
Hindawi Publishing Corporation
Advances in Virology
Volume 2012, Article ID 267483, 10 pages
doi:10.1155/2012/267483

Review Article

Hepatitis C Variability, Patterns of Resistance, and
Impact on Therapy

Cristina Simona Strahotin and Michael Babich

Division of Gastroenterology, West Penn Allegheny Health System, 1307 Federal Street, Ste 301, Pittsburgh, PA 15212, USA

Correspondence should be addressed to Cristina Simona Strahotin, cristinas24@yahoo.com

Received 13 March 2012; Accepted 10 May 2012

Academic Editor: Christoph Boesecke

Copyright © 2012 C. S. Strahotin and M. Babich. This is an open access article distributed under the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

Hepatitis C (HCV), a leading cause of chronic liver disease, cirrhosis, and hepatocellular carcinoma, is the most common indication
for liver transplantation in the United States. Although annual incidence of infection has declined since the 1980s, aging of the
currently infected population is expected to result in an increase in HCV burden. HCV is prone to develop resistance to antiviral
drugs, and despite considerable efforts to understand the virus for effective treatments, our knowledge remains incomplete.
This paper reviews HCV resistance mechanisms, the traditional treatment with and the new standard of care for hepatitis C
treatment. Although these new treatments remain PEG-IFN-α- and ribavirin-based, they add one of the newly FDA approved
direct antiviral agents, telaprevir or boceprevir. This new “triple therapy” has resulted in greater viral cure rates, although treatment
failure remains a possibility. The future may belong to nucleoside/nucleotide analogues, non-nucleoside RNA-dependent RNA
polymerase inhibitors, or cyclophilin inhibitors, and the treatment of HCV may ultimately parallel that of HIV. However, research
should focus not only on effective treatments, but also on the development of a HCV vaccine, as this may prove to be the most
cost-effective method of eradicating this disease.

1. Introduction: Burden of Hepatitis C

Hepatitis C (HCV) is a leading cause of chronic liver disease,
cirrhosis, and hepatocellular carcinoma, as well as the most
common indication for liver transplantation in the United
States. The annual incidence of infection in the USA has
declined from about 230,000 cases per year in the 1980s
to an estimated 17,000 cases in 2007 [1, 2]. This decline
has been largely attributed to changes in injection practices
motivated by a concern for human immunodeficiency virus
(HIV) risk [3]. Approximately 3.2 million persons have
chronic HCV infection in the United States; however, the
reservoir of chronically infected persons is still estimated
at approximately 2.35%, representing approximately 160
million worldwide infected individuals [4]. Aging of the
currently infected population is expected to result in an
increase in the burden of hepatitis C in the next decade
[5]. During that period, the number of HCV-related cir-
rhosis cases is estimated to increase by 31% and that
of hepatocellular carcinoma (HCC) cases is estimated to

increase by approximately 50% [5]. Estimates of hepatitis C
prevalence range from <0.5% in very low endemic countries
(e.g., northern European countries) to staggering rates of
approximately 20% in highly endemic areas, including urban
centers and the Nile Delta in Egypt [6].

2. HCV Virus

HCV, like hepatitis B virus (HBV) and HIV, is prone to
develop resistance to antiviral drugs. Viral dynamics include
daily virion production of 1012 with a half-life of 2-3 hours
for free virions and less for intracellular virions. It has a very
rapid mutation rate, with 2 error-prone viral polymerases
that lack proofreading, and no overlapping reading frames,
which make it prone to developing resistance. However, given
the moderate infected cell turnover and the absence of a
viral reservoir, or in other words, the lack of host genome
integration or episomal persistence in infected cells [7], HCV
has the full potential for eradication.
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Hepatitis C is a flavivirus (of which yellow fever is the
prototype) from the genus Hepacivirus. An HCV particle
consists of a core of genetic material (RNA), surrounded
by an icosahedral protective shell of protein, and is further
encased in a lipid envelope. Two viral envelope glycoproteins,
E1 and E2, are embedded in the lipid envelope [8]. The virus
particle diameter is approximately 30–60 nm. The genome of
9,600 bases codes for ten proteins, though HCV isolates from
different parts of the world differ in their length [9]. The
5′ and 3′ ends of the RNA are not translated into proteins
(UTR) but are important to translation and replication of
the viral RNA. The 5′ UTR has a ribosome binding site
[10] (IRES—Internal ribosome entry site) that starts the
translation of a very long protein containing about 3,000
amino acids (the polyprotein). The large polyprotein is later
cut by cellular and viral proteases into the 10 smaller proteins
that allow viral replication within the host cell or assembly
into the mature viral particles [11].

