secretory route and depends on components
of the endosomal-sorting complex required for transport pathway [257, 262–
265]. Both viral glycoproteins, E1 and E2, possess high mannose and complex
N-linked glycans and essential disulfide bonds that are thought to be rearranged in
the Golgi during secretion [29, 54]. To prevent premature fusion of the glycoprotein
complex, nascent virions may be protected from acidification and consequent
conformational changes via the ion channel activity of p7 [76]. Interestingly,
autophagy has been shown to impact HCV assembly and secretion via exosomes
[266, 267]. Interactions of HCV particles with the TIP47-GTP-Rab9 complex are
thought to protect the nascent virus from autophagosomal-mediated degradation
during release [266]. Finally, secreted ApoE can modify infectivity of already
released, circulating HCV virions, and thus protect virions from antibody-mediated
neutralization and enhance particle interactions with cellular HSPGs and thus poten-
tially facilitate cell entry [39].

1.5 Direct-Acting Antivirals (DAA) and Their Mode of Action

Thanks to the knowledge of the molecular biology of HCV and the development of
cell culture assays, direct-acting antivirals (DAAs) were discovered and developed.
It was known from early clinical and experimental observations that infected
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hepatocytes could be cured by IFN administration [268, 269]. With the discovery of
novel DAAs, it was shown that the cure of infected cells could occur in an
IFN-independent manner. The first generation of DAAs was mainly directed against
HCV genotype 1 [270]. It was rapidly observed that a combination of these drugs
with IFN or other antiviral agents would be necessary to prevent the emergence of
drug resistance. The second generation of drugs was developed to be pan-genotypic
and to confer a high genetic barrier to resistance when administered in combination.
Pan-genotypic direct-acting antivirals have been developed for several viral proteins.
The predominantly used DAA combinations that are currently in clinical use target
the NS3/4A protease, NS5A, or the NS5B RNA-dependent RNA polymerase. Due
to extremely high efficacies of these DAA regimens of close to 100% independently
of genotype and fibrosis stage, the concomitant use of interferon has been stopped
over the last few years, and current therapies are predominantly based on DAAs
only. We will focus predominantly on the currently used classes of DAAs and only
briefly mention DAAs targeting additional viral proteins.

In respect to the HCV proteases NS2 and NS3, only compounds that target the
NS3 protease have reached the clinic. Based on the crystal structure of NS3 in
complex with candidate compounds, the two structurally related HCV protease
inhibitors telaprevir and boceprevir were developed and the first protease inhibitors
(PIs) to be approved for clinical use in 2011. They are linear peptidomimetic
structures that react reversibly with the catalytic serine of NS3 to form a covalent
bond [271, 272]. To avoid the emergence of drug resistance, these antiviral agents
had to be combined with IFN and ribavirin. The major limitations of these first-
generation macrocyclic PIs were strong side effects, inconvenient dosing regimens,
narrow genotype specificity, and low genetic barrier to resistance. Resistance-
conferring mutations that emerged during therapy were predominant at positions
R155, 156, and 168 and affected binding to the inhibitor; in contrast changes in
binding to natural NS3 substrates were minimal [273]. The second wave of first-
generation macrocyclic PIs, such as asunaprevir and simeprevir, had similar
limitations [274]. In contrast, the second-generation pan-genotypic PIs, derived
from the peptide substrate of NS3/4A protease, were modified with various tailor-
made amino acids in order to achieve high sustained virologic response (SVR)
against HCV [275]. Among these second-generation PIs, glecaprevir showed potent
activity against all genotypes with equal and even superior results compared to
grazoprevir and paritaprevir in replicon assays but was found clinically effective
only in combination therapies. Grazoprevir retains activity against the common
R155K mutant viruses, as it does not interact with this residue [276]. In an
interferon-free context, grazoprevir in combination with ribavirin (RBV) resulted
in 90% sustained viral response (SVR) in patients with undetectable HCV RNA
4 weeks into treatment; however, in patients with detectable RNA at week 4, the
SVR rate was only 58% [277]. Resistance to treatment with the acylsulfonamide
paritaprevir is uncommon, because it targets the protease-binding site, but requires
surveillance.

Two classes of clinically relevant NS5B inhibitors have been described:
non-nucleotide inhibitors (NNIs) and nucleotide inhibitors (NIs) [278]. They act at
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distinct stages of RNA synthesis. Initiation of RNA synthesis by NS5B is slow, does
not need a primer, and is accompanied by frequent dissociation events. Formation of
the first phosphodiester bond then stabilizes the complex and triggers the elongation
phase. NS5B is known to be present in functionally distinct complexes in these two
phases. Crystal structures of NS5B have indeed shown that NS5B undergoes drastic
conformational changes to accommodate the newly synthesized RNA strand in the
elongation phase [279]. NNI are chemically diverse and generally interfere with the
conformational dynamics at the transition from the initiation to the elongation phase.
NNI binding pockets are allosteric sites, which mediate noncompetitive mechanisms
of action and are located in distinct regions in the thumb or palm regions. Examples
for thumb-targeting NNIs are benzimidazole, indole scaffolds such as beclabuvir, or
thiophene-based inhibitors. In contrast to inhibitors targeting the thumb region, palm
site inhibitors such as benzothiadiazine scaffolds are thought to inhibit initiation of
RNA synthesis through interference with nucleotide incorporation. Importantly, the
antiviral activity of NNIs is very limited to predominantly genotype 1. Dasabuvir,
the first approved NNI, has a low genetic barrier to resistance and was therefore part
of complex combinations with NS5A and NS3A inhibitors. In contrast to NNIs, NIs
compete with the incoming nucleoside triphosphate for binding and incorporation,
but modifications of their sugar moiety mediate the inhibitory, chain-terminating
effect. Because NIs are administered as prodrugs, they need to be processed into the
active triphosphate form that can then access the nucleotide-binding site of NS5B
[280]. The only currently approved NI drug sofosbuvir is a phosphoramidate
prodrug that is intracellularly hydrolyzed and further modified into its active triphos-
phate form, a uridine analogue containing a 20-fluoro-C-methyl motif. This motif is
thought to cause chain termination via a steric conflict with the incoming nucleotide
substrate [279]. Sofosbuvir has pan-genotypic antiviral activity, and although it was
originally approved with PEG-IFN and ribavirin, it is highly effective when com-
bined with other DAA classes, either as dual or triple DAA combinations in an
interferon-free context. Generally, sofosbuvir is well tolerated with a good safety
profile, but reports of hepatotoxicity have emerged in the patients with
decompensated cirrhosis [281]. Other NIs are currently at early stages of clinical
development.

Unlike NS3 and NS5B, NS5A does not possess any enzymatic activities. Fur-
thermore, the limited structural information that is currently available for NS5A is
based on non-phosphorylated proteins. Hence, the development of DAAs for NS5A
has been difficult. Inhibitors were identified in cell-based replicon assays that
screened for the emergence of resistance-conferring mutations in the NS5A coding
region. NS5A inhibitors show exceptional potencies, with EC50 values in the
picomolar range. Daclatasvir, the first NS5A inhibitor, and the related compounds
ledipasvir and ombitasvir are in clinical use [282]. Resistance-conferring mutations,
e.g., L31 and Y93 in genotype 1, have been used to identify the putative-binding site
of the inhibitors. Indeed, several models for complexes of NS5A bound to
daclatasvir or related compounds have been proposed. Recent quantitative-binding
approaches suggest that daclatasvir competes with RNA such that a dynamic
equilibrium occurs between NS5A dimers that bind either RNA or daclatasvir
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[283]. The high potency of these NS5A inhibitors has also been shown to be due to
the inhibition of DMV formation. NS5A inhibitors are among the most potent DAAs
developed to date, display an excellent safety and pan-genotypic efficacy profile, and
are therefore present in most combination treatments that are currently being applied
in the clinic [284]. However, resistance mutations have been observed that persist on
the long term [285]. The NS5A inhibitor pibrentasvir, currently being evaluated as
pan-genotypic regimen in combination with the second-generation protease inhibitor
glecaprevir, shows a high genetic barrier to resistance and potency against common
NS3 and NS5A polymorphisms and seems efficient even in the setting of
compensated cirrhosis [286].

Further clinical results based on these DAAs will be treated in subsequent
chapters.

1.6 Host-Targeting Agents and Their Mechanisms of Action

Given the high amount of host factors involved in HCV life cycle, we will only focus
on those factors suggested to represent potential targets for host-targeting agents
during distinct steps of HCV infection. Basically, each step of HCV life cycle is
amenable to antiviral therapy, with several molecules already licensed for their anti-
HCV potential. Moreover, several molecules targeting different steps could be
combined to achieve a better efficiency and to lower the doses of each individual
molecule, thereby increasing the therapeutic index of the medication. Finally, HTAs
could be successfully associated with DAAs to gain in antiviral potency.

Entry inhibitors have long been designed to block the virus before it causes
damages to its host and to protect naïve cells from infection. A vast panel of
molecules, from fully synthetic ones to extracts of natural compounds, have been
proposed and assayed. However, only a little number could be reasonably proposed
for antiviral strategies, since most of these molecules raise safety concerns and/or
display insufficient purity to identify the compound endowed with antiviral activity.
In the following, we will therefore only focus on molecules currently under in vivo
investigations. Monoclonal antibodies targeting cellular proteins/receptors have long
been proposed as antiviral strategies; however, most of these proteins are essential to
many cellular functions, so their targeting cannot be applied in vivo for safety
reasons. Nevertheless, successful attempts have led to the development of monoclo-
nal antibodies directed toward CD81 [287], claudin-1 [288], and SRBI [289] that
showed potent antiviral activity in mice with humanized livers. The compound
ITX-5061 inhibits SRBI-mediated lipid transfer from high-density lipoproteins
(HDL), but not the binding of HDL to SRBI [290]; this promotes HDL levels, and
since SRBI activity is targeted, HCV entry is inhibited. ITX-5061 is currently under
phase 1 clinical investigation, in chronically infected patients receiving a liver
transplantation (NCT01292824 and NCT01560468) [291]. The involvement of the
EGFR and of NPC1L1 in HCV entry allowed the use against hepatitis C of specific
inhibitors of these receptor molecules, already licensed with other therapeutic
indications. In this context, erlotinib, an anticancer agent used in lung cancer and
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inhibiting the tyrosine kinase activity of EGFR, was assessed in a clinical trial of
chronic hepatitis C (NCT01835938), with no results posted yet. The inhibitor of the
NPC1L1 cholesterol transporter ezetimibe is an already approved molecule against
hypercholesterolemia; it showed potent anti-HCV activity both in vitro and in vivo
in mice with human livers [11] and has now entered two clinical trials
(NCT02126137 and NCT02971033). Silymarin is a natural extract from milk thistle
(Silybum marianum sp.), shown to display anti-HCV activity in clinical settings
[292]; however, its efficacy was questioned since it comprised several molecules.
Silibinin is the main active compound of silymarin that showed potent antiviral
activity, in vitro [174, 293] and in patients [294]. It acts by slowing the clathrin-
dependent endocytosis of HCV particles and by altering the recruitment of Rab5 to
endosomes, which leads viral particles to degradation compartments [174]. It has
also an inhibitory effect on HCV replication [295] and assembly [293]. A recent
clinical trial showed favorable treatment outcomes with silibinin in difficult-to-treat
patients coinfected with HCV and HIV [296]. The antimalarial chloroquine is a
chemical analogue of ferroquine, shown to exhibit an inhibitory activity on HCV
infection, at the stages of cell-to-cell transmission and fusion [297]. Chloroquine is
an affordable molecule for emerging countries, and has recently entered a phase
4 clinical trial in Iran (NCT02058173), with favorable but modest antiviral
outcomes [298].

Inhibitors of host cell factors involved in HCV replication have been designed,
and some used with success in clinical settings. Miravirsen, an inhibitor of micro-
RNA 122, a liver-specific micro-RNA that binds to conserved sites in the 50-UTR of
the viral RNA and is necessary for viral replication and translation [208, 299], has
proven its efficacy in reducing viral loads in chronic hepatitis C patients in phase 1–2
clinical trials [300, 301]. Miravirsen may act by two complementary mechanisms: it
might hybridize to mature miR-122, thereby blocking its interaction with HCV
RNA, and bind to the stem-loop structure of miR-122 precursors, leading to
impaired processing of these molecules. Importantly, miR-122 may play an impor-
tant role in the suppression of pro-fibrogenic actions of stellate cells; indeed its
downregulation is associated with fibrogenesis [302, 303]. Cyclosporins are
inhibitors of specific signal transduction pathways that lead to T-lymphocyte activa-
tion. These immunosuppressive agents bind with high affinity to the cytoplasmic
receptors cyclophilins. Several drugs devoid of immunosuppressive properties were
designed and displayed in vitro anti-HCV activity [304]. Alisporivir has been
successfully used in clinical settings (NCT02094443, NCT01215643,
NCT02753699), with a pan-genotypic anti-HCV activity and a high genetic barrier
to resistance; in combination with ribavirin, it displayed a favorable safety profile
and a good antiviral efficiency [274]. As already mentioned, cyclophilin inhibitors
block HCV replication by preventing the formation of double-membrane vesicles,
thereby reorganizing the ER-derived membranous web where viral replication
occurs and by preventing the formation of complexes between cyclophilin A and
NS5A, thereby inhibiting HCV replication [304].

The list of assembly inhibitors in the clinical process is currently very limited. A
most promising host target protein is DGAT-1, shown to play a key role in HCV
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morphogenesis and secretion (see above). However, the specific inhibitor LCQ908
that exhibited antiviral potency in vitro proved disappointing in vivo [305], and the
corresponding clinical trial was terminated (NCT01387958).

The only host-targeting agents extensively used in the clinic is ribavirin. Ribavi-
rin was part of the standard of care treatment in combination with IFN. Although it
did not have a direct antiviral effect, it enhanced the antiviral activity of IFNα. It was
maintained in the triple combination regimen with the first protease inhibitors and
IFN. With the development of more potent DAA, ribavirin was still used in the
IFN-free regimen in combination with other DAAs in difficult-to-treat patients to
increase the rate of sustained virologic response. Ribavirin was shown to modify the
epigenetic environment of interferon-stimulated genes and thus to restore IFN
responsiveness [306]. More recently, with the development of even more potent
DAAs, the role of ribavirin in the treatment of CHC patients has vanished.

1.7 Conclusion

The last two decades of research allowed to understand the molecular biology of
HCV replication, characterize the crystal structure of most viral proteins, and
develop experimental models to study HCV infection. This knowledge assisted the
drug discovery efforts that led to the development of potent antiviral drugs. The
clinical development of these agents led to a medical revolution as it is now possible
to nearly cure all patients with IFN-free regimens.
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Hepatitis C Virus Origin 2
Timokratis Karamitros, Dimitrios Paraskevis, and Gkikas Magiorkinis

Is there a zoonotic origin for HCV? If so, when did HCV “jumped” into humans? To
date, the origin of HCV remains largely unknown. The viral peculiarities and the
observed global epidemiological patterns of HCV suggest that the virus has been
infecting human species for at least several centuries if not millennia.

2.1 The Peculiar Virology of HCV

The case of HCV as a human pathogen is a peculiar outlier for the biological patterns
of known human viral pathogens: it is a persistent viral pathogen with an RNA
genome. Other human RNA viruses cause acute syndromes that resolve within days
either with a lethal outcome or with immune reactions eradicating the virus from the
host. On the other hand, DNA viruses can persist for long periods, one of the reasons
being that DNA is a much more resistant molecule than RNA either within the cell or
when exposed to the environment. DNA viruses can also persist by entering a latent
nonreplicating stage which allows them to evade immune responses and thus linger
within the host. On the other hand, only through constant replication an RNA virus
can persist, as there are no known long-term “sanctuaries” for RNA molecules in the
cells. Thus, HCV needs to constantly replicate its RNA genome to induce chronic
carriage; at the same time, it is constantly targeted by immune responses, as it cannot
enter a latent phase. So how does HCV manage to constantly replicate and at the
same time survive immune responses for years? It might be that the liver, where the
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virus replicates, is a chronic RNA-virus-friendly site. Indeed, the liver as the
biochemical factory is favored by a peculiar immune tolerance [1], and this is
probably what HCV is exploiting. Such a delicate virus-host balance suggests,
probably, that the virus has persisted for long within the human host. It also suggests
that if HCV came from an animal, it was most likely replicating within the liver of
the animal, too. With the emergence of high-throughput sequencing technologies
since 2010, we now know more about the presence and persistence of similar viruses
in animal hosts.

2.2 Nonhuman Hosts of HCV-Like Viruses

Recently, a variety of HCV-associated viruses were identified in unexpected hosts
like rodents, bats, monkeys, and horses. These findings can support current research
on HCV natural history, pathogenicity, and hepatitis treatment through a better
understanding of the virus evolution and the interactions with its host.

Until 2011, the only known homolog of HCV was GBV-B, a virus isolated from
tamarins. Originally, in 1967, a surgeon (G.B.), suffering from acute hepatitis,
inoculated his serum into a tamarin, and this experimental infection developed into
acute hepatitis [2]. Later, in 1995, the passaged “GB” infectious agent caused
hepatitis in tamarins, resulting in the identification of two new members of the
Flaviviridae family, the GBV-A and GBV-B [3, 4]. Although GBV-A was also
found in New-World monkeys, none of these viruses could infect humans. However,
their genomic sequences assisted in the isolation of one more virus, named GBV-C
or hepatitis G virus (HGV), this time found in human serum samples [5]. GBV-C,
also known as human pegivirus (HPgV), was not associated with viral hepatitis but
was frequently found in human samples (1–4% of healthy blood donors)
[6]. Together with GBV-A, they belong to the genus Pegivirus (persistent GB
viruses) of the family Flaviviridae, due to their ability to persist for years without
any clinical symptoms [7]. GBV-B was the original GB agent, and although it was
never found in primates other than the experimentally infected tamarins, it was
similar to HCV, sequence-wise [7]; thus, together with HCV, they formed the
second of the four genera in the Flaviviridae family, the hepaciviruses [8–10]. A
fourth lineage within the GBV diversity, GBV-D, has been isolated from bats [11].

During the last 5–6 years, research on HCV origin has been intensified mainly
driven by the dramatic developments in high-throughput sequencing technologies.
In 2011 and 2012, breakthrough discoveries of novel hepaciviruses hosted by dogs
[12] and horses [13] insinuated a non-primate but zoonotic source of the human
HCV epidemic. Since then, other hepacivirus hosts have been also identified, such as
rodents, bats, cows, and Old-World primates [14–19]. These new species now form
the non-primate hepaciviruses (NPHV). Likewise, more pegiviruses have been
recently identified in bats (BPgV), rodents (RPgV), and equines (EPgV and Theiler’s
disease-associated virus, TDAV) [15, 17, 20, 21].

The first NPHV was found in canine respiratory samples. Due to its sequence
homology to HCV, it was named canine hepacivirus (CHV). Subsequent studies
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supported a rare to absent viral prevalence in dogs examined [13, 22, 23]. These
observations, together with evidences of unusually high—for an RNA virus—
sequence conservation between the isolated samples, led to the assumption that
CHV atypically and subclinically replicates in dogs. CHV discovery however was
of paramount importance, since recombinant antigens that were developed based on
the described CHV sequence mediated the serological screening of a wide range of
species and the isolation of the equine NPHV.

Equine NPHV remains the closest relative of HCV. It is omnipresent with
~30–40% seropositive and 3–7% RNA-positive horses worldwide [13, 24], and
thus it can be considered as a universal contaminant of horse-sera-involving cell
cultures. Exactly like HCV in humans, it can cause persistent infections for years,
with high titers of detectable RNA in the serum and the liver biopsies of horses.
Genome-wise, NPHV is similar to HCV; the ~9 KB single-stranded, positive RNA
genome comprises a single ORF that encodes three structural and seven nonstruc-
tural proteins. Moreover, the 50 UTR of the two viruses are very similar, both with a
single miR-122 seed site and a very similar type IV internal ribosome entry site
(IRES) [13]. NPHV has been also shown to mimic known HCV strategies like the
cleavage of the mitochondrial antiviral signaling protein (MAVS) and the Toll-IL-1
receptor domain-containing adaptor-inducing interferon-beta (TRIF). These NS3/4A
serine protease proteolytic activities are HCV-characteristic virus-host interactions
that could be deployed by the NPHV in vivo and potentially disrupt the human
innate antiviral defense signaling pathway [5], while NS3 proteases of GBV-A and
GBV-C viruses are functional as well [25]. Nevertheless, these observations support
the evolutionary relationship between NPHV and HCV.

Following the discovery of the first NPHV, surveys in the American, European,
and African continent have been conducted in order to identify alternative hosts.
Rodent hepaciviruses (RHV) have been found in several mice, rats, and bank voles
(Chaetodipus hispidus, Peromyscus spp., Myodes glareolus, Neotoma lepida,
Rhabdomys pumilio) with an estimated prevalence of 2–3% [14, 15]. The genomic
arrangement of these viruses does not differ significantly from that of other
hepaciviruses. Two specific RHV isolates from European bank voles (Myodes
glareolus) provide evidence of recombination as they share IRES sequences very
similar to that of pegiviruses. These events might have happened in coinfected
animals [26]. Their genome is not as conserved as their human- and horse-hosted
homologs. For example, strain-specific differences are observed in the sequences of
50 and 30 UTRs, while some predicted alternative open reading frames (ORFs) are
not omnipresent across the isolates [14]. The RHV research results expand and apply
largely in bat hepaciviruses (BHV) and pegiviruses (BPgV) as well. The diversity
reported for both genera is also high, and they present a higher seropositivity
(5–10%) compared to RHVs [14, 15, 17, 27]. They present similar genomic arrange-
ment and several alternative ORFs in some isolates [17]. Old-World monkeys are
also a pool of hepaciviruses hosts. Guereza hepacivirus (GHV) found in colobus
monkeys is the first proof of a nonhuman primate infection. GHV presents a standard
hepacivirus genomic organization but has an unusually variable NS5A gene, which
encodes for long sequences of disordered amino acids [16].
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These findings indicate the importance of understanding the biology of animal
viruses, the characterization of zoonotic reservoirs, and the elucidation of their
epidemiological traits. Although the interspecies transmission of viral agents is a
phenomenon that is restricted by virus-host specificity, prolonged periods of contact
with domestic animals can increase the probability of virus adaptation to and/or
infection of a new host (human), even through intermediate hosts [28].

2.3 The Paradox of the Global HCV

HCV is transmitted mainly through blood contact (e.g., injections, tattooing, and
unsafe medical practices). Sexual transmission of HCV has been reported among
HIV-infected Men Having Sex with Men [29], where it is thought that immunosup-
pression as well as blood-contact played significant roles. How did such a difficult-
to-transmit pathogen “survive” over these hypothetical centuries of human-virus
coexistence? Most importantly how did such a difficult-to-transmit pathogen spread
around the globe?

Clues about the paradoxical global prevalence of HCV and the mystery of
sustainable transmission among human populations emerge once we disentangle
the molecular signature of its spread through phylogenetic analyses. The molecular
types of HCV (known as genotypes; see the molecular epidemiology chapter) can be
categorized into the pandemic (or cosmopolitan) types, which are found all around
the globe, and the endemic types, which are found in specific localities.

Molecular clock analyses of the most prevalent global types (genotypes 1a and
1b) showed that their global spread emerged around World War II and their number
increased in two waves [30]. The global dissemination coincided with the emergence
of blood transfusion and widespread use of plasma transfusion between 1940 and
1960. One theory suggests that the use of freeze-dried plasma by Allies was the
major vehicle for the observed fast dissemination of subtypes 1a and 1b around the
globe: firstly plasma was produced by pooling multiple donations (which increased
the probability of contamination) and secondly the procedure of freeze-drying
allowed the plasma to travel long distances from the point of donation while
infectivity was sustained [31]. In line with this theory, molecular phylogeography
placed North America at the epicenter of the pandemic which spread the virus to
other developed countries and finally to the developing world (Fig. 2.1). The
numbers of these subtypes increased in two waves one soon after World War II
and the other between 1960s and 1970s, which coincided with the emergence of
intravenous drug abuse practices (Fig. 2.2). Thus, the global dissemination of the
most prevalent subtypes 1a and 1b are indeed a very recent event in the human
history.

The other pandemic types 2 and 3 seem to have originated from West-Central
Africa; the global dissemination of these genotypes is hypothesized to have been
facilitated through the colonial international relationships and slave trade
[32, 33]. Crucially, HCV strains isolated from West-Central Africa have been
attributed to every clade of HCV genetic diversity apart from genotype
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6 [34, 35]. The latter has been mainly isolated at Southeast Asia (for more details
about the distribution of genotypes, see our molecular epidemiology chapter). We,
thus, see two epicenters of HCV genetic diversity, West-Central Africa and South-
east Asia, but the connection between these two areas of genetic diversity of HCV
remains unclear. Whether HCV originated from a single animal-human transmission
event and subsequently somehow split between Africa and Southeast Asia or two
animal-human transmission events that independently took place in Africa and
Southeast Asia remains unknown.

In the absence of a potential animal reservoir for HCV, the most parsimonious
scenario of the very old (centuries to millennia old) single animal-to-human trans-
mission event remains the most plausible explanation. The alternative scenario is
still likely, HCV could be the result of multiple animal-to-human transmission
events, similarly to what has been observed with HIV. In order to explain the
present-day global distribution of two epicenters of HCV diversity, the first scenario
would be compatible with a very old transmission event, one that predates the out of
Africa human migration (~50,000 years ago). In that occasion HCV could have
followed humans during the out of Africa migrations, but due to low prevalence and
limited transmissibility remained sustainable in specific populations (maybe only in
populations that practiced rituals involving blood [36]). The second scenario can be
compatible with a much more recent transmission event (at the scale of centuries
ago), which occurred independently in Africa and Southeast Asia from the

Fig. 2.1 Phylogeographic tree of HCV subtypes 1a and 1b (published in Magiorkinig et al., PLoS
Medicine, 2009) depicting the most parsimonious scenario for the spread of these two subtypes
between North America (red), developed countries, (green), and developing countries (black). In
both trees, the root of the tree is “occupied” by the North America origin, while the developing
countries occupy the tips of the tree. This suggests that the spread of these two subtypes most likely
occurred from North America to the developing countries through the developed world
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hypothetical natural animal reservoirs. In the following years by using high-
throughput sequencing to discover novel viruses from animals and humans could
provide an answer about which of the two scenarios is more likely to have been
the case.

Fig. 2.2 Phylodynamic analysis of HCV subtypes 1a and 1b (published in Magiorkinig et al.,
PLoS Medicine, 2009) showing their effective population size (a metric similar to the number of
HCV-infected people) throughout the twentieth century
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Classification, Genetic Diversity and Global
Distribution of Hepatitis C Virus (HCV)
Genotypes and Subtypes

3

Dimitrios Paraskevis, Evangelia Georgia Kostaki, Anna Kramvis, and
Gkikas Magiorkinis

3.1 HCV Classification

Hepatitis C virus (HCV) is a positive-sense single-stranded RNA virus that belongs
to the family Flaviviridae. HCV is characterized by extensive genetic heterogeneity
and has been classified into genotypes, subtypes and recombinant forms (RFs). The
genetic diversity of HCV is higher than that of the human immunodeficiency virus
type 1 (HIV-1) and hepatitis B virus (HBV), because HCV has been infecting
humans for a longer time period compared to HIV-1 and does not have the
overlapping reading frames present in HBV, which constrain the molecular evolu-
tion of HBV [1]. HIV-1 group M is the result of a cross-species transmission event
from chimpanzee that occurred approximately at the beginning of the twentieth
century [2], suggesting a recent origin in humans. HBV, on the other hand, has
co-expanded with modern humans for approximately 34,100 years, coinciding with
the dispersal of modern non-African humans [3, 4]. Although HBV has been
infecting humans for several 1000 years, the presence of overlapping reading frames
in the viral genome decelerates its evolutionary rate making HBV less divergent
than HCV.

Based on the consensus classification and nomenclature system proposed in 2005
[5], for a HCV sequence to be classified as a new genotype or subtype, it should fulfil
the following criteria: (a) cover the complete genome and be fully coding, (b) it
should form a distinct phylogenetic clade from all previously available sequences,
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(c) be isolated from at least three epidemiologically unrelated individuals and (d) not
be an intergenotypic or intersubtypic recombinant form (RF). Based on these criteria
proposed in 2005, HCV was classified into 6 genotypes, 18 subtypes and 58 provi-
sional subtypes pending the characterization of a full-length sequence [5]. The
phylogenetic tree of HCV clades using full-length coding sequences indeed supports
the hierarchy (genotypes and subtypes) by 100% bootstrap values. Subtype assign-
ment required a sequence of nearly complete coding region length differing from
previously characterized subtypes by at least 15% and at least two other sequences
available in core/E1 (90% of the region spanning nucleotides 869–1292 of the H77
reference sequence with accession number AF009606) [6] and NS5B (>90% of the
region spanning nucleotide positions 8276–8615 of the reference strain H77). The
genotype 1a sequence H77 (accession number AF00960) is the sequence used as
reference for HCV numbering [5, 6].

Revised HCV classification published in 2014 based on phylogenetic analysis of
over 1300 nearly full-length (>95% of the coding region) sequences, available in the
public databases in May 2013, has revealed the existence of seven major clades
named genotypes 1–7 [7] (Fig. 3.1). These genotypes have been further divided into
86 subtypes (June 2017 revision), which are named with a letter after the genotype
(a, b, c, d, etc.) (Fig. 3.1). For the assignment of subtypes beyond the letter “w”, the
recommendation is to use xa, xb, . . ., xz, followed by ya, yb, . . ., yz, and za, zb, . . .,
zz, thus extending the potential number of subtypes per genotype to 101 [7]. Regard-
ing the proportion of divergent sites (>15% different sites in core and NS5B) for
subtype assignment, the updated guidelines support the use of >15% threshold over
the complete coding region [8]. Analysis of pairwise genetic dissimilarity (propor-
tion of divergent sites) between different subtypes of the same genotype revealed,
with only a few exceptions, that intrasubtyping genetic dissimilarity is <13%,
suggesting that the threshold of >15% can be used for the assignment of new
HCV genotypes or subtypes [7].

In the more recent proposal [7], sequences clustering separately from the rest of
the subtypes, within a genotype and for which full-length coding sequences are
unavailable, or they have not been characterized in a sufficient number of isolates,
will no longer be classified as provisional new subtypes, as had been recommended
by the earlier consensus proposal [5]. Remaining provisionally assigned HCV
subtypes will be maintained as reported in the literature (November 2014)
[7, 9]. Moreover, the criteria for the assignment of new genotypes have been
changed. The previous consensus proposal recommended that new provisional
genotypes could be assigned from a complete coding sequence, but additional
sequences in partial genomic regions are needed to confirm the assignment of the
new clade. Since 2005, only one new provisional genotype (7a) has been assigned,
and thus due to the rarity of new genotypes, the revised assignment criteria suggest
that only one complete coding sequence is needed for the assignment of new
genotypes [7]. Thus, QC69 (EF108306) is confirmed as genotype 7a [7].

Updated lists of HCV genotypes and subtypes including alignments of represen-
tative complete HCV coding sequences are available on-line on a website hosted by
the International Committee on Taxonomy of Viruses (ICTV) [9]. An updated list of
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the representative sequences for the different clades is also available on-line [9]. Pre-
vious provisional new clades (subtypes) awaiting confirmation are listed in Table 3
in the ICTV HCV website [9]. In addition, the following website (www.ictv.global/
report/flaviviridae) [8] is intended to maintain the functions previously available on
databases currently not maintained, namely, the HCV Los Alamos sequence data-
base [10, 11], euHCVdb [12] and Hepatitis Virus Database (http://s2as02.genes.nig.
ac.jp).

Fig. 3.1 Phylogeny of HCV major genotypes (1–7) and subtypes. Genotypes are shown in
different colours. The names of genotypes are shown on the top of the corresponding clades.
Stars at the nodes indicate Shimodaira-Hasegawa support equal to 1. The phylogenetic tree was
inferred with approximate maximum likelihood method as implemented in FastTree program using
the GTR + cat as nucleotide substitution model. Analysis was performed using representative full-
length HCV genomic sequences available on a website hosted by the International Committee on
Taxonomy of Viruses (ICTV)
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3.1.1 Recombinants

HCV intergenotypic or intersubtypic recombinants are named after recombinant
forms “RF” followed by the names of the different genotypes or subtypes for
which phylogenetic relationships have been documented in partial genomic regions,
in the order in which they occur, separated by “/”. For example, RF2k/1b, which
corresponds to the intergenotypic RF comprised of genotypes 2k and 1b, was
initially characterized in St. Petersburg, Russia, and has spread widely in Eurasia
[13]. To date, nine different RFs have been described on complete coding region
(Table 3.1). Notably, the breakpoints for all RFs are in the same genomic region
(Table 3.1) [9]. Further, it is recommended that RFs, consisting of the same
genotypes/subtypes comprising distinct recombination pattern(s) (different
breakpoints or distinct origin), should be numbered consecutively with a numerical
suffix (e.g. RF2k/1b_2).

3.1.2 Additional Hierarchy Within HCV Genotypes

Analysis of the distribution of intragenotypic pairwise p-distances (uncorrected
genetic distance) revealed major differences between the six HCV genotypes. For
genotypes 2, 3 and 6, there were three distributions of distances (e.g. for genotype
6, the three distributions were approximately 15–20%, 20–25% and 25–30%) versus
the uniform distributions (17.7–25.4%) and (25.3–23.2%) observed for genotypes
1 and 4, respectively [7]. These observations suggest that within genotypes 2, 3 and
6, there is additional hierarchy, besides the existing subtypes, or that some of the
subtypes are more closely related than others. For example, subtypes 6m and 6n or
6i, 6j and 6 h form a higher-order clade (cluster) close to the root of genotype
6 (Fig. 3.1). The different levels of clustering are reflected by the different
distributions of p-distance. However, this higher level of grouping does not

Table 3.1 Recombinant (RF) HCV genomes

RFa Breakpointb Accession Isolatesc References

RF2k/1b 3186 AY587845 33 [13, 14]

RF2i/6p 3405–3464 DQ155560 1 [15]

RF2b/1b_1 3456 DQ364460 1 [16]

RF2/5 3366–3389 AM408911 1 [17]

RF2b/6w 3429 EU643835 1 [18]

RF2b/1b_2 3432 AB622121 1 [19]

RF2b/1a 3429–3440 JF779679 1 [20]

RF2b/1b_3 3286–3293 AB677530 1 [21]

RF2b/1b_4 3286–3293 AB677527 1 [21]
aRecombinant forms (RF) for which complete genome sequences are available are named according
to the subtypes from which they are derived and in the order in which these appear in the genome
bBreakpoints are numbered with reference to H77 (AF009606)
cNumber of individuals from whom the RF has been isolated
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correspond to a common geographic origin of subtypes belonging to these clusters.
Similarly, there are no distinct virological or clinical characteristics distinguishing
these groups. For these reasons, no classification was decided for these higher-order
groupings within genotypes 2, 3 and 6 [7].

3.2 The Global Distribution of HCV Clades

3.2.1 Introduction

The genotypes, subtypes and RFs of HCV are unequally distributed across the globe.
Subtypes 1a, 1b, 2a and 3a are the most widely spread, being highly prevalent in
high-income countries. They are known as the “epidemic subtypes” [22], and they
have spread mostly as a result of blood and blood product transfusions, iatrogenic
procedures and injecting drug use [23–25]. Their global dissemination occurred
before the identification of HCV in 1989 [26]. The remaining HCV subtypes are
mostly prevalent in restricted geographic areas, and they are characterized as
“endemic”. Genotype 1 has a global prevalence; genotypes 2 and 3 circulate mostly
in West Africa and in South Asia, respectively, genotype 4 in Central Africa and
genotypes 5 and 6 in Southern Africa and South East Asia, respectively [23, 27,
28]. The global distribution of the HCV clades is believed to have been shaped by
historical and more recent human migration and by human practices such as
transfusions and injecting drug use that started in the previous century [22].

3.2.2 Global Prevalence of HCV Clades

The global distribution of HCV clades has been estimated in two independent
systematic reviews performed by Messina et al. [22] and the Polaris Observatory
HCV collaborators [29]. The data presented in both studies were collected through a
systematic literature search, and the estimation of the prevalence of HCV clades was
based on the combination of the genotype frequencies with the Global Burden of
Disease (GBD) [22], as defined by the WHO [30]. The Polaris collaboration reported
a combined analysis of literature review with interviews from country experts, who
provided missing data and feedback and modelling to estimate HCV prevalence on
viraemic populations and distribution of HCV genotypes and subtypes [29]. Both
studies provide data for a large number of countries, 117 [22] and 113 [29],
accounting approximately for 90% of the global population.

The most prevalent HCV clade was genotype 1 accounting for 83.4 million cases
(46.2%), with approximately one third of these infections occurring in East Asia.
The second most common genotype is 3, with 54.3 million (30.1%) infections and
the highest prevalence found in South Asia. Genotypes 2, 4 and 6 were estimated to
have infected 16.5 million (9.1%), 15.0 million (8.3%) and 9.8 million (5.4%)
individuals, respectively. Genotypes 2 and 6 dominate in East Asia and genotype
4 circulates at high prevalence in North Africa/Middle East. Genotype 5 is the least
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frequent with approximately 1.4 million (<1%) cases, which mostly reside in
Southern and Eastern sub-Saharan Africa [22].

3.2.3 Global Distribution of HCV Clades

The distribution of the different subtypes has been estimated by GBD region in both
studies [22, 29]. Genotype 1 is more frequent across America and the Caribbean;
Central Western and Eastern Europe; Central, East and Southeast Asia; Asia Pacific
high-income; Australasia; and west sub-Saharan Africa. Notably, gross differences
are found with regard to the proportion of subtypes 1a and 1b across the areas of high
prevalence for genotype 1 (Fig. 3.2a–c). Subtype 1b is found almost exclusively
among genotype 1 infections in high-income, Central and East Asia and Central and
Eastern Europe, while it dominates in Western Europe and Central and Southern
Latin America (Fig. 3.2c). Subtype 1a, on the other hand, has a distinct pattern,
without areas of major dominance over 1b (Fig. 3.2b). Andean Latin America is the
area with higher proportion of 1a transmissions than 1b, followed by North America
high-income and the Caribbean. Notably, subtypes other than 1a and 1b circulate in
west sub-Saharan Africa. The absence of these subtypes from sub-Saharan Africa is
probably due to the fact that the dispersal of 1a and 1b is associated with blood and
blood product transfusions and injections, which occurred after the Second World
War from developed countries to developing world [24]. As estimated previously,
the exponential phase in the subtype 1b expansion preceded that of 1a by approxi-
mately 16 years [24], thus providing a plausible explanation about the existence of
areas where 1b is almost exclusively found among genotype 1 transmissions. Sub-
type 1b was probably introduced prior to 1a, due to blood and blood transfusions,
and it has remained the most frequently circulating clade up to the present.

The most common genotypes per country have been estimated by Messina et al.
[22], where genotype 1 is the most frequent clade in 73% of the countries included in
the analysis. Notably in the 53% of the studies on genotype 1, for which subtypes
were available, the 99% were due to subtypes 1a and 1b (31% and 68%, respec-
tively) [22]. These findings together with the fact that 1a and 1b were introduced and
spread in different areas mostly as a result of blood and blood product transfusions,
iatrogenic procedures and injecting drug use [24] highlight the major impact of these
newly introduced practices during the last century, in the global dissemination
mainly of subtypes 1a and 1b and other clades of HCV.

Different temporal and spatial patterns have been demonstrated for the different
clades of HCV mainly as a result of the abovementioned practices. Using coalescent
analysis, it has been shown that a transition from constant size to rapid exponential
growth (spread time) occurred at different times in the distinct geographic regions,
where different genotypes/subtypes of HCV circulate. The earliest spread time was
documented in Japan with subtype 1b being introduced in the 1920s as a result of
schistosomiasis treatment. The spread of 1b in Spain occurred during and after the
Spanish Civil War in the 1940s as a result of extensive needle sharing for penicillin
treatment. Intravenous drug use has been implicated in the transmission of subtypes
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Fig. 3.2 Global distribution of HCV: (a) genotype 1, (b) subtype 1a and (c) subtype 1b. Colour
grade reflects different proportion of HCV genotypes and subtypes
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1a and 3a in the USA and the former Soviet Union, respectively, in the 1960s.
Unsafe medical procedures have been implicated for the introduction of subtype 5a
in South Africa in the 1950s, whereas intravenous drug abuse and blood transfusions
in young patients with thalassemia were responsible for the introduction, in the
1970s, of HCV 6 in Hong Kong [31].

Another interesting metric of the global HCV genetic diversity is the Shannon
diversity index as previously described [22]. The Shannon diversity index is a
measure of the number of different types (such as clades) there is in a dataset and
also takes into account how evenly the basic entities (such as individuals) are
distributed among those types. Low values suggest that most infections are due to
either 1 or 2 genotypes, while high scores indicate a more complex epidemic
consisting of several genotypes. The lowest complexity is mapped in Eastern and
Central sub-Saharan Africa, in North Africa/Middle East and in several countries in
Central and Eastern Europe, Central Asia and Andean Latin America. On the other
hand, in China, Western Europe, Southeast Asia and Australia, the complexity of the
epidemic is the highest. The low score probably suggests geographic areas where the
epidemic spread occurred mostly due to a single transmission route as, for example,
in Eastern and Central sub-Saharan Africa, the area of dominance of genotype 4.

3.2.4 Genotype 1

The proportion of infections due to genotype 1 is the highest (>75%) in the
Americas and specifically in high-income North America (USA and Canada), the
Caribbean (Cuba, Martinique), Southern Central (Colombia), Andean (Bolivia,
Peru) and Southern (Argentina, Chile, Uruguay) Latin America; in Western (Austria,
Cyprus), Central (Albania, Bulgaria, Czech Republic, FYROM, Hungary, Poland,
Romania) and Eastern (Belarus, Latvia, Moldova, Ukraine) Europe; in North Africa/
Middle East (Algeria, Turkey) and Central (Azerbaijan, Mongolia, Tajikistan,
Turkmenistan) and high-income (Japan, Singapore) Asia; and in West (Nigeria)
and Central (Equatorial Guinea) sub-Saharan Africa (Fig. 3.2a). The areas with the
lowest proportions of genotype 1 were mostly in Africa and specifically in North
Africa/Middle East (Egypt, Qatar); Central (Democratic Republic of the Congo,
Gabon), East (Eritrea, Ethiopia, Sudan) and West (Gambia, Guinea-Bissau)
sub-Saharan Africa; and in a few countries in Asia (Laos) and the Caribbean
(Suriname) (Fig. 3.2a). The areas with the lowest proportion for genotype 1 are
mostly in sub-Saharan Africa probably due to the limited practice of blood and blood
product transfusions and injecting drug use that were more common in developed
and developing areas (Fig. 3.2a).

The relative frequencies of subtypes 1a and 1b differ greatly across the globe.
Specifically, 1a dominates in Western (Great Britain, Iceland, Ireland, Netherlands,
Norway, Portugal and Sweden), Central (FYROM) and Eastern (Belarus) Europe
(Fig. 3.2b, c). Similarly, 1a is more frequent than 1b in North Africa/Middle East
(Jordan, Iran and the UAE); in Central (Azerbaijan), South (Nepal) and Southeast
(Philippines, Vietnam) Asia; in Australasia (Australia, New Zealand); in high-

62 D. Paraskevis et al.



income North America (Canada, USA); and in Tropical (Brazil) and Andean (Peru)
Latin America [22] (Fig. 3.2b, c). The previous pattern shows that subtype 1b is
more frequent in most of the areas of the developed and developing world, where the
initial introduction of HCV through blood and blood product transfusions probably
played a major role for the dissemination of genotype 1. The proportion of
transmissions due to 1a and 1b across the globe are shown in detail in Fig. 3.2b, c.

3.2.5 Genotype 2

Subtype 2a is widely spread and belongs among the “epidemic subtypes”. The
proportion of genotype 2 is the highest (>50%) in West Sub-Saharan Africa
(Benin, Burkina Faso, Cote d’Ivoire, Gambia, Ghana, Guinea, Guinea-Bissau) and
in the Caribbean (Suriname). High proportions (25–50%) for genotype 2 were
reported for North Africa/Middle East (Bahrain, Tunisia), West (Cameroon) and
East (Eritrea, Ethiopia, Madagascar) sub-Saharan Africa; high-income (Republic of
Korea) and Southeast (Philippines, Sri Lanka) Asia; and Central Latin America
(Venezuela). This pattern suggests that the putative origin of genotype 2 is in
West sub-Saharan Africa from where it probably spread to a few areas in Africa
and the rest of the world. Subtypes 2a and 2b have been disseminated in developed
and developing countries mostly through blood and blood product transfusions [25].

3.2.6 Genotype 3

Genotype 3 dominates in Asia and is more frequently (>50%) found in South
(Afghanistan, India, Pakistan), high-income (Brunei Darussalam) and Southeast
(Myanmar) Asia and in Central Europe (Slovakia). Moreover, genotype 3 circulates
at proportions between 25% and 50% in several countries in Europe located in
Western and Southern (Denmark, Finland, Greece, Iceland, Ireland, Luxembourg,
Norway, Portugal, Sweden, Switzerland, UK), Central (Croatia, Montenegro,
Slovenia) and Eastern (Russian Federation) Europe; in North Africa/Middle East
(Iran, Lebanon, UAE); in Central (Georgia, Uzbekistan), South (Nepal) and South-
east (Thailand) Asia; in Australasia (Australia, New Zealand); and in tropical Latin
America (Brazil) [22]. On the other hand, genotype 3 has very low frequency in
sub-Saharan Africa. This pattern of dispersal suggests that the putative origin of
genotype 3 is in South Asia [25, 32] and specifically in the Golden Crescent, which
is one of Asia’s two main opium-producing areas. Genotype 3 and especially
subtype 3a have a global spread (“epidemic subtypes”), and it has high prevalence
among injecting drug users [32], a pattern that is consistent with an East Asian origin
in the main opium-producing areas. The low proportion of genotype 3 in
sub-Saharan Africa is because the most common route for the spread of genotype
3 is injecting drug use, a practice that is not very common in sub-Saharan Africa.
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3.2.7 Genotype 4

The highest proportion of genotype 4 is found mostly in sub-Saharan Africa and the
Middle East. Specifically genotype 4 circulates at higher proportions (>75%) in
Central (Central African Republic, Congo, Democratic Republic of the Congo,
Gabon) and East sub-Saharan Africa (Sudan, Tanzania) and in North Africa/Middle
East (Egypt, Qatar) [22]. Proportions for genotype 4 between 25% and 75% were
found in North Africa/Middle East (Iraq, Jordan, Kuwait, Lebanon, Libya, Saudi
Arabia, Syria, Tunisia) and in West (Cameroon) and East (Eritrea, Ethiopia, Kenya,
Uganda) sub-Saharan Africa. Notably, genotype 4 circulates at detectable
proportions (10–25%) in a few countries in Europe, such as in Cyprus, Greece, the
Netherlands and Portugal, probably as a result of human mobility during the last
century from Africa and the Middle East to Europe. The areas with the higher
proportions of infections due to genotype 4 are restricted mostly in North Africa/
Middle East and in Central East sub-Saharan Africa suggesting that the putative
origin of this clade is located in this area. Subtype 4a is associated with the high
HCV prevalence in Egypt [22, 29]. An epidemiologic survey in 2008 showed that
blood transfusions, and parenteral anti-schistosomiasis treatment (PAT), were
associated with HCV infection in Egypt [33, 34]. A large number of people (~two
million) received intravenous injections as part of the anti-schistosomiasis campaign
during 1964–1982 in Egypt [35, 36]. Blood transfusions, contaminated syringes and
medical procedures also contributed to the dissemination of HCV in Egypt [37–
41]. A molecular epidemiological study of subtype 4a strains in Greece revealed
multiple introductions [42], probably as a result of population mobility of Greek
populations living in Egypt for a long time, who returned to Greece during the last
century (unpublished data).