Structural proteins made by the hepatitis C virus include
the core protein E1 and E2, while nonstructural proteins
include NS2, NS4, NS4A, NS4B, NS5A, and NS5B.

The core protein has 191 amino acids and can be divided
into three domains based on hydrophobicity: domain 1
contains mainly basic residues with two short hydrophobic
regions; domain 2 is less basic and more hydrophobic and
its C-terminus is at the end of p21; domain 3 is highly
hydrophobic and acts as a signal sequence for E1 envelope
protein. Both envelope proteins (E1 and E2) are highly gly-
cosylated and important in cell entry. E1 serves as the fusing
subunit and E2 acts as the receptor binding protein.

NS2 protein is a 21–23 kilo Dalton (kDa) transmembrane
protein with protease activity.

NS3 is 67 kDa protein with serine protease activity at the
N-terminal end and NTPase/helicase activity at the C-termi-
nal end. It is located within the endoplasmic reticulum and
forms a heterodimeric complex with NS4A, a 54 amino acid
membrane protein that acts as a cofactor of the proteinase.

NS4B is a small (27 kDa) hydrophobic integral mem-
brane protein with 4 transmembrane domains. Like NS3,
it is located within the endoplasmic reticulum and plays
an important role in recruitment of other viral proteins. It
induces morphological changes in the endoplasmic retic-
ulum forming a structure called the “membranous web.”
NS5A is a hydrophilic phosphoprotein, which plays an
important role in viral replication, modulation of cell signal-
ing pathways, and the interferon response. The NS5B protein
(65 kDa) is the viral RNA-dependent RNA polymerase.

Despite considerable efforts made to understand the
basic structure and function of the virus, and the importance
of this understanding for the development of antiviral
treatment, our knowledge is far from complete. The exact
mechanisms of HCV entry into hepatocytes have not yet
been fully understood. Potential entry pathways into host
cells may occur through complex interactions between
virions and cell-surface molecules, such as CD81, LDL recep-
tor, SR-BI, DC-SIGN, Claudin-1, and Occludin [12, 13],
and ultimately via receptor-mediated endocytosis. Fusion
of the virion envelope with cellular membranes delivers
the nucleocapsid to the cytoplasm. After decapsidation,

translation of the viral genome occurs in the cytoplasm,
leading to the production of a precursor polyprotein, which
is then cleaved by both cellular and viral proteases into
three structural (virion-associated) and seven nonstructural
(NS) proteins as discussed above. Via NS proteins, the viral
genome attaches to the RNA replication complex, which is
associated with rearranged cytoplasmic membranes. RNA
replication takes place via the viral RNA-dependent RNA
polymerase (RdRp) NS5B, which produces a negative strand
RNA intermediate. The negative strand RNA then serves
as a template for the production of new positive strand
viral genomes. New genomes can then be translated, further
replicated or packaged within new virus particles. New virus
particles are thought to bud into the secretory pathway and
are released at the cell surface. Release from the hepatocyte
may involve the very low density lipoprotein secretory
pathway [14].