3.2.8 Genotype 5

Genotype 5 has distinct characteristics since it is confined in Southern sub-Saharan
Africa (Mozambique, Namibia, South Africa). Genotype 5 has also been detected at
proportions (10–25%) in East sub-Saharan Africa (Eritrea, Ethiopia) and at low
frequency (1–10%) in a few areas in Western Europe (Belgium, Cyprus, France), in
high-income North America (Canada), in Southern Latin America (Uruguay) and in
North Africa/Middle East (Syria). The high frequency of this clade in Southern
sub-Saharan Africa renders this area as the most putative origin of this genotype.
Molecular clock analysis of subtype 5a sequences circulating in a small area in
Central France revealed that the time of the most recent common ancestor (tMRCA) of
the HCV 5a epidemic in France was approximately in 1939 and in Central France in
1954, estimates which were in accordance with epidemiological data [43]. HCV-5a
infections in France were mostly associated with transfusion and iatrogenic and
intra-familial transmissions [43].
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3.2.9 Genotype 6

Genotype 6 is found mostly (>25%) in Southeast Asia (Cambodia, Vietnam, Laos).
Similarly, it circulates at proportions between 10 and 25% in East (China) and
Southeast (Myanmar, Thailand) Asia, while it is found in <1% in the rest of the
geographic areas. Genotype 6 has the largest genetic complexity comprised of a
large number of subtypes (Fig. 3.1). Notably, most of the subtypes dominate in
single or neighbouring countries (6d from Vietnam, 6q from Cambodia, 6a from
China/Vietnam, 6n from Thailand/Myanmar) [28]. Molecular clock and
phylogeographic analysis revealed that it has originated in Asia >1000 years ago
and that there are two distinct phases in its epidemic history before and during the
twentieth century [28]. Genotype 6 has unique features where different subtypes
spread locally during the twentieth century, and in contrast to the “epidemic
subtypes”, this genotype is not associated with cross-border transmissions to other
geographical areas [44].

3.2.10 Genotype 7

Two full-length coding sequences have been characterized of genotype 7. Both
sequences were identified in the Democratic Republic of Congo [45, 46] The first
sequence (QC69) was assigned as 7a and the isolate, BAK1, was reported to belong
to a HCV-7b subtype [46].

3.3 Conclusions

HCV has been characterized by extensive genetic diversity that is divided into major
and secondary clades named genotypes and subtypes, respectively [7]. The classifi-
cation criteria for HCV, first proposed in 2005 [1], were updated in 2014 [3], and the
ICTV is maintaining websites, which provide up-to-date and current information on
the genotypes/subtypes and RFs. Currently, there are 7 genotypes and 86 subtypes,
which have been recognized (ICTV, June 2017 revision), and these vary in their
geographic distribution globally. A similar hierarchy of classification exists for HBV
(genotypes, subgenotypes) [47–50], but to a lesser extent for HIV (group M) for
which a limited number of subgenotypes have been proposed [51]. HCV genotypes
show higher genetic divergence than HBV and HIV and a lower prevalence and
complexity of RFs [7]. The different levels of classification hierarchy reflect that the
epidemic growth has followed distinct phases. It is believed that the major exponen-
tial increase in HCV transmissions occurred worldwide during the twentieth century
via multiple transmission routes, including transfusions, injection drug use and
unsafe medical injections [52]. During this phase, most of the HCV subtypes were
generated as a result of transmission of founder strains from geographic areas with
endemic infections. For example, subtypes 1b and 1a were generated as the result of
multiple transmissions, through blood transfusions and injecting drug use,
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respectively, of two founder strains from Africa to the rest of the world [25]. Simi-
larly subtype 3a originated from East Asia and was dispersed worldwide through
injecting drug use in the previous century. On the other hand, the emergence of the
major HCV clades (genotypes) occurred probably at least >1000 years ago as
suggested by a molecular epidemiology study of genotype 6 [28]. The exact
chronological origin of HCV has not been inferred, but it is believed that HCV has
been infecting humans for many years. The distribution of the different HCV clades
differs greatly with genotypes 5 and 6, being confined to specific geographic areas,
Africa and Asia, respectively. Genotype 1, on the other hand, is the most prevalent
clade with subtypes 1a and 1b being the most frequent “epidemic subtypes”.
Similarly, 2a, 3a and 4a have been widely disseminated as “epidemic subtypes”.
The global distribution of the HCV genetic diversity provides an example of a
pandemic that has been shaped in the last century mostly due to human practices
related to transfusions, iatrogenic procedures, injecting drug use and unsafe medical
injections. The study of the HCV molecular epidemiology is useful in unravelling
the dispersal routes of the pathogen and also the human mobility associated with
HCV infections.

Given the different transmission routes of HCV as compared to HIV and HBV,
the HCV pandemic has distinct spatiotemporal characteristics. HIV has been
introduced recently in humans [53, 54], and a single clade (subtype B) dominates
in the high-income countries and is absent in Africa [55–57]. On the other hand,
multiple non-B subtypes are frequent in Africa and in some other geographic areas in
the form of epidemic infections, such as the subtype A in Russia and Eastern Europe,
or in the form of sporadic infections [56, 58]. HBV subgenotype A2 and genotype D
have global dissemination, but the rest of genotypes and certain subgenotypes are
mostly confined to specific geographic areas [3]. HCV clades, with the exception of
genotypes 5 and 6, have spread widely compared to HIV and HBV clades probably
due to the different transmission routes. Parenteral transmission via contaminated
blood and blood product transfusions is the major factor associated with the global
expansion of the numerous HCV clades. Recent epidemic history has shaped the
picture of the spatial distribution of HCV genetic heterogeneity.
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Laboratory Diagnosis 4
Anna Maria Geretti, Mark Atkins, Eleni Nastouli, and
Daniel Bradshaw

4.1 Historical Perspective

The field of viral hepatitis has a long history dating back to the 1960s with the initial
descriptions of “serum” hepatitis and “infectious” hepatitis. For many years, the
causative agent remained elusive. Tests to detect hepatitis A virus (HAV) and
hepatitis B virus (HBV) were introduced in the 1970s. It became soon clear that
the majority of cases of parenterally transmitted hepatitis were not in fact due to
either HAV or HBV [1]. This resulted in the introduction of the term non-A, non-B
hepatitis (NANBH), which for years remained a diagnosis of exclusion of other viral
and nonviral causes. This challenging diagnostic scenario changed dramatically in
the late 1980s, through the painstaking work of Michael Houghton, Harvey Alter,
and Charles Rice, which led to the discovery of the hepatitis C virus (HCV) [2] and
the development of the first solid-phase enzyme immunoassay (EIA) for the detec-
tion of antibodies against HCV [3]. In 2020, Houghton, Alter and Rice were jointly
awarded the Nobel Prize in Physiology or Medicine for their discovery. This first-
generation HCV antibody assay was designed in a simple, IgG anti-globulin format
and was not without its limitations. To improve specificity, the recombinant
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immunoblot assay (RIBA) was soon introduced as supplemental test to identify
antibody reactivity to individual HCV antigens. The combination of first-generation
EIA and RIBA revolutionised the diagnosis of HCV infection, clarified the epide-
miology of NANBH, and for the first time enabled the screening of blood and blood
products. Differentiating between active HCV infection and past exposure remained
challenging until the advent of the polymerase chain reaction (PCR) that finally
enabled detection of HCV RNA.

4.2 Markers of HCV Infection

HCV has a single-stranded positive-sense RNA genome of approximately
9.6 kilobases. A single open reading frame flanked by 50 and 30 untranslated regions
(UTRs) encodes a polyprotein of 3037–3800 amino acids, which is cleaved into at
least ten products, including structural proteins (core protein C; envelope
glycoproteins E1 and E2), p7 (an ion channel), and nonstructural (NS) proteins
(NS2, NS3, NS4A, NS4B, NS5A, and NS5B). A reliable culture method is not
available for HCV. The main markers used for diagnosis and treatment comprise
those that directly detect and quantify the virus in a sample (HCV RNA, HCV core
antigen), those that characterise the viral genome (genotype, drug resistance), and
those that detect the immune response to infection (HCV antibody) (Table 4.1).

4.3 Diagnostic Algorithm

The classic approach for diagnosing HCV infection recommends screening of serum
(or plasma) for HCV antibodies followed by direct virus detection to confirm active
infection [4–6], typically a molecular assay to detect HCV RNA qualitatively or
measure it quantitatively (Fig. 4.1). An alternative approach targets HCV core
antigen (HCVcAg) (Fig. 4.2). It is recommended that virus detection is pursued as
a reflex test using the same sample as the original antibody screening assay to
streamline the diagnostic pathway and avoid delays whilst waiting for a second
sample. In low prevalence settings, confirmation of HCV antibody reactivity (e.g. by
a second assay) may be sought prior to applying direct virus detection methods.
Alternatively, the strength of reactivity (signal-to-cutoff ratio) of the HCV antibody
assay may be used to decide whether to progress immediately to direct virus

Table 4.1 Markers of
HCV infection used in
diagnosis and treatment

Marker Diagnosis Treatment

HCV total or IgG antibody ✓

HCV RNA qualitative ✓

HCV RNA quantitative ✓ ✓

HCV core antigen ✓ (✓)

HCV genotype/subtype ✓

HCV drug resistance ✓
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detection, bearing in mind that cutoffs that predict HCV RNA positivity with >95%
confidence are assay-specific (e.g. may range from 3.8 to 11.0 depending on the
assay) and therefore require assay-specific validation.

4.3.1 Temporal Evolution of Diagnostic Markers

HCV RNA becomes detectable in peripheral blood within 1–3 weeks of infection,
followed by HCVcAg within 2–8 days and by HCV antibodies within an average of
4–5 weeks (Fig. 4.3). HCV antibodies usually become detectable within about
9 weeks of infection, although occasionally may take 12 weeks or longer to develop.
Seroconversion may be delayed in immunocompromised patients. In studies of
HIV-positive individuals, two-thirds tested positive at 12 weeks, and 5% remained
negative up to 1 year after infection [7].

4.3.2 Testing for HCV Antibodies

HCV antibodies are detected with high sensitivity and specificity using EIAs and
chemiluminescence immune assays (CIAs). This has not always been the case. First-
generation tests used antigens from NS4 alone and had poor specificity and sensitiv-
ity [8]. Sensitivity was only about 80% even in high prevalence populations, and
false-positive rates were as high as 70% in low prevalence populations such as blood
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If recent infection 
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Fig. 4.1 Algorithm for HCV diagnosis using HCV RNA testing to demonstrate an active infection
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donors. Seroconversion in patients with acute HCV infection was often not detected
until 3 months or longer after infection. Improvements to assay performance were
achieved by the addition of further HCV antigens. Second-generation assays,
introduced in 1991, incorporated antigens from core, NS3, and NS4, which
increased sensitivity (up to 95%) and specificity and decreased the diagnostic
window period for detecting seroconversion [8]. The latest, third-generation assays
utilise multiple recombinant or synthetic viral antigens from core, NS3, NS4, and
NS5. Sensitivity is between 98% and 100% in immunocompetent populations with
and without liver disease, and the diagnostic window period for detecting
seroconversion has been reduced to 45–70 days [9]. The assays are well adapted
to high-throughput, automated, random access analysers that are widely available in
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Fig. 4.2 Algorithm for HCV diagnosis using HCV core antigen (HCVcAg) testing to demonstrate
an active infection. Although a positive HCVcAg test may be considered conclusive evidence of a
current HCV infection, adding a quantitative HCV RNA test, where feasible, increases confidence
in the result whilst also providing the pre-treatment viral load
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Fig. 4.3 Temporal evolution of diagnostic HCV markers, including HCV RNA, HCV core
antigen, and HCV antibodies
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diagnostic laboratories, and are relatively inexpensive and easy to perform, with a
test time of 30 min or less. Assay sensitivity is reduced (50–95%) in immunocom-
promised patients and those on haemodialysis [10]. In circumstances where false
antibody negativity is suspected, screening must employ direct virus detection
methods.

4.3.2.1 Confirmation of HCV Serostatus
Subjects that test reactive for HCV antibody by the screening EIA or CIA but lack
detectable HCV RNA or HCVcAg may have either a past HCV infection or a false-
positive screening test. Confirmation of serostatus is desirable to enable appropriate
counselling. Even at 99% assay specificity, false-positive results progressively
outnumber true-positive results as HCV prevalence in the screened population
declines below 1% [11]. Immunoblot assays provide a supplementary method for
specific antibody detection. RIBA was discontinued in 2011. The INNO-LIA® HCV
Score by Fujirebio (previously Innogenetics) is a third-generation immunoblot assay
which incorporates recombinant proteins and synthetic peptides derived from core,
E2, NS3, NS4A, NS4B, and NS5A fixed as six discrete lines on a nylon membrane
along four control lines. Results are reported as negative (all HCV antigen lines are
negative), positive (�2 HCV antigen lines show � or higher reactivity), or indeter-
minate (only one HCV antigen line shows � or higher reactivity for NS3 or 1+ or
higher reactivity for other HCV antigens). Simpler algorithms to confirm HCV
serostatus have been explored which omit the lengthy and expensive immunoblot
assays. Using a second HCV antibody EIA or CIA can significantly reduce the total
number of false-positive tests [11]. Despite these shortcomings, HCV antibody
detection using serological methods remains the mainstay of the laboratory-based
diagnosis of HCV infection for the majority of patients.

4.3.2.2 HCV Antibody Testing in Sub-Saharan Africa
EIAs and CIAs that run in parallel on the same sample can give discrepant results in
populations in sub-Saharan Africa. In a study investigating HCV RNA-negative
adults in Ghana, prevalence of HCV antibody by three widely available commercial
assays ranged between 7.5% and 28.4% when applying the manufacturer’
recommended interpretative cutoffs for each assay, declining to 3% when consider-
ing samples reactive in all three assays, and to 1.5% after supplementary antibody
testing by INNO-LIA [12]. Similar data have been reported from other regions in
Africa [13, 14], casting doubt over the reliability of HCV prevalence estimates for
sub-Saharan Africa that are based upon a single antibody screening test. It has been
proposed that persistent infections that trigger production of autoantibodies
(e.g. with Schistosoma) may cause cross-reactivity in these populations. Applying
higher interpretative cutoffs can reduce the number of samples requiring expensive
and time-consuming confirmatory testing in these settings [12].
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4.3.3 Testing in Recent Infection

As maturation of antibody responses to HCV occurs slowly after transmission
(Fig. 4.3), direct screening for HCV RNA or HCVcAg reduces the diagnostic
window and is indicated when a recent HCV infection is suspected. Immune assays
that simultaneously target HCV antibodies and core antigen have become available
commercially, although relative sensitivity and specificity remain to be firmly
established. The combination assays are less sensitive than assays that target only
HCVcAg; however, they may be effective in improving the safety of blood
donations in resource-limited settings where HCV RNA detection is neither afford-
able nor technically possible [15]. Most patients newly diagnosed with HCV are
positive for both HCV antibody and HCV RNA at the time of the initial presentation.
Unless a previous result is available, it is not possible to determine whether the
infection was acquired recently using routine diagnostic methods. HCV IgM
responses show variable patterns of detection in HCV infection and can be found
in patients with acute HCV infection but also in many patients with chronic HCV
infection [16]. Serial IgM measurements over time and testing for HCV IgG avidity
can help determine whether the infection is recent [17]. However, such tests have yet
to find much clinical utility and are not part of routine diagnostic practice.

4.3.4 Diagnosing Reinfection

HCV antibodies remain detectable long-term in patients who clear the infection
either spontaneously or as a result of antiviral therapy, and direct virus detection
methods are required to diagnose a reinfection. HCV reinfection is defined by the
reappearance of HCV RNA after evidence of clearance and requires the demonstra-
tion that infection is due to a different HCV strain rather than being reflective of a
post-treatment relapse. If the genotype is the same, viral genome sequencing and
phylogenetic analysis can be used to compare the previous and current HCV strain.
This requires the availability of either a stored sample (serum or plasma) or a viral
sequence (obtained for genotyping or drug resistance testing) from the previous
infection. However, this approach cannot distinguish between a post-treatment
relapse and reinfection from the same source.

4.3.5 Testing for HCV RNA

The presence of HCV RNA in peripheral blood is a reliable marker of HCV
replication. To confirm active infection, HCV RNA can be detected either qualita-
tively or quantitatively. Several molecular assays are commercially available that
typically employ real-time PCR or TMA (transcription-mediated amplification) on
fully or partially automated platforms. The assays require specialised laboratory staff
and infrastructure, including expensive equipment and reagents, and dedicated
procedure areas. Blood samples must be processed as soon as possible after
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collection to separate serum or plasma, which is then either tested immediately or
stored at �20 �C or �70 �C to minimise RNA loss [18]. The assays are typically
standardised using a common reference panel, and results are reported in interna-
tional units (IU) to facilitate cross-assay comparison. Over 98% of treatment-naïve
patients with chronic HCV infection have HCV RNA levels >4 log10 IU/mL
[19]. As a result, the World Health Organization (WHO) considers qualitative or
quantitative HCV RNA assays with a lower limit of detection of 3000 IU/mL
acceptable for screening purposes [20]. Standard laboratory practice however is to
use assays that provide both a sensitive confirmation of active infection and an
accurate quantification of the viral load (Table 4.2). In clinical trials, the preferred
test has historically been either the Roche Cobas TaqMan HCV version 2.0 assay or
the Abbott RealTime HCV assay which employ real-time PCR; new versions
include the Roche cobas® HCV Test with a lower limit of quantification (LLQ) of
15 IU/mL. The Hologic Aptima HCV Quant Dx assay employs TMA on the Panther
platform with an LLQ of 10 IU/mL. These assays generally yield highly comparable
results across major HCV genotypes [21]. However, discrepancies have also been
reported, with some measurements between tests varying by more than 1 log10.
Vigilance of test performance is important considering the high genetic variability of
circulating HCV strains, as nucleotide mismatches can lead to substantial viral load
underestimations with some variants [22].

4.3.6 Testing for HCV Core Antigen

HCVcAg is a multifunctional protein composed of three domains that forms the viral
nucleocapsid and by interacting with lipid droplets, the viral RNA, and the endo-
plasmic reticulum is thought to play an important role in disease pathogenesis
[23]. Immune assays for the detection of HCVcAg were developed in the late
1990s, following production of the first anti-core monoclonal antibody
[24]. Although the assays initially had limited sensitivity, performance improved
in subsequent generations. HCVcAg testing currently provides a simple and rapid

Table 4.2 Terminology of HCV RNA testing

Term Definition

Viral load HCV RNA level in serum or plasma reported in IU/mL

Lower limit of
quantification (LLQ)

The lower limit of the assay validated linear quantification range;
below this level, HCV RNA detection is possible but accurate
quantification is not possible

Lower limit of detection
(LLD)

The HCV RNA level that results in a detection signal at a rate of
�95%; below this level, the rate of signal detection declines
progressively as HCV RNA levels approach zero

HCV RNA/target
detected

HCV RNA detected below the LLQ

HCV RNA/target not
detected

No detection of HCV RNA; if any HCV RNA is present, it is at
levels below the LLD
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method for confirming active HCV infection, which is usually less expensive than
testing for HCV RNA. The assay can be run as a reflex test on the same high-
throughput platforms used for HCV antibody screening. Compared with HCV RNA
detection, HCVcAg testing is at least 60% sensitive and 83% specific in diagnosing
HCV infection, with possible differences in sensitivity by HCV genotype [24–28]. It
has been proposed that 1 pg/mL of HCVcAg equals to approximately 8000 IU/mL of
HCV RNA for genotype 1. The HCVcAg to HCV RNA ratio, however, differs
between patients and within the same individual at different time points during the
infection, suggesting that the core protein can exist in peripheral blood without
necessarily being associated with viral RNA. With the Abbott Architect test, an
automated CIA for the detection and quantification of HCVcAg, a good nonlinear
correlation has been observed with HCV RNA levels measured by the Abbott
RealTime HCV load assay. The lower limit of detection corresponds to an HCV
RNA load of 500–3000 IU/mL depending on the genotype. Due to lower sensitivity,
to achieve 100% detection of active infection, HCV antibody-positive/HCVcAg-
negative samples require confirmation of HCV RNA negativity. Such a biphasic
strategy of reserving HCV RNA testing only for patients who test HCVcAg negative
can be cost-effective for diagnosing HCV infection and is potentially feasible for
facilitating HCV diagnosis in settings with limited infrastructure for molecular
testing [29, 30].

4.3.7 Evolving Screening Strategies

An estimated 1% of the world population is chronically infected with HCV, and
populations who have poor healthcare outcomes, have low healthcare system
engagement (through access or behaviours), and are socioeconomically deprived
are disproportionately affected [31]. With the growing availability of curative
antiviral therapy, WHO has set the global target of eliminating HCV infection as a
major public health threat by 2030 [31]. Whilst periodic HCV screening is
recommended in all subjects at high risk of infection, less than half of all HCV
carriers are aware of their status, and a substantial expansion of testing is required to
meet the WHO target of 90% diagnosed by 2030. In the United States, one-time
screening has been recommended by the Centers for Disease Control and Prevention
for all adults born between 1945 and 1965 [32], an approach that has been found to
be effective in identifying previously undiagnosed HCV infections [33]. One-time
screening of persons 18 and older has been proposed to identify more persons with
HCV than the birth cohort approach, and to be cost-effective, leading to improved
clinical outcomes [34]. Opt-out screening has been applied in a variety of settings
where people with undiagnosed HCV infection may present, including prisons,
emergency departments, and primary care and community settings [35, 36]. Innova-
tive sampling and testing approaches are required to support such efforts. Use of
dried blood spots (DBS) produced from capillary blood collected by finger-prick has
been shown to facilitate sample collection and transport to the laboratory. Tests have
also become available for use at the point of care, including fully contained,
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single-step molecular assays that detect HCV RNA in less than 1-2 hours. These
technological advances offer the opportunity to simplify access to rapid and accurate
HCV testing, improving the number of people diagnosed and treated [37].

4.3.7.1 Alternative Sampling and Testing Methods
Traditional HCV testing involves collection of blood by venepuncture. Collecting
capillary blood by finger-prick allows sampling outside of healthcare facilities and in
people with poor venous access. The blood can be spotted on filter paper to produce
DBS [38, 39]. DBS are relatively stable over time, can be stored and transported at
room temperature, and can be shipped via regular mail or courier services
(Table 4.3). In the laboratory, the filter paper is immersed in a buffer to allow elution
of the blood specimen over several hours or overnight, and the eluate is then used as
a standard sample for HCV testing, including measurement of HCV antibody,
HCVcAg, and HCV RNA. The eluate can also be used for sequencing HCV RNA
[40]. The efficiency of DBS for HCV antibody detection is only slightly lower than
that of serum specimens, with a pooled sensitivity and specificity of around 98% and
99%, respectively. Pooled sensitivity and specificity are both around 98% for
qualitative HCV RNA detection, whereas sensitivity drops to around 76% for
HCVcAg [41]. Pooling DBS (up to two 6 mm punches from up to five DBS) during
the elution step can reduce cost and labour when screening large number of samples
for the presence of HCV RNA, without significantly affecting qualitative HCV RNA
detection in treatment-naïve populations [40]. Thus, available evidence indicates that
DBS offer a reliable diagnostic tool that can facilitate access to HCV testing,
including qualitative HCV RNA detection to confirm an active infection. Assay
manufacturers need to validate the use of their assays with DBS specimens and
provide technical guidance regarding their use. There remain important research
needs to improve standardisation and implementation and to evaluate use of DBS in
monitoring antiviral treatment (Table 4.4).

4.3.7.2 Point-of-Care Testing
Patients and healthcare professionals tend to favour testing with immediate test
results over phlebotomy with test results given at follow-up [42, 43]. HCV antibody

Table 4.3 Dried blood spots (DBS) for HCV diagnosis

Advantages Disadvantages

• No venepuncture required • Require transport to the laboratory for testing

• Allow sampling outside of healthcare
facilities

• Each assay must be calibrated and validated for
use with DBS

• Facilitate sample transport to the
laboratory

• Add processing cost

• Facilitate sample storage • Less sensitive than testing serum or plasma

• Allow testing for multiple HCV markers • Require follow-up for returning results to patients

• Allow detection of other analytes
(e.g. HIV, HBV)

• Pose a low but still present biohazard
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can be detected at point of care using either oral mucosal transudate (OMT) or
capillary blood collected by finger-prick, taking 20–40 min to produce a result.
There is some evidence that people may find rapid salivary testing more attractive
than finger-prick testing. The OraQuick rapid HCV test offers a sensitivity and
specificity of 89.9% and 100% when using OMT [44]. Sensitivity improves to
98.8% with finger-prick blood. Importantly, the sensitivity in OMT is higher
(97.2%) in HCV-seropositive patients who are viraemic as compared to
non-viraemic individuals (82.2%); extension of the read time to 40 min may enhance
sensitivity with OMT in non-viraemic patients. In contrast, there appears to be no
significant differences in sensitivity between viraemic and non-viraemic individuals
when testing finger-prick blood. One downside is that the OraQuick test is about ten
times the price of laboratory-based serology tests, which represents a significant
barrier to increased use.

Point-of-care tests that rely on antibody detection require follow-up testing for
confirmation of carrier status by detection of HCV RNA or HCVcAg, which makes
the diagnostic algorithm cumbersome. Until recently, molecular testing for viral
nucleic acid was confined to specialised laboratory facilities, requiring highly trained
personnel and a rigorous application of measures to prevent contamination during
the separate steps of sample preparation and nucleic acid extraction, amplification,
and detection. Newer cartridge-based systems combine these separate steps into a
single, self-contained process that is easy to perform by nonspecialist personnel and
has a low risk of cross-contamination between specimens, thus offering a major
diagnostic advance that is suitable for adoption in both the laboratory and outside of
the laboratory, and both within and outside of healthcare settings (Table 4.5). The
Cepheid GeneXpert system is a modular platform that performs nucleic acid ampli-
fication and detection of each sample within a self-contained individual cartridge
[45–47]. The standard HCV RNA testing protocol requires 1 mL of sample. Appli-
cability for HCV RNA screening in small volume (100 μL) capillary blood collected
by finger-prick was investigated among 210 subjects recruited from a variety of
community settings in Australia [46]. The study reported excellent sensitivity and
specificity relative to the Abbott RealTime HCV assay. Further validation data for
use with finger-prick blood demonstrate good assay performance across the major
HCV genotypes (Fig. 4.4), a high degree of concordance with results obtained in
paired venous blood, stability of HCV RNA detection over time, and a low failure

Table 4.4 Research needs in the use of dry blood spots for HCV diagnosis and monitoring

• Establish diagnostic accuracy under a range of real-life sampling, storage, and transport
conditions

• Establish clinically relevant performance cutoffs for diagnosis

• Increase programmatic experience across a wide range of testing settings

• Assess impact on uptake of testing, case identification, and linkage to treatment

• Evaluate the impact of co-infections and immunosuppression on performance

• Determine and validate use for monitoring treatment responses including threshold for detection
and how it is affected by sampling, transport, storage, and testing conditions
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rate when the assay is run by nonspecialist healthcare personnel. Overall, the assay
failure rate is in the region of 1% and can be reduced by ensuring sufficient volume
of blood and diluent are added to the cartridge. Recent progress in cartridge
technology have further shortened testing times on GeneXpert ensuring that
individuals can receive results within 1 h of sampling, making adoption in nonhos-
pital locations more attractive [47]. One limitation is that the Cepheid Xpert cartridge
contains guanidinium thiocyanate as the lysis agent, which is highly toxic and
therefore requires special handling and disposing. It should be noted also that
using small-volume samples reduces assay sensitivity relative to testing a larger
sample volume, which may make the finger-prick technique less suitable for
demonstrating a sustained virological response (SVR) after completion of antiviral
therapy. Further evaluation of this attractive application is required. The Genedrive
platform is a handheld 600 g portable thermocycler for nucleic acid detection that
can be battery operated and requires only 30 μL of sample. The qualitative HCV
RNA assay identifies all major HCV genotypes with 98.6% sensitivity and 100%
specificity, whilst the lower limit of detection is 2362 IU/mL relative to the Abbott
RealTime HCV assay. These properties make the assay suitable for decentralised
and field-based HCV testing [48], provided however serum or plasma can be
obtained. Other point-of-care molecular platforms are also in advanced develop-
ment, such as Alere q (Alere), EOSCAPE (Wave 80 Biosciences), PanNAT platform
(Micronics), Truelab PCR (Molbio Diagnostics), and RT CPA (Ustar

Table 4.5 Comparison of methods for direct HCV detection

Target HCV RNA HCV RNA HCV RNA HCVcAg HCVcAg

Sample Venous blood Dry blood
spot

Capillary
or venous
blood

Venous
blood

Dry blood
spot

Stringency of
sampling

High Moderate Moderate Moderate Moderate

Method PCR or TMA PCR or TMA PCR or
TMA

Immune
assay

Immune
assay

Testing setting Laboratory Laboratory Point of
care

Laboratory Laboratory

Laboratory
infrastructure

Highly
developed

Highly
developed

Simple Developed Developed

Turn around Hours to days �12 h with
elution time

<2 h <1 h �12 h
with
elution
time

Batching
sample
required

Reduces cost
on some
platforms

Reduces cost
on some
platforms

No No No

Standardisation Highest Moderate Higher for
venous
blood

High Lowest

Sensitivity +++++ ++ ++++ +++ +
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Biotechnologies). These technical improvements will enhance feasibility of one-stop
diagnosis of HCV infection at point of care, ensuring that results and appropriate
care can be delivered promptly. Careful implementation is required to ensure high
uptake and preserve quality, adopting assurance processes like those applied to
laboratory settings.

4.4 Guiding and Monitoring Treatment

Appropriate selection and monitoring of antiviral therapy for HCV may consider
several virological factors, including the HCV RNA load, HCV genotype and
subtype, and presence of drug resistance (Table 4.6; Fig. 4.5).
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Fig. 4.4 Scatterplot of Xpert HCV RNA load results (log10 IU/mL) with a validation panel
representing HCV genotypes 1a, 1b, 2b, 3a, 4a, 4d, 5a, and 6a. Serial dilutions were tested in
duplicate according to the small-volume protocol, whereby 100 μL was taken from each dilution
and made up to 1.1 mL in HCV RNA Xpert diluent prior to testing. A total of 82 samples were
tested. The lines of equality (diagonal dotted) and Passing-Bablok regression (diagonal solid)
bordered by 95% confidence intervals (diagonal dashed) are shown. The theoretical small-volume
protocol lower limit of quantitation is represented by the horizontal dashed line. There were
24 samples representing the dilution point of 2 log10 IU/mL (actual HCV RNA levels were
140, 149, 100, 120, 108, 110, 290, and 247 IU/mL for genotypes 1a, 1b, 2b, 3a, 4a, 4d, 5a, and
6a, respectively). Of these 24 samples, 12 showed quantifiable HCV RNA levels (>110 IU/mL;
median 189 IU/mL; range 145–355 IU/mL); the other 12 samples showed qualitative HCV RNA
detection (estimated HCV RNA levels >44 and <110 IU/mL). Median standard deviations (IQR)
of duplicate HCV RNA measurements in these experiments were 0.10 (0.02–0.17), 0.04
(0.03–0.05), 0.07 (0.06–0.07), 0.07 (0.03–0.09), 0.19 (0.12–0.26), 0.05 (0.03–0.06), 0.20
(0.18–0.23), and 0.03 (0.03–0.04) for genotypes 1a, 1b, 2b, 3a 4a, 4d, 5a, and 6a, respectively.
R2 ¼ 0.901, y ¼ 0.3339 + 0.9035 x
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4.4.1 Viral Load

Spontaneous virus clearance is rare beyond 4 months of infection, and persistence of
HCV RNA after 6 months indicates a chronic infection. In the chronic phase, HCV
RNA levels remain relatively stable in most untreated patients, whilst approximately
15% experience fluctuations greater than 1 log10 IU/mL (>10-fold) [49]. There is no
direct correlation between viral load and severity of liver disease or risk of liver
disease progression. However, pre-treatment viral load levels can influence
responses to antiviral therapy, as shown, for example, with elbasvir/grazoprevir or
with sofosbuvir plus daclatasvir in people with HIV [50, 51]. Patients require HCV
RNA quantification prior to starting treatment, but there is no need for repeat viral
load measurements outside of those required to guide and monitor antiviral therapy.
On treatment, viral load measurements are often taken at week 2–4 as an indicator of
early response and adherence [52–55]. In clinical trials of direct-acting antiviral
agents (DAAs), almost all patients without cirrhosis achieved an undetectable HCV
RNA level at week 4, whereas patients with cirrhosis may need longer than 4 weeks.
However, there are limited data to inform interpretation of week 2–4 viral load, and
clinical judgement is required to interpret viral load patterns. Whilst achieving an

Table 4.6 Recommended assessments to guide and monitor antiviral therapy

Target Use in relation to antiviral therapy Indication

Viral load • At any time prior to starting
• At week 2–4 after starting
• At week 6 after starting
• At completion
• At week 12 after completion
• At week 24 (or later) after completion

• All
• Optional
• Optional
• Optional
• All
• Desirable

Genotype/subtype • At any time prior to starting • All

Drug resistance • Prior to starting
• At failure, prior to retreatment

• Selected cases
• Desirable

Untreated
infection

Antiviral
therapy

SVR

    
Pre-treatment Wk 4 EOT Wk 12 Wk 24

HCV RNA load

HCV 
Genotype

HCV drug 
resistance HCV drug resistance

Fig. 4.5 Virological tests to guide and monitor antiviral therapy. EOT end of treatment, SVR
sustained virological response
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undetectable HCV RNA early after treatment initiation is a positive predictor of
treatment success, showing a detectable viral load at this point does not necessarily
indicate failure or that treatment should be discontinued. Where there is evidence of
a suboptimal response, expert opinion indicates that the viral load should be repeated
at week 6 and treatment should be discontinued if an increase by >1 log10 IU/mL is
observed relative to the earlier on-treatment measurement [52]. The significance of
an HCV RNA test result at week 4 that remains positive but at a lower level at week
6 is unknown, and no guidance is available to inform treatment decisions. HCV
RNA levels at the end of treatment (EOT) are helpful to differentiate relapse from
non-response/breakthrough in patients who fail to achieve an SVR. However, HCV
RNA detection at very low levels at EOT is not necessarily associated with treatment
failure and is not used as an indication that treatment should be extended
[52]. Assessing virus clearance from peripheral blood is required to establish a
cure, currently defined as undetectable HCV RNA at week 12 after completion of
therapy using an assay of high sensitivity (15 IU/mL or lower) [52, 53]. Overall,
week 12 and week 24 results are >99% concordant and relapse beyond 24 weeks
occurs in <0.2%. Although virological relapse is rare past week 12, a repeat test
should be considered at week 24 (or later) after completing treatment, especially in
patients with cirrhosis, or those who show an increase in hepatic transaminase levels.

4.4.2 Simplified Approaches

The desire to simplify the monitoring algorithm and facilitate expanded access to
antiviral therapy informs the guidance that the pre-treatment, week 2–4, and EOT
viral load measurements can be omitted and that inability to measure the viral load
at these time points should not be a reason to delay or discontinue therapy
[52, 53]. HCVcAg has also been proposed as an alternative to HCV RNA testing
for determining treatment responses when HCV RNA testing is not available or not
affordable [25, 56–59]. HCVcAg reactivity may take longer to clear than HCV RNA
during antiviral therapy, probably because circulating core protein is available not
only from virions but also from antigen-antibody complexes that have a longer half-
life. Whilst further studies are required to establish reliable algorithms, testing for
HCVcAg first, followed by HCV RNA testing of HCVcAg-negative samples, can
eliminate as many as 75% of HCV RNA tests when investigating relapse after
completion of antiviral therapy. Further studies are also needed to determine the
applicability of HCV RNA detection in DBS and at point of care in this context.

4.4.3 HCV Genotype

4.4.3.1 Viral Genetic Diversity
HCV strains are classified into eight major genotypes that differ by 31–34% in their
nucleotide sequence. Each genotype is further subdivided into subtypes, which may
differ by 13–20% in their nucleotide composition [60]. Although HCV genotype
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1 predominates globally, genotypes 2–6 are also highly prevalent and may be the
main circulating type in different geographical regions or patient populations.
Within genotypes and subtypes, further genetic diversification is observed at the
population level, leading to the emergence and spread of distinct variants, including
some with intrinsic resistance to one or more antiviral agent (e.g. the NS3 variant
Q80K). Highly diverse, less characterised strains circulate in sub-Saharan Africa and
in some regions of Asia, including variants of genotypes 1, 3, 4 and 6 with intrinsic
resistance to some DAAs. HCV recombinants have also been described that repre-
sent chimeras of multiple genotypes and subtypes. In addition to true chimeras,
mixed infections are observed at a variable but overall low prevalence (<8%)
[61]. In one study, 6.7% of individuals diagnosed with genotype 3 also harboured
genotype 1a strains [61]. Rates may be higher in certain populations such as injecting
drug users [62]. Some of the studies using PCR-based next-generation sequencing
(NGS) have reported high prevalence of mixed infections; however, interpretation of
the findings is uncertain due to the technical limitations of NGS, especially when
viral species are infrequent in a sample [61].

4.4.3.2 The Need for Genotyping
First- and second-wave direct-acting antiviral agents are genotype-dependent and
therefore reliant on accurate HCV typing methods. Introduction of pan-genotypic
antiviral agents will potentially minimise the need for sophisticated virological
testing [63], which is usually unavailable in poorer regions or outside of specialist
services. Currently, knowledge of genotype, and in some cases subtype, remains an
integral part of selecting the most appropriate treatment regimen and duration of
treatment, and whether this will change in the future remains to be seen. It is also
important to note that the significance of viral genetic diversity in influencing
treatment outcomes has been most extensively studied with dominant HCV
genotypes and subtypes within clinical trials. As treatment availability expands
globally, it will be important to monitor responses in patents carrying virus strains
that have been less well characterised.

4.4.3.3 Genotyping Methods
HCV genotype and subtype testing is available commercially using one of the three
main methodologies: reverse hybridisation (Versant LiPA HCV Genotype 2.0 Assay
by Siemens) [64], Sanger sequencing (Trugene HCV 5’NC genotyping kit by
Siemens) [65], and real-time PCR (RealTime HCV Genotype II Assay by Abbott;
cobas® HCV GT by Roche [66, 67]). Trugene, a sequencing assay that targets the
5’UTR region of the viral genome, is labour-intensive and expensive and requires
specialised infrastructure and personnel. Strip-based reverse hybridisation methods
are relatively inexpensive, but remain labour-intensive, whereas real-time PCR
assays are automated, more rapid, and less technically demanding. Commercial
tests tend to be reproducible and have high degrees of concordance for the assign-
ment of the major genotypes; however, performance is less satisfactory when
considering detection of rare genotypes, discrimination between subtypes, and
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recognition of mixed and recombinant infections. In these cases, additional tests are
often required to avoid critical errors in genotype/subtype assignment [68–71].

Viral genome sequencing and phylogenetic analysis is the gold standard for
determining the HCV genotype and subtype. Population (Sanger) sequencing is
the current reference standard [71], and is generally widely available and sufficiently
standardised in well-resourced laboratories, although it requires specialist personnel
and is labour-intensive and expensive. Many laboratories resort to in-house
protocols. Selection of the appropriate genome regions is important; this should
usually include NS5B, whereas targeting 5’UTR alone should be avoided. When
comparing the Trugene assay with NS5B sequencing as a reference, discrepant
results can occur with 16% of samples. The Versant assay, in addition to the
5’UTR region, also targets the core region, reducing genotype/subtype
misclassifications to about 6–11% relative to NS5B or core sequencing. One specific
concern emerged with the discovery of HCV genotype 2/1 chimeras, which were
identified as genotype 2 by commercial platforms, but showed the antiviral treatment
response profile of genotype 1. One study investigated 442 blood samples from Italy,
Germany, and Israel that were initially identified as HCV genotype 2 by commercial
platforms and found that 61 were in fact 2k/1b, 2a/1b, or 2b/1a chimeras by
sequencing. Treatment with sofosbuvir plus ribavirin, as indicated for genotype
2, resulted in failure in 25/27 (93%) patients, whereas most patients responded to
regimens appropriate for genotype 1 [72].

NGS is a high-resolution alternative to Sanger sequencing, but requires appropri-
ate standardisation, bioinformatics and interpretation cutoffs. The Sentosa SQ HCV
Genotyping Assay (VELA Diagnostics) is a novel NGS-based test targeting NS5B
and based on the Ion Torrent technology for deep sequencing which is undergoing
technical development [73]. Deep sequencing-based assays are likely to become the
method of choice for HCV subtyping in the future and may facilitate full-length
genome sequencing to provide greater resolution relative to targeting specific
regions of the viral genome.

4.4.4 HCV Drug Resistance

Testing for HCV drug resistance is accomplished by sequencing the viral genome to
enable detection of resistance-associated variants that carry mutations known to
confer reduced phenotypic susceptibility in vitro and/or to affect treatment responses
in vivo [74]. Phenotypic resistance testing is only available in research settings and
does not have a role in routine diagnostic practice.

4.4.4.1 Mechanisms and Principles of Drug Resistance
Following transmission of one or a few virus variants from a source, founder strains
undergo genetic diversification in the new host as a result of the low fidelity of the
viral RNA-dependent RNA polymerase (RdRp), the enzyme responsible for
replicating the viral genome. The enzyme’s high error rate (2.5 � 10�5 mutations
per nucleotide per genome replication) [75], in conjunction with a high turnover and
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progeny number (1012 virions/day), eventually result in a large number of viral
variants coexisting within the same host, termed quasispecies (Table 4.7). Mutations
also occur spontaneously in the targets of antiviral therapy and can confer drug
resistance [76]. Some of the spontaneously emerging mutations significantly impair
viral fitness, and the mutated variants may struggle to replicate. Others have a
negligible impact on viral fitness and may become established as dominant strains
within the quasispecies and as lineages within populations [77]. In treatment-naïve
patients, resistance-associated substitutions (RAS) affecting NS3, NS5A, and
non-nucleoside NS5B inhibitors are common, albeit detected at varying prevalence
rates depending on viral genetic region and genotype and the population studied. For
example, in NS5A, the RAS A30K and Y93H occur in 9% and 12% of genotype
3 samples from the United Kingdom, and a subset of samples has paired RAS
(A30K + L31M; A30K + Y93H) and show high levels of resistance to daclatasvir,
velpatasvir, elbasvir, and pibrentasvir [78]. By contrast, RAS affecting nucleotide
analogue inhibitors of the NS5B polymerase enzyme are rare (1–3%), as
substitutions in the highly conserved active site of enzyme may effectively halt
viral replication [79, 80]. RAS that are present at low frequency in the quasispecies
become enriched by positive selection if virus replication occurs under drug pressure
and, with ongoing selective pressure, become detectable by routine techniques

Table 4.7 Terminology of HCV drug resistance testing

Term Definition

Quasispecies Diverse virus progeny that emerges within each host through
virus genetic diversification

Barrier to resistance Composite of multiple factors that modulate the emergence of
resistance to a drug or a regimen

Resistance-associated
substitutions (RAS)

Mutation in the viral genome that reduces drug susceptibility,
expressed as letter (drug-susceptible amino acid), a number
(amino acid position in the protein sequence), and a letter
(substituted amino acid conferring drug resistance); e.g. NS5A
Y93H indicates that at position 93 of the NS5A protein, tyrosine
has been replaced by histidine

Drug-specific RAS Mutation conferring reduced susceptibility to one particular
antiviral agent

Class-specific RAS Mutation conferring reduced susceptibility to �2 agents in the
same class although not necessarily reducing susceptibility to all
drugs of that class

Resistance-associated
variants

Viral strains carrying one or more RAS

Selective pressure Effect of virus replication during antiviral drug therapy driving
emergence and genetic evolution of resistant variants

Fitness Ability of a virus strain to replicate and infect

Compensatory mutations Mutations in the viral genome that partially or fully restore the
fitness of resistant variants

Fold-change Increase in drug level required to inhibit virus replication in vitro
relative to a drug-sensitive control strain, typically expressed as
fold-change in IC50 (50% inhibitory concentration)
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[81]. HCV RAS are nearly universal at the time of treatment failure. With ongoing
selective pressure, the resistant variants continue to evolve acquiring additional
mutations that increase resistance and cross-resistance. Mutations also emerge that
partially or fully compensate for any reduced fitness conferred by RAS, thus
restoring the virus ability to replicate. Once treatment is discontinued and selective
pressure ceases, the resistant varinats may lose their advantage and be gradually
outgrown by fitter variants lacking the mutations. The speed of reversion is inversely
related to the fitness cost of the mutations. By available testing methodologies, RAS
affecting the NS3 inhibitors become undetectable within a few months of stopping
NS3 inhibitors. The significance of such disappearance has been questioned how-
ever [82]. Some resistance pathways, especially those involving NS5A inhibitors,
result in resistant variants that are highly fit and persist long-term in the absence of
drug-selective pressure [83]. At the other extreme, variants with reduced suscepti-
bility to nucleoside analogue NS5B inhibitors bear a large fitness cost that is not
easily compensated by additional mutations. Thus, these NS5B mutants emerge
infrequently on therapy, and disappear rapidly off therapy, limiting their impact on
treatment outcomes [84].

4.4.4.2 Which Test to Use
Genotypic susceptibility testing is the recommended test as it is widely available in
well-resourced laboratories, although there remains a need for greater
standardisation [85]. Either a fragment or the full length of the HCV genome is
sequenced, and the product is then compared to a database of mutations known to be
associated with drug resistance in clinical studies and/or in vitro studies. Through
this comparison, a virtual phenotype for the sequence of interest is generated with
predicted antiviral susceptibilities. Both Sanger sequencing and NGS platforms are
available. Sanger sequencing can detect RAS where present at�15–25% of the total
virus population sampled. Most NGS assays use massive parallel sequencing of
short fragments, which together encompass the whole HCV genome. The large
number of sequencing products is aligned to a reference genome, and a software is
used to identify RAS. Minor variants present at a frequency of 1% of the total virus
population sampled may be reliably detected and quantified on this platform. For
clinical purposes, however, a cutoff of 15% is generally recommended [52, 53],
which approximates to the results of Sanger sequencing, and below which HCV
RAS are less likely to be clinically significant. Clonal sequencing can also achieve a
broad characterisation of the viral quasispecies; however, it is expensive and labour-
intensive and not suitable for routine clinical use.

4.4.4.3 When to Perform Resistance Testing
The barrier to resistance is a key determinant of drug potency and informs the
optimal composition of a combination treatment regimen. However, multiple factors
influence how easily HCV can escape from a certain regimen and the impact of
resistance on treatment outcomes (Fig. 4.6). Thus, guidance on how to best employ
resistance testing, if at all, to guide antiviral therapy continues to evolve. Of the three
drug classes, resistance to NS5A inhibitors is clinically the most important [83]. This
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reflects the substantial impact of NS5A RAS on drug susceptibility, the high fitness
of NS5A resistant variants, and the ability of such variants to persist for years in the
absence of drug pressure. The presence of baseline NS5A RAS has been shown to
predict treatment failure of some regimens, and testing is indicated in certain
circumstances before starting antiviral therapy with NS5A inhibitors [52, 53]. For
example, testing is recommended in patients with HCV genotype 1a starting
elbasvir/grazoprevir, and patients with elbasvir RAS should receive an alternative
regimen, or longer (16 weeks) therapy with ribavirin. Although baseline NS5A RAS
may impact SVR rates in a small number of patients, testing is not routinely
recommended prior to starting therapy with elbasvir/grazoprevir in genotype 1b
and genotype 4. Baseline NS5A RAS testing is also recommended in genotype
3-infected individuals with cirrhosis and in individuals who have previously had
unsuccessful therapy with a non-NS5A inhibitor-containing regimen, both with and
without cirrhosis, who are being considered for 12 weeks of sofosbuvir/velpatasvir.
If Y93H is identified, addition of ribavirin, extension of therapy from 12 to
24 weeks, or an alternative regimen is recommended [52, 53].

In cases of treatment failure, the results of resistance testing may inform the
choice of the retreatment regimen although guidance on interpretation of results is
currently limited. Guidelines consider testing optional, although where available it
should be performed to understand the patient’s profile and gain knowledge of HCV
resistance patterns. If testing is performed, this should be probably done immediately
prior to the planned retreatment start date. This considers the possibility that any
resistant variants identified months to years prior to the retreatment start date may be
replaced over time by drug-susceptible variants and may not necessarily reflect the
subsequent virus population. It is regarded as good practice to store a pre-treatment
blood specimen (serum or plasma) for a minimum of 6 months, which if necessary
may be tested retrospectively in parallel to the failure specimen to aid with the
interpretation of results. The cutoff for HCV RNA level in the sample selected for
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Fig. 4.6 Factors that modulate the emergence and impact of drug resistant variants in the treatment
of HCV infection
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resistance testing varies according to the assay. Whilst some assays will use a lower
limit of 100–300 IU/mL, others may require an HCV RNA level of at least 1000 IU/
mL. The cutoff should therefore be confirmed with the testing laboratory. Suitable
stored samples can be tested without the need to recall individuals.

4.4.4.4 Interpretation of Resistance Test Results
As the potential impact of RAS on predicted response to antiviral therapy varies
according to multiple factors, treatment decisions are not made solely on the basis of
resistance testing. It is recommended that such decisions are made by a multidisci-
plinary team, which is likely to include hepatologists, infectious disease physicians,
pharmacists, clinical nurse specialists, and virologists. Where clinically relevant
RAS are identified, consequent actions may involve one or more of:

• Avoidance of a particular regimen
• Prolongation of antiviral therapy
• Intensification of therapy with an additional drug

Newly approved regimens show improved potency and resistance barrier and
may provide an effective retreatment option regardless of resistance [83]. There
remain areas of uncertainty however. Further data are needed to understand (a) the
impact of baseline NS5A RAS in patients with rarer genotypes and subtypes
(including 1l, 4r, 3b, 3g, 6u, and 6v and some undetermined subtypes); (b) how to
personalise the use of resistance testing based on individual risk factors for
non-response; and (c) the role of resistance testing in guiding retreatment after
treatment failure, especially in genotype 3, according to the time elapsed between
first and second regimens, and in patients with decompensated cirrhosis and severe
renal impairment.

4.5 Conclusions

As hepatitis C is now curable, it is imperative for the diagnostic laboratory to engage
fully in efforts to increase availability of testing and to streamline the diagnostic and
monitoring process. The desire for simplified algorithms must be balanced with the
need to maintain quality of assessment and care, and it is the remit of the laboratory
to support the development and validation of emerging diagnostic tools and
methods, working alongside care providers both within and outside traditional
healthcare facilities, together making HCV eradication a realistic possibility.
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Angelos Hatzakis

5.1 Introduction

HCV infection and its chronic sequelae is a public health threat of international
concern. Major advances in the treatment of chronic hepatitis C (CHC) led the 69th
World Health Assembly (2016) to approve the Global Health Sector Strategy
(GHSS) to eliminate hepatitis C (and B) infections by 2030. To achieve this goal,
assessment and monitoring of global, regional, and national HCV burden during the
years is a prerequisite.

The burden of HCV is represented by the burden of infection and burden of
disease (Table 5.1). In each case, burden of infection is the incidence and prevalence
of HCV infection and the burden of disease, the incidence and prevalence of acute
and chronic hepatitis C and their clinical consequences such as chronic hepatitis C,
cirrhosis, hepatocellular carcinoma (HCC), and HCV-related deaths.

Due to high rates of subclinical infection and the long latency of HCV without
specific symptoms and signs, the surveillance of HCV is challenging and frequently
based on statistical modeling [1].

5.2 Global Burden of HCV Infection

Using model-based meta-analysis, the Global Burden of Disease, Injuries, and Risk
Factors Group estimated a >185 million of anti-HCV infected globally in 2005,
representing an anti-HCV prevalence of 2.8% (95% UI 2.6–3.1) [2]. The global anti-
HCV-infected population was updated in 2014 to 115 million including 104 million
adults and 11 million children [3].
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For monitoring HCV elimination, HCV-viremia is a more meaningful marker.
The Polaris Observatory HCV Collaborators, [4], using model-based meta-analysis
estimated the global viremic prevalence to be 1.0% (95% UI 0.8–1.1) and the
number of chronically HCV infected 71 million (62.5–79.4) The distribution of
anti-HCV prevalence by country is shown in Fig. 5.1. The viremic prevalence by
region is shown in Table 5.2. The highest number of viremic individuals live in
Eastern Mediterranean, European, and Western Pacific Region. Genotype 1 is the
most prevalent genotype (44%) followed by genotypes 3 (25%) and genotype
4 (15%). Genotype 1 is more common in high and upper middle-income countries
(60%), genotype 3 is common in the lower middle-income countries (36%), and
genotype 4 is common in low-income countries (45%) (Fig. 5.2) [1, 4].

5.3 Global HCV Incidence Estimates

The global HCV incidence data are provided in the WHO Global Hepatitis Report
2017 [1] (Table 5.3). The highest incidence rate and the total number of incident
infections are observed in Eastern Mediterranean and European Regions, while the
global estimate of incidence rate was 23.7 infections per 100.00, and the annual total
number of new infections is 1,757,000.

5.4 Global HCV Burden in Specific Populations

5.4.1 Global Burden of HCV Infection Among People Who Inject
Drugs (PWIDs)

The number of PWIDs globally is estimated to be 15,648,000
(10,219,000–23,737,500), representing 0.33% (0.21–0.49) of the global population
(Table 5.4). The global anti-HCV prevalence among PWIDs is estimated to be
52.3% (42.4–62.1) ranging from 21.8% in Sub-Saharan Africa to 64.7% in Eastern
Europe [5] (Table 5.5).

Table 5.1 Hepatitis B and C epidemic profile: burden and response

Burden of infection (who, where, when)

Incidence: new hepatitis infections per year

Prevalence: number of hepatitis infection at a specific time point

Burden of disease (who, where, when)

Acute hepatitis cases or deaths (per year)

Chronic hepatitis C (CHC), cirrhosis, HCC cases, or deaths (per year)

Response (efficacy, coverage, effectiveness)

Prevention services (testing of blood, control of hospital infections, harm reduction, etc.)

Treatment

Monitoring of burden and response
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5.4.2 Global Burden of Infection in People Coinfected with HIV
and HCV (HIV/HCV Coinfected)

Data on the global prevalence of anti-HCV among HIV infected are summarized in
Table 5.6. The total number of HIV/HCV coinfected is estimated to be 2.28 million
(95%UI 1.271–4.417) with large HCV prevalence variation among vulnerable
groups being highest in coinfected PWIDs which is 82.4% (55.2–84.5) and lowest
in coinfected heterosexuals which is 4.0% (1.2–8.4) [6].

Table 5.2 Global prevalence of CHC according to the WHO Global Hepatitis Report 2017 [1]

Estimates of the prevalence
of HCV infection (%)

Estimated number of persons
living with HCV (millions)

Uncertainty interval (UI)

WHO region Best Lower Higher Best Lower Higher

African region 1.0 0.7 1.6 11 7 16

Region of the Americas 0.7 0.6 0.8 7 6 8

Eastern Mediterranean region 2.3 1.9 2.4 15 13 15

European region 1.5 1.2 1.5 14 11 14

Southeast Asian region 0.5 0.4 0.9 10 8 18

Western Pacific region 0.7 0.6 0.8 14 10 15

Total 1.0 0.8 1.1 71 62 79
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5.4.3 Global Burden of Infection in Prisoners and Detainees

Among the estimated number of 10.2 million people incarcerated worldwide (2014),
1,546,500 (15.1%) have HCV infection. The prevalence of HCV in incarcerated
PWIDs is high ranging from 8 to 95%. The regional prevalence of HCV among
prisoners is shown in Fig. 5.3. In all regions, the prevalence is higher for HCV
infection with the exception of West and Central Africa where the HBsAg preva-
lence prevails [7].

Table 5.3 Global HCV incidence according to the WHO Global Hepatitis Report 2017 [1]

Incidence of HCV infection

Incidence rate (per 10,000) Total number (000)

WHO region
Best
estimate

Uncertainty
interval (UI)

Best
estimate

Uncertainty
interval (UI)

African region 31.0 22.5–54.4 309 222–544

Region of the
Americas

6.4 5.9–7.0 63 59–69

Eastern Mediterranean
region

62.5 55.6–65.2 409 363–426

European region 61.8 50.3–66.0 565 460–603

Southeast Asian region 14.8 12.5–26.9 287 243–524

Western Pacific region 6.0 5.6–6.6 111 104–124

Global 23.7 21.3–28.7 1751 1572–2120

Table 5.4 Estimates of the prevalence of injecting drug use and number of people who inject
drugs, by region (age 15–64 years)a [5]

ALL

Population prevalence of IDU
(%)

Estimated numbers of
PWID

Eastern Europe 1.30 3,020,000

Western Europe 0.34 1,009,500

East and Southeast Asia 0.25 3,989,000

South Asia 0.09 1,023,500

Central Asia 0.63 281,500

Caribbean 0.44 79,500

Latin America 0.46 1,823,000

North America 1.06 2,557,000

Pacific Island states and
territories

0.33 22,500

Australasia 0.59 115,500

Sub-Saharan Africa 0.28 1,378,000

Middle East and North Africa 0.12 349,500

Global 0.33 15,648,000
aFor 95% UI, see [5]
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5.5 Global Burden of HCV Disease

The Global Burden of Disease (GBD) Study is a systematic effort to estimate health
loss due to the diseases, inquiries, and risk factors by age, sex, and geography from
1990 to 2013 including the global burden of viral hepatitis [8]. Deaths from viral
hepatitis increased from 0.89 (0.86–0.94) to 1.45 million (1.38–1.54) during the
years 1990 to 2013. The overall burden of deaths, years of life lost (YLLs), years
living with disability (YLD), and disability-adjusted life years (DALYs) is shown in
Table 5.7. Viral hepatitis is the seventh leading cause of death worldwide in 2013
compared with tenth in 1990. However, these increasing trends in DALYs are
mainly due to hepatitis C (Fig. 5.4). When combined, HBV and HCV accounted
for 96% (95%UI 94–97) of viral hepatitis-related mortality and 91% (88–93) of viral
hepatitis-related DALYs in 2013 [8]. HBV (47%, 45–49) and HCV (48%, 46–50)

Table 5.5 Estimates of the anti-HCV prevalence among people who inject drugs, by regiona [5]

HCV

Prevalence among IDU
(%)

Estimated number of PWID
who are HCV-antibody
positive

Eastern Europe 64.7 1,955,500

Western Europe 53.2 537,000

East and Southeast Asia 50.3 2,007,500

South Asia 38.6 395,000

Central Asia 54.0 152,000

Caribbean 63.6 50,500

Latin America 61.9 1,128,000

North America 55.2 1,411,000

Pacific Island states and
territories

55.5 12,500

Australasia 57.1 66,500

Sub-Saharan Africa 21.8 300,000

Middle East and North Africa 48.1 168,000

Global 52.3 8,182,500
aFor 95% UI, see [5]

Table 5.6 Global Estimates of HIV/HCV coinfection (estimate (IQR)) [6]

1. Number of HIV/HCV: 2.278 (1.271–4.417) millions

2. Number of HIV/HCV PWIDs: 1.362 (0.847–1.382) millions

3. Overall prevalence of HCV in HIV infected: 6.2 (3.4–11.9)%

4. Overall prevalence of HCV in HIV (+) general population: 2.4 (0.8–5.8)%

5. Overall prevalence of HCV in HIV (+) heterosexuals: 4.0 (1.2–8.4)%

6. Overall prevalence of HCV in HIV (+) MSM: 6.4 (3.2–10.0)%

7. Overall prevalence of HCV in HIV (+) PWIDs: 82.4 (55.2–84.5)%
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were equally accounted for hepatitis-related deaths. Attributable mortality rates %
due to HCV are higher in America, Europe, Middle East-Northern Africa, Oceania,
and Japan (Fig. 5.5) [8]. However, the Global Health Estimates published from
WHO (2015) are in disagreement with GDB in the proportion of deaths due to HBV
or HCV. Of the total 1.34 million deaths due to viral hepatitis, 66% are attributed to
chronic HBV and 30% to HCV [1].

HCV is a major cause of mortality and mobility among PWIDs in addition to HIV
and HBV. The Global Burden of Disease Study Group estimated the global burden
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Fig. 5.3 Regional prevalence of HIV, hepatitis C, HBsAg, and active tuberculosis in prisoners,
published between 2005 and 2015 [7]

Table 5.7 Deaths, YLLs, YLDs, and DALYs attributable to viral hepatitis per yeara [8]

Deaths,
thousands

YLLs,
thousands

YLDs,
thousands

DALYs,
thousands

1990 895 31,038 653 31,691

1995 1028 34,437 697 35,134

2000 1149 36,648 755 37,404

2005 1263 38,648 806 39,455

2010 1377 40,277 859 41,137

2013 1454 41,580 874 42,454

Percent change between 1990
and 2013

63% 34% 34% 34%

aFor 95% UI, see [8]
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of disease (YLDs, YLLs, and DALYs) attributable to intravenous drug use (IDU) as
a risk factor for HIV, HBV, and HCV infection in 2013. Intravenous drug use was
estimated to cause 4.0% of DALYs due to HIV, 1.1% of DALYs due to HBV, and
39.1% of DALYs due to HCV [9]. The burden of disease of HCV attributable to
injecting drug use by region is shown (Table 5.8). IDU was higher in high-income
North America, Southern-Latin America, Eastern Europe, Western Europe,
Australasia, Central Europe, and Tropical Latin America.

5.6 Monitoring Burden of HCV Infection and Disease

The World Health Organization proposed a member of indicators to monitor HCV
(and HBV) (Table 5.9) including prevalence of chronic HCV infection, people living
and diagnosed with HCV, incidence of HCV, and deaths from HCC, cirrhosis, and
liver diseases attributable to HCV. In addition to these burden indicators, Table 5.9
includes indicators related to prevention and treatment services. More specifically,
the WHO European Region established regional targets up to 2020 for prevention
and treatment services (Table 5.10) in order to achieve the HCV and HBV burden
targets to reduce deaths by 20% [10].
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1990 and 2013, by virus and for all hepatitis viruses combined [8]
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5.7 Summary

The global HCV burden of infection is 115 million and the global burden of chronic
hepatitis C 71 million. The global genotype distribution is HCV-1, 44%; HCV-3,
25%; and HCV-4, 15%. The highest number of infected people live in Eastern
Mediterranean, European, and Western Pacific regions. The global number of

Table 5.8 Burden of disease of HCV attributable to injecting drug use by region in 2013a [8]

2013

Mean
DALYs

Age-standardized DALY rate
per 100,000

Population attributable
fraction (%)

Andean Latin
America

49,000 103.0 39

Australasia 21,000 59.4 59

Caribbean 32,000 73.2 38

Central Asia 73,000 91.3 25

Central Europe 153,000 97.6 52

Central Latin
America

241,000 109.7 31

Central Sub-Saharan
Africa

39,000 65.8 19

East Asia 2,425,000 140.5 49

Eastern Europe 605,000 231.1 68

Eastern Sub-Saharan
Africa

176,000 83.8 34

High-income Asia
Pacific

373,000 144.5 46

High-income North
America

810,000 177.2 81

North Africa and
Middle East

119,000 29.6 7

Oceania 7000 85.5 28

South Asia 216,000 14.6 7

Southeast Asia 525,000 85.4 28

Southern Latin
America

112,000 171.5 70

Southern
Sub-Saharan Africa

14,000 23.2 26

Tropical Latin
America

268,000 126.4 54

Western Europe 705,000 120.1 64

Western
Sub-Saharan Africa

84,000 37.4 11

Global 7,046,000 101.1 38
aFor 95%UI, see [8]
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PWIDs is 15,648,000 and 52.3% are infected by HCV. The number of HCV-/HIV-
coinfected people is estimated to be 2.28 with the overall prevalence of HCV in
HIV-infected individuals of 6.2%. The HCV prevalence in HCV/HIV (+)
heterosexuals, MSM, and PWIDs is estimated to be 4.0%, 6.4%, and 82.4%,

Table 5.9 Summary of indicators for monitoring and evaluation on viral hepatitis B and C [10]

Section 1. Core indicators: essential indicators to monitor and report progress at global and
national levels

Indicator
number Indicator name

Programmatic
area

C.1 (a) Prevalence of chronic HBV infection Viral hepatitis

(b) Prevalence of chronic HCV infection

C.2 Infrastructure for HBV and HCV testing

C.3 (a) Coverage of timely hepatitis B vaccine birth (dose within
24 h) and other interventions to prevent mother-to-child
transmission of HBV

Immunization

(b) Coverage of third-dose hepatitis B vaccine among infants Immunization

C.4 Facility—level injection safety Injection
safety

C.5 Needle-syringe distribution Harm
reduction

C.6 People living with HCV and/or HBV diagnosed Viral hepatitis

C.7 (a) Treatment coverage for hepatitis B patients

(b) Treatment coverage for hepatitis C patients

C.8 (a) Viral suppression for chronic hepatitis B patients treated

(b) Cure for chronic hepatitis C patients treated

C.9 (a) Cumulated incidence of HBV infection in children 5 years of
age

(b) Incidence of HCV infection

C.10 Deaths from hepatocellular carcinoma (HCC), cirrhosis,
and liver diseases attributable to HBV and HCV infection

Table 5.10 WHO-EURO Regional Targets up to 2020 [10]

• 95% coverage with three-dose HBV vaccine for infants, in countries that implement universal
childhood vaccination

• 90% coverage with interventions to prevent mother-to-child transmission of HBV (hepatitis B
birth-dose vaccination or other approaches)

• 100% of blood donations screened using quality-assured method

• 50% of injections administrated with safety-engineered injection devices, integrated into broader
infection prevention and control

• At least 200 sterile injection equipment kits distributed per person per year for people who inject
drugs, as part of comprehensive package of harm reduction services

• 50% of people living with chronic HBV and HCV infections are diagnosed and aware of their
condition

• 75% treatment coverage of people diagnosed with HBV and HCV infections who are eligible for
treatment
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respectively. The HCV prevalence among the global estimate of 10.2 million
prisoners and detainees is estimated to be 15.1%.

Viral hepatitis is the seventh leading cause of death. There is no consensus in the
fraction of viral hepatitis deaths causally related to HBV and HCV.

The World Health Organization in 2016 approved the Global Health Sector
Strategy for Elimination of Viral Hepatitis up to 2030 and recommended burden
and service indicators to monitor the progress of viral hepatitis elimination.
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6.1 Introduction

Hepatitis C virus (HCV) infection is a serious public health problem, with globally
71 million people estimated to be chronically infected and at risk of long-term
sequelae, including liver cirrhosis and hepatocellular carcinoma [1–3]. Acute infec-
tion is typically asymptomatic, and owing to HCV’s ability to evade the immune
system, 70–80% of infections become chronic [4–6]. In those chronically infected, it
may be decades after initial infection before significant sequelae develop. If left
untreated, chronic liver disease will progress to cirrhosis in 5–20%, and 1–5% will
die from decompensated cirrhosis or hepatocellular carcinoma [7]. HCV infection
contributes to around 27% of liver cirrhosis cases and 25% of primary liver cancers,
and resulted in an estimated 400,000 deaths worldwide from these complications in
2015 [1, 8]. Co-infections with HIV are an increasing problem in countries with HIV
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epidemics in people who inject drugs (PWID), and among men who have sex with
men (MSM), and underlying viral hepatitis is becoming a major cause of death
among people with HIV [1, 9].

In May 2016, the World Health Assembly adopted the first Global Health Sector
Strategy (GHSS) on viral hepatitis, aimed at eliminating hepatitis B and C as public
health threats [10]. To achieve elimination, continued primary prevention efforts are
needed as well as secondary prevention through screening, linkage to care and
treatment of people with chronic HCV infection. There is currently no vaccine for
HCV; however, research in this area is ongoing [11]. Although antiviral treatment
for HCV has been available since 2001, the more recent development of highly
effective direct-acting antiviral (DAA) therapy, which can cure more than 95% of
persons with HCV infection, has now made elimination of HCV as a public health
threat a possibility [3, 12, 13]. However, the largely asymptomatic nature of the
infection until its later stages hinders early diagnosis, and access to treatment
remains a problem in many countries. In Canada and the USA, it has been estimated
that fewer than 5% of PWID have received treatment for chronic HCV [14, 15],
while in Europe, this may be under 10% [3].

HCV is usually transmitted parenterally. Within high-income countries, HCV
transmission through blood products has effectively been halted, leaving PWID as
the group most affected by HCV infection [16, 17]. In these countries, HCV
transmission is concentrated among PWID [18, 19], with between 50 to 80% chron-
ically infected [3, 19]. In Europe, PWID, or people who have injected in the past, are
now the main group affected [20–22]. In medium- and low-income countries,
however, iatrogenic HCV transmission still accounts for a significant proportion of
incident infections [23].

There are high numbers of PWID among most prison populations [24], and as a
consequence, the burden of HCV is often high among prisoners, with a recent global
meta-analysis estimating over one-quarter of inmates are positive for anti-HCV,
equating to approximately 1.65 million with chronic HCV infection [25]. Further-
more, HCV transmission within prison is not an uncommon occurrence, often due to
a lack of access to harm reduction interventions [25]. In many European countries,
another population group at higher risk than the general population of having a
chronic infection are migrants born in countries with high endemicity of HCV
[26]. There is also increasing concern surrounding HCV among MSM, particularly
those living with HIV. Although they contribute less towards the overall HCV
epidemic than PWID, those who are co-infected are often in urgent need of HCV
treatment and prevention interventions due to accelerated liver disease progression
and increased mortality [27, 28]. Finally, there is still a significant fraction (up to
45% in some countries) of acute HCV infections for which the mode of transmission
cannot be identified. Suggested explanations include undisclosed risk factors and
possibly transmission by acupuncture, tattooing, piercing or shaving by barbers [29–
31].

The aim of the chapter is to describe the epidemiology of HCV infection among
PWID and other key risk groups and to identify knowledge gaps that are important
for prevention and treatment. Given that data on specific risk groups are often scarce,
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we have used both epidemiological data on HCV in general population groups and
among these risk groups. Our sources have been key articles and reports already
known to us, complemented by a search in PubMed on ‘HCV epidemiology’ limited
to ‘reviews’ (resulting in 1623 items on August 1, 2017).

6.2 People Who Inject Drugs

6.2.1 Prevalence and Trends

A recent systematic review reported on the global prevalence of injecting drug use,
the sociodemographic characteristics of PWID and prevalence of HIV, HBV and
HCV in this group [32]. This review estimated that 52.3% (42.4–62.1%) of current
PWID have been exposed to HCV (are anti-HCV positive), equating to 8.2
(4.7–12.4) million people. In most regions and countries, more than half of PWID
have been exposed to HCV. PWID in sub-Saharan Africa had a lower prevalence of
anti-HCV (21.8%, 17.6–26.5) compared with regions, such as Western Europe
(53.2%, 48.4–57.9), where injecting drug use has been established for longer.
High anti-HCV prevalence was estimated in some countries in east and Southeast
Asia (e.g. Indonesia 89.2% (85.3–92.3), Taiwan 91.0% (89.5–92.4) and Thailand
88.5% (82.6–92.9)), although the regional estimated prevalence was lower (50.3%,
37.7–62.8), largely because HCV antibody prevalence among PWID in China
(43.1%, 27.5–58.6) was estimated to be lower (Fig. 6.1) [32]. It is estimated that
overall about 75% of those exposed to HCV infection will have an ongoing chronic
infection and are at risk of long-term sequelae [33], although there may be sizeable
variation in chronicity levels between countries and PWID populations [3].

Across Europe, the HCV antibody prevalence among PWID is high overall. A
European review found the estimated anti-HCV prevalence in PWID was on average
almost 50 times higher than that in the general population, in the 13 countries that
had estimates of prevalence in both groups [34]. In more recent data obtained by the
EMCDDA, 13 countries reported on anti-HCV prevalence among national samples
of PWID for the years 2014 or 2015, with prevalence ranging from 15% to 84%,
with prevalence in excess of 50% in five countries (Fig. 6.2) [36].

Monitoring of anti-HCV prevalence within populations over time provides an
indication of possible changes in the transmission of the virus. Among EU countries
reporting to EMCDDA with national trend data among PWID for the period
2010–2015, three observed an increase in HCV antibody prevalence, while four
observed a decrease. Data at the subnational (local, regional) level are important as
HCV prevalence can be very heterogeneous, and studies in Europe have shown local
increases in prevalence in Budapest (Hungary), Sofia (Bulgaria) and Vienna
(Austria) [37].
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6.2.2 Incidence

Incidence of new HCV infections is difficult to estimate directly as this requires
studies that follow up those at risk over time; thus, globally, data on HCV incidence
are not available for most countries. More recently, studies estimate incidence using
biological markers of recent infection (e.g. HCV RNA in the absence of antibodies
and antibody avidity) [38–44] and using indirect methods, such as back-calculations
using the known number of total HCV infections in a given year and subtracting the
number spontaneously cleared, cured and those who died in that year [45–47]. Glob-
ally, estimates of HCV incidence among PWID range from 5% to 45%/year [28]. As
incidence in the general population is thought to mostly reflect incidence in PWID,
both are discussed here.

A recent modelling study in 15 countries concluded that the overall annual
incidence of HCV infection in the general population has reached its peak in most
countries, although annual incidence seems to be still increasing in Russia
[46]. Although surveillance data on reported diagnoses have to be interpreted with
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Fig. 6.2 Estimated anti-hepatitis C virus prevalence among people who inject drugs in Europe,
2014–2015. Source: [35]
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great care, as they can reflect increases in testing and better reporting, a nationwide
study from the USA for the period 2004–2014 found significant concurrent increases
in reported cases of acute HCV infection and treatment admissions for injection of
opioids [48]. The increase in incidence was largest in persons aged 18–29 years
(400%) and 30–39 years (325%) and among non-Hispanic Whites and Hispanics. In
the years 2011–2014, over 75% of the cases with acute HCV infection with risk
factor data reported injecting drug use. In another study in the USA, a cohort study in
five cities, the incidence of HCV infection in young PWID was 17.2 infections/100
person-years (PY) [49].

Studies reporting on the incidence of primary HCV infection among PWID in
Europe have been reviewed by the EMCDDA [3]. In total, 27 studies were found
that reported direct measurements of HCV incidence, covering only eight EU
Member States (Czech Republic, Denmark, Finland, France, Ireland, Netherlands,
Spain, Sweden) and the UK. In these studies, the incidence of HCV among PWID
was often high (range 2.7–66/100 PY, median 13). The review found that studies of
incidence of HCV infection among PWID were sparse across Europe, of variable
quality and not easily comparable. Some of the studies had limitations such as being
old, conducted in specific settings such as needle and syringe programmes or
covering a small local area. While the review covered literature published from
2000 to 2012, studies published after 2005 were found only for the Netherlands and
the UK [37].

As approximations of recently acquired infections or incidence, the EMCDDA
monitors the prevalence of anti-HCV among young PWID (those under 25 years
old) and among new PWID (those injecting for less than 2 years) among countries in
Europe. Estimates for these subgroups of PWID are available only for a few
countries and are often based on a small number of people. Overall, they indicate
anti-HCV prevalence levels of between 20% and 60% in these groups. In common
with the findings on anti-HCV prevalence among PWID of all ages and injection
history, the highest estimates are among those in the south or east of Europe
[37]. The latest data at the time of writing (2017) show that many of the countries
reported samples where anti-HCV prevalence is 40% or more among young PWID,
suggesting high levels of transmission in recent years (Fig. 6.3) [35, 36].

6.2.3 Genotypes

HCV can be classified into seven genotypes, numbered 1–7, and 67 subtypes
[50]. Globally, genotype 1 (G1) is the most common (46%), followed by G3
(22%), G2 (13%) and G4 (13%) [51]. Some of the genotypes (1 and 3—in particular
subtypes 1a, 1b and 3a) have become distributed widely because of transmission
through blood transfusion and needle-sharing among PWID and now represent the
vast majority of infections in developed countries [37, 52]. As new DAA treatments
are effective across all genotypes, this variation in genotypes is now becoming less
important; however, some variation in treatment success still exists by genotype
[53]. Treatment regimens, duration of treatment and cure rates, as well as clinical
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course, vary by genotypes, with genotype 3 being associated with an increased risk
of cirrhosis and hepatocellular cancer [54, 55]. Genotyping is also an important tool
to better understand the epidemiology of HCV [56].

In an EMCDDA review of HCV epidemiology among PWID in Europe [3],
36 studies with genotype data were identified from 20 EU countries, including
samples for nearly 6000 HCV-infected PWID which were identified to the level of
genotype or subtype. HCV genotypes 1 and 3 (subtypes 1a and 3a) are the most
commonly identified among PWID in Europe. The data suggest that genotype
4, prevalent in the Middle East and Africa, particularly in Egypt [57], may be
increasing. Distribution of the genotypes varied among PWID across Europe
(Fig. 6.4) with genotypes 1 and 4 being predominant in certain EU countries
(in particular Portugal, Romania and Spain), and showing a large variation across

Percent

<20 20–39 40–59 60–79 ≥80 No data

Fig. 6.4 Proportion (%) of HCV infections among people who inject drugs in Europe that are
genotypes 1 or 4. Source: [3]
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the EU (prevalence of genotypes 1 or 4: 17–91%, median 53%) [3]. Caution must be
exercised in interpreting these findings for a number of reasons: not all reports
assessed mixed infections (to see if multiple genotypes are present); estimates for
six of the countries are based on samples of fewer than 100 patients; for ten
countries, only one study could be located; and some studies were based on selected
populations (such as hospitalised patients) [37].

6.2.4 HIV Co-infection

Globally, it is estimated that there are approximately 2,278,400 (Interquartile range
(IQR) 1,271,300—4,417,000) people living with HIV–HCV co-infections of which
59.8% (31.3—66.7%) are PWID [58]. In HIV-infected individuals, HCV
co-infection is estimated at 2.4% (IQR 0.8–5.8) within general population samples,
4.0% (1.2–8.4) among pregnant women or heterosexuals, 6.4% (3.2–10.0) in MSM
and 82.4% (55.2–88.5) in PWID [58]. Rates of co-infection are high in sub-Saharan
Africa, with an average anti-HCV prevalence of 7% among those HIV-infected and
with levels of HIV co-infection especially high among PWID [59].

A systematic review by the EMCDDA for PWID found 68 HIV–HCV
co-infection estimates in Europe, among 33 published and 15 unpublished studies
[3]. As HCV infection was not confirmed by RNA in many studies, antibody
prevalence was used across all studies. Estimates of HIV–HCV co-infection preva-
lence were available for 22 countries in Europe with 11 countries having multiple
estimates. Among HCV-infected PWID, co-infection with HIV ranged from 0% to
70%, with a median of 3.9%. The level of HIV-HCV co-infection correlated with the
HIV prevalence. HIV prevalence among PWID differs greatly across Europe rang-
ing from 0% to 30%. Levels of co-infection prevalence can be classed as low (not
more than 4%) in 11 countries, moderate (5–15%) in three countries and high (over
15%) in seven countries (Fig. 6.5) [37].

An increase in HCV prevalence among PWID has previously been associated
with an increased risk for injection-related HIV outbreaks, and therefore increases in
HCV should be monitored carefully [37, 60–62].

6.2.5 Risk Factors

Sharing needle/syringes is the main route of HCV acquisition among PWID. Despite
strong declines over time in some high-income countries globally, this risk
behaviour generally persists among PWID [63–65]. In Europe, a similar decline
has been seen in Western European countries [66–69]; however, the prevalence of
sharing needles/syringes may remain high in Eastern Europe [70, 71].

The declines in needle/syringe sharing have helped reduce HIV incidence in
PWID in many high-income countries, but not HCV incidence, as the shared use
of other drug preparation materials persists [72, 73] and HCV is more easily
transmitted than HIV [74]. The context in which PWID inject is characterised by a
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high prevalence of HCV and a wide range of injecting equipment that can transmit
HCV [75]. The risk of sharing needle/syringes has been reasonably well established
despite inconsistencies between individual studies. However, the discussion on the
contribution of other injecting paraphernalia (e.g. cookers, filters) or behaviours
(e.g. sharing drugs) and non-injecting drug paraphernalia (e.g. sniffing straws) has
not yet been fully resolved.

A meta-analysis of 16 studies undertaken in Europe during 1990–2011 found that
pooled prevalence and incidence of HCV were 59% and 11%, respectively, among
PWID who reported never (in some studies: not recently) sharing needle/syringes. A
pooled odds ratio (OR) of 3.3 (95% CI 2.4–4.6) was found, comparing HCV
infection among those who ever (or recently) shared needle/syringes relative to
those who reported never (or not recently) sharing. Differences were found when
studies were stratified by recruitment setting (prison vs. drug treatment sites),

Percent

<1 1–9 10-19 20–39 ≥40 No data

Fig. 6.5 Co-infection with HIV among HCV-infected people who inject drugs in Europe.
Source: [3]
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recruitment method (outreach vs. non-outreach), sample HCV prevalence and sam-
ple mean/median time since onset of injecting [76].

A prospective study in San Francisco in 2000–2001 found that sharing needle/
syringes with an HCV-infected sex partner or a person who was not a sex partner,
sharing non-sterile drug-preparation equipment, pooling money with another PWID
to buy drugs, and exchanging sex for money were significantly associated with
infection in young PWID [77]. In another cohort study in five cities in the USA
(2002–2004), the incidence of HCV infection in young PWID was 17.2 infections/
100 PY. Adjusting for confounders, the shared use of drug preparation equipment
was significantly associated with HCV seroconversion (adjusted hazard ratio, 2.66;
95% confidence interval, 1.03–23.92), but needle/syringes sharing was not (adjusted
hazard ratio, 0.91). It was estimated that 37% of HCV seroconversions in PWID
were due to the sharing of drug preparation equipment [49]. Another analysis in a
cohort of 317 PWID (1994–1997) found that among those who did not share needle/
syringes, HCV seroconversion was associated with sharing drug cookers and filtra-
tion cotton (adjusted risk ratio 5.9; 95% confidence interval 1.1, 31.7); 54% of HCV
infections in injection drug users who did not share needle/syringes were attributable
to cooker/cotton sharing [78].

A recent experimental study suggests that the associations found in many studies
with non-syringe equipment (‘paraphernalia’: cookers, filters) may actually reflect
transmissions resulting from syringe-mediated sharing of drugs [79].

Equipment used for taking drugs by non-injecting routes might also be a risk for
HCV transmission: using contaminated straws for snorting drugs might put people at
risk of infection [80].

6.2.6 Disease Progression, Cirrhosis, Hepatocellular Carcinoma,
Burden of Disease and Mortality

Information on the current and projected impact of HCV infection in terms of disease
burden and mortality is necessary to inform public health planning and resource
allocation. Burden of disease studies aim to quantify the effect of an illness in terms
that are comparable across populations and between diseases. Data on the burden of
disease due to HCV are however scarce, outdated or inconclusive [3, 37, 81].

Overall, an estimated 27% of liver cirrhosis cases and 25% of primary liver
cancers result from HCV infection [8]. Approximately 400,000 people die each
year from HCV, mostly from cirrhosis and hepatocellular carcinoma [11]. Between
1990 and 2013, global HCV deaths increased from 303,000 to 704,000 [82]. In the
USA, mortality related to HCV nationally surpasses that from human immunodefi-
ciency virus (HIV) infection [83, 84].

A systematic review of disease progression in PWID found that the pooled
incidence rates of compensated cirrhosis, decompensated cirrhosis and hepatocellu-
lar carcinoma were 6.6 (95% CI 4.8, 8.4), 1.1 (95% CI 0.8, 1.4) and 0.3 (95% CI 0.1,
0.6) events/1000 PY, respectively. Average time to cirrhosis using pooled stage-
constant fibrosis progression rates is 34 years post-infection, and time to METAVIR
stage F3 is 26 years; using stage-specific estimates, time to cirrhosis is 46 years and
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time to F3 is 38 years. Thus, left untreated, many PWID with chronic HCV infection
will develop liver sequelae in mid- to late adulthood [85]. A recent cohort study in
England showed that liver disease (including viral hepatitis and cirrhosis) is one of
the major causes of deaths among PWID [86].

A review conducted by the EMCDDA [3] of literature published 2000–2012
found seven studies that reported on the burden of disease or mortality related to
HCV infection among PWID in the European Union and the UK. Where assessed,
the disease burden of HCV was found to be substantial and was expected to rise in
the next decade. Only 2 of the 27 countries included in the review appeared to have
carried out a modelling study to estimate the effect of HCV treatment on the future
burden of disease. Without treatment, a study in the Netherlands (Amsterdam)
projected a 36% increase in the occurrence of decompensated cirrhosis or hepatocel-
lular cancer, between 2011 and 2025 [87], whereas in Scotland, UK (Glasgow),
increases of 56% in cirrhosis and 64% in mild liver disease were projected for
2010–2025. Both studies showed that HCV treatment would substantially reduce the
burden of liver disease [88].

Mortality in HCV-infected PWID is dependent on competing mortality (e.g. due
to HIV infection or overdose) and the duration of persistent HCV infection. In the
review, all-cause mortality rates among HCV-infected PWID were estimated at
2.1–2.4/100 PY in Spain [89] and the Netherlands [90], while a much higher rate
was estimated for PWID co-infected with HIV in Denmark, where all-cause mortal-
ity was estimated at 12.2/100 PY [91]. The high mortality rate in this Danish study
may be explained by high local rates of overdose mortality and differences in
antiretroviral therapy regimes compared to the Spanish study that reported a crude
mortality rate of 2.4/100 person-years among HIV-co-infected PWID during a
comparable study period. This suggests the existence of significant differences
between countries in mortality rates among HIV-infected PWID, as is found for
mortality among all PWID, and underlines the importance of obtaining country-
specific mortality estimates.

The HCV disease burden among PWID translates to a significant burden in the
general population. In Europe, annual mortality rates from hepatocellular cancer
vary by country and are generally lower in countries in the north-west of Europe
compared with those in the south-east, possibly reflecting historic differences in risk
(Fig. 6.6). The main causes of hepatocellular cancer are HBV and HCV infections
and alcohol consumption. In all countries, mortality from hepatocellular cancer is
higher in males than in females [92]. Although these data are not specific to PWID,
they provide the scale of morbidity and mortality related to liver cancer, a large
proportion of which is accounted for by chronic viral hepatitis infection acquired
through injecting drugs [37].
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6.2.7 Prevalence and Incidence of Injecting/Number
of People Who Inject Drugs

Estimates of the numbers of PWID are important in projecting the future epidemiol-
ogy of HCV infection and in planning and evaluating the public health responses
[37]. A recent systematic review reported on the global prevalence of PWID [32],
and as of June 2017, evidence of injecting drug use was reported in 179 of
206 countries or territories, an increase of 31 countries since a previous review of
PWID prevalence [93]. The additional countries were mostly in sub-Saharan Africa
(n¼ 23) and four Pacific Island states and territories. Globally, in 2015, an estimated
15.6 million people (95% uncertainty interval 10.2–23.7 million) injected drugs,
amounting to approximately 0.33% (0.21–0.49) of those aged 15–64 years, and 21%
of these were women (3.2 million, 1.6–5.1). At a regional level, prevalence varied

Per 100 000 population (men)
<1.0 1.0–1.9 2.0–3.9 4.0–5.9 No data≥6.0

Fig. 6.6 Hepatocellular carcinoma-related mortality per 100,000 population (men). Source: [37]
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from 0.09% (0.07–0.11) in South Asia to 1.30% (0.71–2.15) in Eastern Europe. The
largest populations of PWID were in East and Southeast Asia (4.0 million, 3.0–5.0
million), Eastern Europe (3.0 million, 1.7–5.0 million) and North America (2.6
million, 1.5–4.4 million). The proportion of women PWID varied substantially
across regions—women were estimated to represent 30.0% (28.5–31.5) of PWID
in North America and 33.4% (31.0–35.6) in Australasia, compared with 3.1%
(2.1–4.1) among PWID in South Asia. The prevalence of injecting drug use
among men was far higher than in women in all regions. The review found
substantial variation in the estimated country-level prevalence of injecting drugs,
with Georgia and Seychelles having the highest estimates; however, Russia, the
USA and China contributed the largest proportions to the total number of PWID.
Much lower prevalence was estimated for countries in Asia and sub-Saharan Africa
than in other regions, though with some exceptions (Fig. 6.7) [32].

Relatively recent (2009–2015) national estimates of the prevalence of drug
injecting among the general population are available in 16 of the 30 countries
monitored by the EMCDDA [36]. Estimated prevalence varies across countries:
from less than 1 to up to 9/1000 population aged 15–64 years (Fig. 6.8) although
uncertainty intervals are often broad. Based on the available estimates, the highest
absolute numbers of current PWID are reported in the UK (122,900), France
(105,000), the Czech Republic (45,600), Finland (15,600), Portugal (14,400), Latvia
(12,600) and Spain (9900). These numbers are important as they provide a proxy for
the size of the group at potential risk of infection and transmission of HCV through
injecting drug use. Combining estimates of injecting drug use with HCV prevalence
estimates can enable us to understand the size and dynamic of the infection among
this group [37].

6.2.8 Prevention and Harm Reduction for People Who Inject Drugs

Initiatives to reduce the spread of infectious diseases through the sharing of syringes
and other drug injecting equipment by providing sterile drug use equipment to
PWID date back to the mid-1980s [37, 94, 95]. This form of ‘prevention’ or ‘health
protection’ activity is often in the policy context referred to as a ‘harm reduction’
approach, reflecting the fact that this response is not primarily focused on stopping
the use of drugs but rather the prevention of harms associated with drug use. At
present, most implemented interventions of this type are opiate substitution therapy
(OST) and needle and syringe programmes (NSP). These two interventions when
combined with high coverage have been associated with a reduction in the incidence
of acute HCV infection [38, 96]. However, the coverage of these harm reduction
responses, which are in place to some degree in a majority of the world’s countries,
typically falls far short of what is needed to reach most PWID [97].

A recent systematic review reported on the global coverage of NSP and OST for
PWID [98]. The study identified evidence of NSP operating in 93 of the
179 countries and territories where injecting drug use is known to occur (i.e. in
52% of countries where injecting drug use is reported). NSP was confirmed to be
absent in 83 countries where injecting drug use occurs; the presence or absence of
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NSP where injecting drug use is thought to occur could not be confirmed in three
countries. OST was confirmed to be available in 86 countries where injecting drug
use is known to occur (48% of countries where injecting drug use is reported),
confirmed to be absent in 92 countries where injecting occurs, while the presence or
absence of OST where injecting occurs could not be confirmed in one country.
Methadone was the most frequently available medication used in OST, prescribed in
81 countries. Buprenorphine was prescribed for OST in 56 countries (of which
52 also prescribed methadone), and diamorphine was prescribed in seven countries
(all of which also prescribed methadone and buprenorphine). Other forms of OST
(e.g. tincture of opium, slow-release morphine) were prescribed in 12 countries.
There were 79 countries implementing both NSP and OST (44% of countries where
injecting drug use is reported) (Figs. 6.9 and 6.10) [98].

Fig. 6.8 Estimates of the prevalence of injecting drug use in Europe, 2009–2015 (most recent
data). Source: [35]
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Coverage varied widely between countries, but was most often low according to
WHO indicators (<100 needle-syringes distributed/PWID/year; <20 OST
recipients/100 PWID/year). Globally, the study estimated that there are 33 (uncer-
tainty interval 21–50) needle-syringes distributed via NSP per PWID annually and
16 (10–24) OST recipients/100 PWID. Less than 1% of PWID live in countries with
high coverage of both NSP and OST (>200 needle-syringes distributed/PWID and
>40 OST recipients/100 PWID) [98].