3. HCV Resistance and Mechanisms of
Action of IFN-α and Ribavirin

HCV exists as a mixture of populations of genetically distinct
but closely related virions in every patient, including poten-
tially drug-resistant variants that are present when antiviral
therapy is initiated, thus conferring a quasispecies distribu-
tion. However, given its intracytoplasmatic replication and
lack of intranuclear replication, there is no known potential
for intracellular persistence [15, 16]. Drug-resistant variants
often show reduced “replication fitness,” are undetectable
with current technology, and have not gained much attention
prior to development of the new direct acting antivirals
(DAAs) [17, 18]. More sensitive techniques, such as ultra-
deep pyrosequencing have been used to identify resistant
variants prior to treatment, but these are not routinely
used in current clinical practice [19–21]. Potent antiviral
therapy eliminates sensitive strains, while resistant variants
are uncovered and can expand. For many years, the recom-
mended standard of care therapy for chronic HCV remained
a combination of pegylated alpha-interferon (IFN-α) and
ribavirin; however, neither drug exerts viral pressure. In
other words, treatment failure is not due to selection of
IFN-α or ribavirin-resistant variants but is more likely to
occur due to inherent host factors (such as the presence of
certain single nucleotide polymorphisms (SNPs) upstream
of the IL-28B locus that correlate with the rate of SVR),
inappropriate drug regimens and viral factors. Interferons
are cellular proteins able to induce an antiviral state in their
target cells, as well as cytokine secretion, recruitment of
immune cells, and cell differentiation. Their metabolism and
mechanisms were recently reviewed [22].

Immediately after injection, IFN-α binds to recep-
tors present on various cells including hepatocytes, trig-
gering a sequence of intracellular reactions that activate
IFN-inducible genes (ISGs). The products of these genes
are responsible for the IFN-α-mediated antiviral effects,
achieved via two mechanisms. One is the induction of
a nonvirus-specific replication inhibition in infected cells.
IFN-α was found to directly inhibit HCV replication in vitro
in the subgenomic replicon (a synthetic replication system
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using HCV nonstructural proteins in various cell lines) [23].
The second mechanism involves immunomodulatory effects
that enhance the host’s specific antiviral immune response,
thus clearing the infected cells [22]. The induction of the
antiviral state could potentially extend to noninfected cells,
thus reducing the chance that they will become infected.
Upon the interaction of IFN-α with its receptor, many
complex effects are generated, including the induction of
major histocompatibility complex class I (MHC I) antigen
expression, activation of macrophages, natural killer cells
and T lymphocytes, production of primarily T-helper 1
(Th1) cells, and decreased production of T helper-2 (Th2)
cells. PEG-IFN-α also interacts with cytokines such as CCL
chemokines and tumor necrosis factor (TNF)-α. Soluble
TNF-α receptors (sTNF-R), which are released by activated
neutrophils, mononuclear blood cells, and fibroblasts [24,
25] in response to mediators, such as interferon and TNF-
α itself [25–28], retain their ability to bind circulating TNF-
α and are important in regulating its activity. These sTNF-R
may contribute to the anti-inflammatory action of IFN-α. All
of these effects suggest that IFN-α simply accelerates the host
immune response, though no studies have clearly proven it.

HCV genotypes 1 and 4 are intrinsically more resistant
to IFN-α than genotypes 2 and 3. More importantly, the sen-
sitivity to IFN-α varies within each genotype. Consequently,
the clearance of infected cells in patient who are interferon
responders occurs much slower in genotypes 1 and 4, as com-
pared to 2 and 3 [29, 30]. The mechanisms underlying these
differences are yet to be defined. The combination of IFN-
induced proteins and pathways responsible for inducing an
antiviral state has not been completely mapped out, though
various effectors have been proposed including the 2′–5′

oligoadenylate synthetase (2′–5′ OAS) system, Mx proteins,
double-strand-RNA-dependent protein kinase (PKR), as
well as other, less well-characterized/unknown IFN-induced
intracellular pathways [22].

Ribavirin is a synthetic guanosine analog that undergoes
intracellular phosphorylation, with the ultimate product,
ribavirin triphosphate, being responsible for ribavirin’s
effects. In vivo, ribavirin has a moderate (<0.5 log HCV RNA
reduction) and transient inhibitory effect of only 2-3 days
duration on HCV replication, and this is only seen in about
50% of patients [31]. These effects are consistent with those
seen in in vitro studies, and the modesty of the effect could
be related to the drug’s weak inhibitory action on the RNA-
dependent RNA polymerase (RdRp) [32]. Fortunately, this
effect is too weak and transient to account for selecting viral
resistance to ribavirin. Despite its apparently weak antiviral
effects, ribavirin remains essential to HCV treatment, as it
appears to accelerate the clearance of infected cells through
unknown mechanisms and to prevent viral breakthrough
during treatment, and relapses following treatment, in
patients on IFN-α [33]. Studies have suggested that ribavirin
is an RNA mutagen, causing loss of viral “fitness” via lethal
nucleoside accumulation during replication [34], though no
excessive mutagenesis was noted during ribavirin therapy
in HCV infection [35, 36]. Ribavirin, much like IFN-α, has
immunomodulatory effects, including preferentially driving
the immune system to produce more Th1 cells relative to

Th2 [37]. Some reports have suggested that ribavirin can
also amplify the intracellular IFN-α responses, via unknown
mechanisms [38].