In Europe, needle and syringe programmes, integrated into multicomponent harm
reduction interventions, distribute tens of millions of syringes each year. In addition
to sterile syringes and needles, a range of other injecting paraphernalia, including
alcohol pads, water, filters and mixing containers as well as equipment for inhaling
drugs, are distributed by harm reduction facilities in order to prevent infections. The
estimated number of syringes distributed each year per PWID through specialised
programmes—excluding syringes sold by pharmacies outside of such
programmes—ranged from less than 50 in Cyprus, Sweden, Belgium and Latvia
to more than 350 in Estonia (Fig. 6.11). Comparing these estimates of syringe
provision against international recommendations, less than a third of the countries
that can be assessed provide syringes at a level judged to support effective harm
reduction (at least 200 syringes/year/PWID [99]). Overall, it is estimated that
approximately one in two high-risk opioid users in Europe received substitution
treatment in 2014 [100]. This is the case for 10 of the 20 countries able to provide
recent data allowing national coverage to be estimated. However, the available data
indicate that in some countries, less than 10% of the estimated population of high-
risk opioid users receive opioid substitution treatment (Fig. 6.12).

Exposure to disinfectants, including those containing alcohol, will effectively
inactivate dried HCV on surfaces [75]. In a laboratory study simulating drug
injection, containers (spoons or cookers) to prepare drugs for injection were
contaminated with HCV in a water solution and heat was applied. The experiments
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estimated drug injector in 2015 or latest available year. Source: [36]
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showed that HCV could survive temperatures up to 65–70 �C, which required
between 80 and 95 s of heating [75, 101].

In an earlier study in New York and Denver, ethnographers directly observed
drug preparation in injection settings and measured heating times and temperatures
applied to drug containers [102]. Only 12% of PWID heated drug solutions for
>45 s, and nearly half heated for <15 s; they replicated these conditions in the
laboratory and found that HIV was rapidly inactivated when heated, within 7–10 s.
Thus, drug preparation practices that include heating may reduce the risk of HIV
transmission via the shared use of containers, but HCV may still be transmitted [75].

This would also be consistent with substantial epidemiologic evidence that
sharing containers is associated with HCV seroconversion [49, 77, 78]. However,
it is not clear at present if this indicates direct transmission through contaminated
injecting paraphernalia or if this association reflects syringe-mediated contamination
when drugs are shared [79]. In a laboratory analysis of injection materials (syringes,
drug cookers, filtration cotton, used water vials and alcohol and cotton swabs)
collected from PWID in France, HCV RNA was not detected on used filters or
water vials and was seldom detected on cups (9%). However, HCV RNA was
frequently found on syringe pools (38%) and on swabs (82%) at high titres
[75, 103]. Another laboratory study [104] demonstrated that HCV can survive for
up to 3 weeks in bottled water and that HCV is also associated with filter material, in
which around 10% of the viral inoculum was detectable. However, in a laboratory
study attempting to replicate real-world injection practices, HCV could not be
recovered from ‘cookers’, regardless of input syringe type or ‘cooker’ design.
Recovery was higher when comparing detachable needles to fixed needles for
residue in input syringes (73.8% vs. 0%), filters (15.4% vs. 1.4%) and receptive
syringes (93.8% vs. 45.7%) [79].

NB: Data displayed as point estimates and uncertainty intervals.
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A recent study [105] measured infectivity of laboratory clones of HCV recovered
from used syringes and reported that ‘HCV survival was dependent on syringe type,
time and temperature’. Time and temperature may also have affected detection of
HCV RNA in different types of equipment to a varying degree. Syringe type can
determine the amount of blood remaining in a syringe when the plunger is fully
inserted after injection, and this can range between 2 and 84 μl [75, 106].

Earlier studies of the use of disinfectant bleach to prevent HIV transmission via
syringes shared by PWID suggested that, despite effectiveness claims in laboratory
studies, this approach is ineffective in real-life settings [75, 107]. A recent study
showed that HCV can be inactivated by microwave [108].

A project to assess tools to change the route of administration of drugs
(e.g. heroin) from injecting to inhalation was conducted in Germany from 2011 to
2014 [109]. The aim of changing the route of administration was to reduce overdoses
and the transmission of infections like HCV. A media campaign with posters,
brochures, flyers and videos accompanied the project, and it was observed that
PWID are willing to change their behaviour if well-equipped and sufficiently
informed. Safer Smoke-Packs were developed, containing foil, straws and a flyer.
Similar approaches have been piloted and are used in other countries [110].

A further intervention used to reduce drug use related harms, and often advocated
for reducing drug overdose, is the provision of supervised injecting facilities. Such
supervised injecting facilities are professionally run healthcare facilities where
hygienic and safer use is promoted to reduce the morbidity and mortality associated
with drug injecting [111, 112]. The facilities provide opportunities for health
education and disease prevention and for immediate intervention by professionals
in cases of overdose. Research has shown that supervised injecting facilities reach
specific hard-to-reach target groups and that service users report substantial
reductions in risk behaviour as well as improved health. Health promotion should
include information which clarifies routes of transmission for diseases that are
common among PWID. Information on infections like HIV, HCV and HBV should
be provided, so that people understand that they can transmit the virus even if they
show no symptoms [113].

6.2.9 HCV Treatment of People Who Inject Drugs

To date (2017), PWID in many countries have been excluded from HCV treatment.
Despite multiple studies providing evidence that this population can be successfully
treated [15, 114–121], HCV treatment rates among PWID are generally reported as
low (<3%) even in high-income countries, due to concerns of poor adherence,
psychiatric comorbidity and reinfection [122–125] and, especially since the intro-
duction of DAAs, also costs. Prior to the introduction of DAAs, only 1–6% of
HCV-infected current and former PWID in the USA, Canada and Australia were
treated [3, 15, 28, 118, 119, 123, 126, 127]. International guidelines (such as the US
National Institutes of Health, AASLD/IDSA, European Association for the Study of
the Liver (EASL), International Network on Hepatitis in Substance Users and the
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World Health Organization) all support treating HCV in people who use drugs [128–
130]. Nevertheless, a recent study in the USA found that in 2014, 88% of states
included drug and/or alcohol use in their HCV treatment eligibility criteria, with
50% requiring a period of abstinence and 64% requiring urine drug screening
[28, 131].

A European review of treatment uptake before the widespread introduction of
DAAs found that among groups of drug-using study participants who were HCV
antibody-positive, the median treatment uptake level was 17%, and among those
who were HCV RNA-positive, the median was 30%. In the 11 studies reporting
specifically on treatment uptake among current and former PWID, HCV
RNA-positive study populations had a median treatment uptake level of 32%.
Only one study reported on HCV treatment uptake for people currently using
drugs and found that uptake was relatively low among this group in several
European countries and also pointed to considerable knowledge gaps regarding
treatment uptake levels in this population [132]. A study from Germany however
showed that direct-acting antiviral treatment of former or current drug users with or
without opioid substitution therapy can achieve equally high sustained virologic
response (SVR) rates as in patients with no history of drug use [133].

Since 2014, highly effective DAAs have been readily available. However, these
treatments are costly and high costs could become a barrier to the widespread scale-
up of HCV treatment. Guidelines issued by the European Association for the Study
of the Liver (EASL) in 2015 recommend, for the first time, that treatment should be
provided to PWID who are currently injecting on account of their risk of transmitting
infection to others (‘treatment as prevention’), irrespective of disease stage [134].

Several theoretical modelling studies have explored the potential impact and
benefits of HCV treatment as prevention among PWID populations [28]. Modelling
projections have indicated that achieving substantial reductions in HCV prevalence
among PWID requires HCV treatment in addition to primary prevention. In addition
to individual benefits, model projections have shown that HCV treatment for PWID
could be an effective and cost-effective means of prevention in settings where
chronic HCV prevalence among this group is less than 60% and that PWID should
be prioritised after treating people with severe liver disease [135–141].

Interestingly, there is insufficient evidence to date of any impact of HIV treatment
as prevention among marginal at-risk populations such as PWID [142, 143]. How-
ever, in theory, HCV treatment as prevention could be more effective than HIV
treatment as prevention because HCV treatment is finite and curative. In particular,
the dramatic improvement in SVR rates, once-daily dosing and short therapies
(8–12 weeks) with interferon-free direct-acting antiviral therapies (IFN-free
DAAs) has led many to speculate whether HCV treatment could feasibly be scaled
up sufficiently to be used as an effective prevention strategy among those at risk of
transmission [28, 144–148].

In most countries, it will be essential to scale up HCV treatment if the increasing
trend in the prevalence of end-stage liver disease is to be reversed [45, 149]. However,
targeting people with cirrhosis, as is the priority in many European countries, is
unlikely to lead to substantial reductions in HCV transmission or the prevalence of
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HCV infection among PWID [150, 151] as by the time cirrhosis has developed,
injecting drug use behaviour has usually ceased. Although much of the HCV
treatment as prevention modelling work has been done in a few countries
(Australia, Canada, France, UK), the scenarios reflect the situation in many
European cities and, therefore, can be generalised [141].

6.3 Men Who Have Sex with Men

Since 2000, outbreaks of acute HCV among HIV-positive MSM who have not
reported injecting drug use have been published from Europe [152–159], the USA
[160–162] and Australia [163]. The majority of these HCV infections were related to
permucosal rather than parenteral risk factors, providing further evidence to support
the role of sexual transmission [17]. These outbreaks have been associated with
high-risk sexual practices, genital ulcer disease and illicit drug use including paren-
teral administration [17, 158, 164, 165]. However, a recent study in Amsterdam
suggests that HIV-negative MSM may also be at risk of HCV infection, with the
same HCV strains already circulating among HIV-positive MSM [166].

In 17 studies (from Australia, Canada, China, Denmark, Italy, Japan, the
Netherlands, Spain, Switzerland, Taiwan, the UK and the USA), more than 13,000
HIV-positive MSM were followed for over 91,000 PY between 1984 and 2012; the
pooled seroconversion rate was 0.53/100 PY. Calendar time was a significant
moderator of HCV seroconversion, increasing from an estimated rate of 0.42/
100 PY in 1991 to 1.09/100 PY in 2010 and 1.34/100 PY in 2012. Among those
who seroconverted, a large proportion of infections were attributable to high-risk
behaviours including mucosa-traumatic sex and sex while high on
methamphetamine [167].

In Europe, during the past decade, the incidence of HCV in cohorts of
HIV-positive MSM rose from 0.08/100 PY of follow-up (PYFU) to 4.1/100 PYFU
[157, 168–171]. Currently, the epidemic appears to be declining in the Netherlands
where a study in HIV treatment centres showed a decrease in incidence from 1.1 to
0.5/100 PFYU between 2014 and 2016 [172, 173]. However, in France, a study in a
large cohort of people living with HIV found that despite a high HCV treatment
uptake and cure rate, the incidence of new HCV infection (first infection or reinfec-
tion) regularly increased in French HIV-positive MSM between 2012 and 2016. First
infection incidence in MSM rose from 0.5% to 0.92% patient-years, whereas the
incidence of reinfection fluctuated but remained higher than the incidence of first
infection (2.52–2.90% patient-years), suggesting that a subgroup of MSM pursued
high-risk practices following cure of a first infection [174]. Outside Europe (the USA
and Japan), no levelling off seems to be observed either, with recent reported
incidence rates being between 0.2/100 PYFU and 2.5/100 PFYU [175, 176]. The
acute HCV reinfection rate is even higher, with reported rates of 7.8 and 15.2/
100 PYFU [31, 177, 178].

A supposed reason for this increase is the emergence of national and international
networks of HIV-positive men who have unprotected sex with other HIV-positive
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men (‘serosorting’) [179]. These could have arisen because of successful HIV
treatment, widespread Internet use and low-budget travel possibilities
[157, 180]. More recently, with effective ART, PreP and PEP serosorting may
have declined, which could explain the emergence of HCV among HIV-negative
MSM. Reported determinants for HCV transmission are sexualised drug use (includ-
ing ‘chemsex’); sharing of snorting straws; receptive fisting; ulcerative sexually
transmitted infections, such as syphilis; group sex; and rectal trauma with bleeding
[158, 164, 170, 181]. There are also a number of potential mechanisms related to
HIV that might result in enhanced infectivity of and susceptibility to HCV, including
increased HCV loads in serum and semen, and defects in the gastrointestinal immune
system [17, 31].

6.4 Patients at Risk of Nosocomial Infection

Before the identification of HCV, transfusion of blood or blood-related products was
one of the main routes of its transmission. Routine anti-HCV antibody screening in
blood donations has almost eliminated the risk of HCV transmission from blood
donations in many countries worldwide. However, there remains variation in routine
testing for transfusion-related infections worldwide, and screening of blood
donations is not conducted at all in around 40 countries due to financial restrictions
with inconsistent testing in many other countries [182].

Unsafe injection, principally due to equipment reuse, in healthcare settings is also
a risk for HCV. The WHO estimates that around two million new infections each
year result from unsafe injections, accounting for 40% of all new infections
[55, 183]. In 2015, it was estimated that, globally, 5% of healthcare-related
injections remained unsafe [1].

The most dramatic example is Egypt, in which the iatrogenic transmission of
HCV during the era of parenteral antischistosomal therapy mass treatment between
1960 and 1980 led to a nationwide epidemic. As a result, 10–20% of the total
Egyptian population are currently infected, most of them with genotype 4. Because
of inadequate sterilisation of healthcare equipment (and presumably other breaches
in infection prevention and control in healthcare) and the high prevalence in the
general population, HCV continues to spread in Egypt [29, 31].

Within the European healthcare systems, HCV transmission still occurs. For
example, according to the national surveillance system in France, these infections
(mainly from invasive procedures) account for up to 25% of all acute HCV
infections diagnosed [184]. In this study, suspected healthcare procedures were
mainly surgery, haemodialysis and endoscopy, a finding consistent with previous
studies in France and Italy [184–188]. However, for hospitalised patients in Europe,
the risk of acute HCV infection via blood transfusion or via medicinal use of
contaminated needle injections has declined to low levels [31].

In most countries with available data, HCV prevalence is higher in men than
women; this finding reflects the higher prevalence of risk factors (such as
injecting drug use) in men than in women. In France, however, more women are
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infected than men [189]. Similarly, in Germany, more women aged over 69 years
have HCV infection than age-matched men [189]. In both countries, women were at
risk of infection during childbirth in the late 1970s via contaminated blood or
equipment. HCV is more common in women than men in Turkey; most infections
in Turkey are nosocomial, with hospitalisation more common in women than in men
[55, 189].

6.5 Migrants

Migrants born in countries with an intermediate or high HCV prevalence are at risk
of having a chronic infection, mainly due to a higher risk of nosocomial transmission
in the country of origin. A systematic review on the HCV prevalence among
migrants worldwide showed the anti-HCV prevalence was high (>3%) in migrants
from South Asia and sub-Saharan Africa, and intermediate (2–3%) in migrants from
Eastern Europe and Central Asia [26].

The numbers of chronically infected migrants in the EU/EEA and the UK by
country of birth and the contribution of migrants to the overall burden of disease
have been estimated for the year 2013 [190]. In 2013, around 11% of the total
population in the EU/EEA was foreign born to their country, of which 79% was born
in HCV-endemic countries (anti-HCV prevalence �1%). The anti-HCV prevalence
among migrants in the EU/EEA and the UK from HCV endemic countries was 2.3%,
corresponding to around 580,000 chronic HCV infections. While 1 in 12 people in
the EU/EEA and the UK is born in an HCV endemic country, migrants from
endemic countries account for 1 in 7 (14%) of the total number of HCV infections
in the EU/EEA and the UK. The relative contribution of migrants is higher in
countries with a low HCV prevalence in the general population and with high
numbers of migrants from countries of higher prevalence; in, for example, Germany
and the Netherlands the proportion of all HCV infections that are among migrants is
estimated to exceed 50% of the total number of chronic HCV infections [190].

6.6 Reinfection

The prospects of eliminating HCV could be counteracted by HCV reinfection in
those successfully treated, and those who have naturally cleared infection, due to
continued risks [71, 191]. This has been described in PWID and MSM [4, 165, 177,
192, 193].

Documentation of high rates of reinfection after treatment among HIV-HCV-co-
infected MSM (8–15/100 PY) [165, 177, 178, 194] as well as evidence of a highly
connected global network of HCV transmission due to travel may limit the effec-
tiveness of treatment as prevention strategies in this key risk group [28]. Reinfection
post-successful HCV treatment (n ¼ 2 studies) among MSM was 20 times higher
than initial seroconversion rates [167]. A study from eight HIV treatment centres in
four European countries found a trend for lower incidence among MSM who had
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spontaneously cleared their incident infection (5/100 PYFU) than among those who
were treated (8/100 PYFU) [165].

Based on existing data from small and heterogeneous studies of interferon-based
treatment, the incidence of reinfection after sustained virological response ranged
from 2–6/100 PY among PWID to 10–15/100 PY among MSM with HIV [71].

In a recent meta-analysis of 61 studies published in 1990–2015, the 5-year risk of
HCV reinfection in HIV-infected MSM was as high as 15% and higher than in
studies on PWID [165, 195]. However, another recent study found that when
accounting for frequency of risk behaviour, those reporting high-frequency injecting
drug use had the highest risk (adjusted reinfection rate (per 1000 PYFU): 58, 95%
credible interval [CrI], 18–134), followed by MSM reporting high-risk sexual
activity (26, 95% CrI, 6–66) and low-frequency injecting drug use [196].

More recently, HCV reinfections have also been reported in phase III trials of
DAA HCV compounds [197–199], nearly all of which have occurred among
HIV-infected MSM [165].

6.7 Discussion

Globally, HCV incidence is mainly driven by two different mechanisms: in many
developing countries, the use of unsafe invasive medical practice and lack of testing
blood donations are key, while in many high- and middle-income countries, specific
behaviours in high-risk groups such as PWID and MSM predominate. This calls for
diversified prevention and monitoring strategies: in the first case, general population-
based epidemiology and treatment with prevention focused on healthcare settings,
while in the second case risk, group-based epidemiology, prevention and treatment
are indicated.

Large-scale investment in awareness campaigns and education of the general
public and healthcare staff about the risks associated with reuse of medical
instruments might be one way to make inroads into this widespread ongoing
problem. Another critical step in the control of the global burden of HCV is
identifying and testing at-risk persons for HCV in each country. However, this
task is daunting: it is estimated that 90% of the HCV-infected individuals worldwide
are unaware of their infection status [55, 200, 201]. In 2017, the first WHO
guidelines on hepatitis B and C testing were published recommending focused
testing of individuals with (a history of) high-risk behaviour or who are part of a
population with a higher seroprevalence [202]. A general population testing
approach is recommended in settings with an anti-HCV prevalence of �2% or
‘birth cohort’ testing for specific age groups with a higher prevalence. A range of
operational interventions that can enhance testing, linkage to care and treatment and
thereby substantially optimise the continuum of care for chronic viral hepatitis were
identified in a recent systematic review of studies, (all of which except one) from
high-income countries. Findings included the following: clinician reminders to
prompt HCV testing during clinical visits increased HCV testing rates; nurse-led
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educational interventions improved HCV treatment completion and cure; and coor-
dinated mental health, substance misuse and hepatitis treatment services increased
HCV treatment uptake, adherence and cure compared with usual care [203].

The immediate priority is to scale up HCV treatment in people with severe liver
disease to reduce HCV-related morbidity and mortality, as rapidly as possible.
Thereafter, the question is which patients should be prioritised next for treat-
ment—should countries target those with moderate liver disease (pre-cirrhotic) or
those with HCV who are currently injecting drugs (or HIV-positive MSM), most of
whom will have no or mild disease, as recommended by EASL. A recent EMCDDA
publication emphasises the importance of HCV treatment in PWID—it is unlikely
that the combination of opioid substitution treatment and needle and syringe
programmes in itself will achieve substantial reductions in HCV prevalence in this
group [141]. So far, economic modelling supports treatment for and prioritisation of
PWID, as essential for achieving elimination targets. The evidence suggests that
prioritising early HCV treatment on PWID can be highly cost-effective, depending
on the prevalence of HCV [139]—but as yet we lack direct empirical evidence
(i.e. that HCV transmission is reduced as a result of scaling up HCV
treatment) [134].

While improvements in screening and treatment are becoming a priority in new
HCV strategies in some countries, there is evidence that HCV is not being addressed
in a comprehensive manner, as several countries still show important gaps in
prevention coverage, and HCV treatment provision to PWID continues to be
reported as low [37]. In high- and middle-income countries, it is clear that the
highest proportion of infected individuals are former or current PWID and that
treatment of infection is needed in this group. Substantial reductions in HCV
incidence and prevalence can only be achieved with targeted DAA therapy among
those at the highest risk of ongoing transmission [204]. However, despite the
availability of novel treatment options with improved efficacy and tolerability,
treatment is limited in this group. A recent study of the readiness in European
countries to treat hepatitis C virus in individuals with opioid use disorder, on the
basis of an expert-generated model assessment, showed that there are important
limitations to successful HCV care in people with opioid use disorders, which most
PWID are. According to the experts, specific actions should be taken: maintain/
increase access to opioid use disorders treatment services/opioid agonist therapy,
update HCV guidance, locate care in the same place and allow wider prescribing of
anti-HCV medicines [205].

Regarding PWID and HIV-infected MSM, mathematical modelling predicts that
if the required scale-up in treatment uptake with the new treatments is achieved, the
result would be substantial reductions in HCV prevalence within a decade
[138, 206]. Further benefits have been predicted if treatment is combined with an
intervention to reduce behavioural risk, which makes the eradication of HCV an
achievable goal in the HIV–HCV-coinfected population in Western Europe
[165]. Among MSM, there is a lack of evidence-based behavioural interventions
to reduce risk behaviours which have been associated with HCV transmission (such
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as sexual and drug practices associated with mucosal trauma). Therefore, additional
prevention interventions in these populations are urgently needed [28].

In contrast to PWID, the absolute numbers of HCV–HIV-coinfected MSM are
small, and most diagnosed HIV-positive MSM are linked with care, closely moni-
tored and frequently tested. Additionally, high uptake of HCV treatment among
HIV-positive MSM has been reported, with over 40% of HIV–HCV-coinfected
MSM being treatment experienced in European cohorts [153, 207, 208]. Hence,
HCV treatment for prevention may be particularly feasible in this group [28].

However, according to WHO, other key populations need to be included in
national strategies and need to be actively screened, diagnosed and linked to
treatment and prevention of reinfection, e.g. migrant communities originating from
countries with intermediate or high HCV prevalence [202].

Vaccinating key population groups at risk for HCV infection, or already infected,
against other hepatitis viruses, in particular hepatitis B, should be considered by
policy makers in accordance with local guidelines. Because of the possibility of a
higher risk of hepatitis A outbreaks among PWID, the provision of a combined
hepatitis A and B vaccination is suggested as the best way to prevent both infections
in PWID and to avoid additional harm of the liver. This is particularly important for
those who are HCV-positive.

Evidence indicates that the prevalence of HCV-related end-stage liver disease and
mortality is increasing. However, the prevalence of severe liver disease among
PWID with HCV remains largely unknown. Nor is it clear how many PWID have
been treated for HCV infection. In addition, knowledge of the coverage of other key
HCV primary interventions—opioid substitution treatment and needle and syringe
programmes—is patchy in many countries, and in many European countries there
are no reliable estimates of the population currently at risk of HCV infection through
injecting drug use. Developing better surveillance and evidence on HCV is impor-
tant and will require collaboration between international and regional organisations
and among individual countries [134].

With the new treatments, national and international strategies are required to
redesign and co-locate treatment services for managing HCV infection with special-
ist drug services for PWID. However, this is only the first step in addressing stigma
and promoting patient-facing treatment services for PWID [209]. Certainly, there is
now a window of opportunity to generate empirical data and conduct evaluations of
the impact of scaling up HCV treatment among PWID in European settings, as
treatment services are geared up to identify and deal with severe liver disease.
Ideally, potential intervention sites will have established ‘HCV treatment-in-the-
community’ services, integrated with other services that manage and support PWID,
and critically sites will need to have mature systems for collecting data on behaviour,
HCV transmission and HCV prevalence among this client group, and on HCV
testing and treatment. In the context of the EASL guidelines and the changing
therapeutic landscape of HCV, such an evaluation needs to be done as quickly as
possible [134].

The burden of HCV is high and disproportionately affects PWID. In many
countries with available data, more than half of PWID are infected, and current
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data indicate ongoing transmission. The European picture is highly variable, with
large variations in both the epidemiology of the infection and the prevention
responses undertaken [3]. The coverage of interventions in some countries continues
to be low when measured against international standards, and, in some instances, it
has even been recently decreasing, significantly increasing the risk of HCV and other
infections among PWID. There are significant gaps and also general limitations in
the available data on notifications, prevalence estimates, estimates of the numbers of
people injecting drugs and coverage of the main prevention interventions. Serious
gaps also exist in estimates of incidence, co-infection, genotypes, undiagnosed
fraction, treatment entry and burden of disease [3]. All these are valuable indicators
for monitoring the continuum of care, and they should be promoted and their
availability improved in several countries where they are still underdeveloped
[3, 35, 37].

There is a need now to generate empirical data and conduct evaluations of the
impact and cost-effectiveness of scaling up HCV treatment among people who inject
drugs in European settings [141]. Constructive prevention strategies include
acknowledgement of the problem without stigma and discrimination as a crucial
first step, education and counselling, harm reduction optimisation, scaled-up treat-
ment including treatment of injecting networks, post-treatment screening and rapid
retreatment of reinfections [71].
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Natural History of Hepatitis C Infection 7
Elisabetta Degasperi and Massimo Colombo

7.1 Introduction

Natural history of hepatitis C virus (HCV) infection has been extensively studied in
the past, since for several decades, scarcity of potent and effective antiviral
treatments allowed observational studies of large untreated cohorts. However,
deep understanding of HCV natural history has been always hampered by the
asymptomatic course of the disease, both in the acute and in the chronic infection
phase. As a consequence, many studies conducted in the field of natural history have
prospectively evaluated only selected patients’ cohorts according to presence of
HCV risk factors (blood donors, post-transfusion HCV cohorts) that could maximize
chance of early diagnosing HCV infection, thus generating data about HCV natural
course only in peculiar patient subsets. Less selected data mainly come from
retrospective or retrospective-prospective studies where a precise estimate of HCV
infection could be done according to patient’s medical history. However, also these
data have often been generated in secondary or tertiary centers, so introducing a
referral bias as patients referred for treatment were often those with a progressive
disease. Despite all these caveats, the natural course of HCV has been extensively
characterized both in the acute and in the chronic infection leading to liver disease
and its complications [1].
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7.2 Acute HCV Infection

HCV infection is acquired through parenteral transmission; risk factors include
transfusion of blood products and medical/surgical procedures before 1990–1992
(when anti-HCV screening was introduced), intravenous drug use, tattooing and
piercing, and at-risk sexual intercourse (especially MSM—men who have sex with
men), while vertical (mother-to-child) transmission rarely occurs [1, 2].

HCV-RNA becomes detectable 7–21 days after infection, while
aminotransferases (ALT) increase after 4–12 weeks. Acute infection is asymptom-
atic in 70–80% of patients, while only 20–30% develop non-specific flu-like
symptoms or overt hepatitis with jaundice. Anti-HCV antibodies become detectable
1–3 months after exposure (that usually is also the onset of clinical symptoms);
however, time to seroconversion can vary within 20–250 days, and anti-HCV are
undetectable in immunocompromised patients, so that diagnosis of acute HCV
infection still relies on serum HCV-RNA assessment. Even in case of symptomatic
HCV infection, acute hepatitis is characterized by good clinical outcome, and
fulminant hepatitis is rare. Spontaneous HCV clearance occurs only in 20–30% of
patients and is characterized by progressive ALT and HCV-RNA decline till
HCV-RNA undetectability usually 3–4 months after acute infection, while a
fluctuating pattern of ALT and HCV-RNA can be observed in 15% of patients
before self-limiting infection. In 70–80% of cases, however, HCV-RNA persists
detectable, so defining transition to chronic hepatitis infection 6 months after onset
[3–7]. As the turning point from acute self-limiting to persistent HCV infection has
been identified approximately at 3–4 months after onset in symptomatic patients,
antiviral treatment for the acute infection phase should be started in patients where
HCV-RNA tends to persist after this time period.

Several factors have been associated with spontaneous HCV clearance, including
age, gender, symptomatic acute infection, immune response, and, more recently,
genetic factors [8–10].

Younger age at infection has been associated with increased rates of spontaneous
HCV clearance, as well as female gender, where a key role of estrogen hormones has
been hypothesized [10, 11]. Symptomatic acute infection has been also recognized
as a predictive factor of spontaneous HCV clearance [12, 13].

Effective adaptive and specific CD4 and CD8 T-cell immune responses are
required to clear viral infections [14–16]; HCV has been shown to perturb adaptive
immune responses through structural (E2, core) and non-structural (NS3, NS5A)
HCV proteins, by interfering with Toll-like receptor signaling [17]. HCV infection is
also associated with disruption of specific immunity through activation of T regu-
latory cells, T-cell apoptosis, and Th1 to Th2 shift of immune responses
[18, 19]. Some studies have also concentrated on natural killer cells and their role
in HCV clearance, although other studies have shown HCV interference also with
cytotoxic NK activity [20, 21].

More recently, the single nucleotide polymorphism (SNP) rs12979860 near the
interleukin 28B (IL28B) region, initially identified as the strongest baseline genetic
predictor of sustained virologic response (SVR) to antiviral treatment, was also
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associated with spontaneous HCV clearance [22–25]. Homozygosity for the C allele
has been associated with the highest chances of spontaneous clearance, where
highest prevalence of the CC genotype is found in the East Asian countries and
can eventually explain good HCV outcomes observed in these world areas.

7.3 Chronic HCV Infection

7.3.1 Fibrosis Progression in Chronic HCV Infection

Chronic HCV infection is characterized by persistent hepatic inflammation leading
to progressive fibrosis deposition in the liver, eventually resulting in cirrhosis
development and its complications. Many studies have attempted to estimate fibrosis
progression in chronic HCV infection and describe this complex process that is
influenced by many host, viral, and environmental factors, resulting in different
fibrosis progression rates at the individual level. Two approaches have been mainly
used to depict fibrosis progression: the first relies upon serial liver biopsies and
calculates fibrosis progression rate by considering time intervals between each
fibrosis assessment (direct approach), while the second approach derives fibrosis
progression from a single liver biopsy basing on estimated time of HCV infection in
patient’s medical history (indirect approach). Although liver biopsy still represents
the gold standard to assess fibrosis stage, all approaches can be influenced by the
possibility of sampling error and potential misclassification of correct fibrosis stage
due to inadequate liver sampling, irregular fibrosis deposition, and intra-/
interobserver variability by liver pathologists [26].

A direct approach with repeated liver biopsies has the advantage to calculate
transition rates for any fibrosis stage and to rely upon several assessments of liver
biopsy. However, very few studies investigated fibrosis progression rate with this
approach: in 2003, Ghany and colleagues evaluated fibrosis progression rate in a
cohort of 123 HCV untreated patients who underwent two liver biopsies at a mean
interval of 44 months (range 4–212 months). 48 out of 123 (39%) patients showed
fibrosis progression: 75% had a 1-point increase in Ishak score, 25% a �2-point
increase, and 9% progressed to cirrhosis. Overall progression rate was 0.12 fibrosis
units/year, predicting cirrhosis development in 50 years, given a linear fibrosis
progression. However, the authors find that ALT levels, older age, and inflammation
degree in initial liver biopsy were predictors of accelerated fibrosis progression
[27]. The following year, Ryder and colleagues partially replicated these findings
in 214 HCV untreated patients with mild baseline fibrosis (188/214 patients with
fibrosis stage 0–1 according to Ishak score), prospectively followed up with repeated
liver biopsies at a median 2.5-year intervals: 70/219 (33%) patients showed progres-
sion of at least 1 fibrosis point, while 23 patients (11%) progressed at least 2 points
over a median follow-up of 30 months. Independent predictors of fibrosis progres-
sion were age and fibrosis stage at first biopsy [28].

On the other hand, most literature studies concerning fibrosis progression have
been conducted with the indirect approach that is inferring fibrosis progression rate
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from a single liver biopsy and disease duration, according to estimated time of HCV
infection. The landmark study in this field was conducted in 1997 by Poynard and
colleagues on 2235 HCV untreated patients from 3 different French cohorts and
1 available liver biopsy staged according to the METAVIR score. Fibrosis progres-
sion rate was calculated as a ratio between fibrosis stage and duration of infection
according to patient’s medical history: median fibrosis progression rate resulted
0.133 fibrosis units/year (95% CI 0.125–0.143) with a median time from infection
to cirrhosis progression of 30 years (range 28–32). However, the analysis led to
identify 3 different patient groups according to different observed patterns of fibrosis
progression: indeed 377 (33%) patients had an expected time to cirrhosis less than
20 years (fast progressors), 356 (31%) did not show any expected progression to
cirrhosis over 50 years (slow progressors), and the remaining were intermediate
progressors. Three independent factors were associated with increased rates of
fibrosis progression: age at infection, >50 g/day alcohol intake, and male sex,
where time to cirrhosis progression ranged from 13 years in men infected after the
age of 40–42 years in women not drinking alcohol and infected before age of
40 [29].

Since this pivotal study, many other papers have been published about fibrosis
progression, leading to highly heterogeneous results, mainly due to study design,
patient population studied (especially concerning prevalence of known co-factors of
fibrosis progression), and methods used to estimate fibrosis progression rate. Glob-
ally considered, development of cirrhosis is reported in approximately 10–20% of
patients following 20–30 years of chronic infection, prevalence of cirrhosis ranging
from 2–3% to 51% according to different studies. Indeed retrospective data derived
from tertiary referrals centers have often reported higher progression rates to cirrho-
sis (17–55% at 20 years) [1, 30–33], compared to prospective data coming from
blood donors and community cohorts, where the corresponding figures were 1–2%
cirrhosis development after 20 years [34–36]. This can be easily explained by
presence of ascertainment bias, since patients coming from clinical settings and
tertiary liver centers are more likely to suffer from advanced disease stages, as this
was the indication for considering antiviral treatment and referring the patient to a
more specialized center. A recent meta-analysis of 111 studies about a total of
33.121 HCV patients reported an overall 16% estimated prevalence of cirrhosis at
20 years and 41% at 30 years, confirming lower rates in retrospective-prospective
studies and higher cirrhosis rates in clinical settings and cross-sectional studies from
liver referral centers. Annual mean stage-specific transition probabilities calculated
by Markov maximum likelihood estimation method were 0.117 (stage F0–F1
according to METAVIR score), 0.085 (F1–F2), 0.120 (F2–F3), and 0.116 (F3–
F4). According to this model, as previously reported in other studies, fibrosis does
not follow a linear progression, rather a nonlinear upward curve with an accelerated
progression with older age and duration of infection [37].
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7.3.2 Co-factors Affecting Fibrosis Progression

Several host, viral, and environmental factors have been shown to influence natural
history of chronic hepatitis C, making fibrosis progression highly variable at the
individual level: age, gender, ethnicity, genetic background, viral genotype, ALT
levels, human immunodeficiency virus (HIV)/hepatitis B virus (HBV) coinfection,
alcohol consumption, obesity, and insulin resistance.

Natural history of HCV infection according to presence of co-factors is depicted
in Fig. 7.1.

7.3.2.1 Age
Age at the time of HCV infection has been shown to significantly affect fibrosis
progression during HCV natural history: indeed there is a positive correlation
between age at infection and development of advanced fibrosis, so that patients
infected during childhood usually show mild and non-progressive diseases. This has
been extensively confirmed in many studies focusing on transfusional and surgical
cohorts; a German study comparing children undergoing cardiac surgery with age
and sex-matched controls found only 3/67 (4%) patients developing progressive
liver disease over 20 years of infection [38]. On the other hand, age at infection
above 40 years was independently associated with increased rates of fibrosis pro-
gression by the Poynard study conducted on 2235 patients [29] and confirmed by
other studies [29, 39, 40]. Fibrosis progression seems also to accelerate overtime
with an exponential rate in older ages, although it is difficult to evaluate fibrosis
progression by age independently from other host and environmental factors. The
mechanisms linking aging to accelerated fibrosis progression are not still
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Fig. 7.1 Natural history of HCV infection according to co-factors of disease progression
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understood; however, impaired regenerative capacity, cellular senescence by telo-
mere shortening, and interplay with immune responses could play an important role.

7.3.2.2 Gender
Male sex has been associated with accelerated fibrosis progression, with a more than
30% increased annual fibrosis progression rates compared to female sex
(0.154 vs. 0.111 fibrosis units/year, p < 0.001) [29]. Many studies conducted on
female cohorts have confirmed the protective role of female gender, as two prospec-
tive studies in 376 Irish and 529 German women infected by contaminated anti-D
immunoglobulin showed 0.5% and 2% cirrhosis development after 17 and 25 years
of HCV infection, respectively [33, 34]. A subsequent update of the German cohort
reported 9% cirrhosis after 35 years of chronic infection [41]. Estrogen hormones
seem to be the main responsible for the protective role of female gender, as estradiol
has been showed to inhibit stellate cells which are involved in fibrosis deposition in
the liver [42, 43]. Consistently with these observations, a retrospective study includ-
ing 710 HCV-infected women found a significant association between postmeno-
pausal state and more advanced liver fibrosis, meaning that fibrosis progression
accelerates in parallel with estrogen deprivation [44]. This was also confirmed in
another large retrospective analysis on 472 women, where patients receiving post-
menopausal hormone replacement therapy showed lower rates of fibrosis progres-
sion compared to untreated women [45].

7.3.2.3 Ethnicity
African-American patients show higher rates of advanced fibrosis, hepatocellular
carcinoma (HCC), and liver-related mortality when compared to Caucasians
[46, 47], despite some authors hypothesized that this could result also from limited
care access in this patient group [48]. Indeed a more recent retrospective study on
812 HCV patients with available liver biopsies found the highest cirrhosis rates in
Hispanic patients with respect to other groups, as cirrhosis was diagnosed in 78/157
(50%) Hispanic patients vs. 134/354 (38%) non-Hispanic white and only 72/301
(24%) African-Americans ( p< 0.001). Cirrhosis was also associated with older age,
longer duration of infection, body mass index (BMI), alcohol consumption, and
diabetes, while at multivariate analysis, only BMI and ethnicity remained
significant [49].

Concerning Eastern ethnicity, a study conducted in the UK evaluated natural
history of HCV infection in 120 patients of Indian origin compared to 2123 white
patients, reporting overall higher rates of advanced fibrosis in Asian patients.
However, when adjusting data for disease duration in patients with a known date
of infection, fibrosis progression resulted similar in the two groups [50].

7.3.2.4 Genetic Background
Several studies tried to identify genetic determinants of accelerated fibrosis progres-
sion in chronic HCV infection, by concentrating on HLA major histocompatibility
complex, genes involved in extracellular matrix turnover and fibrosis deposition, as
well as key steps of inflammatory pathways. Class II alleles DRB*0405 and
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DQB1*0401 of HLA major histocompatibility complex have been associated with
fibrosis progression, whereas other alleles such as DRB1*11 and DQB1*03 have
shown a protective role [32, 51, 52]. Liver fibrosis has been also associated with
upregulation of 11 genes including extracellular matrix production/remodeling
factors (TIMP1, MMP7), growth factor receptors (CCR2, CXCR3, CXCR4), and
cytokines (CXCL6, IL-8, IL-2), where this genetic signature showed good accuracy
in discriminating mild versus moderate fibrosis [53]. More recently, the availability
of genome-wide association studies allowed extensive testing of multiple gene
regions and SNPs in large patient cohorts, in order to identify significant association
with advanced fibrosis. A French cohort study evaluating 2342 HCV patients of
European descent identified a significant association between fibrosis progression
and SNPs rs16851720 and rs4374383, whose encoded products are involved in
antioxidant and apoptotic processes [54]. In the Swiss Hepatitis C Cohort Study,
conducted on 1461 HCV patients with available liver biopsy and estimated date of
infection, age at infection, sex, and SNPs rs9380516 (TULP1), rs738409 (PNPLA3),
rs4374383 (MERTK), and rs910049 (major histocompatibility complex region)
were associated with higher fibrosis progression rates. Results were replicated in
three additional independent cohorts and a following meta-analysis [55].

Since the identification of the SNP rs12979860 near the interleukin 28B gene as
the strongest predictor of SVR to peginterferon (PegIFN) + ribavirin (Rbv) antiviral
therapy, many studies tried to investigate a potential role of IL28B genotype in HCV
natural history, with conflicting results: if some authors found a significant associa-
tion between the IL28B T unfavorable allele and fibrosis progression, other studies
did not replicate these results [56, 57]. Finally, much research has also focused on the
rs738409 C > G SNP in the patatin-like phospholipase domain-containing protein
3 (PNPLA3), which is a recognized genetic determinant of liver steatosis and fibrosis
in non-alcoholic fatty liver disease (NAFLD): the mutated PNPLA3 GG genotype
has been associated with liver damage in terms of steatosis and increased fibrosis
also in patients with chronic HCV infection by two large studies evaluating a total of
1356 HCV patients [58, 59].

7.3.2.5 Viral Genotype
The influence of HCV genotype on fibrosis progression has been much debated, as
many studies in the past decades reported a more aggressive disease pattern with
accelerated fibrosis progression and increased HCC risk in genotype 1b patients [60–
64]. However, other authors did not replicate these findings, as influence of HCV
genotype was no longer significant after adjusting data for duration of infection and
patient age, probably meaning that the proposed role of HCV genotype 1b was
related to a selection bias of patients with longer disease duration [65–67]. Moreover,
reduced chances of HCV cure by PegIFN + Rbv treatment could also account for a
worse prognosis in HCV-1b patients when compared with other genotypes with
increased SVR rates.

HCV genotype 2 has been also claimed responsible for accelerated liver disease
progression due to the possibility of ALT flares that seem to occur more frequently in
HCV-2 compared to other genotypes [68, 69]. Genotype 3 has been found associated
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with development of liver steatosis due to a pro-steatogenic effect of HCV-3 core
protein [70, 71]. More recently, a large study from the Swiss Hepatitis C Cohort
including 1189 patients with date of infection reported HCV-3 as an independent
risk factor for accelerated fibrosis progression (OR 1.89, CI 1.37–2.61, p < 0.001)
together with male sex, age at infection, and histologic activity [72, 73]. In addition
to a potential role of HCV-3 genotype in fibrosis progression per se, it has to be
considered that infection with this genotype is epidemiologically linked to at-risk
behaviors such as intravenous drug abuse and alcohol intake that could also contrib-
ute to a more aggressive disease.

7.3.2.6 ALT Values
Patients with persistently normal ALT values seem to display a slowly progressive
liver disease compared to abnormal or fluctuating ALT patterns [74–76]. This is not
surprising as biochemical values are a surrogate markers of histologic intrahepatic
inflammation, which emerges in many studies as a determinant of liver fibrosis
progression [31, 77]. However, also patients with persistently normal ALT values
can display fibrosis progression, and up to 10% of patients have bridging fibrosis at
liver biopsy, thus suggesting that ALT values are not reliable markers of disease
severity [76, 78].

7.3.2.7 HIV and HBV Coinfection
Prevalence of HBV/HCV co-infection is estimated approximately 5–20% in HBsAg
+ patients and 2–10% in HCV patients, as both viruses share common transmission
routes and risk factors [79, 80]. HBV and HCV reciprocally interfere leading to
multiple possible patterns of viral replication: indeed, most frequently HCV actively
replicates over HBV, whereas active HBV replication can prevail on HCV, and also
both active viral replication can occur [79]. Although long-term prospective studies
are lacking, the outcome of HBV/HCV co-infection is considered more severe than
mono-infection, as data suggest higher rates of cirrhosis, liver decompensation, and
HCC development in co-infected patients [81–85]. However, a recent meta-analysis
showed contradictory results concerning increased HCC risk in these patients [86].

Also HIV and HCV infections share common risk factors, where HCV preva-
lence is strictly linked to at-risk behaviors such as intravenous drug abuse and risky
sexual intercourse. In HIV-infected patients, HCV co-infection has been associated
with higher HCV-RNA serum levels and is an established risk factor for liver disease
severity and progression to advanced fibrosis and liver-related events [87–89]. HIV
co-infection was also a negative predictors of response to PegIFN + Rbv antiviral
treatment, although the development of direct-acting antiviral drugs for HCV ther-
apy has now challenged this issue and cure rates for mono or co-infected patients are
now largely coincident.

7.3.2.8 Alcohol Intake
Despite many clinical data have been generated concerning influence of alcohol
intake on HCV natural history, results are still highly heterogeneous. One of the
main issues in evaluating alcohol as a co-factor affecting fibrosis progression is the
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poor standardization of alcohol intake as self-reported information, although many
specific questionnaires have been developed in order to improve objectivity. In
addition, the concept of “standard drink” unit, defined as the beverage dose
containing a fixed alcohol quantity (100 mL wine ¼ 1 bottle beer ¼ 1 shot of
spirits), has been widely adopted to obtain reproducible data, although quantity of
alcohol contained in a standard drink can vary according to different geographical
areas (i.e., 10 g/alcohol in Europe, 12 g in the USA, and 23 g in Japan) [91, 92].

Many studies have consistently demonstrated that alcohol accelerates fibrosis
progression in HCV, although many different cut-off values for the risky alcohol
dose have been proposed: in the French study by Poynard and colleagues conducted
on 2235 HCV patients, a daily alcohol intake of 50 g/day was associated with more
advanced fibrosis development, independently from patient age and HCV infection
duration, conferring a 34% increase in fibrosis progression rate compared to patients
drinking less than 50 g/day [29]. Other studies have suggested an alcohol-related
damage in HCV patients also for minor levels of alcohol intake: another French
study evaluating 260 HCV patients with available liver biopsy has demonstrated a
direct proportional increase between hepatic inflammation at liver biopsy and alco-
hol intake starting since a daily dose of 20 g/day. Alcohol intake was associated with
moderate-severe steatosis (54% in patients drinking 31–50 g/day vs. 26% in patients
drinking <20 g/day) and moderate-severe fibrosis (67% in 31–50 g/day vs. 38% in
20–30 g/day). A moderate alcohol intake defined as 31–50 g/day was confirmed
significantly associated with fibrosis progression at multivariate analysis [93]. More
recently, a Scottish group has tried to determine the alcohol-attributable risk for
cirrhosis in HCV-related liver disease. In 1620 patients with known date of infection,
alcohol intake above 50 standard drinks/week for at least 6 months resulted in>50%
an attributable risk of cirrhosis, meaning that a significant proportion of HCV
patients develops cirrhosis due to alcohol intake rather than HCV itself [94].

In addition to direct ethanol direct toxic effect, accelerated fibrosis progression in
HCV patients has been linked to the synergistic interplay between ethanol and
hepatitis C virus: indeed, alcohol abuse seems to reduce immune-mediated cellular
response towards non-structural HCV proteins and to determine a Th2 polarization
of immune responses [95]. Some other studies have suggested an ethanol-mediated
promoting effect on viral replication, where HCV patients with alcohol abuse
display higher viremia levels than HCV abstainers [96].

Whether daily or episodic alcohol intake is associated with the highest risk of
liver damage has been also much debated, since binge drinking (defined as more
than 50–60 g alcohol ingestion in a limited time period, usually 2 h) is becoming
increasingly common: many studies conducted in alcohol-related liver disease
suggest that daily alcohol intake confers the highest risk of developing liver damage
[97–100], whereas other authors have reported an increased risk for binge
drinking [101].

7.3.2.9 Steatosis, Obesity, and Insulin Resistance
Hepatic steatosis has been reported as an independent predictor of fibrosis progres-
sion by many studies: a French study prospectively evaluating 96 HCV patients
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undergoing two liver biopsies at a mean interval of 48 months found 31% patients
with evidence of fibrosis progression that was associated with male sex, worsening
of histological activity, and worsening of steatosis. At multivariate analysis, wors-
ening of steatosis was independently associated with liver fibrosis (OR 4.7 CI
1.3–10.8, p ¼ 0.0001) [77]. These results have been confirmed by other cross-
sectional studies, where steatosis correlated with fibrosis; visceral fat distribution
and HCV genotype 3 infection were the other variables significantly associated with
steatosis degree [102]. Steatosis at baseline liver biopsy was associated with worse
clinical outcomes and progression of liver disease in 985 patients from the HALT-C
study, where also insulin resistance defined by HOMA and weight changes predicted
disease progression [103]. The independent association between steatosis and fibro-
sis has been also confirmed by a large meta-analysis conducted on 3068 patients with
histologically confirmed HCV chronic infection [104]. Moreover, the
pro-steatogenic role of HCV genotype 3 could partially explain data demonstrating
a faster fibrosis progression in patients with HCV-3 chronic infection [72].

Steatosis is only a part of the complex interplay between HCV infection, insulin
resistance, obesity, and metabolic syndrome, whose separate contribution in liver
disease progression during chronic HCV infection is difficult to evaluate. The
increased prevalence of type 2 diabetes mellitus (DM2) observed in HCV patient
population has suggested that the virus itself may be also directly involved in DM2
pathogenic mechanisms [105]. Indeed, HCV may directly promote insulin resis-
tance, the first step in the process leading to DM2 development, as the HCV core
protein has been shown to inhibit insulin receptor-dependent signaling pathways
[106]. Whenever virus-related or host-related in metabolic syndrome, insulin resis-
tance and DM2 are key determinants of liver disease progression and risk factors for
liver-related complications [107, 108].

Indeed, a recent nationwide cohort study from Taiwan enrolling 6251 patients has
demonstrated that new onset of diabetes was associated with increased risk of
cirrhosis and liver decompensation over a 10-year follow-up period. Patients with
new-onset diabetes showed a significantly higher cumulative incidence of cirrhosis
(RR ¼ 1.53; 95% CI ¼ 1.11–2.11; p < 0.001) and decompensated cirrhosis
(RR ¼ 2.01; 95% CI ¼ 1.07–3.79, p < 0.001) compared to non-diabetic patients.
After adjustment for age, gender, and comorbidities, diabetes was still an indepen-
dent predictor for cirrhosis (HR ¼ 2.505; 95% CI ¼ 1.609–3.897; p < 0.001) and
decompensation (HR ¼ 3.560; 95% CI ¼ 1.526–8.307; p ¼ 0.003) [109].

It is important to underline that insulin resistance and diabetes have been
identified by many studies as host factors negatively affecting chances of achieving
HCV cure in the PegIFN + Rbv treatment era [110–113]: as a consequence,
influence of diabetes on natural history of HCV infection in past studies could also
result by a treatment bias where patients with DM2 were less likely to achieve HCV
eradication. In addition, SVR to antiviral treatment has been shown to improve
insulin resistance or partially prevent de novo insulin resistance development [114–
117]. However, even after HCV cure, metabolic factors and especially presence of
diabetes have been found as the strongest predictors of liver-related complications
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long term, particularly hepatocellular carcinoma [118, 119], thus reinforcing the
strong link between DM2 and worse prognosis in HCV infection.

7.4 HCV-Related Cirrhosis and Complications

From a clinical point of view, natural history of cirrhosis encompasses a large
disease spectrum and is characterized by a continuum, where architectural alterations
and loss of functioning parenchyma eventually result in liver dysfunction and
development of cirrhosis complications, such as portal hypertension and ascites,
variceal bleeding, hepatocellular carcinoma, and liver insufficiency. Irrespective
from liver disease etiology, a systematic literature review by D’Amico and
colleagues has proposed a classification of cirrhosis of in four clinical stages,
where each stage is associated with different risk of clinical complications, survival
rates, and prognosis. Stage 1 is characterized by compensated cirrhosis without
esophageal varices or ascites, with excellent overall survival (90–95% at 5 years)
and 1% mortality rate/year. Progression from stage 1 to other stages occurs in
approximately 11% of patients/year, due to ascites onset or development of varices.
Stage 2 is characterized by presence of varices without bleeding or ascites and
displays a yearly 3.4% mortality rate. It is estimated that 6.6% and 4% of patients/
year develop ascites or variceal bleeding, respectively, thus progressing to stage
3 and 4. Stage 3 is characterized by ascites with or without varices, with mortality
increasing to 20%/year, whereas stage 4 is defined when gastrointestinal bleeding
occurs with or without ascites; in this latter stage, 1-year mortality reaches 57%.
Overall, stages 1 and 2 identify patients with compensated cirrhosis, while stages
3 and 4 refer to decompensated patients [120].

These figures remain true if considering HCV-related cirrhosis, as it is now
established that compensated cirrhosis display good overall survival, whereas tran-
sition from compensated to decompensated cirrhosis and development of portal
hypertension results in increased rates of liver-related complications and is
associated with reduced survival and worse short-term prognosis.

A 17-year cohort study including 214 HCV patients with compensated cirrhosis
reported 60 (28%) patients progressing from compensated (Child-Pugh A) to
decompensated cirrhosis, 45 (21%) patients Child-Pugh class B, and 15 (7%)
Child Pugh C, respectively, whereas 154 (72%) patients remained in compensated
status. According to liver-related complications, HCC developed in 68 (32%),
ascites in 50 (23%), jaundice in 36 (17%), upper gastrointestinal bleeding in
13 (6%), and encephalopathy in 2 (1%), with annual incidence rates of 3.9%,
2.9%, 2.0%, 0.7%, and 0.1%, respectively. HCC was the main cause of death
(44%) and the first complication to occur in 58 (27%) patients, followed by ascites
in 29 (14%), jaundice in 20 (9%), and upper gastrointestinal bleeding in 3 (1%),
resulting in 4% annual mortality rate [121]. These figures were confirmed in another
10-year prospective study on 254 HCV cirrhotic patients, where 31% of patients had
at least one complication at the end of study period. The most frequent complication
was HCC that was also the first complication to develop, followed by ascites,
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gastrointestinal bleeding, and encephalopathy [122]. Follow-up data from the large
HALT-C study, originally designed to investigate the potential benefit of PegIFN
maintenance treatment in advanced fibrosis patients failing to achieve the SVR,
allowed evaluating clinical outcomes over 8-year follow-up in 1050 patients. Clini-
cal events occurred in 7.5% cirrhotic patients/year: decompensation was the most
common event followed by HCC development. After clinical decompensation,
probability of a second liver-related event increased to 12.9%/year, and mortality
resulted in 10%/year. Baseline platelet count, indicating more advanced disease at
baseline, was a strong predictor of all clinical events. During the 8 years of follow-
up, death or liver transplantation occurred in 31.5% of patients with cirrhosis [123].

Confirming the key role of portal hypertension as determinant of liver-related
events and prognosis, the study by Bruno and colleagues in 194 HCV patients with a
median follow-up of 14 years demonstrated that esophageal varices were associated
with development of decompensation (HR ¼ 2.09; 95% CI 1.33–3.30) and liver-
related death (HR ¼ 2.27; 95% CI 1.41–3.66). A MELD score > 10 predicted
overall mortality (HR ¼ 2.15; 95% CI 1.50–3.09), whereas overall survival of
patients with MELD�10 was 80% at 10 years. HCC occurrence increased the risk
of decompensation fivefold (HR¼ 5.52; 95% CI 3.77–8.09). 131 patients developed
decompensation (ascites, bleeding, hepatic encephalopathy), and 109 patients had
HCC, resulting in 9 liver transplants and 158 deaths. Decompensation was the main
determinant of mortality which respect to HCC [124]. These results were confirmed
also by a larger prospective study on 402 patients with HCV-related compensated
cirrhosis, where incidence of liver-related complications was higher in patients with
cirrhosis stage 2 according to D’Amico classification, that is, patients with varices
with respect to stage 1 (66% vs. 26%, p < 0.001). Indeed over a median of
176 weeks, 67 patients in stage 1 (22%) developed varices, and clinical decompen-
sation occurred in 80 patients (20%). The 6-year cumulative overall mortality or liver
transplantation was 15% and 45%, for stages 1 and 2, respectively
( p < 0.001) [125].

Risk of HCC development in HCV-related liver disease has been estimated
3–5%/year in patients with cirrhosis [121, 122, 126, 127], while it is a rare event
in chronic hepatitis: indeed advanced liver disease and older age as predictors of
HCC development suggest that oncogenic risk increases in late phases of HCV
natural history [127, 128]. As a result, according to epidemiological peculiarities in
HCV infection spread across different countries, HCC is on the rise especially in
Northern America and Europe, due to parenteral risk behaviors as main HCV risk
factors, while is declining in several traditionally high-risk countries of the Mediter-
ranean Europe, Japan, and Hong Kong, following effective measures of national
health to prevent HCV diffusion through medical procedures [129, 130]. HCC onset
is one of the most frequent complications during natural history of HCV-related
cirrhosis and is often associated with clinical decompensation, resulting in increased
liver-related mortality [121–124]: indeed, liver disease progression and
decompensated cirrhosis are the main factors affecting outcome of HCC patients,
as liver insufficiency prevents eligibility to radical options for HCC treatment [131].
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In addition to age and cirrhosis, male gender and metabolic syndrome with insulin
resistance and DM2 are other strong risk factors for HCC development, together
with alcohol intake and HBV co-infection [85, 118, 128, 130, 132, 133]. Several
attempts have been made in order to refine risk stratification in HCV patients through
development of HCC risk scores, these models taking into account presence of
known HCC risk factors [126, 134–136] (Table 7.1). However, these scores have
been often developed in selected patient subsets, so that applicability to other
settings is unclear and further validation in larger patient populations is needed.

Due to advancing molecular and genetic science, many studies have also tried to
evaluate HCC molecular aberrations, in order to identify specific mutations or gene
signatures associated with carcinogenesis. Indeed polymorphisms in the NBS1 gene,
involved in DNA repair mechanisms, have been associated with HCC, where
patients with homozygosis for the mutated NBS1 G allele carried a doubled risk of
HCC development with respect to wild-type CC genotype [137]. A recent genome-
wide association study, conducted in more than 400 patients, has also reported a
strong association between the single nucleotide polymorphism rs17047200 in the
tolloid-like 1 gene (TLL1) and HCC development: indeed carriage of the mutated
allele T emerged as an independent risk factor for HCC, and levels of TLL1
messenger RNA have been found increased in HCV liver tissues in parallel with
advancing fibrosis [138]. Molecular research has also focused on epigenetic
alterations, where hypermethylation of promoters involved in key steps of cell
proliferation have been described in HCC patients [139]. Finally, some studies
have also pointed out importance of amino acid substitutions in HCV viral proteins,
especially the core region, which has been associated with increased risk of
carcinogenesis [140].

7.5 HCV Extrahepatic Manifestations

It is now recognized that HCV infection is a true systemic disease, as it is associated
with many extrahepatic manifestations (EHMs) resulting in additional comorbidities
and impaired quality of life in HCV patients [141, 142]. Strict relationship with HCV
infection has been well established for some disorders, such as mixed
cryoglobulinemia and hematologic malignancies like non-Hodgkin lymphoma,
where HCV eradication represents a true etiologic treatment, thus confirming the
direct pathogenic role of HCV replication [143]. The list of HCV-related disorders is
currently on continuous update, since association with HCV infection has been also
recognized for lichen planus, monoclonal gammopathies, as well as fibromyalgia
and sicca syndrome [141]. In recent years, moreover, many studies have also
demonstrated a strong association between HCV infection and insulin resistance,
diabetes, cardiovascular risk, end-stage renal disease, and neurocognitive disorders
[114, 117, 144]. This has been confirmed by large population studies demonstrating
that HCV treatment is associated with improved extrahepatic outcomes, i.e., lower
incidence of end-stage renal disease, acute coronary syndrome, and ischemic stroke
[144, 145]. All in all, HCV eradication following antiviral treatment positively not
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only affects liver disease and liver-related complications but also results in reduced
all-cause mortality in HCV-infected patients [146, 147].

For extensive discussion of HCV-related extrahepatic manifestations, see
Volume II.

7.6 Natural History of Cirrhosis Following HCV Eradication

The long-standing dogma that cirrhosis should represent a no-return point has been
challenged by many studies demonstrating that the achievement of the SVR follow-
ing antiviral treatment, that is, HCV eradication, determines a clinical and histologi-
cal improvement resulting in prevention of liver-related complications and increased
survival.

Indeed several follow-up studies conducted in patients treated with PegIFN-based
therapy have demonstrated liver fibrosis improvement and cirrhosis regression in
30–60% patients 3–5 years after the SVR [148–156] (Fig. 7.2).

Consistent evidence now exists that SVR has to be considered a real survival
endpoint in HCV patients with advanced fibrosis, since it is associated with
increased survival and reduction in all-cause mortality as well as liver-related
mortality [64, 146, 157, 158].

In compensated cirrhosis, HCV cure improves portal hypertension: two pivotal
papers have nicely demonstrated that the achievement of SVR prevents or delays de
novo development of esophageal varices, although some patients are still at risk and
persisting endoscopic surveillance is recommended in SVR patients with cirrhosis
[159–161]. Along with portal hypertension prevention, SVR results in reduced risk
of liver disease progression and clinical decompensation, eventually increasing
survival of cirrhotic patients similarly to general population [157, 158, 162]. In
decompensated cirrhosis, clinical trial and real-life data with new direct acting
antivirals have consistently reported improvement of liver function and MELD

From D’Ambrosio et al, Hepatology 2012 [158]

B: Pre-treatment liver biopsy
C: Post-treatment liver biopsy (5 years after HCV eradication)

Fig. 7.2 Cirrhosis regression following achievement of HCV eradication
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score in at least 30–50% of patients, although most currently available data refer to a
6–12 months observation period and longer follow-up is needed to prospectively
confirm these evidences, as these patients still carry high risk of liver-related events
in the short and long term [163–166].

Several works have provided strong evidence that achievement of SVR is
associated with decreased incidence of HCC in patients with HCV-related cirrhosis;
a meta-analysis evaluating 30 studies with 31.528 patients treated in the IFN-based
era reported that SVR was associated with a reduced HCC risk in HCV patients with
all stages of fibrosis (OR 0.24, 95% CI 0.18–0.31) [167]. More recently, a large
cohort study from Veterans Affairs prospectively following 33.005 HCV patients
treated with PegIFN � Rbv from 1999 to 2009 reported a 0.33% annual HCC
incidence in SVR patients vs. 1.32% in non SVR, confirming that SVR was
associated with a significant reduction in HCC risk (HR: 0.49, 95% CI 0.46–0.53).
However, annual HCC risk remained significantly higher among patients with
cirrhosis (1.39%), meaning that these patients need to continue regular HCC sur-
veillance overtime. Cirrhosis was identified as an independent predictor of HCC in
the multivariate analysis together with age and diabetes [119]. A large revision of
published clinical data about 1000 patients with advanced fibrosis/cirrhosis achiev-
ing the SVR has reported a 1% annual risk for HCC and 2% for disease progression;
independent variables associated with residual HCC risk were age, diabetes, and
lower platelet count, suggesting more advanced disease at baseline [168].

7.7 Conclusions

Natural history of HCV infection has been a challenging topic in last decades, where
individual variability often prevented modeling of liver disease progression and
many environmental factors acted as accelerators of fibrosis deposition. However,
the scenario is rapidly changing, and availability of potent and effective antiviral
treatments will modify natural history of HCV infection: indeed, increased efficacy
together with worldwide scale up of treatment will reach the goal of HCV infection
eradication in next decades. As a consequence, there will be a progressive shift from
natural history of HCV infection to HCV-cured liver disease, where clinical
outcomes and risk for liver-related complications are largely modified. However,
even in this future scenario, cirrhotic patients will be still at risk of complications,
and co-factors, especially metabolic syndrome, will play an important role as
determinants of liver damage.
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Epidemiology: Modeling of Natural History 8
Vana Sypsa

8.1 Introduction

The natural history of a disease refers to the course of the disease over time in the
absence of treatment. As it has been detailed in previous chapters, infection with
HCV can progress to liver fibrosis and may lead to the development of cirrhosis,
HCC, liver failure, and death. The collection of these stages constitutes the natural
history of the disease. A large number of retrospective and prospective studies on
chronic hepatitis C (CHC) patients have allowed to gain insight into the various
stages of the disease as well as the time course of disease progression. The latter is
important as it relates to the rate at which patients progress through disease stages.

Models have been widely employed, in particular in infectious diseases, to
provide a simplified representation of complex phenomena and to obtain useful
estimates. A model describing the natural history of a disease consists of disease
stages as well as allowed transitions between them. Once a proper model structure is
established, then patients are assumed to transition between disease stages based on a
set of transition probabilities. Thus, models consist of three important ingredients:
disease stages, allowed transitions between stages, and corresponding stage-specific
transition probabilities. In the case of CHC, models aim to mimic the course of the
disease from infection to the occurrence of serious sequelae (cirrhosis, HCC, death)
as in the example of Fig. 8.1.

This representation can be very convenient as the slow progression of CHC
makes it difficult to obtain data covering the whole course of the disease. Employing
a series of stages, with appropriate transitions between them, allows to make use of
epidemiological studies providing estimates on the rate of progression between
stages, e.g., on the annual probability of developing HCC among cirrhotic patients
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or of death among HCC patients. If there are reliable estimates of these transition
probabilities, then it is possible to employ the model and synthesize information to
obtain estimates on the risk of developing cirrhosis, of HCC, and of liver-related
mortality since the onset of infection. If estimates of transition probabilities are
available according to patients’ characteristics (e.g., age and/or gender), then more
refined estimates of the time to develop cirrhosis and other sequelae can be obtained.

Models can be also used to estimate stage-specific transition probabilities based
on the fit of the model to a set of observed data. For example, Deuffic et al. [1]
estimated the annual probability of progression from chronic hepatitis to cirrhosis
that provided the closest fit between the observed data on HCV-related HCC deaths
in France and the corresponding model predictions. It is possible to estimate these
probabilities according to important patient characteristics, such as age and gender.

Apart from the usefulness of models in gaining a better understanding of the
natural history of CHC, they are also extensively used to investigate public health
policy questions. Thus, it is possible to use them to estimate the course of the disease
for a given population, for example, HCV-infected persons in a country, and project
the future morbidity and mortality burden of CHC [1–8]. Another interesting
application is to incorporate the impact of prevention and/or treatment in the models
and use them to assess the impact of alternative prevention and treatment strategies
in reducing the future burden of CHC and to evaluate the associate costs [9–21]. The
latter however is out of the scope of this chapter.

To summarize, models of natural history of CHC can be used to estimate
parameters related to the natural history of HCV as well as to project the disease
burden anticipated in the following years. They can be also used to compare the
impact of alternative strategies on the future burden. They are important at an
individual level, as they produce individualized information on risk of disease
progression, and also at population level as they allow to estimate liver disease
burden in a given population [22].

This chapter reviews the natural history models that have been used for CHC.
First, it discusses the various challenges in modeling the long, asymptomatic period
before the occurrence of serious sequelae. Then, it reviews the approaches and
methods that have been used to estimate the rate of progression between fibrosis
stages. The chapter concludes with a discussion of the estimates produced by the
application of these methods.

Infection Chronic 
hepatitis

Cirrhosis HCC

Death

Fig. 8.1 A simple model describing the natural history of chronic hepatitis C. The squares denote
the disease stages of the model (five disease stages: infection, chronic infection, cirrhosis, hepato-
cellular carcinoma, and death). The arrows denote the allowed transitions between disease stages
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8.2 Approaches to Model the Natural History of Chronic
Hepatitis C

The structure of a model should reflect the natural history of CHC. As a result,
important disease stages and transitions should be included. The models that have
been used to represent the natural history of CHC usually include as stages the onset
of infection and serious sequelae such as cirrhosis, HCC, and death. Depending on
the research question, they might include other stages too (e.g., liver transplantation)
or expand stages to sub-stages (e.g., cirrhosis to compensated and decompensated
cirrhosis). What differentiates the various models that have been used in CHC is the
representation of the long and usually asymptomatic period during which a patient is
chronically infected but has not yet developed cirrhosis. Based on this, models can
be divided in two broad categories (Fig. 8.2):

1. CHC-based models: Models that either describe this period as a single stage
(“chronic hepatitis”) or divide it in sub-stages based on liver histology (e.g., “mild
hepatitis” and “moderate hepatitis”) (Fig. 8.2a, b)

2. Fibrosis-based models: Models that divide the period until the development of
cirrhosis in sub-stages based on METAVIR fibrosis stages: F0-no fibrosis;

a.

b.

c.

Infection Chronic 
hepatitis

Cirrhosis HCC

Death

Infection Chronic mild 
hepatitis

Chronic moderate 
hepatitis

Cirrhosis

Death

HCC

F0

Death

F1 F2 F3 F4 
(cirrhosis)

HCC

Fig. 8.2 Possible models to represent the natural history of chronic hepatitis C according to the
choice of disease stages: (a) CHC model where the period before the development of cirrhosis is
represented as a single stage, (b) CHC model where the period before the development of cirrhosis
is divided in sub-stages based on liver histology, (c) fibrosis stage model where progression to
cirrhosis is modeled using fibrosis stages. Additional stages can be incorporated in these models
(e.g., decompensated cirrhosis, transplantation, non-liver and liver-related death, etc.)
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F1-fibrous expansion of portal tracts with or without septa; F2-occasional portal
to portal bridging; F3-marked bridging fibrosis; and F4-cirrhosis (Fig. 8.2c)

Once a choice about disease stages is made, it is easy to determine which
transitions are allowed between these stages. The more stages and transitions
incorporated to a model, the more assumptions on transition probabilities should
be made. Choosing the appropriate probabilities is crucial as this choice will affect
model estimates, such as the time to develop cirrhosis, and model projections of the
disease burden. In models of liver disease progression, authors usually perform
literature review to obtain estimates for the progression rates between serious
sequelae (e.g., from cirrhosis to HCC or from HCC to death). This has been covered
in previous chapters and will not be discussed further. Here, we will focus on
methods that have been used to obtain appropriate transition probabilities during
the asymptomatic period of chronic hepatitis C until the occurrence of cirrhosis.

8.3 CHC-Based Models

CHC-based models were the models of choice in the early publications. One of the
first models that have been used to represent the natural history of HCV infection and
to project the future disease burden at a population level was proposed by Deuffic
et al. [1]. These authors used a model similar to that of Fig. 8.2a where patients who
become infected transition to chronic hepatitis and then to serious sequelae (cirrho-
sis, HCC, death). To calculate the number of patients at the initial stage of their
model (“infection”), they first reconstructed the incidence of HCV infection in
France up to 1990 and assumed a lower and stable incidence for the subsequent
years, as a result of screening of blood donations. Transition probabilities between
disease stages were obtained through literature research with the exception of the
transition from chronic hepatitis to cirrhosis. A novelty of the model at that time was
that the authors recognized the uncertainty concerning the annual probability of
progression from chronic hepatitis C to cirrhosis as well as its dependence on
patients’ age at infection and gender. Thus, they estimated age- and gender-specific
probabilities by fitting the model to available data on HCV-related HCC deaths in
France. Similar models where the period before the occurrence of serious sequelae is
depicted using a single stage (“chronic hepatitis”) have been used by other authors
too [3, 23].

Other CHC-based models divide the period where patients are chronically
infected and without cirrhosis to sub-stages, such as mild and moderate hepatitis.
For example, Wong et al. [8] and Sweeting et al. [7] used a model similar to that of
Fig. 8.2b to estimate the future hepatitis C morbidity and mortality in the USA and
the UK, respectively. They performed literature research to set the annual
probabilities of progression from mild chronic hepatitis to moderate and from
moderate to cirrhosis. Hutchinson et al. [15] also used a similar model to estimate
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the current burden as well as to project the future disease burden among people who
inject drugs (PWID) in Scotland.

8.4 Fibrosis-Based Models

In fibrosis-based models, progression to cirrhosis is modeled though METAVIR
fibrosis stages (Fig. 8.2c). They soon replaced the initial CHC models and are now
extensively used. However, they require estimates on the probability of progression
from one fibrosis stage to another. Poynard et al. [24] were the first who provided
estimates on liver fibrosis progression and opened the way to model the natural
history of CHC through fibrosis stages. Subsequent publications used this approach
to project the disease burden, often taking into account the effect of treatment [2, 4–
6, 11, 19].

The probability of progression between successive fibrosis stages can be obtained
from the estimated annual rate of fibrosis progression, i.e., the number of fibrosis
units that a patient progresses per year. As soon as estimates on the annual fibrosis
progression rate (FPR) are available, the probability of transition can be calculated
as follows: P ¼ 1 � exp�Fibrosis progression rate. There are two approaches to model
fibrosis progression (Fig. 8.3):

1. Constant FPR: this approach is based on the assumption that fibrosis progresses
linearly. Thus, the same rate between consecutive fibrosis stages applies, and a
single estimate of FPR is required.

2. Stage-specific FPR: under this approach, the rate of fibrosis progression may be
nonlinear, and stage-specific transition rates are required, one for each of the
transitions F0 ! F1, F1 ! F2, F2 ! F3, and F3 ! F4.

Depending on the available data, there are alternative methods to obtain estimates
of progression rates. Obviously, the task is much easier under the assumption of
linearity as, in this case, a single estimate is desired. Ideally, to estimate the number
of fibrosis units that a patient progresses per year, data on a number of patients with

a.

b.

 
F0 F1 F2 F3 F4

F0 F1 F2 F3 F401 12 23 34

Fig. 8.3 Modeling fibrosis progression assuming: (a) linear fibrosis progression (constant progres-
sion rate between fibrosis sates), (b) nonlinear fibrosis progression (stage-specific progression rates)
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serial biopsies would be necessary. As this is often not possible, alternative methods
based on data with a single biopsy have been used. There are three methods to
estimate FPR:

(a) Indirect method: It employs patient data with a single biopsy and known
duration of infection. It is used when linear fibrosis progression is assumed
and results in a single estimate of a constant FPR (Fig. 8.4a).

(b) Direct method: It makes use of serial liver biopsies and the interval between
two adjacent biopsies. It can be used to estimate constant as well as stage-
specific transition rates (Fig. 8.4b).

(c) Markov maximum likelihood method (MML): It is an indirect method that
allows to obtain stage-specific transition rates when only a single biopsy is
available and known duration of infection.

a. Indirect method (single biopsy and known duration of infection).

b. Direct method (multiple biopsies at known times)

Infection (F0)                                                              Biopsy (F2)

FPR = Stage at biopsy/Duration of infection 
= 2/11
= 0.18 unit/year

F0                          F1                                   F2            

11 years

1st biopsy (F1)                          2nd biopsy (F2)

FPR = (Stage at 2nd biopsy-Stage at 1st biopsy)/Years between biopsies 
= 1/7
= 0.14 units/year

7 years

F0           F1                  F2

Fig. 8.4 Approaches to estimate the fibrosis progression rate (FPR) depending on the available
data. (a) Indirect method (single biopsy and known duration of infection). (b) Direct method
(multiple biopsies at known times)
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In Table 8.1, the various approaches used to estimate fibrosis progression are
summarized:

Under all these methods, at least one biopsy is required. Although biopsy is the
gold standard to assess the level of fibrosis, in recent years, noninvasive methods
have been increasingly used to assess hepatic fibrosis. In a meta-analysis, liver
stiffness progression rates were estimated based on available data from transient
elastography [25]. The authors employed both the direct and the indirect method to
estimate constant progression rates.

8.4.1 Estimating Constant FPR (Indirect Method)

Early studies assessing fibrosis progression assumed constant progression rates. The
indirect method has been employed extensively to estimate fibrosis progression as it
is simple and can be applied even if a single biopsy is available per patient [19, 24,
26–32]. Most studies use the METAVIR fibrosis scoring system. The main idea
behind this method is that if there are patient data on METAVIR stage at this single
biopsy and on the duration of infection at the time of biopsy, then the number of
METAVIR units this patient has progressed over the duration of infection can be
inferred. As it can be assumed that patients are at stage F0 at infection, the annual
FPR can be defined as the ratio between the fibrosis stage in METAVIR units and the
estimated duration of infection at biopsy (Fig. 8.4a), i.e.:

FPR ¼ METAVIR Stage at biopsy�METAVIR Stage at infection
Year of biopsy� Year of infection

¼ METAVIR Stage at biopsy
Duration of infection at biopsy

For example, in the case of a patient with fibrosis stage F2 and an 8-year duration
of infection, it can be assumed that the patient progressed 2 METAVIR units (from
F0 to F2) in a period of 8 years, i.e., the patient progressed (2/8)¼ 0.25 fibrosis units/
year. It is obvious that a constant estimate of fibrosis progression is obtained through
this method, i.e., a single estimate for the probability of transitioning between stages
F0!F1, F1!F2, F2!F3, and F3!F4. A challenge in the indirect method is that

Table 8.1 Alternative methods and data requirements for the estimation of the progression rate
between fibrosis stages in models of the natural history of chronic hepatitis Ca

Assumption on progression
rate

Available data

Single biopsy and known duration of
infection

Serial
biopsies

Constant FPR Indirect method Direct
method

Stage-specific FPR MML method Direct
method

aFPR fibrosis progression rate, MML Markov maximum likelihood
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the duration of infection for each patient is necessary. A common practice is to use
the year the patient received transfusion or initiated injecting drug use as the year of
infection. In the case of infection through injecting drug use, other authors propose
to estimate duration as 2 years after the date of first reported injecting drug use [33].

A constant FPR may be obtained with the direct method, i.e., if there are at least
two biopsies per patient (Fig. 8.4b) [32, 34]. In that case, the rate is defined as the
ratio between the difference in fibrosis stages between two biopsies and the interval
between the two biopsies in years. For example, if a patient progresses from F1 to F3
over a period of 10 years, the rate will be (3–1)/10 ¼ 0.2 units/year. In a meta-
analysis of studies on disease progression among PWID, the direct method has been
used on data with serial biopsies to estimate a constant fibrosis rate [35].

In both methods, direct or indirect, the mean or the median of the individual rates
obtained from patients with available biopsies can be used as the constant FPR to
model transition between fibrosis stages. Often, age or age- and sex-specific
estimates are obtained to capture the heterogeneity in the progression rates of
patients.

8.4.2 Estimating Stage-Specific FPR

Using a constant rate of fibrosis progression in modeling the natural history of CHC
implies that fibrosis progression is linear with time and, as a result, the period of time
spent in each stage (sojourn time) is the same. Early data questioned this assumption
[36], and subsequent analyses supported the view of nonlinearity, i.e., that fibrosis
progression advances unevenly over time [30, 37]. The following methods have
been used to estimate stage-specific FPR:

8.4.2.1 Estimating Stage-Specific FPR from Serial Biopsy Data
Ideally, the estimation of FPR should be based on data from patients with multiple
biopsies as, in this way, it is possible to obtain stage-specific progression rates.
However, this method may not be practical as paired biopsies are available in few
studies and usually in a small number of patients. Furthermore, it may not be
possible to observe the transition of patients between successive fibrosis stages; it
might be that patients progress more than one stage in the successive biopsies and, as
a result, the question of estimating stage-specific progression rates remains [38].

Deuffic et al. [39] used an alternative approach to overcome the difficulty of
applying the direct method on repeated biopsies. They used a Markov model on
patients with two biopsies and estimated stage-specific transition rates accounting
also for heterogeneity between patients through the introduction of covariates into
the model.

182 V. Sypsa



8.4.2.2 Estimating Stage-Specific FPR from Single Biopsy Data (MML
Method)

As there are few studies available with multiple biopsies per patient, Yi et al. [38]
employed the indirect method using Markov maximum likelihood estimation
(MML) to estimate stage-specific transition probabilities. Under this approach, a
Markov model with fibrosis health states (F0–F4) is created, and the maximum
likelihood method is used to estimate stage-specific progression rates. Yi et al.
assessed their method on real data as well as through simulations. According to
their findings, the MML method predicted fibrosis stage more accurately. The
constant method underestimated 30-year cirrhosis rates by up to 40%. Their findings
supported the hypothesis that the rates of fibrosis progression vary between stages
and suggested that the assumption of constant FPR may lead to substantial inaccu-
racy in very long-term projections of HCV prognosis. MML has become the method
of choice in recent publications estimating fibrosis progression in chronic hepatitis C
[27, 35, 40–43].

Apart from the above approaches to estimate stage-specific FPR, Razavi et al. [4]
used data on new annual liver cancers and cancer deaths to backcalculate progres-
sion rates according to patients’ age and gender.

8.5 Using Models of Natural History of Chronic Hepatitis C
to Estimate Progression to Cirrhosis and to Project
the Burden of Disease

Once the model representing the natural history of chronic hepatitis C is established
and appropriate progression rates have been estimated, it is possible to obtain
parameters of interest such as estimates concerning time to cirrhosis or projections
on HCV-related morbidity and mortality in the following years.

In Table 8.2, estimates of FPR under various estimation methods are presented
along with the corresponding estimated time to cirrhosis. When a constant FPR λ is
assumed, then the time from infection to cirrhosis T—i.e., from F0 to F4—is
estimated as 4 METAVIR units divided by the progression rate, i.e.,

T ¼ 4
λ

For example, Poynard et al. applied the indirect method on data from a large
cohort of treatment-naïve patients in France with a single biopsy sample and known
duration of infection and estimated a median FPR of 0.133 units/year [24]. This
estimate corresponds to a median duration of 30 years from infection to cirrhosis
(4 units/0.133 units/year). In the case of stage-specific FPR λij (i.e., from stage i to
the successive stage j), then time to cirrhosis can be estimated using the formula:
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T ¼ 1
λ01

þ 1
λ12

þ 1
λ23

þ 1
λ34

A meta-analysis published in 2008 estimated stage-constant and stage-specific
FPR and the corresponding time to cirrhosis [41]. In addition, the available data from
different types of epidemiological studies and settings (cross-sectional/retrospective-
vs. retrospective-prospective studies, clinical vs. non-clinical settings) were used to
estimate stage-specific FPR and explain the heterogeneity in published estimates.
The authors applied the MML method, and their results supported nonlinear disease
progression, in particular in cross-sectional/retrospective studies and in clinical
settings. According to their findings, the rate of progression was generally higher
in the initial stages (F0!F1) than the following stages (F1!F2). The highest rate
was found in the progression F2!F3. The estimated annual mean stage-specific
transition rates were F0!F1 0.117, F1!F2 0.085, F2!F3 0.120, and F3!F4
0.116 units/year (Table 8.2). There was considerable heterogeneity in the obtained
estimates depending on the type of study design and setting, as it was also observed
by other authors [44, 45]. Overall, time to cirrhosis was 39 years, under the stage-
constant FPR, and 37 years under the stage-specific FPR [41].

Smith et al. performed a meta-analysis on hepatitis C progression among PWID
and estimated pooled stage-constant and stage-specific FPR [35]. The pooled stage-
constant FPR was 0.177 units/year, and the stage-specific rates were F0!F1, 0.128;
F1!F2, 0.059; F2!F3, 0.078; and F3!F4, 0.116 units/year (Table 8.2). The

Table 8.2 Estimates of FPR and corresponding average time to cirrhosis from meta-analyses

Estimated FPR (95% CI)
in METAVIR units/year

Average time to cirrhosis
(years)

Constant FPR (indirect method)

CHC patients [41] 0.103 (0.098–0.108) 39

HIV/HCV coinfection [42] 0.115 (0.101–0.129) 35

PWID with CHC [35] 0.117 (0.099–0.135) 34

Stage-specific FPR

CHC patients [41]

F0 ! F1
F1 ! F2
F2 ! F3
F3 ! F4

0.117 (0.104–0.130)
0.085 (0.075–0.096)
0.120 (0.109–0.133)
0.116 (0.104–0.129)

37

HIV/HCV coinfection [42]

F0 ! F1
F1 ! F2
F2 ! F3
F3 ! F4

0.122 (0.098–0.153)
0.115 (0.095–0.140)
0.124 (0.097–0.159)
0.115 (0.098–0.135)

33

PWID with CHC [35]

F0 ! F1
F1 ! F2
F2 ! F3
F3 ! F4

0.128 (0.080–0.176)
0.059 (0.035–0.082)
0.078 (0.056–0.100)
0.116 (0.070–0.161)

46
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average time to cirrhosis was 34 years, under the stage-constant method, and
46 years under the stage-specific method.

Instead of applying these simple formulas to estimate time to cirrhosis, FPR can
be used in a Markov model to obtain more refined estimates of the cumulative
probability of cirrhosis over time. Markov models simulate disease progression in
cohorts of patients and can accommodate the aging of patients and the corresponding
mortality in each disease stage [11]. In the case of models where progression rates
are dependent on patient’ characteristics, simulations of multiple subcohorts of
patients—e.g., cohorts classified by gender and age groups—can be performed.
For example, Davis et al. estimated the prevalence of cirrhosis at 20 years after the
infection to be 2.4% in women and 27.8% in men (assuming age at infection
between 31 and 50 years) [11].

It is also possible to estimate time to cirrhosis from liver stiffness progression
rates (LSPR) based on liver stiffness assessed by transient elastography [25]. Assum-
ing a cut-off for cirrhosis of 12.5 kPa and a baseline liver stiffness measurement
corresponding to healthy individuals (LSHealthy) of 5.33 kPa or 4.6 kPa, the time to
cirrhosis is estimated as:

T ¼ 12:5� LSHealthy
LSPR

In Table 8.3, estimates obtained from a meta-analysis on liver stiffness progres-
sion rates and the corresponding time to cirrhosis are presented [25]. These authors
compared liver stiffness progression rates, based on transient elastography, to FPR,
based on biopsy data, and the resulting predicted time to cirrhosis was similar under
both approaches. However, there was less consistency for early-stage progression
(time to F2). This discrepancy may be attributed to diagnostic performance of
transient elastography and possible confounding [25].

Markov models that describe the natural history of chronic hepatitis C can be also
use to project the future disease burden. A cohort of patients is assumed, e.g., all
newly infected patients in a particular year, and is followed over time as they
transition from disease stage F0 to subsequent stages from one year to another
with the appropriate progression rates. The model keeps track of what proportion
of the cohort is in each stage over time. In this way, it is possible to calculate both the
number of patients who would enter into the specific disease stages in a year (annual

Table 8.3 Estimates of liver stiffness progression rates and corresponding time to cirrhosis based
on transient elastography data [25]

Estimated progression rate (95% CI) in
kPa/year

Average time to cirrhosisa

(years)

Constant liver stiffness progression rate

All patients 0.181 (0.155–0.206) 40

HIV/HCV-
coinfected

0.207 (0.170–0.244) 35

aAssuming baseline liver stiffness measurement of 5.33 kPa
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incident cases) and the number of patients who would be at the specific disease
stages during this year (annual prevalent cases) for a specific time period, e.g., for the
next 15 years [1, 3, 7, 8, 11, 19, 23, 43].

The extensive work on the estimation of fibrosis progression and on models
describing the natural history of hepatitis C has been leveraged in more recent years
to identify treatment strategies that will allow reaching the goal of eliminating viral
hepatitis as a public health problem by 2030. Once a model and appropriate
transition probabilities are selected, it is easy to incorporate the impact of treatment
by, e.g., assuming that disease progression is halted in pre-cirrhotic patients and is
slower in those with cirrhosis. In particular, a model with stage-specific FPR has
been used to explore the impact of alternative treatment strategies on the future
disease burden in 64 countries [21, 46]. Lim et al. proposed an approach to estimate
the disease burden and assess the impact of scaling up treatment and prevention in
Pakistan which, in addition, takes into account HCV dynamic transmission in the
disease progression model [47]. As this chapter focusses on natural history, i.e.,
disease progression in the absence of treatment, these applications of the models will
not be discussed further.
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Prevention: Secondary Prevention
and Screening 9
Vana Sypsa

9.1 Introduction

The asymptomatic nature and long latent phase of HCV infection results in consid-
erable under-diagnosis. Globally, only 20% of HCV-infected persons have been
diagnosed (2015 estimate) [1]. One of the targets set in WHO Global Health Sector
Strategy on Viral Hepatitis 2016–2021 is to increase the proportion of diagnosed
patients from 20% in 2015 to 30% in 2020 and 90% in 2030 [2]. This will improve
access to treatment and will allow to reach the target of reducing HCV-related
mortality by 2030.

Increasing diagnosis means that a growing number of asymptomatic chronically
infected patients will have to be identified in the following years. This can be
achieved through screening. The term “screening” refers to “The presumptive
identification of unrecognized disease or defect by the application of tests,
examinations, or other procedures which can be applied rapidly” [3]. Screening is
a secondary prevention measure; it does not prevent disease, but it identifies
asymptomatic individuals at an earlier stage than if they waited for the occurrence
of symptoms. Thus, it aims at the window between the onset of the disease and the
occurrence of clinical symptoms. A basic assumption of screening is that earlier
diagnosis benefits the patient; treatment may be more effective when provided at an
earlier stage of the disease, and, as a result, disease progression may slow or halt. In
the case of infectious diseases, earlier diagnosis results to benefit not only at the
individual level but also at the population level as awareness and treatment may
prevent further transmission.

Screening as a secondary prevention measure should not be confused with
unlinked anonymous testing; the latter is a surveillance method used to monitor
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the epidemiology of a disease and cannot be used to increase diagnosis and treatment
as test results are irreversibly unlinked from information identifying the individual.

Screening for hepatitis C can help to reach both impact targets set by the WHO
concerning the reduction in incidence and mortality. Diagnosed asymptomatic
individuals may get cured, and, as a result, they have lower risk of HCV-related
death; in addition, they cannot transmit HCV to other people, and incidence is
anticipated to decline. However, not all diseases are amenable to screening; certain
characteristics have to be fulfilled. In this chapter, we will discuss why HCV is an
appropriate disease for screening programs. In addition, there are important
questions concerning who should be tested and how. Various screening approaches
are proposed, and the selection of the appropriate strategy depends on the desired
objective, the epidemiology of the disease in the population, cost and available
resources. An overview of screening strategies will be presented in this chapter. In
addition, there will be a discussion of ethical issues and of challenges in
implementing an efficient screening program, in particular those related to the
availability of resources for testing and the ability to improve all steps of the cascade
of care once a patient has been identified.

9.2 Rationale for Performing Screening for Hepatitis C

Wilson and Jungner proposed ten criteria for the evaluation of screening programs
[4] (Table 9.1). Chronic hepatitis C has the epidemiological and clinical
characteristics that make it an appropriate disease for screening. First of all, it is a
serious disease. Viral hepatitis is considered as one of the leading causes of death and
disability worldwide [5], and 48% of hepatitis-related deaths are attributed to HCV
[2]. Its natural history has been extensively studied in various settings with several
study designs: cross-sectional, retrospective and prospective studies have been
performed in clinical and non-clinical settings [6, 7]. It has a detectable long
preclinical phase with an estimated average time to cirrhosis of 39 years [6].

Apart from the characteristics related to the disease itself, there are additional
arguments for screening for HCV. Treatment with interferon-free direct-acting
antivirals (DAAs) is acceptable to patients due to its high efficacy, short duration
and favourable safety profile. Sustained virological response is associated with
reduced risk of fibrosis progression, liver-related and all-cause mortality [8]. In
addition, although DAAs have high efficacy in all disease stages, they are more
effective in patients without cirrhosis than in patients with cirrhosis [9–11]. There are
suitable tests to assess whether people have been exposed to the virus (enzyme
immunoassays and rapid diagnostic tests) which are acceptable to the population and
have high sensitivity and specificity.
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9.3 Key Drivers of Cost-Effectiveness of HCV Screening

The formulation of a screening strategy is contingent on its cost-effectiveness, i.e. on
the balance of cost and benefits. Benefits are measured in life years gained or quality-
adjusted life years gained through early diagnosis and treatment. The following key
drivers of cost-effectiveness have been identified for HCV screening [12, 13]:

1. Prevalence of HCV and degree of concentration of epidemic: The higher the
prevalence in the population targeted by the screening program, the higher the
number of cases detected. If there are specific risk groups affected by HCV in a
population, then targeted screening is more cost-effective.

2. Efficacy of treatment: When the efficacy of treatment increases, the benefits
measured by life years or quality-adjusted life years gained increase as well.