4. HCV Clearance

According to Tang et al., IFN-α attachment to interferon
alpha receptors (IFNAR) [39] and the very rapid activation
of Interferon Stimulated Genes (ISG) after interferon alpha
administration [40] could explain the effect of IFN-α as a
potent immunostimulant of an innate response in the first
few hours and an adaptive response after the first four weeks.
[41]. The degree of the ISG-induced innate response may
result in a rapid decline of HCV replication (as measured by
a decrease of HCV-RNA levels), which, if significant enough,
causes very distinct CD4 and CD8 responses (shifting the
immune response from innate to adaptive). Clinically, this
phenomenon defines a group of patients known as rapid
responders (HCV RNA serologic negativity achieved by week
4 of treatment) and differentiates them from patients with
a less vigorous early reduction in viral load, known as slow
responders.

Sustained virologic response (SVR) is achieved when no
virus is detected in the blood for six months after finishing
treatment and prognosticates a 99% chance of indefinitely
eradicating HCV, which for many experts is equivalent to
curing HCV. Several events need to work in concert in order
to achieve SVR, including (1) successfully achieve a rapid
phase 1 effect by turning off viral replication, (2) effectively
suppress the viral load throughout treatment, and (3) induce
a solid and persistent Phase 2 effect [42].

It has been hypothesized that phase 2 is driven by
the host’s adaptive immune response in the context of
sustained inhibition of virus production, while restoration
of the innate immune response by viral inhibition leads to
clearance of residual HCV-infected cells [43].

Both IFN-α and direct antiviral agents (DAAs) have very
potent antiviral abilities and induce a very strong phase 1
response. Ribavirin is needed to prevent viral breakthrough
during treatment and relapses after treatment, in patients
who respond to the antiviral effect of IFN-α [33], and it
appears to enhance the clearance of any residual infected
cells, through unknown mechanisms, in patients treated
with IFN-α combined with ribavirin or when the two
are combined with DAAs [44]. Therefore, in addition to
achieving a vigorous Phase 1 effect via the administration
of IFN-α, use of ribavirin and DAAs may produce a similar
vigorous Phase 1 as well as a gradual yet vigorous second
phase, which combined with long-term treatment could
ensure cure. Without a sufficient duration of treatment to
promote the Phase 2 effect until all infected cells have been
cleared, HCV replication will resume shortly after treatment
completion and patients will experience a relapse.

5. HCV Resistance to Specific Viral Inhibitors
(Direct Antiviral Agents [DAAs])

HCV is prone to the development of resistance to specific
antiviral inhibitors due to the quasispecies nature of the
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virus, its rapid dynamic, and the double error-prone RdRp
[15], all leading to the development and/or persistence of
drug-resistant mutants. It has been proposed that all single
nucleotide-mutant drug-resistant viruses and all combina-
tions of double-nucleotide mutant viruses preexist before
treatment in most patients [45].

Based on experience with HIV and combined antiretro-
viral therapy (cART), it appears that the long-standing
administration of specific viral inhibitors leads to formation
of viral variants carrying amino acid substitutions that
alter the original drug target, therefore, diminishing the
therapeutic effects of the given drug. Similar substitutions
present in a preexistent viral population may also allow
those viruses to continue to replicate at a significant level
during drug treatment. This phenomena may allow further
mutations to accumulate, thus imparting a partial resistance
pattern. Additionally, compensatory mutations may restore
the viral capability to replicate at near the pretreatment stage
[46]. Resistance is associated with a pattern where amino acid
substitution confers a high level of drug resistance without
diminishing the viral fitness in the presence of the drug.
Cross-resistance between medications targeting the same
site/function occurs both in vitro and in vivo and appears
to be mediated by amino acid substitutions that confer
reduced susceptibility to both drugs. The ability of viruses
to replicate irrespective of the presence or absence of a drug
has huge therapeutic implications, as it will lead to further
evolution of the viral population. In theory, further evolution
can result in a more fit, drug-resistant viral population
that may remain in a patient, even in the absence of drug
pressure. This further evolution should be preventable by
quickly discontinuing the antiviral drug when a patient has
a confirmed increase in HCV RNA levels while adhering to
therapy, implying development of resistance. It is extremely
important that clinicians adhere to the “futility rules,”
which are defined below, to limit the development of viral
resistance.

Resistance can be measured in vitro and in vivo. In
vitro, resistance is measured on cell-free enzyme assays as
the drug concentration needed to inhibit viral replication.
Effective concentration (EC) defines the drug concentration
required to inhibit the viral replication by 50% or 90%
(E50 or E90). Less susceptible (hence more resistant) viruses
will require more drug to be inhibited, thus are associated
with an increase in E50 or E90. There is no consensus on
what level of increase is needed to conclude that a given
amino acid substitution confers resistance. In addition, the
results in vitro must be cautiously interpreted in the clinical
context because some viral variants with low-level resistance
in vitro may be more aggressive in vivo than variants with
higher-level resistance [47]. In vivo, resistance is influenced
by genetic factors, the fitness of the virus, and drug exposure
and is measured by viral load while on therapy. The best
determinant of replication in vivo appears to be the fitness of
the resistant variant [48] as a poorly fit virus is less clinically
significant despite its being highly resistant, unlike a less
resistant but fitter virus. Viral fitness implies the relative
capacity of a viral variant to replicate in a given environment.
Resistance mutations frequently compromise viral function

and thus reduce viral fitness compared to wild-type virus in
a drug-free environment.

HCV has a relatively low genetic barrier to development
of resistance to NS3/4A protease inhibitors. The genetic
barrier refers to the number and type of nucleotide changes
required for a virus to acquire clinical resistance to an
antiviral agent [45]. Low genetic barrier to resistance implies
that a single substitution can confer high resistance, while
high genetic barrier to resistance implies that at least 3
substitutions are required to confer resistance. The protease
inhibitors are able to select resistant variants in vitro based
upon presence or development of amino acid substitutions.
These substitutions appear to be located near the NS3 pro-
tease catalytic triad. These mutant variants render protease
inhibitors unable to prevent viral polyprotein processing
and, therefore, allow continued generation of mature viral
proteins even in the presence of this class of drug [49–57].

Boceprevir and telaprevir are two recently developed
NS3/4A protease inhibitor drugs.

Boceprevir- and telaprevir-based triple therapies are
approved for the treatment of chronic hepatitis C, in
combination with interferon-alpha and ribavirin, in the
United States and Europe, where they are marketed under
the brand names Victrelis and Incivek (Incivo in Europe),
respectively. These drugs have opened up a new era in HCV
therapy. They also illustrate quite well the significance of
resistance. They share significant cross-resistance in vitro,
with any given substitution producing different levels of
resistance to the two drugs [52]. Most available data is
derived from studies performed on patients treated with
telaprevir (a reversible, selective, orally bioavailable inhibitor
of the HCV NS3/4A serine protease) used in combination
with IFN and ribavirin. Based on the level of drug present in
serum, telaprevir is able to select resistant viral populations
within days or weeks. The most resistant but least fit variants
(with substitution at the 156 position) are selected early
during therapy, while later they are quickly replaced by fitter
variants carrying substitutions at various positions including
155, 36 and 155, 36, and 156 at the time of breakthrough
[58, 59].

5.1. Triple Therapy with Telaprevir. At baseline, the main
variants conferring resistance to telaprevir in patients with
HCV genotype 1a (R155K, V36M) were detectable in 0.6–
1.2% by population-based sequencing. In genotype 1b,
variants conferring resistance to telaprevir (T54A, V36A, and
A156T) were either undetectable, or detectable in a very
small percentage of patients (0.07% for A156S, V36M and
2.1% for T54S) [60].

On-treatment virologic failure rates, defined as futility
rules having been met (“futility rules” are defined below in
the paper), were found to differ for HCV subtype 1a versus
1b and were also dependent on the prior treatment status
of the patients. In treatment-naive patients, virologic failure
was observed in 10% of patients with subtype 1a HCV and
3% of patients with subtype 1b HCV. Among previous treat-
ment nonresponders, the on-treatment virologic failure rate
was 38% and was again found to be higher in patients with
subtype 1a than with subtype 1b. Finally, the on-treatment
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Table 1: Mutations conferring resistance to telaprevir.