Table 9.1 Rationale for performing screening for chronic hepatitis C

Wilson and Jungner criteria for screening
[4] Chronic hepatitis C

1. The condition should be an important health
problem

It leads to serious sequelae (cirrhosis,
hepatocellular carcinoma, death) and is
considered as one of the leading causes of death
and disability worldwide [5]

2. There should be a recognisable latent or
early symptomatic stage

Its natural history is characterised by a long
latent phase (39 years on average from
infection to cirrhosis) [6]

3. The natural history of the condition,
including development from latent to declared
disease, should be adequately understood

The natural history of chronic hepatitis C has
been extensively studied in various settings
with several study designs [6, 7]

4. There should be an accepted treatment for
patients with recognised disease

Treatment with DAAs is acceptable to patients
due to its high efficacy, short duration and
favourable safety profile

5. There should be a suitable test or
examination that has a high level of accuracy

Enzyme immunoassays (EIA) and rapid
diagnostic tests (RDT) are available with high
sensitivity and specificity. Blood samples
(collected either by capillary fingerstick or by
venipuncture) and oral fluid can be used

6. The test should be acceptable to the
population

7. There should be an agreed policy on whom
to treat as patients

It depends on the setting where screening is
implemented

8. Facilities for diagnosis and treatment should
be available

9. The cost of screening (including diagnosis
and treatment of patients diagnosed) should be
economically balanced in relation to possible
expenditure on medical care as a whole

10. Screening should be a continuing process
and not a “once and for all” project
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3. Availability of treatment and linkage to care: If there are restrictive policies on
access to treatment, then screening becomes less cost-effective. Similarly, failure
to link identified cases to care and treatment reduces the value of screening.

4. Quality of life with early stage HCV infection: The assumption concerning
normal or low quality of life in early stage infection affects the cost-effectiveness
of screening. As expected, the lower the quality of life with early stage HCV
infection, the higher the value of screening.

5. Fibrosis stage and fibrosis progression: The average disease stage of the
population that is being screened is important. As HCV-related morbidity and
mortality is associated with advanced fibrosis stage, a greater gain from HCV
screening and cure is anticipated in populations with advanced average fibrosis
stage and/or faster fibrosis progression.

6. Cost of testing and treatment: The cost of testing has little impact when the
question is about who should be screened. On the other hand, as the cost of
treatment decreases, the cost-effectiveness of screening becomes higher.

9.4 Screening Approaches

In general, the performance of screening depends on the accuracy of the screening
test and its predictive value. The former is measured through sensitivity and speci-
ficity, i.e. the ability of the test to identify correctly those who have the disease and
those who do not have the disease. The positive predictive value is the probability
that a person who reacts positively to the test actually has the disease. This is
influenced not only by the sensitivity and specificity of the test but also by the
prevalence of the disease in the population that is being screened; unless the
specificity of a test is perfect, the positive predictive value decreases with decreasing
prevalence. Thus, a common approach in screening programs is to test people who
are at higher risk of the disease as this increases the positive predictive value and the
yield, i.e. the number of cases detected.

Screening approaches vary and depend on the type of HCV epidemic in the target
population and on the desirable increase in the proportion of diagnosed persons.
Globally, HCV epidemics are a mix of the following epidemic components [13]:

1. Infection associated with high-risk behaviours: People who inject drugs
(PWID) constitute a population group with high HCV prevalence worldwide
[14]. Other populations with increased transmission are prisoners, as often incar-
ceration is associated with drug-related offences, sex workers and men who have
sex with men.

2. Birth cohort epidemic: This type of epidemic results from generalised exposure
of the population to a source that has been identified and removed. As a result,
higher HCV prevalence is found in specific age groups, for example, among older
people who were likely to have been infected before the introduction of screening
of blood supply.
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3. Generalised epidemic: In this type of epidemic, there is widespread exposure of
the population to HCV across all age groups. It usually results from iatrogenic
exposure and results in high prevalence in the general population.

Knowledge of the type of epidemic can guide the selection of the appropriate
screening strategy. The main screening approaches in HCV infection are the follow-
ing [13]:

1. Focused testing.
(a) ALT-based screening: HCV testing for persons with elevated alanine ami-

notransferase (ALT) levels
(b) Risk-based screening: HCV testing for persons who are part of a population

with high HCV seroprevalence or who have a history of exposure and/or
high-risk behaviours for HCV infection

2. Birth cohort screening: HCV testing of people who are born within a specific
range of years (birth cohorts).

3. General population: HCV testing in the general population—this is
recommended in areas of intermediate to high seroprevalence in the general
population (�2% or �5%).

Focused screening is implemented to populations where a high HCV prevalence
is anticipated as a result of risk exposures, behaviours and conditions (Table 9.2)
[15]. It includes HCV testing for persons with elevated ALT levels (ALT-based
screening) which is the approach traditionally used by healthcare providers. The
prevalence of HCV infection among individuals with elevated ALT levels may be
several-fold higher compared with those with normal ALT levels, and, as a result,
the yield of this approach is favourable. For example, according to data from 19,000
adults in the USA who completed the National Health and Nutrition Examination
Survey, HCV prevalence was 8.4% vs. 1.1% among persons with ALT levels
�40 U/L and <40 U/L, respectively [16]. Similarly, high prevalence is anticipated
in specific risk groups such as PWID, people on haemodialysis, etc. (Table 9.2).
However, it is uncertain whether these approaches of focused testing in most
affected populations are appropriate to achieve a high proportion of diagnosis in
HCV. From an assessment of ALT-based screening in the population of the USA, it
was estimated that it can lead to the diagnosis of 50% of patients, which is far lower
compared to the target of 90% set by the WHO [16]. Wolffram et al. reported that
screening based on elevated ALT levels in the primary care setting in Germany
would identify 29% of previously undiagnosed anti-HCV positive persons and 55%
of chronically infected cases [17]. The combination of at least one of three HCV risk
factors (PWID, blood transfusion before 1992 and immigration) or elevated ALT
levers would double the number of tested persons and would identify 59% of
previously undiagnosed anti-HCV positive person and 83% of chronically infected
cases [17].

Birth cohort screening is suggested as a preferable alternative to focused screen-
ing as it can identify a much higher number of persons with HCV infection.
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Recommendations for HCV screening in the USA include one-time HCV testing for
persons born between 1945 and 1965, regardless of country of birth, without prior
ascertainment of risk [15]. Screening of the 1945–1965 birth cohort has the potential
to diagnose 77% of HCV infected cases compared to 50% under the ALT-based
strategy, i.e. about one million more anti-HCV positive people [16]. In another study
in the USA, it was estimated that risk-based screening could identify 21% of
previously undiagnosed cases vs. 86% under birth cohort screening [18]. As
expected, this approach demands more resources compared to risk-based screening,
but it is more cost-effective, even under the lower treatment acceptance and efficacy
of interferon-based therapy [19]. From the implementation of birth cohort screening
in the USA since 2012, two weaknesses have been identified: the rate of screening of
the target population and the rate of linking identified patients to care remain low.
From large insurance databases, it was estimated that the proportion of those
screened for HCV increased from approximately 1.8% of the target population in
2011 to only 3.3% in 2014 [20]. The proportion of screening in baby boomers ranges
from 0.09% in emergency departments to 18% in primary care [21]. For this reason,
alternative approaches have been proposed to boost the coverage of birth cohort
screening, such as electronic health record alerts in primary care [22]. In addition, it
is suggested that birth cohort screening should include effective linkage-to-care
models to ensure the continuity of care [23]. New York enacted a law that requires
healthcare providers to offer HCV screening to every individual born during

Table 9.2 Risk exposures, behaviours and conditions included in focused screening (AASLD
recommendations) [15]

Risk exposures

Long-term haemodialysis (ever)

Percutaneous/parenteral exposures in an unregulated setting

Healthcare, emergency medical and public safety workers after needlesticks, sharps or mucosal
exposures to HCV-infected blood

Children born to HCV-infected women

Prior recipients of transfusions or organ transplants, including persons who:
(1) Were notified that they received blood from a donor who later tested positive for HCV
infection
(2) Received a transfusion of blood or blood components or underwent an organ transplant before
July 1992
(3) Received clotting factor concentrates produced before 1987

Persons who were ever incarcerated

Risk behaviours

Injection drug use (current or ever, including those who inject once)

Intranasal illicit drug use

Other

HIV infection

Sexually active persons about to start pre-exposure prophylaxis for HIV

Unexplained chronic liver disease and chronic hepatitis, including elevated alanine
aminotransferase levels

Solid organ donors (deceased and living)
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1945–1965 who receives health services as an inpatient in hospital or who receives
primary care services in an outpatient department or in a diagnostic and treatment
centre. In addition, they should offer follow-up healthcare or refer to a healthcare
provider who can provide follow-up healthcare, including a hepatitis C diagnostic
test (NY Pub Health L § 2171. Required offering of hepatitis C screening testing
[24]).

General population screening is an approach that has received attention in the
recent years, in view of the target of 90% diagnosis in HCV infection by 2030. In
Egypt, where the prevalence of HCV is high in the general population, this type of
screening has been shown to be cost-effective even if pegylated interferon is used
[25]. In Switzerland, it is estimated that the number of persons screened to identify
1 new viraemic HCV case was 90 and 159, for birth cohort and general population
screening, respectively, with obvious consequences in the cost per case detected
[26]. One-time screening of the US general population in the era of effective
treatment was found to be cost-saving compared to birth cohort or risk-based
screening [27]. Given the high extent of such a screening approach, it is
recommended to use existing testing opportunities or programs for its
implementation [13].

Various studies have assessed the efficacy of HCV screening in emergency
departments (ED) [28–31]. Galbraith et al. [30] reported a high prevalence of
unrecognised HCV infection in baby boomers presenting in ED and concluded
that this setting is important for high-impact HCV screening. In another study, the
authors suggested a practice of universal one-time testing in high-risk urban ED
settings as they have found that one quarter of infections in an urban ED in the USA
would remain undiagnosed if birth cohort and risk-based screenings were offered
[31]. On the other hand, subsequent linkage to HCV care may be low, and additional
strategies should be implemented for optimal linkage in emergency
departments [29].

9.5 How to Implement Screening:
Integrated vs. Non-integrated Programs

Once the appropriate screening strategy is selected, an important question is how it is
going to be implemented. One option is to integrate screening programs within
already existing healthcare services and facilities (STD clinics, HIV/STD service
providers, sexual and reproductive health clinics, emergency departments, commu-
nity centres, prisons, health clinics, primary care, etc.). Another option is to perform
non-integrated screening programs, i.e. programs exclusively set up for screening
(community health clinics, private practice offices, outreach community screening,
city programs, schools, etc.).

Integrated screening programs present some important advantages; they do not
have to attract the target population for screening, they can use a facility that is
familiar to the public, and long-term sustainability and continuity is ensured as they
facilitate continuous screening at relatively low cost [32]. Integration is anticipated
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to make screening programs more cost-effective because fewer additional resources
would be required [33]. On the other hand, they might not be successful in reaching
populations other than those who have a reason to visit such facilities [32]. Integra-
tion of screening in primary care may be more appropriate to reach a wide population
and to scale up HCV testing [34].

Non-integrated programs may attract a different risk population that otherwise
would not be screened. However, they are highly labour-intensive and they are often
performed for a limited period. As a result, they are not sustainable. To increase their
cost-effectiveness, it is suggested to screen for other diseases simultaneously, when
risk groups overlap [32].

Overall, both approaches are useful and can be used complementary to each
other.

9.6 How to Test for HCV in Screening Programs

The ideal screening test should be inexpensive, safe, easy to administrate and
sensitive, i.e. capable of detecting all true positives. Screening of HCV infection is
usually performed through a single serological assay that detects antibodies to HCV.
Usually, laboratory-based enzyme immunoassays (EIA) are used, but due to
advances in HCV detection technology, the use of rapid diagnostic tests (RDT) is
growing. RDT for HCV infection are suitable for settings with limited access to
laboratory services and for hard-to-reach populations, and they have high sensitivity
and specificity across populations [35]. However, as there is considerable variability
in clinical performances of available tests depending on the manufacturer, it is
important to select prequalified RDT that have clinical sensitivity and specificity
compared to standard EIA assays [36–38]. Both EIA and RDT assays are simple and
low cost [12].

Dried blood spot (DBS) sampling is a method to collect whole blood specimens.
The blood can be collected either by capillary fingerstick or by venipuncture, and the
sample is transferred onto filter paper. This approach can increase HCV test uptake
in specific settings or populations (e.g. persons with poor venous access), and, in
addition, the collected specimens can be easily transported [13].

Screening programs cannot be successful if they do not combine linkage to care
for identified cases. HCVmay completely resolve during the acute phase of infection
without treatment in around 20–30% of infected cases. These cases will test positive
in the assays detecting antibodies. In addition, a growing number of patients are
anticipated to receive treatment in the following years and get cured. In persons who
were successfully treated in the past but continue to practice high-risk behaviours,
such as PWID, a positive antibody test is not meaningful as it cannot differentiate
between past resolved infection and reinfection. For all these reasons, the use of a
nucleic acid testing (NAT) is recommended as the preferred strategy to diagnose
viraemic HCV infection, following a positive HCV antibody serological test. A core
HCV antigen assay has comparable clinical sensitivity and is an alternative to NAT
to diagnose viraemic infection [13]. It has been proposed as assay to be used in an
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ideal future algorithm for one-step screening as only one test would be required for
both screening and diagnosis of HCV [39].

9.7 Ethical Issues in HCV Screening Programs

The WHO has outlined five principles for hepatitis testing in all settings (5 Cs):
consent, confidentiality, counselling, correct test results and connection (linkage to
prevention, treatment and care services) [13].

Testing for hepatitis C must be voluntary, and informed consent has to be sought.
The consent process may be “opt-in” or “opt-out”. In “opt-out” screening, HCV
testing is performed after notifying the person that the test will be done; consent is
inferred unless the person declines. In “opt-in” screening, patients are informed that
tests are available but are not tested unless they request to be tested. In vulnerable
populations, the “opt-out” approach has received criticism. For example, in prisoner
populations, it may be questionable whether consent for HCV testing is truly
voluntary and free from coercion; instead, provider-initiated “opt-in” screening is
suggested [40]. However, “opt-in” is anticipated to reduce the uptake of HCV
testing, as it has been shown in the case of HIV [41].

Testing should be accessible to the populations most affected in an environment
that minimises stigma and discrimination. Client confidentiality is important for
screening. Furthermore, screening should be considered as part of the continuum
of care. People have to be reached, tested and informed of their test result. In
addition, they have to be enrolled to care, initiate treatment and remain on treatment.
Thus, linkage to treatment, care and support services should be integral part of a
screening program in order to maximise both individual and public health benefits.
Finally, screening and treatment should be in balance with primary prevention.

References

1. WHO. Global Hepatitis Report 2017. Geneva: World Health Organization; 2017.
2. WHO. Global Health Sector Strategy on viral hepatitis 2016–2021. Towards ending viral

hepatitis. 2016. http://apps.who.int/iris/bitstream/10665/246177/1/WHO-HIV-2016.06-eng.
pdf?ua¼1.

3. Porta M. A dictionary of Epidemiology. 6th ed. Oxford: Oxford University Press; 2014.
4. Wilson J, Jungner G. Principles and practice of screening for disease. 1968.
5. Stanaway JD, et al. The global burden of viral hepatitis from 1990 to 2013: findings from the

Global Burden of Disease Study 2013. Lancet. 2016;388:1081–8. https://doi.org/10.1016/
S0140-6736(16)30579-7.

6. Thein HH, Yi Q, Dore GJ, Krahn MD. Estimation of stage-specific fibrosis progression rates in
chronic hepatitis C virus infection: a meta-analysis and meta-regression. Hepatology.
2008;48:418–31. https://doi.org/10.1002/hep.22375.

7. Freeman AJ, et al. Estimating progression to cirrhosis in chronic hepatitis C virus infection.
Hepatology. 2001;34:809–16. https://doi.org/10.1053/jhep.2001.27831.

8. Terrault NA, Hassanein TI. Management of the patient with SVR. J Hepatol. 2016;65:S120–9.
https://doi.org/10.1016/j.jhep.2016.08.001.

9 Prevention: Secondary Prevention and Screening 197

http://apps.who.int/iris/bitstream/10665/246177/1/WHO-HIV-2016.06-eng.pdf?ua=1
http://apps.who.int/iris/bitstream/10665/246177/1/WHO-HIV-2016.06-eng.pdf?ua=1
http://apps.who.int/iris/bitstream/10665/246177/1/WHO-HIV-2016.06-eng.pdf?ua=1
https://doi.org/10.1016/S0140-6736(16)30579-7
https://doi.org/10.1016/S0140-6736(16)30579-7
https://doi.org/10.1002/hep.22375
https://doi.org/10.1053/jhep.2001.27831
https://doi.org/10.1016/j.jhep.2016.08.001


9. Falade-Nwulia O, Suarez-Cuervo C, Nelson DR, Fried MW, Segal JB, Sulkowski MS. Oral
direct-acting agent therapy for hepatitis C virus infection: a systematic review. Ann Intern Med.
2017;166:637–48. https://doi.org/10.7326/M16-2575.

10. Fathi H, Clark A, Hill NR, Dusheiko G. Effectiveness of current and future regimens for treating
genotype 3 hepatitis C virus infection: a large-scale systematic review. BMC Infect Dis.
2017;17:722. https://doi.org/10.1186/s12879-017-2820-z.

11. Ji F, et al. Systematic review with meta-analysis: effectiveness and tolerability of interferon-free
direct-acting antiviral regimens for chronic hepatitis C genotype 1 in routine clinical practice in
Asia. Aliment Pharmacol Therapeut. 2018;47:550–62. https://doi.org/10.1111/apt.14507.

12. Morgan JR, Servidone M, Easterbrook P, Linas BP. Economic evaluation of HCV testing
approaches in low and middle income countries. BMC Infect Dis. 2017;17:697. https://doi.org/
10.1186/s12879-017-2779-9.

13. WHO. Guidelines on hepatitis B and C testing. Geneva: World Health Organization; 2017.
14. Degenhardt L, et al. Global prevalence of injecting drug use and sociodemographic

characteristics and prevalence of HIV, HBV, and HCV in people who inject drugs: a multistage
systematic review. Lancet Glob Health. 2017;5:e1192–207. https://doi.org/10.1016/S2214-
109X(17)30375-3.

15. AASLD, IDSA. HCV guidance: recommendations for testing, managing, and treating hepatitis
C. 2017 (last updated: 21 September 2017).

16. Smith BD, Yartel AK. Comparison of hepatitis C virus testing strategies: birth cohort versus
elevated alanine aminotransferase levels. Am J Prev Med. 2014;47:233–41. https://doi.org/10.
1016/j.amepre.2014.05.011.

17. Wolffram I, et al. Prevalence of elevated ALT values, HBsAg, and anti-HCV in the primary care
setting and evaluation of guideline defined hepatitis risk scenarios. J Hepatol.
2015;62:1256–64. https://doi.org/10.1016/j.jhep.2015.01.011.

18. Rein DB, et al. The cost-effectiveness of birth-cohort screening for hepatitis C antibody in US
primary care settings. Ann Intern Med. 2012;156:263–70. https://doi.org/10.7326/0003-4819-
156-4-201202210-00378.

19. Liu S, Cipriano LE, Holodniy M, Goldhaber-Fiebert JD. Cost-effectiveness analysis of risk-
factor guided and birth-cohort screening for chronic hepatitis C infection in the United States.
PLoS One. 2013;8:e58975. https://doi.org/10.1371/journal.pone.0058975.

20. Isenhour CJ, Hariri SH, Hales CM, Vellozzi CJ. Hepatitis C antibody testing in a commercially
insured population, 2005–2014. Am J Prev Med. 2017;52:625–31. https://doi.org/10.1016/j.
amepre.2016.12.016.

21. Adebajo CO, Aronsohn A, Te HS, Reddy KG, Jensen DM, Reau N. Birth cohort HCV
screening at is lower in the emergency department than the outpatient setting. Gastroenterology.
2015;148:S1101–2.

22. Konerman MA, Thomson M, Gray K, Moore M, Choxi H, Seif E, Lok ASF. Impact of an
electronic health record alert in primary care on increasing hepatitis c screening and curative
treatment for baby boomers. Hepatology. 2017;66:1805–13. https://doi.org/10.1002/hep.
29362.

23. Patel RC, Vellozzi C, Smith BD. Results of hepatitis C birth-cohort testing and linkage to care
in selected U.S. sites, 2012–2014. Public Health Rep. 2016;131(Suppl 2):12–9. https://doi.org/
10.1177/00333549161310S203.

24. NY Pub Health L § 2171. Required offering of hepatitis C screening testing. 2014. https://law.
justia.com/codes/new-york/2014/pbh/article-21/title-7/2171/.

25. Kim DD, Hutton DW, Raouf AA, Salama M, Hablas A, Seifeldin IA, Soliman AS. Cost-
effectiveness model for hepatitis C screening and treatment: Implications for Egypt and other
countries with high prevalence. Global Public Health. 2015;10:296–317. https://doi.org/10.
1080/17441692.2014.984742.

26. Bruggmann P, et al. Birth cohort distribution and screening for viraemic hepatitis C virus
infections in Switzerland. Swiss Med Weekly. 2015;145:w14221. https://doi.org/10.4414/smw.
2015.14221.

198 V. Sypsa

https://doi.org/10.7326/M16-2575
https://doi.org/10.1186/s12879-017-2820-z
https://doi.org/10.1111/apt.14507
https://doi.org/10.1186/s12879-017-2779-9
https://doi.org/10.1186/s12879-017-2779-9
https://doi.org/10.1016/S2214-109X(17)30375-3
https://doi.org/10.1016/S2214-109X(17)30375-3
https://doi.org/10.1016/j.amepre.2014.05.011
https://doi.org/10.1016/j.amepre.2014.05.011
https://doi.org/10.1016/j.jhep.2015.01.011
https://doi.org/10.7326/0003-4819-156-4-201202210-00378
https://doi.org/10.7326/0003-4819-156-4-201202210-00378
https://doi.org/10.1371/journal.pone.0058975
https://doi.org/10.1016/j.amepre.2016.12.016
https://doi.org/10.1016/j.amepre.2016.12.016
https://doi.org/10.1002/hep.29362
https://doi.org/10.1002/hep.29362
https://doi.org/10.1177/00333549161310S203
https://doi.org/10.1177/00333549161310S203
https://law.justia.com/codes/new-york/2014/pbh/article-21/title-7/2171/
https://law.justia.com/codes/new-york/2014/pbh/article-21/title-7/2171/
https://doi.org/10.1080/17441692.2014.984742
https://doi.org/10.1080/17441692.2014.984742
https://doi.org/10.4414/smw.2015.14221
https://doi.org/10.4414/smw.2015.14221


27. Younossi Z, Blissett D, Blissett R, Henry L, Younossi Y, Beckerman R, Hunt S. In an era of
highly effective treatment, hepatitis C screening of the United States general population should
be considered. Liver Int. 2018;38:258–65. https://doi.org/10.1111/liv.13519.

28. Donnelly JP, Franco RA, Wang HE, Galbraith JW. Emergency department screening for
hepatitis C virus: geographic reach and spatial clustering in central Alabama. Clin Infect Dis.
2016;62:613–6. https://doi.org/10.1093/cid/civ984.

29. Franco RA, et al. Characterizing failure to establish hepatitis C care of baby boomers diagnosed
in the emergency department. Open Forum Infect Dis. 2016;3:ofw211. https://doi.org/10.1093/
ofid/ofw211.

30. Galbraith JW, et al. Unrecognized chronic hepatitis C virus infection among baby boomers in
the emergency department. Hepatology. 2015;61:776–82. https://doi.org/10.1002/hep.27410.

31. Hsieh YH, et al. Evaluation of the centers for disease control and prevention recommendations
for hepatitis c virus testing in an urban emergency department. Clin Infect Dis.
2016;62:1059–65. https://doi.org/10.1093/cid/ciw074.

32. Zuure FR, Urbanus AT, LangendamMW, Helsper CW, van den Berg CH, Davidovich U, Prins
M. Outcomes of hepatitis C screening programs targeted at risk groups hidden in the general
population: a systematic review. BMC Public Health. 2014;14:66. https://doi.org/10.1186/
1471-2458-14-66.

33. Bil JP, et al. Integrating hepatitis B, hepatitis C and HIV screening into tuberculosis entry
screening for migrants in the Netherlands, 2013 to 2015. Euro Surveill. 2018;23:17-00491.
https://doi.org/10.2807/1560-7917.ES.2018.23.11.17-00491.

34. Coyle C, Kwakwa H, Viner K. Integrating routine HCV testing in primary care: lessons learned
from five federally qualified health centers in Philadelphia, Pennsylvania, 2012-2014. Public
Health Rep. 2016;131(Suppl 2):65–73. https://doi.org/10.1177/00333549161310S211.

35. Tang W, et al. Diagnostic accuracy of tests to detect Hepatitis C antibody: a meta-analysis and
review of the literature. BMC Infect Dis. 2017;17:695. https://doi.org/10.1186/s12879-017-
2773-2.

36. Khuroo MS, Khuroo NS, Khuroo MS. Diagnostic accuracy of point-of-care tests for hepatitis C
virus infection: a systematic review and meta-analysis. PLoS One. 2015;10:e0121450. https://
doi.org/10.1371/journal.pone.0121450.

37. Shivkumar S, Peeling R, Jafari Y, Joseph L, Pant Pai N. Accuracy of rapid and point-of-care
screening tests for hepatitis C: a systematic review and meta-analysis. Ann Intern Med.
2012;157:558–66. https://doi.org/10.7326/0003-4819-157-8-201210160-00006.

38. UNITAID. Hepatitis C, Diagnostics technology landscape. 2015.
39. Fourati S, Pawlotsky JM. Editorial: are additional tests needed to predict sustained virologic

response in hepatitis C treated with interferon-free direct-acting antiviral combinations? Auth
Reply Aliment Pharmacol Therap. 2018;47:849–50. https://doi.org/10.1111/apt.14520.

40. Levy MH, Larney S. The ethics of hepatitis C “treatment as prevention” among prisoners.
Hepatology. 2015;61:402. https://doi.org/10.1002/hep.27195.

41. Montoy JC, Dow WH, Kaplan BC. Patient choice in opt-in, active choice, and opt-out HIV
screening: randomized clinical trial. BMJ. 2016;532:h6895. https://doi.org/10.1136/bmj.h6895.

9 Prevention: Secondary Prevention and Screening 199

https://doi.org/10.1111/liv.13519
https://doi.org/10.1093/cid/civ984
https://doi.org/10.1093/ofid/ofw211
https://doi.org/10.1093/ofid/ofw211
https://doi.org/10.1002/hep.27410
https://doi.org/10.1093/cid/ciw074
https://doi.org/10.1186/1471-2458-14-66
https://doi.org/10.1186/1471-2458-14-66
https://doi.org/10.2807/1560-7917.ES.2018.23.11.17-00491
https://doi.org/10.1177/00333549161310S211
https://doi.org/10.1186/s12879-017-2773-2
https://doi.org/10.1186/s12879-017-2773-2
https://doi.org/10.1371/journal.pone.0121450
https://doi.org/10.1371/journal.pone.0121450
https://doi.org/10.7326/0003-4819-157-8-201210160-00006
https://doi.org/10.1111/apt.14520
https://doi.org/10.1002/hep.27195
https://doi.org/10.1136/bmj.h6895


Hepatitis C Elimination and Advocacy
Groups 10
Charles Gore

Advocacy for the elimination of hepatitis C needs to be seen within the context of
advocacy for viral hepatitis as whole. That is what put elimination of hepatitis C on
the global public health agenda and resulted in the commitment by 193 countries to
eliminate hepatitis C by 2030; and advocacy for viral hepatitis at a global level really
began at a meeting of patient representatives from around the world in Barcelona
in 2007.

This is not to say that there was no hepatitis C advocacy before that. The
contaminated blood scandals from the mid-1980s to mid-1990s in countries such
as France, Canada, Ireland, Italy and Japan prompted public outrage. Thanks to
organised and effective action, victims of contaminated blood products successfully
sought compensation through national legal systems [1]. Haemophilia organisations,
in particular, were key drivers of advocacy efforts, although in Ireland efforts were
spearheaded by Positive Action representing women infected through Anti-D. Yet
despite the success that resulted in justice for many thousands of victims, the
scandals did little to draw attention to hepatitis C as a whole. Haemophilia
organisations leading the advocacy efforts distanced themselves from other groups
representing people living with HIV/AIDS and hepatitis C, presenting them as
‘undeserving’ victims and perpetuating stigma surrounding these infectious diseases
[1]. Furthermore, despite rates of hepatitis C infection from contaminated blood
surpassing that of HIV, hepatitis C is almost entirely omitted from reporting on the
scandals.

Some countries also held hepatitis C awareness days. A number of European
patient groups, who later coalesced into the European Liver Patients Association,
held a common hepatitis C awareness day from 2003 and tried to create a world
hepatitis awareness day, but it never achieved real traction outside parts of Europe.
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The meeting in Barcelona in 2007 was an attempt to address this. Groups across
the world were invited to choose a representative for their geographic region, and the
meeting had representatives from Europe, South America, North America,
Australasia, North Africa and Asia. Unfortunately there was no representation
from sub-Saharan Africa. There was also a representative from the HIV department
of the World Health Organization (WHO) regional office for Europe as an advisor.
The group was asked two questions: did they want to start a truly global hepatitis day
and did they want to have one just for hepatitis C or for viral hepatitis, meaning
predominantly hepatitis B and C together.

At that time, viral hepatitis did not feature at all as a concept in global health. In
fact, out of the 8000 people working for WHO whether in headquarters in Geneva or
in regional or country offices, not a single employee had ‘hepatitis’ in their job title
[2]. In as far as WHO was addressing viral hepatitis, it was centred entirely on the
hepatitis B vaccine as part of the Expanded Program on Immunization. As a
consequence, viral hepatitis was omitted from the Millennium Development
Goals [3].

In this vacuum of awareness and leadership, the representatives of the affected
community decided to create World Hepatitis Day. They also decided that it should
encompass both hepatitis B and C on the grounds that the numbers of infected
individuals worldwide and the annual death toll, estimated at the time to be 500 mil-
lion people and a million deaths, respectively, were so huge they could not be
ignored. Later that year, the World Hepatitis Alliance was set up in Geneva to run
World Hepatitis Day.

The first World Hepatitis Day was held on May 19, 2008. The theme was Am I
Number 12? to highlight that an estimated 1 in 12 of the global population was living
with chronic viral hepatitis.

Photo: courtesy The Hepatitis C Trust
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Five months prior to the day, the World Hepatitis Alliance wrote to the WHO
Director-General, Dr. Margaret Chan, asking three questions: Who was in charge of
viral hepatitis at WHO? What were WHO’s targets for the prevention and control of
viral hepatitis? Would the Director-General attend the press conference in Geneva to
launch World Hepatitis Day? There was no reply until 3 days before World Hepatitis
Day when WHO said they would send someone to the press conference on the day.
This was Dr. Craig Shapiro who had been seconded by the US Centers for Disease
Control and Prevention (CDC) to WHO’s Expanded Program on Immunization.

Although World Hepatitis Day achieved considerable traction worldwide, many
patient advocacy groups reported that, despite their best efforts, they were unable to
persuade their governments to participate. The reason, or perhaps more properly the
excuse, given was that World Hepatitis Day was not an official day. At the time,
there were only six official WHO days—World TB Day, World Malaria Day, World
AIDS Day, World Health Day, World No Tobacco Day and World Blood Donor
Day. There is also an official World Immunization Week.

The World Hepatitis Alliance decided that if making World Hepatitis Day an
official day was what was needed to ensure governmental participation, then it
would do exactly that. By then, Dr. Shapiro’s term at WHO had ended, and he
was replaced by another US CDC secondee, Dr. Steven Wiersma. Dr. Wiersma had
set up the hepatitis prevention and control programme in Florida and was a strong
proponent of increased visibility for viral hepatitis. Through his contacts in theWHO
Director-General’s office, he was able to advise the World Hepatitis Alliance on the
steps needed to make World Hepatitis Day an official day, namely, persuade at least
one WHO Member State to put hepatitis on the World Health Assembly agenda,
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persuade a Member State to draft a resolution making it an official day and then
persuade the other 192 Member States to adopt the resolution.

Through this process, the World Hepatitis Alliance changed from an organisation
principally focused on awareness-raising into one centred on advocacy. At the same
time, it formalised its structure to become what it is now—the global voice for
people living with viral hepatitis, its board elected by its 250+ member patient
organisations [4].

Initially there was much scepticism that it would be possible to persuade the
world to agree to an official day, given the pervading zeitgeist of moving away from
a disease-specific to a more general health system approach to global health. In
addition, although there were only six official WHO days, there were already very,
possibly too, many semi-official ones such as World Cancer Day. The World
Hepatitis Alliance, however, believed that there was an extremely persuasive argu-
ment for a World Hepatitis Day and wrote to the ministers of health of all 193 WHO
Member States, making the case that hepatitis was an exception and that nowhere
else in health was there such a wide discrepancy between the huge burden and the
very low levels of awareness and that, because these are infectious diseases, lack of
awareness was leading to continuing transmission.

As a result of these letters, Afghanistan, Brazil, China and Oman put viral
hepatitis, for the very first time, on the agenda of the WHO Executive Board meeting
for January 2009. After that meeting, Brazil drafted a resolution to make World
Hepatitis Day an official day for consideration at the World Health Assembly.
However, the Brazilian Ministry of Health was resistant to input from the commu-
nity into other clauses in the resolution. The World Hepatitis Alliance, in particular,
felt that the resolution could have been improved and was a missed opportunity.

In the event, 2009 was the year that the threat of H1N1 flu became a major issue.
The possibility of a major pandemic led the WHO Director-General to shorten the
World Health Assembly by several days so that Ministers of Health could return
home to be prepared. This meant that about half of the agenda items had to be
postponed to the following year. Viral hepatitis was one of those items.

Although this was disappointing for advocates, it offered an opportunity to build
a relationship with the Brazilian Ministry of Health. As a result, the community was
able to work on a new draft of the resolution, which called for a range of actions from
countries but also from WHO. While this was being drafted, the World Hepatitis
Alliance commissioned on behalf of WHO the first ever survey of countries’ policies
around viral hepatitis. The ensuing report Viral Hepatitis: Global Policy was
launched in April 2010, a month before the World Health Assembly. It demonstrated
very clearly the need for global action to tackle viral hepatitis [5].

In May 2010, the World Health Assembly duly passed Resolution 63.18 and made
World Hepatitis Day an official WHO day, although the date was changed to avoid a
possible clash with the World Health Assembly fromMay to July 28th, the birthday of
Baruch Blumberg, who discovered the hepatitis B virus. It also forced WHO to set up
a unit, called the Global Hepatitis Programme, to oversee viral hepatitis across the
world. For the first time, WHO now had staff dedicated to viral hepatitis.

This new visibility helped advocates nationally engage with their governments.
However, few countries had a national plan either for viral hepatitis or specifically
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for hepatitis C. Part of the reason was the treatment for hepatitis C, interferon and
ribavirin. It was expensive and toxic and had limited efficacy. What advocacy there
was tended to centre on persuading governments to broaden access to treatment and
on persuading the pharmaceutical companies to lower prices, particularly in devel-
oping countries, for example, Ukraine and India.

Hepatitis B had always been a candidate for elimination because of the availabil-
ity of a very cheap and very effective vaccine described in 1981 as the first anti-
cancer vaccine [6]. Elimination of hepatitis C, however, had not been on the agenda
because of the lack of a vaccine and the relative ineffectiveness and toxicity of the
treatment. As new drugs that target the virus itself and prevent it replicating, known
as direct-acting antivirals (DAAs), started showing spectacular results in trials, the
elimination of hepatitis C, at least as a major public health concern, became a
possibility. Unfortunately, governments were showing little appetite for action in
the 3 years following the 2010 resolution.

The World Hepatitis Alliance decided that it needed to put together a core group
of countries to lead the way, a tactic that had worked in the area of flu. The Alliance
persuaded Brazil and Indonesia to co-host a side meeting during the 2013 World
Health Assembly with this aim. The meeting featured, in addition to the co-hosts,
speakers from the Mongolian, Scottish, Egyptian and Japanese delegations. They
decided that rather than forming a group of champion countries, they would prefer to
push for a new resolution. Egypt promptly submitted a request for it to be included in
the 2014 agenda, and Brazil volunteered to draft the resolution.

Almost immediately after the Assembly, the head of the Brazilian Ministry of
Health’s Department of HIV and hepatitis was dismissed. The new head, who came
from outside the department, had too much to do settling into the job and so asked the
World Hepatitis Alliance to prepare the first draft. This gave advocates the opportunity
to include a clause calling for the elimination of hepatitis B and C. WHO advised that
this was too controversial, given the uncertainty over whether it was achievable. The
clause ended up being watered down, and the resolution, when it was adopted in May
2014, requested the WHO Director-General ‘to examine the feasibility of and
strategies needed for the elimination of hepatitis B and hepatitis C with a view to
potentially setting global targets’ [7]. Critically, this put elimination centre-stage.

Furthermore, the resolution empowered WHO’s Global Hepatitis Programme to
commission modelling from University College London to see whether elimination
was possible by 2030 to synchronise with the Sustainable Development Goals’
timeline. Advocates attended a meeting with WHO at the end of 2014 to discuss
the results of the modelling. Elimination in the technical sense of meaning no new
cases in a defined region was considered impossible in the time frame, especially in
the case of hepatitis C, where there is no vaccine available or even on the near
horizon. So it was agreed that the goal would be ‘elimination as a major public health
concern’. Modelling suggested that a reduction of incidence of 90% overall could be
achieved by 2030 and split into a 95% reduction in new cases of hepatitis B and a
80% reduction in new cases of hepatitis C, together with a reduction in mortality of
65% for both diseases. 2015 was chosen as the baseline year for these reductions.

To support this, targets for diagnosis and treatment were proposed. The most
contentious of these were the diagnosis targets of 90% of those with hepatitis B and
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C diagnosed by 2030. The treatment targets were set at 80% of those eligible to be
treated by 2030, but these targets were dependent on the diagnosis targets since
someone undiagnosed cannot, by definition, be eligible for treatment. These were
then incorporated by WHO into a draft for the first Global Health Sector Strategy
(GHSS) on viral hepatitis.

While the GHSS was in development, in light of its omission from the Millennium
Development Goals, global advocates ran a campaign, writing to every Ministry of
Health to have viral hepatitis officially acknowledged as a global health and develop-
ment priority as part of the United Nations Sustainable Development Goals (SDGs).
As a result in Goal 3.3, world leaders pledged to ‘combat hepatitis’ [8].

Ahead of the consideration of the GHSS by Member States, in September 2015,
at the inaugural World Hepatitis Summit, over 500 policymakers, patient groups and
physicians showed their support for the strategy by issuing the Glasgow Declaration,
which affirmed the belief that elimination is possible and urged governments to work
with WHO towards global targets for prevention, diagnosis and treatment [9].

During 2015, WHO held a series of consultations with Member States on the draft
GHSS, and advocates were also asked for input. There seemed to be a broad
consensus that this was an excellent strategy and the goal of elimination was strongly
supported. Based on feedback, the strategy went through various drafts. In one of
these, the target of 90% diagnosis was dropped. With 325 million people living with
hepatitis B or C and perhaps only a small fraction of them diagnosed [10],
diagnosing around 300 million people was always going to be the major challenge
and therefore the target most likely to be contested by Member States. At once,
advocates from the World Hepatitis Alliance appealed to WHO to reinstate the
diagnosis target, arguing that the treatment targets lost all meaning without
it. Happily, of all the WHO departments, the HIV and Hepatitis Department is the
most experienced in relation to advocacy groups and the most willing to listen to
them. The diagnosis target was reinstated.

While the consultations were happening, the WHO Western Pacific Regional
Office developed a regional plan based on the GHSS with essentially the same
targets [11]. This was debated at the Western Pacific Regional Committee Meeting
in Guam in September 2015. During the discussion, out of the blue, China proposed
removing all the specific numbers in the targets, leaving them little more than vague
aspirations. If this had been agreed, it would have led to the removal of precise
targets in the GHSS, effectively emasculating it. This seemed to vindicate WHO’s
concerns about countries like China with huge burdens being unwilling to commit to
action on the enormous scale necessary.

It so happened that advocates from theWorld Hepatitis Alliance were present at the
meeting and, because the World Hepatitis Alliance is in ‘official relations’withWHO,
were permitted to intervene. They reminded China that the extraordinary progress in
reducing mother-to-child transmission of hepatitis B in the region, and particularly in
China itself, was the result of having a clear target of achieving prevalence in children
of less than 2% by 2012 and then 1% by 2017 [12]. In other words, defined targets
produce results. China relented and withdrew its objection.

By the time of the World Health Assembly in May 2016 and more than a year of
consultations with countries in all six regions of the world, it looked as though the
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GHSS and its goal of the elimination of hepatitis B and hepatitis C would be adopted
by all 193 Member States. However, at the last minute, Russia suggested to the
World Hepatitis Alliance that it wanted to make very significant changes to the
wording of the GHSS, albeit without altering its goal or its targets. This posed a huge
risk because, once countries began discussing the detail of the GHSS again, anything
could happen, including changes to the targets, even a failure to agree and the
postponement of its adoption. Happily, the World Hepatitis Alliance had very
good relations with the Russian delegation and was able to persuade them that
getting the first global strategy on viral hepatitis adopted was too important to
jeopardise at such a late stage. The GHSS was duly adopted, and 193 countries
have agreed to eliminate hepatitis C by 2030 [13].

This global agreement on the goal of elimination provided a major tool for
advocates, but even before that, hepatitis C advocacy had been growing in strength
because of the arrival of new treatments that are far more effective and far more
tolerable than interferon. Initially, these direct-acting antiviral (DAA) drugs
appeared at very high prices. Because they can cure almost 100% of those who
take them, they were cost-effective, but the big issue became—were they affordable?
With so many people infected with hepatitis C—around 70 million worldwide [8]—
governments baulked at making such expensive drugs available to everyone, and
many introduced rationing, typically limiting access to those with advanced liver
disease. Advocacy focused on fighting the restrictions on access. Different
approaches were taken in different countries:

• Direct action to gain media coverage: From 2014, the Spanish group
Plataforma de Afectados por Hepatitis C carried out hospital lock-ins, hunger
strikes and demonstrations demanding access to treatment for all. The group,
made up of thousands of people living with hepatitis C, and their actions gained
widespread national and international media coverage. This coverage focused
attention on the lack of access to these life-saving drugs and forced the govern-
ment to act, with the Government of Spain guaranteeing new treatment regimens
to all those diagnosed with hepatitis C in Spain in 2015.

• Negotiations to improve access to treatment: In Ukraine, advocacy efforts from
the Alliance for Public Health resulted in greater access to hepatitis C diagnostics
and treatment. Through its advocacy, the organisation was able to purchase new
direct-acting antiviral drugs at a price of $900 per treatment course, a price
significantly lower than the original cost and more than ten times lower than the
cost in other middle-income countries. Subsequently, this set a precedent for new
pricing strategies and helped facilitate Ministry of Health negotiations with the
drug manufacturer and enabled the Ministry to purchase treatment for the gov-
ernment programme at the Alliance’s price. Such activities also resulted in
updates to the national protocol for hepatitis C treatment and the inclusion of
direct-acting antivirals.

• Championing the cause from the inside: After years of unsuccessfully treating
hepatitis C patients, Ricardo Baptista Leite, medical doctor and member of the
Portuguese parliament, saw the development of direct-acting antivirals as an
opportunity to change the lives of people living with hepatitis C but lamented
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the high treatment prices and general lack of awareness. To tackle this issue, in
2014 he developed a new methodology for action—his ‘Consensus Method’—
and published the book ‘Strategic Consensus for the Integrated Management of
Hepatitis C in Portugal’. This was a ground-breaking study, summarising
6 months of discussions among Portugal’s leading experts in the field. Given
Dr. Leite’s unique position within parliament, he was able to increase the profile
of the disease enormously, and the study assisted the government in developing a
sustainable programme to treat all patients.

• Sustained and varied advocacy activities: Patient organisation Grupo
Otimismo achieved results in Brazil through sustained but varied approaches to
advocacy. In July 2015, the organisation showed the power of sheer numbers by
delivering a petition with over 65,000 signatures to government and the pharma-
ceutical companies, calling for a fair price for treatment. This was followed by
media activity with the organisation delivering a 240 m long flag signed by
patients to the Ministry of Health. This produced immediate results with the
Ministry agreeing to work with civil society to accelerate access to new
treatments. Just 4 months later, DAAs were incorporated into the Brazilian
treatment schedule.

Since their introduction, prices for the new drugs have fallen greatly, aided by
competition in the developed world. A number of pharmaceutical companies have
drugs for hepatitis C, allowing governments to play off one against another. The
pharmaceutical companies have therefore been willing to negotiate prices at which
the drugs are not just cost-effective but actually cost-saving, especially in return for a
commitment to treat very large numbers or a deal aimed at elimination. One of the
first of these deals was in Australia where the government committed AUS $1 billion
over 5 years for what is effectively an unlimited amount of the drugs [14].

In developing countries, Gilead licensed their drugs to generic manufacturers, and
BMS and Pharco have licensed drugs through the Medicines Patent Pool [15]. This
has brought prices for a full course of treatment to below US $200, and there is an
expectation this will fall to US $50.

Affordable drugs are only one part of the story. Much else needs to happen to
achieve elimination. Although many more countries now have national strategies for
hepatitis C, very few have elimination plans. This is important because it is becom-
ing increasingly clear that what is going to derail elimination is not access to the
drugs but a failure to diagnose enough people and then link them into care. A perfect
example is Australia where the huge numbers treated and cured in the first year of
their deal with the pharmaceutical companies put them well on track for elimination
but where treatment numbers have since fallen significantly. Although Australia has
theoretically diagnosed 85% of people living with hepatitis C, there has turned out to
be a huge difference between ‘diagnosed’ and ‘ready to be treated’ with perhaps the
majority having fallen out of the patient pathway. This could mean that globally,
where only 20% are estimated to have been diagnosed, the real situation is much
more challenging.

Advocacy will now have to turn its attention to increasing diagnosis and linkage
to care. A good example in the developed world is England where the national

208 C. Gore



hepatitis C charity, The Hepatitis C Trust, joined up with an HIV charity, the
National AIDS Trust, and campaigned successfully to persuade the government to
introduce opt-out testing for blood-borne viruses for all new receptions in all prisons.
In the developing world, the cost of diagnostics has become a major issue. In some
countries, the cost of the diagnostics is now more than the cost of treatment. This is
not a traditional area for advocates, and experience and knowledge will have to be
built to make advocacy effective.