HCV resistant variant
Patients without resistant

variants at followup

T54A 94%

A156S 88%

V55A 86%

V36M 75%

R155K 68%

T54S 68%

virologic failure rate for prior treatment relapsers was low at
10% [61, 62].

Population and clonal amino acid analysis of HCV
species from patients who develop protease inhibitor resis-
tance indicate that drug-resistant viral populations disappear
in time, as illustrated by the follow-up studies for telaprevir.
For genotype 1a HCV, the median time to lose resistant vari-
ants V36M and R155K was approximately 6 and 10 months,
respectively, whereas loss of both mutations required approx-
imately 13 months. For patients with subtype 1b HCV, the
median half-life of resistant variants was shorter at 3 months
for the common variants T54A, V36A, and A156T and 9
months for the more rarely occurring A156S variant [63].
Additional long-term followup, with a median duration of
29 months (range, 7 to 49 months) after treatment failure,
showed that resistant variants were no longer detected in
85% of patients, and the rate of disappearance of resist-
ant variants again depended on the specific mutation(s)
(Table 1) [64].

5.2. Triple Therapy with Boceprevir. At baseline, the main
observed variants conferring resistance to boceprevir in
patients with HCV genotype 1a include V36M, T54S, R155K,
which varies from the typical genotype 1b resistance profile,
T54A, V55A, A156S, I/V170A, both of which occur with
an overall low frequency [65]. As with telaprevir, viral drug
resistance is more common at baseline and develops more
frequently in subtype 1a than 1b, as subtype 1a HCV virus
has a lower genetic barrier to resistance. Thus, for the
most prevalent resistance variant, R155K, only 1 nucleotide
exchange is required for subtype 1a HCV to develop drug
resistance, whereas 2 exchanges are needed to generate the
same resistance for subtype 1b HCV. Conversely, phenotypic
resistance analysis in the HCV replicon [50, 52, 53, 66]
showed that resistance-associated variants found in patients
with subtype 1b HCV awarded a greater degree of resistance,
with a 5- to 16-fold loss of susceptibility to boceprevir, than
that found in patients with subtype 1a, with only 2- to 4-fold
loss of susceptibility.

Current data confirm that the overall sustained virologic
response (SVR) rate was lower in patients infected with
HCV subtype 1a (53% to 64%) than in those infected
with HCV subtype 1b (66% to 73%), again likely due
to lower genetic barrier to resistance for subtype 1a. The
likelihood of achieving SVR for genotype 1 prior treatment
nonresponders was around 60% with boceprevir (combined

with pegylated interferon/ribavirin) with an on-treatment
failure rate of 40%, which is comparable to teleprevir. For
treatment-naive patients, SVR rates approached 70–75%
with boceprevir combination therapy, with a virologic failure
rate of 20%–25%. For relapsers, the SVR reaches 75%, thus
conferring an on-treatment virologic failure rate of 25% [67–
70].

Long-term follow-up data on resistance-associated vari-
ants selected in non-SVR patients while on treatment showed
that only approximately 20% of patients still had resistant
variants detectable by population-based sequencing at 6–
14 month followup [71]. The disappearance rate for the
different NS3 protease resistance mutations was variable and
is shown in Table 1.

6. Treatment Failure in Triple Therapy and
Clinical Implications

Resistance is not an “all or none phenomenon.” Clinically
significant resistance is usually associated with an “escape”
pattern [72], where viral replication recovers quickly to
pretreatment levels while amino acid substitution confers a
high level of drug resistance without impairing fitness in the
presence of the drug. If the virus is not very fit, the viral
replication process will resume more gradually [46, 73–75].
Clinical resistance occurs if drugs levels are not sufficient
to inhibit viral replication, and highly resistant viruses may
need very high drug levels to inhibit their replication, which
may not be achievable within acceptable safety parameters.
In addition, sufficient drug trough levels must be maintained
over time to achieve long-term viral suppression. Antiviral
efficacy in vivo may remain stable if resistant variants
replicate at low level and/or if the drug retains partial
efficacy. Various patterns of HCV treatment failure have been
reported, including viral nonresponse (persistent HCV RNA
positivity on treatment), viral breakthrough on treatment,
and viral relapse after treatment completion. In compliant
patients, failure to respond to triple therapy derives mostly
from lack of response to IFN-α and ribavirin, and consequent
selection of preexistent viral species inherently resistant
to DAAs. Conversely, treatment failure in noncompliant
patients frequently results from de novo generation of viral
mutants resistant to DAAs. This latter phenomenon is
thought to account for most cases of viral breakthrough and
relapse.