Graphic: courtesy World Health Organization
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Equally, advocacy will be necessary to hold governments to account all along the
road to elimination by 2030. The World Health Organization has produced a
monitoring and evaluation framework against which governments will be expected
to report. The first major report will be in May 2021 at the World Health Assembly
where progress against the 2020 interim targets will be assessed. These interim
targets are a little more challenging in some regions than others as a result of the
regional action plans that each WHO region has developed and agreed with the
Member States from those regions. So, whereas the diagnosis target is 30% of those
with hepatitis C [10], in Europe Member States have agreed to diagnose 50% of
those with hepatitis C and 75% of those with cirrhosis or liver cancer caused by
hepatitis C by 2020 [16]. These targets will provide advocates with real numbers
against which to judge their government’s progress.
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HCV Elimination in Australia 11
Behzad Hajarizadeh, Marianne Martinello, and Gregory J. Dore

11.1 Introduction

The epidemic of hepatitis C virus (HCV) infection in Australia has been primarily
driven by injecting drug use. HCV incidence was high in the 1980s and 1990s,
followed by a decline in early- to mid-2000s, initially related to reduced heroin
supply [1]. Ongoing HCV incidence of several 1000 infections/year over the last
decade has been despite high-coverage harm-reduction services for people who
inject drugs (PWID) [2].

Despite some control of HCV spread, and availability of subsidised interferon-
containing treatment since 1997 [3], the burden of HCV-related liver disease
continued to increase [3, 4], given an “ageing cohort” of the HCV infected popula-
tion, low HCV treatment uptake (1–2% per annum [4]), and sub-optimal efficacy of
interferon-containing therapy. The rising HCV burden was demonstrated through
increases in advanced liver disease complications including hepatocellular carci-
noma (HCC) [5, 6], HCV-related liver transplants [3], and liver-related mortality [7].

In 2015, an estimated 188,700 individuals were living with chronic HCV infec-
tion in Australia [2], of whom ~80% had been diagnosed and 24% had ever received
interferon-containing therapy [3, 8]. Interferon-free direct-acting antiviral (DAA)
therapy was only available through clinical trials and pharmaceutical company
compassionate access programs (from late 2014), and generic importation (from
mid-2015), prior to Australian Government-funded unrestricted access in March
2016 [9].
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11.2 History of Response to Hepatitis C in Australia: Paving
the Path Towards HCV Elimination

Although the launch of the government-funded unrestricted DAA access program
has been considered as the major milestone in Australia’s response to HCV, there is a
two-decade history of a national HCV response that provided the foundation for this
development.

One of the key factors, driving the successful HCV response in Australia, is the
development of national HCV strategies, with the first National Hepatitis C Strategy
launched in 2000, while the fifth Strategy launched in 2018 [10]. National HCV
strategies, developed with contributions of all key stakeholder groups, including
government, drug user and hepatitis community organisations, and medical and
academic communities, established a comprehensive framework to guide actions
in national and state level. Partnerships between these stakeholder groups continued
in development of the Australian recommendations for the management of hepatitis
C infection: a consensus statement 2016, released for the DAA program launch in
March 2016 (last update on June 2020) [11].

National HCV strategies have considered primary care and addiction medicine
physicians as key groups in diagnosis and clinical management of HCV infection.
Major HCV education initiatives for these groups commenced in the early 2000s,
together with pilot HCV therapy prescribing projects [12]. It has facilitated the high
levels of HCV screening [13] and established the foundation for development of a
broad prescriber base in Australia’s DAA program in 2016 with all registered
medical practitioners able to prescribe DAA therapy [9, 14].

Harm reductions strategies have been implemented broadly for PWID since the
early 1990s. It has placed Australia among only four countries with high coverage of
both needle and syringe programmes (NSP), and opioid substitution therapy (OST)
in 2017 (defined as >200 needle-syringes distributed per PWID and >40 OST
recipients/100 PWID), with the other three countries being Austria, the Netherlands,
and Norway [15]. High-coverage harm-reduction services in Australia maintained
low HIV prevalence of 1% among PWID [16] and provided an access point for
PWID to engage in HCV testing, thereby facilitating a high level of HCV screening
(~90%) [13, 17].

Australia’s unrestricted DAA treatment program was developed through strong
advocacy, robust epidemiological data, bipartisan political support, and established
partnerships between all stakeholders. In 2014, the Pharmaceutical Benefits Advi-
sory Committee (PBAC), an independent body that evaluates new therapeutic
applications for the Australian Government subsidisation, organised a meeting to
discuss subsidising DAA therapy with all key stakeholder groups present, including
the pharmaceutical industry. The hepatitis and drug user community-based
organisation representatives were particularly vocal in advocating “access to all”,
rather than a restricted access strategy that most high-income countries had pursued
[18, 19].

After several months of price negotiations between the Australian Government
and the pharmaceutical companies, in December 2015, the government announced
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the allocation of $AUS one billion ($US 800 million) over the 2016–2020 period
with a cap on expenditure (probably $AUS 250–300 million per annum) but with no
cap on the number of individuals treated. It means that the higher number of patients
treated annually (assuming the cap is reached each year), the lower the overall price
per patient course. Other key features of Australia’s DAA treatment program include
no restrictions based on liver disease stage or drug and alcohol use, broad prescriber
base with all registered medical practitioners able to prescribe DAA treatment,
retreatment (including for reinfections) allowed, and minimal out-of-pocket cost
for the patients with a co-payment of $AUS 7–36/month [9, 14].

The initial DAA regimens were subsidised from March 2016 (sofosbuvir/
ledipasvir, sofosbuvir plus daclatasvir, and sofosbuvir plus ribavirin), with addi-
tional regimens subsidised in May 2016 (paritaprevir/ritonavir/ombitasvir plus
dasabuvir with or without ribavirin), in January 2017 (grazoprevir/elbasvir), and in
August 2017 the first pangenotypic regimen (sofosbuvir/velpatasvir). A further two
pangenotypic DAA regimens (glecaprevir/pibrentasvir and sofosbuvir/velpatasvir/
voxilaprevir) were included in August 2018 and April 2019, respectively. Impor-
tantly, with inclusion of all major DAA regimens, clinicians are free to choose
individual patient regimens without consideration of pricing/cost.

11.3 Initial DAA Uptake

By the end of December 2017, an estimated 58,480 individuals, equating to 31% of
the total individuals living with HCV in Australia, received DAA treatment [14]. It
includes 4340 individuals receiving treatment in 2014 and 2015, prior to the
government-funded DAA program, through clinical trials, pharmaceutical company
compassionate access programs, and generic importation [9], and 54,140 individuals
receiving treatment from March 2016 to December 2017, during the first 22 months
of the DAA program. In contrast, over the preceding two decades (1997–2015), only
46,310 individuals received interferon-containing therapy [9].

The number of individuals initiating DAA treatment was highest during the initial
6 months of the DAA program, consistent with a “warehouse” effect with a large
number of patients in specialist clinics awaiting DAA therapy access (Fig. 11.1).
Subsequent declines in DAA initiations were followed by a relatively stable trend in
treatment uptake during December 2016 to September 2017, with a monthly treat-
ment initiation number of 1700–2250 (Fig. 11.1). Preliminary data indicates a
further decline in DAA treatment numbers in late 2017 and early 2018. However,
a modelling study demonstrated that assuming scenarios of monthly treatment
initiations of 1100–1900 in 2018, and 1100–1500 in 2019 onwards, Australia will
meet the World Health Organization (WHO) elimination targets [20] by
2025–2030 [21].

To control HCV-related mortality and disease burden, treatment of patients with
advanced liver disease is a priority. In Australia, it is estimated that 70% of the total
population with HCV-related cirrhosis (including those who remain undiagnosed)
initiated DAA treatment from 2014 to 2017 [9].
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One of the key features of the Australian DAA program, enabling rapid treatment
scale-up, is having no restrictions based on the liver disease stage or drug and
alcohol use. It has broadened DAA therapy across the HCV-infected population,
including marginalised populations at greater risk of HCV transmission (i.e. PWID,
people living with HIV, and prisoners). The annual Australian Needle and Syringe
Program Survey (ANSPS) is a cross-sectional survey, enrolling around 2500 PWID
from 50 NSP sites each year across Australia. This survey indicated that that 41% of
participants with HCV infection self-reported DAA initiation in 2017 (compared
with 10% in 2015) [22, 23]. Among individuals with HIV/HCV coinfection (pre-
dominantly men who have sex with men), more than 40% have initiated DAA
therapy in the first year of DAA program [24].

Prison-based access to DAA therapy is another important feature of the
Australian DAA program. An estimated 1500 prisoners received DAA treatment
during the first year of DAA program (March 2016 to February 2017), with an
expected upward trend in 2017 and 2018.

11.4 Diversity of Models of Care and Ease of DAA Access

A key to Australia’s success to date in DAA therapy uptake has been the develop-
ment of a range of models of HCV care for different populations in different settings,
and the involvement of a broad DAA prescriber base including general practitioners
(GPs) and other non-specialist clinicians. During the first 16 months of the DAA
program (March 2016 to June 2017), the proportion of patients initiated on DAA
therapy by specialists (predominantly gastroenterologists and infectious disease
physicians) decreased from 78% to 39% (Fig. 11.2) [9, 14], a trend which indicates
the broadening of models of care.

There is also limited administrative requirement for DAA approval, with gener-
ally a short (1–2 min) phone call for authorisation, with brief details provided

Fig. 11.1 Estimated monthly number of individuals initiating direct-acting antiviral treatment in
Australia between March 2016 and September 2017
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including name, universal healthcare (Medicare) number, HCV genotype (not
required if using pan-genotypic regimens), presence of cirrhosis or not, and DAA
regimen and duration. Once approval is provided, DAA dispensing can occur the
same day. The large majority (around 80%) of DAA therapy is now dispensed
through community (retail) pharmacies, further enhancing the suitability for patients,
many of whom would have travelled large distances to access therapy in hospital-
based pharmacies which was the norm in the interferon-based HCV treatment era.

Some examples of the diversity of Australian HCV care delivery models and
strategies are described as the following cases studies.

11.4.1 Case Study 1: Kirketon Road Centre

The Kirketon Road Centre (KRC) is an integrated model of care in a primary
healthcare facility, providing a comprehensive range of care, including general
medical care, clinical care of HIV, viral hepatitis and sexually transmissible
infections, harm reduction services (e.g. OST and NSP), women’s health services
(e.g. Pap smears, contraception, and pregnancy testing and advice), mental health
services, counselling and psychosocial services, nursing and peer-support, and social
care (e.g. housing, social security, and welfare information and assistance) to
marginalised populations, including at-risk youth, PWID, and sex workers [25, 26].

Established in 1987, KRC is located in Kings Cross, known as the “red-light”
district of Sydney, with a long history of drug trade and sex work [26]. Encompassing
the principles of acceptability, accessibility, and affordability of healthcare provi-
sion, KRC provides free of charge and anonymous services, both in-house and
through a clinical outreach program, including joint outreach with peer organisations
for PWID and sex workers. The majority of clinical care services, including HCV
assessment and treatment, are provided by non-specialists, with an infectious
diseases physician visiting KRC on a monthly basis for management of complex
patients.

Since availability of government-funded DAAs in Australia in March 2016, KRC
has provided DAA treatment, both in-house and at outreach clinics. Individualised

Fig. 11.2 Estimated monthly number of individuals initiating direct-acting antiviral therapy in
Australia between March 2016 and June 2017, by prescriber type
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DAA dosing options are utilised, including daily supervised and weekly dosing,
following an assessment of adherence support needs [27]. A study of 72 PWID
initiating DAA therapy in KRC showed a successful outcome, with 96% (n¼ 69) of
participants completing their planned treatment course and 82% (n ¼ 59) achieving
SVR in an intention-to-treat analysis. Among those completing treatment with no
SVR (n¼ 10), all were lost to follow-up after treatment completion, with six of them
having an undetectable HCV RNA at the end of treatment [27].

11.4.2 Case Study 2: Nurse-Led Model of Care in the Prison Setting

HCV prevalence is high in the prison setting in most countries [28], including in
Australia (22% anti-HCV Ab positive) [29], given high rates of incarceration of
PWID. Although drug law reform is needed to reduce these high rates, the prison
setting does provide a good opportunity to engage traditionally hard-to-access
populations in HCV care. Despite this opportunity, several challenges to DAA
treatment in prisons remain, including prevalent comorbidities (e.g. mental health
disorders and ongoing drug use), the low priority of healthcare for many prisoners,
high transitioning rates between prisons and from prison to communities, complex
organisational systems, and logistics (e.g. limited space and inadequate health
professionals in many prisons).

In 2009, a novel nurse-led model of HCV care was developed and implemented
in New South Wales prisons to enhance HCV treatment capacity via decentralised
care with specialist input provided by telemedicine. This model involved substantial
task transfer from specialist physicians to trained nurses who screened prisoners for
HCV infection and conducted pre-treatment clinical assessments of those diagnosed
with HCV infection, including a targeted medical history, physical examination,
mental health assessment, supplementary laboratory tests, and transient elastography
for liver disease staging. Further, the nurse triaged each patient in relation to
comorbidities, and potential issues related to treatment adherence, classifying the
patient into one of three categories: “A: suitable for treatment after discussion
between the specialist physician and nurse only; B: suitable for treatment, but a
teleconference with the specialist physician required; or C: needing face-to-face
assessment by the specialist physician before the decision to treat could be resolved”
[30]. The nurse initiated interferon-based HCV treatment for the patient and
conducted all on-treatment and post-treatment clinical follow-up with seeking
specialist’s input via teleconference if required [30].

One study, evaluating the safety and effectiveness of a this nurse-led model of
HCV care, using interferon-based therapy, in three prisons in New South Wales,
demonstrated a treatment uptake, treatment outcome, and adverse events, consistent
with those in community settings and tertiary clinics [30].

The successful model of nurse-led interferon-based HCV treatment in New South
Wales prisons has been expanded in the DAA treatment era. The enhanced tolera-
bility and ease of dosing has led to even fewer prisons requiring specialist review
through telemedicine or face-to-face consultation, with the vast majority
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commencing therapy following brief discussion or chart review via the nurse.
Overall HCV treatment numbers have increased several-fold, with around 1000
prisoners treated in New South Wales prisons in 2017 (personal communication,
Prof Andrew Lloyd), and the New South Wales nurse-led model of HCV care is
being replicated in other Australian jurisdictions.

There are also successful experiences of community-based nurse-led HCV care
[31, 32], indicating the potentials of this model for HCV care delivery in community,
particularly in the regional areas. Eliminating Hepatitis C Transmission by Enhanc-
ing Care and Treatment among HIV co-infected Individuals (co-EC) is a project
implementing a nurse-led model of HCV care in primary care settings in Victoria, to
increase DAA treatment uptake in individuals co-infected with HIV [33].

Authorised nurse practitioners, experienced in HCV clinical management, can
now prescribe DAAs independently, although the number of prescribers is small.

11.4.3 Case Study 3: ETHOS

Enhancing Treatment for Hepatitis C in Opioid Substitution Settings (ETHOS)was a
project assessing the feasibility and effectiveness of a model of HCV care for PWID,
integrating HCV clinical services into existing infrastructures providing drug treat-
ment services to PWID [34]. The design of ETHOS was primarily based on evidence
indicating that an already established engagement of PWID to drug treatment
services could facilitate access to HCV care, given the convenient, familiar, and
trusting environment, and reduced travel time and cost for clients [35].

Conducted between 2009 and 2014 in interferon-based treatment era, ETHOS
provided on-site HCV assessment and treatment and peer support in OST clinics and
community health centres in urban, regional, and rural areas. At enrolment,
participants were assessed for HCV infection by a nurse or GP. Those with HCV
infection were referred to an HCV specialist (infectious disease physician,
hepatologist, or a GP with HCV training and prescribing rights) for further assess-
ment and treatment, with HCV specialist services provided on-site at some centres
[34]. Of 415 participants enrolled, 101 participants initiated interferon-based treat-
ment, among whom 86% (n ¼ 87) had �80% adherence to treatment and 74%
(n ¼ 75) achieved SVR [34].

Following availability of DAA in Australia, two projects in New South Wales
have been designed using the same principles of integrating HCV care in drug
treatment services. In ETHOS Engage, the same model of care as in ETHOS will
be implemented with an addition of two interventions to further increase linkage to
care and treatment uptake, including point-of-care HCV testing and on-site transient
elastography to assess liver fibrosis [36]. TEst and treat hepatitis C aMong needle
and syringe PrOgram clients (TEMPO), an in-progress project, will evaluate DAA
therapy delivery through NSP sites, with peer-based support (ClinicalTrials.gov
Identifier: NCT03492112).
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11.4.4 Case Study 4: Kombi Clinic

Kombi Clinic is an innovative project in Queensland, providing outreach HCV
clinical care services in a “one-stop shop” basis (https://www.kombiclinic.com/).
Kombi Clinic outreach team includes GPs, nurses, laboratory technicians, and
dieticians, providing HCV care services in a Kombi Volkswagen, including blood
testing, transient elastography, and DAA treatment. This project particularly targets
hard-to-access marginalised people such as those in hostels and homeless shelters
who are less likely to get to mainstream medical facilities.

11.5 Insights from Mathematical Modelling Studies

The WHO targets for Global HCV elimination as a public health threat by 2030
(i.e. 90% of individuals with HCV infection diagnosed, 80% of eligible treated, 80%
reduction in HCV incidence, and 65% reduction in HCV-related mortality [20]) are
extremely ambitious, given that in 2017 only nine countries, including Australia,
were shown to be “on-track” for HCV elimination [37].

A recent modelling study projected the progress of Australia towards achieving
the WHO HCV elimination targets, assuming different treatment uptake scenarios
[21]. This study indicated that even with a pessimistic scenario of a sharp decline in
treatment uptake from around 21,500 individuals in 2017 to 13,950 in 2018
onwards, Australia would meet WHO targets of 80% reduction in HCV incidence
by 2027 and 80% of patients treated by 2029. However, achieving the target of 65%
reduction in HCV-related mortality would be challenging given an ongoing risk
(albeit reduced) of advanced liver disease complications, including cirrhosis and
HCC in those cured. It was projected that although the mortality reduction target
among HCV viraemic population would be met in 2019–2027 (in different treatment
uptake scenarios), in combined HCV viraemic and cured individuals, this target
would not be met earlier than 2041 [21].

Another modelling study, focussing on DAA treatment uptake scenarios among
PWID, indicated that a minimum of 4700 PWID treated/year (59/1000 PWID/year)
for the next 15 years were required to meet the WHO target of 80% reduction in
HCV incidence by 2030 [38]. Data from the annual Australian Needle and Syringe
Program Survey (ANSPS), which enrols 2000–2500 PWID at 50 NSP sites each
year, showed that 24% and 41% of participants with HCV infection self-reported
DAA initiation in 2016, and 2017, respectively [22, 23]. Estimates of the current
PWID population in Australia range from 68,000 to 118,000 [39], and with around
45% HCV viraemic, the number living with HCV is 30,000–53,000. Assuming the
ANSPS is representative, 24% DAA uptake in 2016 would translate to 7,200–
12,700, which is well above the treatment uptake in the first year of DAA therapy
required to meet the incidence reduction criteria.

Another modelling study, investigating the impact of non-treatment based
interventions, indicated that replacing anti-HCV Ab testing with point-of-care
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HCV RNA testing for screening would save AUS$62 million and would gain 11,000
quality-adjusted life years [40].

11.6 Empirical Evidence for HCV Treatment as Prevention

Although mathematical modelling studies demonstrate the feasibility of HCV treat-
ment as prevention, there are limited empirical studies evaluating the impact of HCV
treatment scale-up in preventing HCV transmission. In Australia, several HCV
treatments as prevention projects are in progress in key at-risk populations, including
prisoners, community-based PWID, HIV/HCV co-infected individuals, and Indige-
nous Australians.

The Surveillance and Treatment of Prisoners with hepatitis C (SToP-C) study
(ClinicalTrials.gov Identifier: NCT02064049) evaluated the feasibility and effec-
tiveness of an HCV treatment as prevention strategy within four prisons in New
South Wales (two maximum-security and two medium-security, including one
female prison). SToP-C consisted of two major components: surveillance and
monitoring phase, in which HCV status and risk behaviour evaluated at study
entry with subsequent monitoring of HCV incidence and risk behaviour every 3–6
months for the total study duration, and treatment scale-up phase, in which all
participants with detectable HCV RNA received 12 weeks sofosbuvir/velpatasvir
therapy. HCV incidence within the combined four prison cohort was compared
between the pre-treatment, and post-treatment scale-up periods. SToP-C was a
5-year project, with the enrolment commencing in October 2014 and the treatment
scale-up phase commencing in the second half of 2017 across the four prisons.
A total of 3691 prisoners were enrolled, including 719 individuals with active HCV
infection (detected HCV RNA). HCV incidence before treatment scale-up was 8.3/
100 person-years, declined to 4.4/100 person-years following treatment scale-
up [41].

The Hepatitis C Treatment and Prevention (TAP) study (ClinicalTrials.gov
Identifier: NCT02363517) is evaluating the feasibility and effectiveness of a
network-based treatment approach (“bring a friend” strategy) on HCV incidence
and reinfection among community-based PWID in Victoria [42]. TAP recruited
primary and secondary participants, with primary participants being current PWID
with chronic HCV (n ¼ 120) and secondary participants being the injecting partners
of the primary participants, identified using the “bring your friend” strategy
(n ¼ 300, HCV-infected and uninfected). Participants are randomised to three
treatment groups. Group A receive supportive care, including counselling, and
provision of injecting equipment. In Group B, primary participants receive DAA
therapy, and secondary participants receive supportive care. In group C, primary and
secondary participants with chronic HCV receive DAA therapy. Participants will be
followed to evaluate the incidence of HCV primary infection and reinfection.

The Control and Elimination within AuStralia of hEpatitis C in people living with
HIV (CEASE) study (ClinicalTrials.gov Identifier: NCT02102451) evaluated the
feasibility of rapid scale-up of DAA therapy and population-level impact among
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individuals with HIV/HCV co-infection in New South Wales [43]. The feasibility of
HCV treatment as prevention in this population in Australia is enhanced given a
relatively small HIV/HCV co-infected population (estimated 1900–2700 individuals,
prominently men who have sex with men [24]) and favourable HIV care cascade
(90% diagnosed and 96% of those diagnosed retained in HIV care [2]). Among
402 enrolled participants, annual DAA treatment uptake increased from 7% and 11%
in 2014 and 2015, respectively, to 80% in 2016, with resultant reduction in estimated
HCV RNA prevalence from 82% in 2014 to 8% in 2018, a clear demonstration of a
reducing viraemic infection within the HIV population in Australia. Among those
treated in 2016 and 2017, SVR12 was 96%, and 97%, respectively [43].

Eliminating Hepatitis C Transmission by Enhancing Care and Treatment Among
HIV co-infected Individuals (Co-EC) study (ClinicalTrials.gov Identifier:
NCT02786758) was another project among individuals with HIV/HCV
co-infection, aiming to enhance HCV care in this population through a nurse-led
model of care in primary care and tertiary care settings in Victoria. Co-EC was an
observational study, assessing HCV treatment uptake and treatment response among
individuals with HIV/HCV co-infection. This study was also assessing the impact of
HCV treatment in HIV/HCV co-infected individuals on primary HCV and reinfec-
tion incidence and HCV prevalence in gay and bisexual men in Victoria. Among
186 participants initiaing treatment, SVR was 98% in both primary care and tertiary
care settings [33].

Strategies for hepatitis C testing and treatment in Aboriginal communities that
Lead to Elimination (SCALE-C) study will evaluate a community-based model of
care providing point-of-care HCV testing, on-site transient elastography, and DAA
therapy in Aboriginal Community Controlled Health Services (ACCHS) in New
South Wales and South Australia. HCV infection disproportionately impacts Indig-
enous Australians (i.e. Aboriginal and Torres Strait Islander). Over the last 5 years,
an extremely concerning 43% increase in newly diagnosed HCV has been
documented in Indigenous Australians, compared with a 10% decrease in general
Australian population [44]. SCALE-C has been designed to respond to the needs for
specific models of care to provide equitable DAA access to Indigenous Australians.
SCALE-C is a 3-year project recruiting participants from ACCHS and affiliated drug
and alcohol services. This study will evaluate DAA treatment uptake and response to
DAA therapy, including post-treatment reinfection, among participants with HCV
infection. This study will also evaluate the community-level impact of DAA treat-
ment scale-up on HCV incidence and prevalence.
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11.7 Monitoring and Evaluation of HCV Elimination

Given rapid initial DAA uptake, Australia would appear to be “on-track” to achieve
WHO HCV elimination targets by 2030. Ongoing monitoring and evaluation is,
however, crucial to inform further HCV elimination strategic development. The key
elements of this program will assess DAA uptake, treatment outcomes, and the
population-level impact on HCV prevalence, incidence, and disease burden.

From the start of the Australian DAA program in March 2016, a monitoring of
DAA treatment uptake has been undertaken, with regular newsletters to inform
stakeholders of progress [9, 45]. These newsletters provided data of DAA treatment
initiation numbers per month and, in each jurisdiction, demographic details of
patients (age and gender distribution), DAA regimens, and prescriber pattern.

Two large-scale observational cohort studies are undertaken to evaluate real-
world outcomes of DAA therapy in Australia. Observational Prospective Epidemi-
ological Registry in Australia of HCV (OPERA-C) largely recruits from tertiary care
gastroenterology and liver clinics, and Real world Efficacy of Antiviral therapy in
Chronic Hepatitis C (REACH-C) collects data from tertiary care, primary care, drug
and alcohol, and prison-based clinics. Initial DAA treatment outcomes among 4223
patients from REACH-C have been reported [46], with a per protocol SVR of 96%.
Similar to many other real-world cohorts [47–50], there is a sizable rate of loss to
follow-up between end of treatment and SVR at 12 weeks post-treatment (16%),
highlighting the need to optimise ongoing patient engagement. The REACH-C
cohort will also evaluate rates and outcomes of HCV retreatment, both for virologic
failure and reinfection.

Data linkage studies are major components of disease burden monitoring, linking
notified HCV cases with several administrative datasets, including individual-level
Pharmaceutical Benefits Scheme DAA treatment, hospitalisation, cancer diagnoses,
and death. These studies have characterised population-level burden of
decompensated cirrhosis, HCC, and liver-related mortality [6, 7, 51–55] and will
continue to monitor this burden and the specific impact of DAA treatment scale-up in
Australia. These studies will inform the progress towards the WHO HCV elimina-
tion target of 65% reduction in liver-related mortality by 2030. They will also
provide essential information to validate and/or adjust mathematical model-based
estimates and projections of the impact of DAA therapy on advanced liver disease
complications and mortality.

Ongoing surveillance through the Australian Needle and Syringe Program Survey
will be a major component of HCV elimination monitoring. The inclusion from 2015
of HCV RNA testing on dried blood spot samples provides the ideal format for
PWID-based HCV viraemic estimates over time. A comparison of 2015 and 2017
samples demonstrated a reduction in HCV RNA prevalence from 43% to 25% [22],
strong evidence for an initial population-level impact of DAA treatment.

Fortunately, HCV has been a mandatory notifiable disease in Australia since the
early 1990s, with established HCV notification registries at jurisdictional (state and
territory) and national level. National HCV surveillance data will provide further
valuable information. Monitoring of rates of new HCV diagnosis among younger
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age groups (e.g. 15–24 years), which have been stable over recent years, should
provide a surrogate measure of recent HCV transmission trends. High rates of HCV
screening among high-risk populations, particularly PWID, provide reassurance that
this form of surveillance is valuable in terms of monitoring HCV transmission. The
linkage of HCV notifications to several administrative datasets, as described above,
also provides the opportunity to evaluate timing between HCV diagnosis and
presentation with advanced liver disease complications (decompensated cirrhosis
and hepatocellular carcinoma). This has enabled monitoring of the proportion of
individuals with “late HCV diagnosis”, defined as HCV diagnosis less than 2 years
prior to these complications. This proportion has progressively declined to around
20% by the early 2010s, suggesting that a large pool of undiagnosed people is not
present in the population, at least among those with prolonged infection [52].

11.8 Moving Forward

There are a number of key challenges that will need to be met, if Australia is to
continue on the path to HCV elimination. Continued efforts are required to sustain
ongoing DAA uptake, even at lower levels than 2016–2017. There may be a
tendency to consider the HCV public health “problem” solved, given the high
DAA cure rates, major Australian Government investment in unrestricted DAA
access, and the initial extremely encouraging uptake. Continued advocacy will
therefore be required from a range of stakeholders to provide further investment in
DAA treatment implementation. The prison setting provides an opportunity for
further scale-up and access to highly marginalised individuals from the community.
Innovative DAA treatment programs, including delivery through needle and syringe
program services with peer-based support, need to be evaluated as a means to
extending DAA therapy reach for current PWID. The broad prescriber base is
encouraging, but an even larger pool of clinicians, particularly those with a poten-
tially high caseload of people with HCV, needs to be developed. Community
awareness needs to be further elevated, particularly to enable those individuals not
regularly engaged in drug and alcohol services (e.g. most former PWID). Consider-
able communication is happening on the ground, through social and injecting
networks, following tens of thousands of people being cured in the last 2 years,
but more formal education and awareness raising is also required. Finally, the central
role of harm reduction, including needle syringe programs and access to opioid
substitution therapy, in HCV elimination should not be forgotten. Without a strong
HCV “prevention as prevention” foundation, DAA therapy will not provide the
population-level impact required to achieve major reductions in HCV incidence
required to achieve WHO elimination targets.

Australia has a wonderful opportunity to provide international leadership on
many aspects of HCV elimination. Broad access to DAA therapy provides consider-
able empowerment, for individuals living with HCV who have extremely high
prospects for cure and for healthcare professionals to be involved in frequent cure
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of a chronic disease. There is a clear need to harness this potential empowerment to
continue the drive towards HCV elimination.
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Hepatitis C virus (HCV) infection is a major public challenge that affects more than
71 million people all over the world [1]. Egypt is one of the world’s highest
prevalence rates of HCV infection. According to Egyptian Demographic Health
Survey (EDHS) conducted in 2008, a substantial proportion of Egyptian population
was affected by the virus, with an overall estimate of HCV antibody and HCV RNA
positivity among the 15–59-year age group of 14.7% and 9.9%, respectively [2]. In
2015, the Egyptian Health Issues Survey (EHIS) was done to re-estimate the
prevalence of HCV infection in Egypt, HCV population burden was estimated by
around six million patients, and the overall prevalence of HCV antibody and HCV
RNA positivity among 15–59-years-age group went down to 10.0% and 7.0%,
respectively [3], with 29% reduction in HCV RNA seroprevalence since 2008.
The decline in HCV prevalence, although looks encouraging, is not pure decline;
stock of patients who were infected due to bilharzial treatment are age shifted so that
majority of them are now older than 60 years so are not included in 2015 survey
while were included in 2008 survey. Also, no obvious impact of direct-acting
antivirals (DAAs) was expected although it is believed that a related true decline
will be proved in future surveys.

The burden of HCV infection in Egypt is largely attributed to the community-
wide campaigns that were conducted by the Egyptian Ministry of Health (EOH)
during the period from 1950 to 1980, aiming at the eradication of schistosomiasis
which was the major public health problem and a major cause of liver disease at that
time [4–6]. This great effort gave rise to a huge reservoir of HCV genotype four in
the country due to exposure of the patients to unsafe injection practices [6]. In
addition, health-care related transmission affects about 150,000 Egyptian patients
per year [7].
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HCV may complicate the course of schistosomiasis and vice versa (possibly
through synergistic effect). Liver cirrhosis occurs at a much higher rate in those
who have co-infection of HCV with schistosomiasis (48%), compared with those
who are mono-infected with either HCV or schistosomiasis (15% and 0%,
respectively) [8].

HCV is a small (55–65 nm in size), enveloped, strictly blood-borne RNA virus in
Flaviviridae family [9]. It can survive infectious in dried blood for weeks [10]. The
major routes for its spread include injection drug use with a shared unsterilized
needle, medical and dental procedures in settings with inadequate infection control,
body piercing with reused needles, and transfusion of unscreened blood or blood
products. Less common modes of HCV spread include sexual transmission and viral
transmission from an infected mother to her baby [11]. In Egypt, approximately
150,000 individuals acquire HCV infection annually primarily through a healthcare-
related transmission which is considered the primary mode of HCV transmission in
Egypt [7].

Nearly 75%–85% of HCV-infected patients do not clear infection within
6 months, and subsequently, they develop chronic hepatitis [8, 12]. Many factors
affect the rate of HCV chronicity, including patients’ age at the time of infection,
gender, ethnicity, and the development of jaundice during the acute phase of
infection [13].

Vulnerable groups for acquiring HCV infection, to which screening programs are
directed, include healthcare, emergency medical, or public safety workers who are in
contact with HCV-positive blood, injection drug users, patients who received a
blood transfusion or organ transplant before July 1992 or clotting factor concentrates
produced before 1987, long-term hemodialysis patients, and babies born to
HCV-positive mothers.

The journey of Egyptian battle against hepatitis C started in 2001 by the great
efforts of Egyptian Ministry of Health (MOH) in the execution of a multitask
strategic program aiming at reduction of HCV transmission in Egypt. The program
involved the foundation of the first HCV surveillance unit at the MOH as well as the
release of the first national guidelines for HCV infection control. Both actions
contributed to reduction in the annual incidence of de novo HCV infection among
dialysis patients from 28% to 6% in 2008 [14].

The second major achievement for the Egyptian Ministry of Health (MOH) in
regard to HCV infection control was the establishment of the National Committee
for Control of Viral Hepatitis (NCCVH) in 2006 in collaboration with ad hoc experts
from the University of California in San Francisco (United States) and Pasteur
Institute in Paris (France) [15, 16]. The NCCVH set its mission to eradicate HCV
in Egypt by 2030 through setting up, implementing, and maintaining a nationwide
HCV control strategy aiming at the reduction of the infection rate from currently 8%
to 2% (international prevalence disease). NCCVH also offers antiviral medications
for HCV-infected patients at minimum cost or even totally free of charge. Nowa-
days, patients with viral hepatitis are served through more than 60 treatment centers
all over the country [17].
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12.1 Strategic and Action Plan Evolution During Egyptian
Journey Towards HCV Elimination

“Elimination of HCV in Egypt is critically dependent on the prevention of new
infections, through the adoption of universal infection control strategies at all levels
of the health system hand in hand with the implementation of universal screening
program and treatment of all diagnosed cases.”

12.1.1 Addressing HCV Problem and Raising the Awareness Against
HCV Transmission

In 2011, the national services for awareness against HCV were limited to few media-
based public awareness campaigns and educational campaigns targeting university
students (nearly 100,000 university undergraduates in different areas). During the
period between 2014 and 2018, the NCCVH adopted a novel “Action Plan”
addressing all aspects of control of viral hepatitis with support from the World
Health Organization (WHO), the US Centers for Disease Control and Prevention
(US-CDC), and the Pasteur Institute, Paris. The “Action Plan” strategies were to
improve current HCV surveillance practices, ensure blood and blood products
safety, promote infection control measures, increase public awareness about viral
hepatitis prevention, and improve care and treatment of viral hepatitis-related liver
disease and cancer [16].

12.1.2 Implementing Universal Screening

Eradication of HCV is a possible target since the disease meets most of the criteria
for disease eradicability [18, 19]. However, such target would not be achievable
without improvement of screening effectiveness [20]. The current risk-based screen-
ing approach is problematic since a significant number of patients are unaware of
their infection status [21]. This underdiagnosis comprises a missed opportunity for
infected patients to benefit from early access to treatment and allows the spread of
infection from the untreated patient (untreated patient could transmit the infection to
an average of three to four patients during his lifetime). Therefore, an extension of
risk-based screening strategy to universal screening could possibly increase the
detection rate of undiagnosed HCV cases and subsequently significantly reduces
the disease burden.

Great efforts have been made in that context; Cairo University launched regular
screening and awareness campaigns for its workers and students. The innovative
initiatives from professor Gamal Shiha (towards a free village from viral hepatitis
2014–2019) establishing exemplary village free from viral hepatitis through
implementing community-based outreach interventions and provision of accessible
and comprehensive treatment and care services that address HCV and the steps taken
by the NCCVH to unmask the hidden part of unrevealed HCV patients by screening
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different populations and relatives of diagnosed HCV patients are good examples of
such efforts.

Media awareness campaigns were launched on radio and TV to increase aware-
ness about this hidden epidemic and encourage people to get tested for hepatitis C in
collaboration with community leaders and social stars.

12.1.3 Treating HCV Patients and Ending Hepatitis C Transmission
with Antiviral Medication

Biologically, HCV is an amenable target for eradication as there is no known
non-human reservoir as well as no latent cellular reservoir [22]; thus, treatment-
based elimination of HCV could be an option [23]. The most prevalent HCV RNA
genotype in Egypt is genotype 4, accounting for >90% of all HCV cases [24].

NCCVH issues the national treatment protocols and generalizes it to all its
affiliated specialized treatment centers. These treatment protocols are regularly
updated by expert hepatologist panel regarding patients’ treatment eligibility criteria,
pretreatment assessments, drug regimens, and treatment of special populations.

12.2 Revulsions of Patients’ Assessments in NCCVH Affiliated
Centers

– Initial pretreatment evaluation of hepatic fibrosis stage based on FibroScan; now
NCCVH affiliated centers depend on FIB4 score to assess patients’ fibrosis stage.

– The target population for HCV treatment was initially patient with fibrosis stages
3 and 4 being the most vulnerable group for HCV-related complications and
hepatic decompensation. Currently, treatment of HCV is offered to all
HCV-infected patients regardless the fibrosis stage aiming at the reduction of
infection transmission.

– Before the era of direct acting antivirals (DAA), between 2007 and 2014, the
available choices for treatment of HCV were very limited. The NCCVH offered
HCV- infected patients with a combination of pegylated interferon (Peg IFN) and
ribavirin (RBV) which was the standard of care (SOC) at that time, leading to a
sustained virologic response (SVR) that didn’t reach 65%. The treatment options
for HCV have been revolutionized since the introduction of DAAs on 2014 to a
highly efficacious and well-tolerated therapy for nearly all HCV-infected patients
with a significant increment in SVR rates from 40 to 50% with Peg IFN/RBV [25]
to higher than 90% response rates. In real-life experience of Egyptian NCCVH
with DAAs, a mass treatment plan [14] that basically depended on sofosbuvir-
based regimen using its combination with ribavirin (dual therapy) or Peg IFN/
RBV (triple therapy) was implemented in September 2014 with SVR-12 rates for
those who received dual (n ¼ 5667) and triple therapy (n ¼ 8742) as 79% and
94%, respectively. Between May 2015 and November 2015, 6211 patients
received combined sofosbuvir and simeprevir therapy and achieved 94% SVR-
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12 [26]. Since November 2015, the protocol of NCCVH is directed to treat HCV
patients with two DAAs � RBV. Since that time, sofosbuvir/daclatasvir regimen
with or without ribavirin took the lead of management (n ¼ 18,378) with an
overall SVR-12 of 95.08%. Sofosbuvir/ledipasvir with or without ribavirin and
paritaprevir/ritonavir/ombitasvir + ribavirin regimens are also available.

– The concern about HCC recurrence in patients treated with DAAs for hepatitis C
following curative tumor therapy reflected on NCCVH treatment protocol for this
subset of patients. Patients with HCV-related hepatocellular carcinoma are cur-
rently eligible to receive treatment for their HCV with DAA after completing 6
months after successful curative interventions that aimed complete HCC ablation
and so concurrent no evidence of activity by dynamic imaging (CT, MRI) before
starting HCV treatment.

12.3 Addressing DAA Availability

DAAs have considered the ideal choice for treatment of chronic HCV infection
being effective medications (SVR > 90%) with minimal adverse effects. The main
barrier to universal use of DAA treatment has stemmed from their exorbitant prices;
in the United States, a 12-week course of treatment with sofosbuvir and simeprevir
costs around USD84,000 and USD66,000, respectively [27]. Egypt took many steps
to obtain the widest possible treatment coverage for Egyptian HCV-infected
patients. The negotiation between the government in the form of “NCCVH” and
Gilead sciences resulted in the importation of Gilead’s sofosbuvir (Sovaldi) in 1% of
its original price and sofosbuvir/ledipasvir (Harvoni). Gilead also allowed 11 Indian
and 2 Egyptian pharmaceutical companies to make sofosbuvir under license and to
price it as they like. In real-life experience, many Egyptian studies concluded that the
efficacy of generic drugs in Egyptian population was proven to be comparable to
brand one [28].

The NCCVH tests the effectiveness of each individual new DAA before its
rollout in the Egyptian market through conduction of multicenter, randomized,
active-controlled studies in its well-equipped hepatology centers. The results of
those trials are analyzed and published in order to give a pure view on the effective-
ness of the candidate medication in treatment of HCV genotype 4 in Egypt.

12.4 It Could Be Very Soon

In 2014, the government set ambitious goals to increase the number of newly
diagnosed cases from 150,000/year in 2015 to 340,000/year in 2018 and to target
treatment of 325,000 patients annually from 2018. By that, Egypt might be able to
achieve hepatitis C elimination by 2030 [29]. Eventually, with a marked actual jump
in the numbers of really treated patients, eradication of HCV could be achieved
earlier in time.
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13.1 HCV Epidemiology in Georgia

Georgia is a small Eastern European country (population: 3.7 million people)
situated in the Caucasus between Russia and Turkey. The country has the fifth
highest prevalence of hepatitis C in the world with an estimated 5.4% of adult
population (150,000 persons) living with chronic HCV infection [1, 2]. Studies in
various populations show that people who inject drugs have highest anti-HCV
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prevalence of up to 70%, followed by people living with HIV (40%), people living
with tuberculosis (21%), and others (Table 13.1).

According to the latest estimates, genotype 1 accounts for 41% of HCV infections
in Georgia, followed by genotype 3, 35%, and genotype 2, 24%. There have been
temporal changes in genotype distribution over the last 15-year period with increase
in genotype 3 infections, primarily attributable to injection drug use [10, 11]. Inter-
estingly, sequencing studies indicate that majority (about 70%) of genotype
2 infections in Georgia are actually recombinant form (RF) 2k/1b and thus may
account for up to 18% of all infections in the country [12, 13]. This chimera virus
possesses genotype 2 sequence in the structural and genotype 1 sequence in the
non-structural region of the virus affecting response to antiviral therapy [14].

13.2 National Elimination Program

Georgia had been laying groundwork toward elimination for a long time through
developing strong human and technical capacities and through increasing access to
HCV therapy. Over the years, the Government of Georgia substantially stepped up
its efforts against hepatitis C by implementing national programs such as free of
charge hepatitis C treatment for HIV/HCV co-infection patients (implemented in
collaboration with the Global Fund to Fight AIDS, TB, and Malaria since 2011) and
free of charge hepatitis C treatment in the penitentiary system (2013) and negotiating
60% price reduction on combination of pegylated interferon and ribavirin for general
population (2013).

These efforts culminated with the launch of world’s first hepatitis C elimination
program in April 2015 in partnership with US Centers for Disease Control and
Prevention (CDC) and commitment from Gilead Sciences to donate its direct-acting
antivirals (DAAs) to treat all Georgian living with HCV infection free of charge
[15, 16]. Georgia has been chosen as a first model country for eliminating hepatitis C
for several reasons, including:

Table 13.1 Hepatitis C burden in various populations in Georgia

Population Anti-HCV+ (%) HCV-RNA+ (%)

General population of Georgia [1] 7.7 5.4

General population of capital city Tbilisi [3] 6.7 N/A

People who inject drugs [4] 68.8 N/A

People who inject drugs [5] 63.2 N/A

Men who have sex with men [6] 7.2 N/A

People living with HIV [7] 40.3 34.3

People living with tuberculosis [8] 20.9 N/A

Healthcare workers [9] 5.0 N/A

N/A not available
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– High prevalence of hepatitis and a small size of the country
– Strong political will and public support
– Strong technical and human capacities
– Existence of effective systems for implementing large-scale health programs
– Best practice experience in ensuring universal access to HIV and TB treatments

Combination of these factors strengthened by international partnership translated
into successful rollout of elimination program. Together with CDC, WHO, and other
international partners, Technical Advisory Group (TAG), represented by world’s
leading experts, was established to guide implementation of the program. Based on
TAG recommendations, Georgia developed comprehensive strategic plan covering
all key direction needed for eliminating hepatitis C by 2020, including advocacy and
awareness; surveillance; prevention of transmission through blood safety, infection
control, and harm reduction; and screening, care, and treatment. All these activities
are implemented through either donor support or national allocations representing an
example of an effective public–private partnership.

While Georgia’s approach builds on delivering comprehensive response to HCV,
treatment remains the cornerstone of elimination program. The overall goal of the
program is to eliminate hepatitis C primarily through identifying and treating all
HCV-positive persons strengthened by effective prevention interventions.

Despite very high effectiveness of modern DAAs approaching 100% cure rates,
complete eradication of HCV infection, similar to that of smallpox, is impossible,
and therefore Georgia set the goal for eliminating and not eradicating HCV.
Although classical definition focuses on incidence [17], Georgia’s HCV elimination
goal was defined as 90% reduction in HCV prevalence from 5.4% to 0.5% [18].

To achieve the goal, the strategy has set forth 90-95-95 targets to be reached by
2020: (a) 90% of people living with HCV infection know their status; (b) 95% of
people aware of their status are treated for HCV infection; and (c) 95% of people
treated for HCV infection are cured.

Georgia’s elimination program envisages active case finding and treating all
patients, regardless of degree of liver damage, in order to achieve maximum
prevention effect. Also for achieving the elimination goal, all patients with virologi-
cal failure are retreated.

Treatment component of the elimination program started in April 2015 with four
specialty clinics delivering care in the capital city of Tbilisi, and after 3 years, this
expanded to over 30 HCV care provider clinics countrywide. Decentralization
process further continues through establishing HCV treatment capacities in primary
healthcare clinics and harm reduction sites.

Successful treatment expansion was possible through dedicated human capacity
strengthening program delivered by Liver Institute and Foundation for Education
and Research (L.I.F.E.R.) and Project ECHO of the New Mexico University.

National treatment protocols are developed in collaboration with leading interna-
tional hepatologists and support simplified diagnostic and monitoring approaches.
During the first year of the program, sofosbuvir (SOF) was the only DAA available
within the program, which was used in combination with ribavirin with or without
pegylated interferon. Since March 2016, Gilead donates fixed-dose combination of
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ledipasvir/sofosbuvir (LDV/SOF). Exclusive decision was made for the elimination
program to recommend LDV/SOF for all genotypes including with or without
ribavirin for genotype 1 and in combination with ribavirin for genotypes 2 and 3.

Development of electronic health information systems has been essential part of
elimination program. In 2015 national HCV treatment database was established,
which is now modern web-based health information system connecting all HCV care
providers countrywide. The database collects comprehensive case-based informa-
tion, including demographic, laboratory, and clinical data, on every person enrolled
in elimination program using standardized protocol. Effective validation
mechanisms are available to ensure that high-quality data are captured. The database
is the key source for monitoring treatment on individual and programmatic level, as
well as for conducting research and for informing policies. In 2017 HCV screening
database was launched to collect data from all sites providing HCV screening
services in Georgia. The next step is to create unified system for hepatitis C
elimination program integrated into the national e-health management system.

13.3 HCV Cascade and Treatment Outcomes

Figure 13.1 describes HCV care cascade as of March 31, 2018. After 3 years of
program implementation, 32.5% of estimated number of people with chronic HCV
infection were diagnosed; 93% of those diagnosed started treatment, and more than
98% of those assessed for sustained virologic response (SVR) cleared the virus, thus
already exceeding treatment related 95% targets.

This cascade shows that success of the elimination program primarily depends on
ability of the program to identify 90% of people living with HCV infection. Georgia
responded to this challenge by scaling up screening, including through healthcare-
based and outreach activities. As of March 31, 2018, over 974 thousand persons
were screened for HCV (35% of adult population of Georgia), and one-third of the
HCV-infected population were diagnosed. Analysis of the data showed the yield of

Fig. 13.1 HCV cascade as of March 31, 2018
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screening efforts differs between various populations: the highest rate of anti-HCV
positivity of 42% was observed in harm reduction services for people who injected
rugs, while only 0.5% tested positive in antenatal clinics (Fig. 13.2) [19]. This
underlines the need for targeting services for those at highest risk of HCV infection.
Together with international partners, the Ministry of Health of Georgia takes efforts
to introduce innovative and high-quality strategies to increase awareness and
improve access to screening.

During the initial year of the program, treatment was prioritized for patients with
advanced liver damage (�F3 METAVIR fibrosis score or FIB-4 score >3.25).
Treatment initiation criteria expanded in June 2016 to treat all patients regardless
of liver damage status. This resulted in 300% increase in treatment initiation rates
peaking with 4552 persons starting treatment only in in August 2016. The rates
declined afterward and flattened at monthly rate of around 1100 persons starting
treatment in 2017 (Fig. 13.3). This reflects challenges in HCV case finding, with
engagement in treatment services clearly outpacing the rate of new diagnosis.

With regard to treatment outcomes, SVR rate among persons starting SOF-based
regimen was 82.1%, persons failing on SOF were retreated with LDV/SOF achiev-
ing 99.2% cure rates, and persons receiving LDV/SOF as initial treatment reached
SVR of 98.4%. High overall cure rates were achieved in all patients with and without
advanced fibrosis (97.3% and 98.7%, respectively, Fig. 13.4). Overall SVR rates did
not differ by genotype—98.5% in genotype 1, 98.3% in genotype 2, and 97.7% in
genotype 3 (Fig. 13.4). The most importantly, high cure rates have been achieved
without newer generation DAAs and with only LDV/SOF with or without ribavirin.

High cure rate in genotype 1 patients in Georgian cohort is in line with previous
findings from clinical trials and real-life studies demonstrating similar effectiveness
of LDV/SOF [20–23].

LDV/SOF in combination with ribavirin proved to be highly effective in geno-
type 2 and 3 patients and can be considered as pangenotypic combination at least in
Georgian settings. SVR rates shown in elimination program are comparable or even

Fig. 13.2 HCV screening among different target groups

13 National Hepatitis C Elimination Program of Georgia 241



higher than those achieved with newer generation DAAs [24, 25]. Over 98%
effectiveness of LDV/SOF in genotype 2 patients can be explained by high preva-
lence of RF_2k/1b recombinant form in Georgia, which has been shown to respond
well to genotype 1 specific treatment options including LDV/SOF [26, 27]. Impres-
sive results were obtained in genotype 3 patients with 97.7% SVR rate. International
experience of using LDV/SOF in genotype 3 is very limited, and in the few
published studies, SVR ranged between 78% and 91%, which is lower than Geor-
gian experience [28–30].

13.4 Beyond Cascade

Georgia’s elimination program has made progress in all directions of the strategic
plan of action.

Fig. 13.3 Enrollment in HCV treatment

Fig. 13.4 HCV treatment outcomes by genotype and liver damage status among persons assessed
for SVR, April 2015–March 2018
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– Advocacy and awareness: Massive awareness-raising campaign has been
conducting utilizing variety of media strategies (TV ads, social media ads,
internet platform, etc.), short text messaging, and distribution of public education
materials. Special attention has been paid to fighting stigma through engaging
people living with diseases and empowering local communities [31].

– Prevent HCV transmission: Primary HCV prevention is one of the major
activities of the national strategy. This includes harm reduction services for
people who inject drugs (PWID) such as needle/syringe exchange programs
and opioid substitution treatment. Available data shows that 61% of estimated
number of PWID had been reached with any prevention services and 48% had
been screened for HCV infection [31]. Serious efforts had been made toward
implementing infection control and prevention monitoring and evaluation in
medical and non-medical facilities, as well as enhancing quality control
mechanisms in blood banks.

– Improve HCV laboratory diagnostics: Essential steps toward improving labora-
tory diagnostics were implemented, including approval of regulatory documents
for licensing laboratory service providers and implementation of national external
quality assurance program [31].

– Surveillance: Monitoring progress toward HCV elimination requires a well-
functioning surveillance system, and efforts are made to improve system’s
capacity to monitor/assess the burden and risk factors for HCV infection in the
country. Special study to characterize the burden of HCV-associated hepatocel-
lular carcinoma in Georgia is underway [31].

13.5 Achieving the Goal of Elimination

Georgian hepatitis C elimination program has made substantial progress since its
initiation. Over the first 3 years, more than 48,000 persons were diagnosed, and over
45,000 of them initiated treatment achieving cure in 98.2% of those assessed for
SVR. Mathematical modeling study showed that these efforts already averted 2500
HCV-related deaths and 5200 new HCV infections [32].

Along with accomplishments, formidable challenges remain, and first and fore-
most, this relates to HCV case finding. Most people living with HCV in Georgia still
remain undiagnosed representing major obstacle for meeting 90-95-95 targets. In
response, Georgia is ramping up screening services along with expanding access to
treatment through decentralization and integration in primary healthcare and harm
reduction services. This is key for securing access to services for all and particularly
for those vulnerable, such as people who inject drug.

The important feature of Georgia’s elimination program is that it not only hinges
on seek, test, and treat strategy but also proactively supports primary prevention
through better infection control practices, blood safety, and harm reduction. Such
comprehensive approach puts the country on the right path to elimination goal.
Continued governmental commitment, together with active engagement from civil
society and productive international partnership, provides strong basis for sealing the
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success. Georgia’s hepatitis C elimination program will further evolve as innovative
screening strategies, diagnostics, and prevention and treatment options are
implemented, providing valuable lessons for the world [33].
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Micro-elimination: A Key Component
of Global Hepatitis C Elimination 14
Jeffrey V. Lazarus, Juan M. Pericàs, and Kristina L. Hetherington

14.1 Introduction

14.1.1 General Framework of the WHO Viral Hepatitis Strategy

As presented in Chap. 1, in 2016 the World Health Organization (WHO) adopted the
Global Health Sector Strategy on Viral Hepatitis 2016–2021 [1], to eliminate viral
hepatitis as a public health threat by 2030, expanding on target 3.3 of the United
Nations’ Sustainable Development Goals (SDGs) [2]: to “combat viral hepatitis”
[3]. The strategy relies on five strategic directions, a set of priority actions for both
member states and WHO itself, and three frameworks for action (Box 14.1),
including universal health coverage (UHC) as the overarching framework, a public
health approach, and the concept of continuum of services.

Box 14.1 Pillars of the WHO Global Health Sector Strategy on Viral
Hepatitis 2016–2021 [1]

Strategic directions:

1. Information for focused action (know your epidemic and response)

2. Interventions for impact (covering the range of services needed)

3. Delivering for equity (covering the populations in need of services)

4. Financing for sustainability (covering the financial costs of services)

5. Innovation for acceleration (looking towards the future)

Frameworks for action:

1. Universal health coverage
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Box 14.1 (continued)

2. Continuum of services

3. Public health approach

Priority actions for countries:

1. Integrate viral hepatitis strategic information activities and indicators.

2. Assess the national hepatitis burden.

3. Monitor access to, uptake, and quality of viral hepatitis services.

Priority actions for WHO:

1. Develop and update normative guidance and tools.

2. Support countries to strengthen their health information systems and to use strategic
information tools.

Source: Adapted from WHO. Global Health Sector Strategy on Viral Hepatitis 2016–2021.
Geneva: WHO, 2012 [1]

Just over one year after the launch of the strategy, on World Hepatitis Day 2017,
WHO reported that after reviewing national hepatitis plans from 28 countries (out of
the 194 WHO member states), the majority had set national hepatitis elimination
targets, and most of them had begun to develop national hepatitis plans to enable
access to effective prevention, diagnosis, treatment, and care services. Further,
nearly half of the 28 countries surveyed were already aiming for elimination by
providing universal access to hepatitis treatment. Nevertheless, WHO noted only
mixed progress: “The national response towards hepatitis elimination is gaining
momentum. However, at best, one in ten people who are living with hepatitis
know they are infected and can access treatment. This is unacceptable” [4].

With so few countries aiming to eliminate viral hepatitis, despite adopting the
WHO strategy to do so, new thinking is needed to galvanize the response. The
complexity and prospective costs associated with diagnosing and treating an entire
population can be overwhelming for health authorities and other stakeholders.
According to Hutin et al. [5], only 20% of individuals with hepatitis C (HCV)
were aware of their status in 2015, and less than 10% of those with known infection
had started treatment. Fifteen million need to be urgently diagnosed and linked to
treatment to achieve WHO’s interim elimination targets by 2020.

One approach to disease elimination is to segment the populations considered to
be at higher risk or directly affected by viral hepatitis, in order to develop a targeted
response plan. This approach, called micro-elimination [6, 7], calls for a concerted
effort to eliminate hepatitis C (HCV) in the subgroups where it is prevalent (target
populations). These include people who inject drugs (PWID), men who have sex
with men (MSM), people living with HIV (PLHIV), prisoners, people undergoing
chronic hemodialysis, and people with hemophilia among a total of 12 main
populations we have identified to date (see Box 14.2).
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Box 14.2 12 Target Population Candidates for an HCV Micro-elimination
Approach

Children (under age 15)

Coinfected with HIV

Generational cohorts of high prevalence (born 1945–1965)

Hemodialysis patients

Hemophilia patients

Men who have sex with men

Migrants from high-prevalence countries

Patients with advanced liver disease

People who inject drugs

Prisoners

Thalassemia patients

Transplant patients

An advantage to this approach is that it is multipronged and promotes external
stakeholder involvement. In countries reluctant to immediately address the epidemic
as a whole, initial efforts can target those already engaged with the health system
such as transplanted patients, PWID regularly attending needle and syringe
programs or drug consumption rooms, or PLHIV on antiretroviral therapy. This
approach, which includes many marginalized and overlapping populations such as
PWID, migrants, or MSM, ensures that governments do not merely address those
easiest to reach and least at risk of contributing to further transmission but, rather, the
majority of those likely to be affected with a particular focus on groups known to be
at high risk of further spreading the disease [7].

For micro-elimination strategies to contribute to achieving the HCV elimination
targets established by the WHO, including an 80% decline in HCV infections and a
65% reduction in mortality by 2030 [1], existing frameworks and principles must be
aligned. Therefore, the next section will briefly discuss the main aspects of the
principles of equity, UHC, a public health approach, and the priority actions for
countries that should accompany an HCV micro-elimination approach.

14.1.2 Hepatitis C Treatment Delivery and Efficacy and Policies

Given that no effective vaccine exists to prevent HCV [8] and that direct-acting
antiviral (DAA) drugs have been shown to be both safe and highly effective for
treating HCV [9–12] and preventing its transmission [13–15], DAAs constitute the
cornerstone of HCV elimination efforts. This means that scaling up and optimizing
DAA use is not only an evidence-based clinical treatment model but also a strategic
public health approach.
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To date, several experiences from large-scale, national-level DAA treatment
initiatives have provided insight into how to eliminate HCV [16–19]. However,
for these insights to lead to effective and sustainable elimination of HCV, they need
to be integrated into specific and multidisciplinary models of care that not only
facilitate HCV patients’ diagnosis and linkage to care and health professionals’
communication and coordination but also are enabled by well-designed policy
evaluation and cost-effectiveness analyses [20, 21].

Further, as noted by the WHO [4], most governments are not prepared to initiate
ambitious, well-designed, and comprehensively funded national initiatives for HCV
elimination. A recent study on hepatitis policy information reported by patient
groups showed that among the 25 European countries studied, 52% had national
HCV strategies, and only 44% had HCV disease registries [22]. Not only is the
cascade of care proposed by the WHO [1] being hampered at its first step, namely,
accurately estimating the burden of HCV in a country, but the collection of data for
core monitoring and evaluation indicators is limited [23]. Policymakers might be
refraining from acting for fear of increased screening leading to a rapid increase in
the number of individuals diagnosed with HCV followed by the financial burden of
funding DAAs and the resulting healthcare costs related to concomitant illnesses
[24, 25]. As a result, the “rhetorical gap” between policymakers’ commitment to
eliminate HCV by adopting the WHO strategy in 2016 and real-world policy is great
in most countries. In addition to a lack of a national strategy, prescription and
reimbursement restrictions are also a major barrier for access to DAAs [26–
28]. Even where there is a strategy or plan in place, failure to consider the unique
needs of population subgroups might lead to an increase in HCV diagnosis and
treatment disparities [29]. These barriers are often even more pronounced in
low-resource settings such as sub-Saharan African countries [30].

14.1.3 What Do We Mean by HCV Micro-elimination?

To eliminate HCV as a public health threat, we can rely on three fundamental pillars:
a global strategy to eliminate HCV; highly efficacious biomedical tools (DAA
treatment) that make it possible to obtain a sustained virologic response (SVR);
and strong political will despite financial and operational challenges. Yet the scale,
complexity and cost of implementation for such a strategy at a global level impede a
quick win. There is no “one-size-fits-all” approach, and for countries with a heavy
burden, many different testing, linkage to care, and treatment models are
needed [31].

Therefore, the micro-elimination approach, breaking down national elimination
goals into smaller goals focusing on individual population segments, offers a
sensible way forward. Pursuing the micro-elimination of HCV means working to
achieve the WHO targets in specific subpopulations and settings [7]. The micro-
elimination approach encourages policymakers and other stakeholders to set prag-
matic national and subnational goals, while those who are best informed about the
nature of the HCV epidemic in their subpopulations can take the lead in tailoring
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interventions to address specific circumstances. Defining a target population for
micro-elimination makes it possible to adapt case finding, treatment settings, and
surveillance techniques to be more efficient and effective.

One of the advantages of the micro-elimination strategy is that it is a response
based on the unique epidemiological and social contexts of a country or subnational
geographic area. Many of the target populations (see Box 14.2) are already linked to
the health systems, which makes them easier to reach. It is likely that other target
populations may be considered after more experience is gained from current,
pioneering micro-elimination studies. Potential future subgroups could include
aboriginal/indigenous peoples; persons who used or have used intranasal drugs;
those lost to follow-up; those who have tattoos, piercings, or scarification
(as recommended in current WHO hepatitis screening guidelines) [32]; sex workers
(female or male); homeless people; veterans and military personnel; refugees living
in centers or camps; and/or people living in protracted armed conflict settings where
international organizations are providing aid.

The advantages of adopting a micro-elimination approach within the general
strategy of HCV elimination are summarized in Box 14.3. Potential synergies
between these advantages should also be considered.

Box 14.3 Potential Advantages of a Micro-elimination Approach

1. It is adaptable, allowing for achievable, situation-specific targets to be established
within the ambitious WHO hepatitis elimination framework. This enables realistic,
tailored interventions to be put in motion.

2. Its pragmatic perspective encourages stakeholder consensus and effective action.

3. The time to achievement of elimination goals is shorter.

4. Costs can be contained and more easily predicted because targeted populations are
smaller and some are already connected to the health system.

5. It can encompass primary prevention and the prevention of re-infection in targeted
populations.

6. It may generate a template, including in a small geographically defined population,
which may then be used to develop services for larger intervention programs.

14.1.4 Historical Background of Micro-elimination

The elimination of an infection or disease as a public health challenge requires
deliberate efforts, which often begin through a targeted “vertical approach” at the
local level [33]. However, elimination efforts can also create health systems
strengthening opportunities both at the micro- and macro-levels through the integra-
tion of services, personnel training, and improved infrastructure and disease surveil-
lance capacity, including diagnostic laboratory services [33, 34]. Historically, a
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micro-elimination approach, supported by effective micro-planning activities and
improved national surveillance, has contributed to the reduction of diseases such as
poliomyelitis, measles, rubella, and yaws [34–37]. Eighty percent of the world’s
population live in certified polio-free regions—a polio eradication milestone
achieved through coordinated public health activities across different geographical
levels and local contexts, supported by strong a global commitment [38]. In the
realm of HIV, micro-elimination efforts targeting mother-to-child transmission have
significantly reduced the number of new HIV infections among children and allowed
for countries to celebrate milestones [39]. For example, in 2015, Cuba became the
first country in the world to eliminate both mother-to-child transmission of HIV and
syphilis through a regional micro-elimination initiative [40].

The “fast-track” strategy, especially in cities, provides an example of HIV
elimination efforts at a micro-level that have started to demonstrate success
[41, 42]. The success to date of Iceland’s national HCV elimination campaign, for
example, has prompted partners in that effort to suggest that a similar model might
be effective for eliminating HCV in cities with populations that are of comparable
size to Iceland’s national population [17]. Such an initiative might conceivably
utilize a strategy that calls for micro-elimination approaches tailored to all of the
city’s affected populations.

14.2 The Footprints of HCV Micro-elimination in Research
and Policy

14.2.1 The HCV Micro-elimination Evidence Base

To date, there are limited studies leveraging high-quality data that clarify the
feasibility of micro-elimination efforts. At national and subnational levels,
pioneering studies have led to key insights to improve data collection, mostly in
Europe and Australia. In Belgium, for instance, where it was observed that an
increase in diagnosis and treatment was necessary to achieve WHO HCV elimina-
tion targets [43], data on HCV prevalence and fibrosis stage in most target
populations were scarce and largely unreliable, and there were no data for two of
the subgroups investigated [44]. The study concluded that creating a centralized
HCV database as an essential component of an integrated health information system
with the ability to capture, store, analyze, and report HCV-related data is needed and
that in fact the approximate figures of HCV infections among some target
populations would allow for easily achieving elimination in them.

At the end of 2016, the Irish Haemophilia Society declared the effective “eradi-
cation” of HCV among people with hemophilia [45]. Seemingly, small European
countries that developed dedicated screening campaigns have led to supportive
pre-elimination scenarios. This is the case in Iceland, Georgia, and Slovenia. In
2008, the National Health Service of Scotland launched a multiphase HCV elimina-
tion plan, and through continuous action, it is believed that elimination might soon
be achieved among PWID [46, 47]. If established treatment targets are met, the
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Scottish government estimates a 75% reduction in the annual number of people
developing HCV-related liver failure and/or liver cancer by 2020. In the USA,
Facente et al. [48] (https://www.thelancet.com/journals/langas/article/PIIS2468-
1253(18)30132-8/fulltext) provided a comprehensive account of the HCV epidemic
among three target populations (PWID, MSM, and transgender women) and among
the general population in San Francisco. Notably, the study estimated approximately
51% more HCV seropositive cases than are included in San Francisco’s HCV
surveillance case registry. Two of their conclusions are central to the micro-
elimination approach:

Findings from this analysis will lead to more explicit targeting of these types of prevention
and treatment efforts toward PWID, MSM, transgender women, and men overall, in addition
to baby boomers; future efforts to better understand disparities related to race/ethnicity
would also be useful for better targeting strategies and While the study applied data sources
specific to San Francisco, the methods could be applied by any region with local data
sufficient for triangulation.

(https://www.thelancet.com/journals/langas/article/PIIS2468-1253(18)30132-8/
fulltext)

As examples of evidence supporting micro-elimination in specific key
populations, PWID are the subgroup most often addressed. It was among PWID
that HCV treatment as prevention strategy was first examined [49], the reasons to
prioritize PWID in elimination efforts discussed, and the need to implement tailored
models of care with multistakeholder involvement raised [50, 51]. An economic
modeling study conducted in France showed that rapid diagnosis/linkage to care
combined with treatment initiation at the F0 fibrosis stage and improved harm
reduction services were highly effective and cost-effective [52]. Another modeling
study addressing the changes needed to prevent HCV transmission among PWID in
11 European countries showed that current treatment rates, if unmodified, would
only achieve prevention of transmission after 10 years in three of the settings.
Importantly, the study also showed that increasing coverage of needle-syringe
programs (NSP) and opioid substitution therapy (OST) to 80% among PWID
significantly reduced the treatment scale-up needed to reach the prevention of
HCV transmission [53].

Effective HCV management in prisons has also been proven feasible. In Spain,
the JAILFREE-C study [54] tested all 436 inmates in a single prison and identified
70 HCV-positive inmates (the prevalence was 15-fold higher than in the Spanish
general population). Of those, 52 who were RNA positive received treatment and all
achieved a SVR. The study relied on telemedicine tools, which were well-received
by inmates and provided positive outcomes in terms of treatment completion and
efficacy [55] and is a model that can be extended. In Australia, Bartlett et al. [56] also
eliminated HCV in a prison setting: during a 22-month period, HCV viremic
prevalence dropped from 12% to 1% after initiating treatment in 119 individuals.

The elimination of HCV among PLHIV has also received extensive attention. It is
believed that HCV elimination among PWID and MSM is more feasible in the
syndemic context of HIV coinfection with HCV, but according to modeling studies,
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it would require treatment scale-up for both target populations as well as harm
reduction for HIV-positive and HIV-negative PWID and behavior risk reduction in
HIV-positive MSM populations [57]. The results of a cohort-based modeling study
[58] among PLHIV coinfected with HCV in France led to similar conclusions. To
eliminate HCV in PLHIV where the mode of transmission was sex between men and
to reduce overall underdiagnosis, treatment uptake should increase by at least
twofold. Sacks-Davis et al. [59] identified seven HCV elimination initiatives and
studies among HCV-HIV-coinfected populations. The studies were conducted in
Australia, Canada, France, Georgia, the Netherlands, and Switzerland. The main
finding was that in spite of an increase in treatment uptake in the DAA era, almost a
half of all identified patients remained untreated. Thus, there is a long way to go to
eliminate HCV even among well-identified target populations in high-income
countries. Moreover, the long-term consequences of the liver and non-liver
complications should also be taken into account even if micro-elimination is reached
relatively soon. For instance, in a 2015 Spanish study [60] of 1867 PLHIV, liver
cirrhosis was present in 22.9% of patients after HCV therapy. This points to the
urgency to address the high percentage of patients who are diagnosed and subse-
quently treated late [61].

14.2.2 Official Documents That Include Aspects of Micro-elimination

References to HCVmicro-elimination and mentions of target populations in relevant
documents from both international and national entities are limited. Box 14.4
summarizes the mentions of elimination targets among specific populations in
national and international strategic documents. The main finding is that the number
of subgroups considered and the level of detail of the interventions are greater in the
consulted national hepatitis plans than in documents endorsed by international
organizations such as the WHO and other United Nations agencies. However, it is
to be noted that most of the mentions are theoretically embedded in a general
direction towards achieving the general 2030 targets and put with expressions
such as “control,” yet almost none are explicitly expressed as searching for elimina-
tion in particular key populations. Although some documents clearly refer to the
12 target populations and, in some cases, even go beyond (e.g., Action Plan for the
WHO European Region, page 3, [65]), the absence of references of any kind to target
populations other than PWID, HIV, MSM, and prisoners in almost all documents
consulted is disappointing. This is understandable for initiatives launched before the
WHO strategy for HCV elimination as in the case of UNAIDS Fast-Track or Spanish
and Australian National Plans, but not in the other cases. Of course, there are also
local particularities, such as that of Scottish plans targeting people receiving blood
transfusions before 1991 instead of the 1945–1965 cohort.
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14.3 General Principles of Micro-elimination Strategies:
Achieving HCV Micro-elimination Requires Ensuring
Equity and Human Rights

The three pillars of a micro-elimination strategy needed to accomplish the aims of
the WHO HCV elimination strategy are to adapt the theoretical and empirical
principles of a comprehensive public health approach to the local setting while
being able to reinforce a global perspective on elimination; to place equity as a
fundamental driver of change through research, policy, and advocacy; and to
conceptualize and adapt the most suitable models of care for each target population
in a general health systems framework aiming at UHC within the scope of the WHO
“continuum of services” for HCV.

What do we understand by a global health strategy? Why should and how does
HCV micro-elimination, when focused on population subgroups and often at the
subnational level, fit into a global perspective? Beyond the obvious fact that HCV
micro-elimination has the potential to contribute to global HCV elimination as a
public health threat by generating a positive aggregate impact at the macro level, the
definition and characteristics of a global health strategy set out by Abimbola [70],
which contextualize global health as a matter of equity, offer further useful insights.
In this regard, micro-elimination addresses equity everywhere—in high-income
countries where equity should ostensibly be less of an issue and in low- and
middle-income countries (LMICs); in both cases, the same two main types of
problems are faced: problems of discovery (finding technological innovations to
improve global health equity, including DAAs and equitable models of care) and
delivery (making innovations work in practice, entailing an approach that requires
the social sciences and those familiar with governance and power issues). At the
same time, drawing on the work of Dillon and Karan [71], the motivations of HCV
micro-elimination can be grouped into three overarching rationales: ensuring health
security, promoting economic and political development, and achieving health
equity as a universal human right, although in the case of HCV micro-elimination
the human rights perspective should be prioritized over all other considerations.

Equity is broadly emphasized in the WHO Global Health Sector Strategy on Viral
Hepatitis, and reducing health inequalities constitutes a goal in and of itself in the
SDGs ([2], GBD [72]), where it is closely related to human rights. Moreover, health
equity and human rights have been addressed in other important conferences and key
documents related to hepatitis, such as the National Viral Hepatitis Roundtable [73]
and Human Rights Watch [74]. Meanwhile, human rights promotion and UHC are
tightly linked to both the SDGs and the WHO viral hepatitis strategy. This is not by
chance. It has been 50 years since the right to health was included in the Universal
Declaration of Human Rights, and since then, much work has been carried out to
ensure access to healthcare for all, including the International Covenant on Eco-
nomic, Social and Cultural Rights (1966), the Alma Ata Conference (1978), and the
Ottawa Charter (1986).

Public health policy approaches have demonstrated measurable improvements in
population health. Yet, “one-size-fits-all” approaches cannot be applied universally
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in public health contexts and, in some cases, can widen existing disparities. It has
been argued that interventions, including policy interventions, can have the greatest
impact when they target the social determinants of health [75]. Although the WHO
viral hepatitis strategy is framed within the necessity of developing smart and
efficient models of care within a worldwide UHC perspective and therefore
highlights financing for sustainability, equity and human rights should be at the
core of micro-elimination strategies, surpassing the narrow definitions of equity that
parallel it with equality. This means that it is essential to avoid discrimination and
ensure that marginalized groups (including many of the key populations affected by
HCV) have the right to access care of at least a minimum level of quality. From an
equity perspective, the “right to health” approach is based on the general principle of
social justice, and experts believe it is achieved when every person has the opportu-
nity to achieve their full potential for health [76]. This is precisely where micro-
elimination connects with the global strategy on HCV elimination: the pioneering
studies providing reliable data on HCV prevalence by affected subgroup, the
development of adapted models of care, and the implementation of rapid test and
treat schemes for target populations will augment elimination efforts in other groups.
The focus on smaller populations should not detract from the broader elimination
goal but instead have a galvanizing effect while it serves to avoid catastrophic costs
for patients and national health systems [77].

Thus, the organization of national health systems to eliminate HCV using a
national hepatitis plan that includes detailed micro-elimination strategies as the
main tool should rely on crossover government actions aimed at improving social
and political determinants of health and the implementation of specific tools to detect
health inequalities that might arise as a consequence of the application of policies
[78]. Further, these policies should also aim to overcome potential barriers such as
stigma and discrimination, social beliefs on freedom and law restrictions, violent
conflicts, and gender, class, or racial determinants that might hamper the target
population’s access to the healthcare system and specifically to the continuum of
care for HCV [79–82]. Contemporary examples that are representative of the
entangled threats to human rights and equity are the rise of HCV cases among
vulnerable populations triggered by the opioid crisis in the USA [83]; the gaps in
HCV testing and treatment uncovered by the recent influx of refugees in Europe
[84]; rural cohorts in parts of Africa, some of whom were possibly infected iatro-
genically during colonial era health campaigns and/or could currently be part of
ongoing transmission linked to persistent failures in adherence to universal
precautions and unsafe cultural practices but are currently cut off from available
health services [85–87]; as well as strong correlations between incarceration,
injecting drug use, and HCV, especially in LMICs, shown by evidence from reviews
of data from prisons which, while sparse, indicate the need to address the fact that
there are few to no policies in place to address the disease burden in this population
[88, 89].
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14.4 Basic Requirements to Embark on the Path of HCV
Micro-elimination

To ensure that both the overall aim and specific targets of micro-elimination
campaigns are achieved, policymakers, researchers, and health professionals should
fill the gaps in research and policy pointed out in Sect. 14.1.2 and also take resolute
steps to advance in some other key areas.

(a) High-quality data. Local and national authorities should engage with micro-
elimination efforts by facilitating the creation of central HCV databases and
surveillance systems to capture the information necessary to generate accurate
estimates on HCV prevalence and other relevant epidemiological indicators
among key populations. Furthermore, these information systems should allow
for awareness and satisfaction campaigns, which would facilitate the collection
of qualitative data that might be useful to policy evaluation and design. It is
essential data are timely and reliable and indicators are comparable between
different locations. Finally, the design of information systems must take into
account the type of data necessary to perform mathematical modeling studies.

(b) Health systems organization. As stated above, there is a need for appropriate
models of care that allow for simplified diagnostics and linkage to care while
enhancing the cascade of care to achieve HCV elimination [90–92]. Different
simplified diagnostic algorithms have been proposed, including reflex-testing
(using the same blood sample to perform an HCV-RNA test after a positive
HCV-Abs test, thus avoiding unnecessary visits)—a key strategy component
[93]. Models of care might require a high degree of sophistication to meet all of
the potential needs of key populations (e.g., NSP, OST, psychological support,
etc. for PWID); however, care models should ideally aim for simplicity, by
including integrated or even co-located care and comprehensive processes.

(c) Multistakeholder commitment. An integrated model of care aimed at key
populations requires the active and structural involvement of well-trained and
well-informed clinicians with interdisciplinary expertise, as well as local
authorities, public health agencies, specific centers of care (e.g., hemodialysis
centers, hemophilia clinics, centers for PWID support, etc.), and patient groups,
among others. This constitutes a unique opportunity to increase stakeholder
involvement from groups that are not typically engaged in HCV such as
nephrologists, addiction specialists, and patient groups other than those tradi-
tionally addressing HCV care. In addition, this might lead to increasing early
diagnosis and rapid linkage to care, thus avoiding late presentation [61]. Like-
wise, in more advanced and integrated models of care for HCV, prescribing
DAAs is simplified once the patient has entered the cascade of care. In Australia,
for example, general practitioners (GPs) can prescribe DAAs, which facilitates
simple point-of-care treatment [19, 94]. The success of such strategies relies on
political commitment, which should not be expected to spontaneously emerge
but instead must be actively pursued. Baker et al. [95] provide insight to drive
political action in the case of United Nations Decade of Action on Nutrition.
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Adopting framework synthesis methods, they concluded that major drivers of
political commitment are strong leadership, civil society mobilization, support-
ive political administrations, societal change and focusing events, cohesive and
resonant framing, and robust data systems and available evidence.

(d) Communication campaigns for the general population, key populations, and
health professionals. The current high rates of HCV underdiagnosis, late pre-
sentation and low treatment uptake, as well as low rates of implementation of
specific measures within HCV plans at the national level [22] indicate that even
in the settings where awareness campaigns already exist, they must be strength-
ened and expanded. In addition to World Hepatitis Day activities conducted
globally [96], some successful examples of communication campaigns include
“Know More Hepatitis” by the US Centers for Disease Control and Prevention,
intended to increase HCV testing among people born between 1945 and 1965
[97]; “We need to talk about Hep C,” targeting key populations in Queensland,
Australia [98]; and the “Healthy Liver Campaign” in New South Wales, also in
Australia [11]. Communication is the cornerstone of any public health initiative,
and HCV micro-elimination is no exception. Strategic communication tools
must address different target populations and a broad range of stakeholders
simultaneously while avoiding the dilution of fundamental messages. Recent
experience shows that for a nationwide HCV campaign to be cost-effective
when targeting risk groups, it should be combined with active case finding and
not initially addressed to the general population [99]. Therefore, micro-
elimination communication campaigns should be coordinated with wider
reaching, national-level HCV elimination campaigns while still being specifi-
cally tailored towards target populations.

(e) Educational initiatives targeted at health professionals. The persistent low
percentages of HCV testing and the high percentages of late presentation
[61, 100, 101] are only two of several indicators suggesting that HCV awareness
among healthcare professionals and their active participation in addressing it is
very low. Moreover, awareness-raising campaigns have shown limited impact
on GPs’ testing practices when they are not accompanied by educational
training [102]. Educational training on HCV to improve detection and manage-
ment skills should begin early, e.g., during early medical coursework, and be
repeated. “Generation Tomorrow,” a recent experience involving students and
community peers in Baltimore, Maryland, has proven to be successful for GPs in
terms of HIV and HCV education, testing, and counseling, which led to an
increase in HIV and HCV testing [103].

(f) Key stakeholder participation. The active involvement of different civil society
actors is a prerequisite to generate synergies allowing for both the design of
meaningful micro-elimination plans and their effective application. Such plans
include contact to key stakeholders, adequate data collection, communication
and testing campaigns, linkage to care, DAA reimbursement issues and
solutions, and more. Patient associations, political parties, scientific societies,
and the private sector should be all involved. Academic community partnerships
are useful tools to enhance HCV screening [104]. Nevertheless, the lens should
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focus on creating horizontally oriented and integrative platforms of participa-
tion, avoiding top-down schemes that discourage discussion and involvement in
decision-making of those less formally educated or coming from
disenfranchised backgrounds.

14.5 Tools and Resources to Implement Micro-elimination
Approaches

There are a wide variety of financial and human resources that can be effectively
used to advance progress towards global HCV elimination [105] through micro-
elimination initiatives. It is essential to utilize these resources strategically to create
synergies and efficiencies. Any successful micro-elimination initiative must contain
simplified algorithms reflecting knowledge of a complete map of actors and a
conceptual and operational mechanism that allows collaborative networks to work
together on shared priorities. The following resources and tools are also relevant:

(a) The catalytic effect of joint initiatives led by local and national governments.
The inclusion of micro-elimination activities into national health plans
facilitates coordination, durability, regular updates, and effective action on
specific targets. The role of state or local governmental agencies might be key
to achieving consensus between diverse and sometimes conflicting stakeholder
groups, such as regional authorities, patient and at-risk group representatives,
and scientific associations. Yet, there are some risks in implementing a strategy
mainly driven by governmental momentum. First, it might lead to a focus on
short-term results which, while beneficial to election campaigns, are frequently
counterproductive to public health policy development. Also, it might impose a
top-down approach, resulting in the uneven engagement of civil society
partners.

(b) Mathematical modeling. Techniques for epidemiological modeling based on
complexity approaches are a powerful tool for estimating the future evolution of
the HCV epidemic, as well as to design and evaluate interventions
[106]. Modeling has even greater potential for well-known, specific
subpopulations. Modeling studies can provide results useful for designing
programmatic interventions when epidemiological studies conveying reliable
HCV prevalence and mode of transmission-related data are unavailable.
Although modeling approaches cannot replace robust epidemiological tracing
and investigators should be aware that modeling design influences outcomes
[107], modeling may provide enough insight to advance towards micro-
elimination until more reliable epidemiological data specific to the key popula-
tion subgroups becomes available. Several recent studies have demonstrated the
potential utility of these techniques for HCV elimination efforts, including
research from the Polaris Observatory HCV Collaborators [108] that provided
global HCV prevalence estimates and genotype distribution and research from
Scott et al. [17] that modeled HCV elimination scenarios in Iceland following
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the launch of a nationwide treatment program there. Buti et al. [109] conducted
HCV elimination modeling studies in Spain, as did Rusch and colleagues in
Switzerland [110].

(c) Mixed-methods. Strong quantitative epidemiological tools, including estimates
and comparable indicators, supported by qualitative assessments, can provide
valuable insight into an HCV epidemic. For micro-elimination purposes, under-
standing the experiences of professionals, populations at risk, and patients
regarding a wide range of aspects are essential to assessing an epidemic.
Recognizing the challenges encountered by health professionals in case detec-
tion, how stigma acts a barrier for consultation, or the possible economic
difficulties experienced by individuals in their attempt to complete treatment
are all situations that can be investigated through a qualitative approach. A
recent example of this is the ongoing HepCare study, which aims to develop,
implement, and evaluate interventions to improve the identification, evaluation,
and treatment of HCV among PWID in five European countries through a
mixed-methods protocol [111]. The modeling analyses performed by the Polaris
Observatory included using a Delphi process to contextualize and validate
model inputs through expert consensus. Also, the DOT-C, a cluster randomized
study designed to compare a pharmacist-led pathway for HCV diagnosis and
treatment with a conventional pathway in Australia, broadly relied on mixed-
methods for evaluation [112]. The aforementioned “Healthy Liver Campaign”
[11] in New South Wales, Australia, includes two phases of qualitative data
collection among PWID, including perceptions, attitudes, motivators, and
barriers towards assessment and treatment of liver disease and issues related to
the “four Ps” of social marketing (Product, Price, Place, and Promotion).

(d) Technological advances. Healthcare and public health professionals should
leverage new technological advances and innovative tools with two main
goals: to simplify and enhance the HCV cascade of care for key populations,
accelerating the diagnosis process, linkage to care, treatment, and post-SVR
follow-up, and to obtain accurate data through comprehensive and easy-to-use
informatics and virtual platforms. This needs to be accompanied by the place-
ment of modern technological tools in strategic locations such as hemodialysis
centers; harm reduction centers for PWID including NSP, OST, and drug
consumption rooms; and prisons to promote and ensure testing, identification,
and linkage to care. HCV reflex testing to improve linkage to care and timely
treatment initiation, particularly for marginalized populations, as well as other
simplified diagnostic algorithms, must be made available in multifaceted points
of care [50, 51, 93]. Recently, Lamoury et al. [113] compared the sensitivity of
an HCV viral load assay (both in its forms of fingerstick in blood and in plasma)
with those of a real-time viral load assay performed on blood obtained by
venipuncture in a sample of 223 participants enrolled in drug treatment clinics
and homeless services. The fingerstick assay showed 100% sensitivity and
specificity, allowing for single-visit detection of HCV RNA in just 58 min.
Telemedicine has proven useful for treatment and follow-up of incarcerated
patients [55], and a variety of mobile apps could be considered for awareness
raising, assuring linkage to care and follow-up.
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14.6 Known and Potential Barriers to HCV Micro-elimination

(a) Late presentation of HCV. The identification of HCV-infected patients at late
stages of liver disease [61] presages a higher risk of liver and non-liver
complications, but most importantly, for micro-elimination purposes, it
increases the potential for transmission and impedes the achievement of SVR.
Therefore, micro-elimination interventions at the key population level provide a
unique opportunity to investigate HCV prevalence among some of the groups at
a greater risk of late diagnosis due to stigma that can lead to discriminatory
practices in the health system to detect late presenters and to dedicate efforts to
treat and follow up for early detection of complications and reinfection. The late
presentation of HCV poses a real challenge to any health system and needs to be
carefully addressed, starting by conducting rigorous studies to more accurately
determine the prevalence of both late presentation and active HCV infection
among the general population and in target populations.

(b) DAA prescription restrictions. This issue of DAA expansion has triggered a
heated dialogue between the advocates who support maintaining DAA prescrip-
tion as an exclusive prerogative of specialists and those who, from a public
health perspective, argue that DAAs are a public health solution that needs to be
expanded through simplified algorithms in single point of care that avoid
unnecessary visits and loss to follow-up. Currently, over 90% of European
countries require a formal indication by a specialist to initiate DAA treatment
[28]. Meanwhile, the experience in Australia, where general practitioners are
able to prescribe DAAs (in consultation with an HCV specialist if inexperienced
in HCV management), shows that it is not only feasible but also effective
[19]. From March to December 2016, 38% of DAAs in Australia were pre-
scribed by physicians other than HCV specialists [94]. Also, a pharmacist-led
pathway proved feasible for testing and treatment in PWID receiving OST in
Scotland [112]. Hence, broadening DAAs prescriptive authority to GPs and
other specialists with remote support from HCV specialists is fundamental to
both HCV micro-elimination and global HCV elimination. In the case of micro-
elimination, specialists treating key populations such as nephrologists, addiction
specialists, HIV specialists, prison physicians, and others should receive training
in order to substitute for HCV specialists where they are less available.

(c) DAA reimbursement issues. As discussed in previous sections, any initiative
aiming at increasing HCV diagnosis rates and awareness among key
populations must meet three requirements: there must be sufficient treatment
availability for adequate coverage, DAA indications must be expanded to
include those in early stages of liver disease (F0–F1) in all countries, and
DAAs must be available outside of a hospital setting. According to results of
the Hep-CORE study, in 2017, 80% of patient groups from the 25 countries
included in the survey reported that HCV treatment was unavailable outside of
hospital settings [22].

(d) Lack of communication. Communication gaps may arise between national and
local authorities and with the general population, between medical specialties,
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between centers where key populations are seen for care, and elsewhere. Such
disconnection or perpetuated misunderstanding can stem from a number of
sources, including differing interests, perspectives, or immediate goals. For
example, in the Hep-Nordic study, in which the implementations of policies
supporting key elements of national HCV elimination strategies were
investigated in Denmark, Finland, Iceland, Norway, and Sweden, responses
from leading stakeholders in these countries revealed a number of discrepancies
between countries’ policies and stakeholders’ level of awareness of them
[114]. The WHO and other international organizations are seldom able to
monitor and resolve communication gaps or lack of understanding at the
national level, let alone at the local level. Therefore, all national hepatitis
elimination plans should include a communication strategy, which preferably
includes regular multistakeholder consultations, to ensure stakeholder
understanding.

(e) Identification of target populations outside the health system. As stated in Sect.
14.1.3, one of the main advantages of a micro-elimination approach is that it can
increase the focus on populations at high risk of HCV transmission. However, it
does not necessarily imply that all the individuals belonging to the target
populations are already identified and linked to the health system. This may
be even more so the case in LMICs, which have relatively high burden of HCV
but weak health systems, which means key subgroups are likely to be undefined
and difficult to engage. Consequently, micro-elimination efforts should be
connected to awareness and testing campaigns and also to other public health
and social service initiatives to ensure inclusivity. As discussed in Sect. 14.3, to
ensure equity and avoid discrimination, these efforts should be included in a
general strategy towards UHC in countries where it has not been reached and to
protect universal access to care in countries where UHC has been standard
policy for years but impeded due to financial restraints or political decisions.
For instance, in the autonomous community of Catalonia, the government
approved a law in 2017 to ensure universal healthcare for migrants and other
vulnerable populations after the Spanish government restricted it in 2012 fol-
lowing a structural healthcare system reform [115]. However, as also broadly
discussed, identification of key populations requires specific and robust surveil-
lance systems at local, national, and supranational levels. For example, although
Spain has an ambitious national viral hepatitis plan, it has not been accompanied
by a strong and integrated central surveillance system, and the same can be said
for most other European countries and the European Centre for Disease Preven-
tion and Control, an agency of the European Commission, and without such
systems, progress towards goals is impossible to track accurately, undermining
the efficacy of even a well-designed plan.
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14.7 Recommendations and Conclusions

Micro-elimination faces significant challenges and barriers. Evidence for action is
urgently needed to persuade national and local authorities to implement micro-
elimination campaigns, in collaboration with key stakeholders that include, among
other relevant measures, resolving DAA prescription and reimbursement issues and
location where testing and treatment can be provided. Education and communication
campaigns targeting health professionals, the micro-elimination target population
subgroups, and the general population are imperative. Moreover, important research
gaps, largely centered around implementation research and delivery science, such as
how to implement new diagnostic tools and models of care to reach more people,
how to increase the frequency of timely diagnosis, and how to best ensure follow-up
care, need to be addressed. Ultimately, to be successful, micro-elimination needs to
function as a template for designing more widespread initiatives that can converge to
meet the global goal of eliminating viral hepatitis C as a public health threat. Some
recommendations emerging since this approach was put forward in 2017 include:

(a) Insight from pioneering studies on micro-elimination
Although there are limited examples of ongoing or successful HCV micro-
elimination efforts, examples from other disease areas provide proof of concept
that similar, well-designed, targeted efforts can yield success. We propose
12 population subgroups to be considered for HCV micro-elimination and
encourage stakeholders to address all subgroups simultaneously, if possible,
unless financial or other reasons require prioritization. Concrete micro-
elimination targets should reflect the WHO Global Health Sector Strategy on
Viral Hepatitis targets, applying those global elimination goals to the smaller
focus population. Such an approach will help to ensure an equitable response as
HCV cannot be considered to be eliminated unless the global targets have been
met in all populations.

(b) Special importance given to data quality
An accurate epidemiological picture of HCV epidemics in target populations
requires robust surveillance and information systems in each country and at a
supranational level (regional or other) to facilitate coordination and capture data
for priority indicators and to make reliable estimations to inform tailored
interventions.

(c) Modeling is a powerful tool for both research and policy design
In the absence of robust surveillance systems and comparable indicators across
target populations and countries, mathematical modeling techniques allow
researchers and policymakers to rely on sophisticated estimations and
projections of the HCV epidemics, as well as the potential impact of
interventions in target populations.

(d) Multidisciplinary networks at local, national, and international levels
Professionals involved in HCV elimination should create local collaborative
networks with other professionals and include patient associations, affected risk
populations, and the political authorities, where relevant.
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We believe that micro-elimination is a promising approach to operationalize the
widespread call to action for global viral hepatitis C elimination within the frame-
work of the WHO goal of eliminating viral hepatitis as a public health threat by
2030. By combining strategic elements of the global strategy and its equity-centered
public health approach with the new WHO universal health coverage initiative,
launched in the context of achieving the Sustainable Development Goals, coupled
with a pragmatic view that enhances multistakeholder initiatives and facilitates the
development of integrated point-of-care HCV diagnosis, linkage to care, treatment,
and follow-up after achieving SVR for everyone, hepatitis C can be eliminated.
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