As noted above, the failure rates in treatment-naı̈ve
patients are 20%–30% on triple therapy. In previously
treated patients, the failure rates range as high as 50%–
60%. Development of persistence of viral resistance depends
in part on several host and treatment-related variables
[61, 62, 69, 70]. Failure rates are higher in populations
with patients with less favorable genetic background (IL-
28 phenotypes CT or TT), including the African-American
population, prior treatment nonresponders, HIV- or HBV-
coinfected patients, post-liver-transplant patients, noncom-
pliant patients, and patients with advanced fibrosis/cirrhosis.
Multiple studies, including SPRINT 1- and -2, RESPOND-
2, PROVE, REALIZE, and ADVANCE [67, 68, 76–79] have
shown that the final treatment outcome with inclusion of
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Table 2: Role of IL-28B in HCV treatment.

IL-28B SNP
PR (IDEAL) Telaprevir (advance) Boceprevir (SPRINT-2)

ITT population Adherent population TVR/PR PR control BOC/PR∗ PR control

CC 69% 79% 90% 64% 80–82% 78%

CT 33% 38% 71% 25% 65–71% 28%

TT 27% 26% 73% 23% 55–59% 27%
∗

Includes BOC/RGT and BOC/PR48 arms [61, 69, 80, 81].

DAAs was very much dependent on the degree of viral
responsiveness seen during the first course of therapy with
IFN-α and Ribavirin, a variable that likely reflects genetic
host factors such as IL-28B genotype.

Certain single nucleotide polymorphisms (SNPs)
upstream of the IL-28B locus correlate with the rate of
SVR in patients treated with PEG-IFN-α and ribavirin, and
recent data reveals a similar, though much less discrepant
correlation in patients treated with triple therapy (Table 2).

Given the concerning data regarding development and
persistence of drug-resistant mutants and on-treatment
clinical resistance (data reviewed earlier in this paper),
strategies should be employed to predict triple therapy failure
early by monitoring viral kinetics. On-treatment “futility
rules” exist and should be followed strictly. These rules
define conditions that, if met, mandate immediate treatment
discontinuation and are based upon viral kinetics. Failure to
follow these rules could contribute to the development and
persistence of more fit drug-resistant viruses, the presence of
which, in turn, could jeopardize the patient’s future chances
to respond to newer antiviral treatments. Telaprevir is taken,
with PEG-IFN-α and ribavirin, at a dose of 750 mg every
eight hours for the first 12 weeks of the treatment. If HCV
RNA is equal to or greater than 1000 IU/mL at weeks 4 or
12, virologic failure has occurred and triple therapy should
be discontinued immediately. If the virus is detected to any
degree at week 24, dual therapy should also be discontinued
at that point, as the likelihood of achieving SVR is very low.
When using boceprevir, the treatment algorithm is different
and involves a 4-week period of PEG-INF-α and ribavirin
dual therapy, also known as the “lead in” period, followed
by triple therapy with addition of 800 mg of boceprevir
every eight hours for a variable period of time; PEG-IFN-
α and ribavirin will continue until treatment completion. A
viral load equal to or greater than 100 IU/mL at week 12 is
equivalent to virologic failure, and all three drugs should be
stopped to avoid resistance. Alternatively, any detectable viral
load at week 24 again implies again lack of response, and
treatment should be terminated.

Failing triple therapy raises concerns regarding possible
adverse consequences for the liver disease itself and also
for the potential to respond to future DAA-based therapy.
The rate of HCV replication ultimately returns to the pre-
treatment stage following treatment failure. Consequently,
the disease appears to resume its progression to cirrhosis
at the same pretreatment rate. As HCV is not a cytopathic
virus, most of the hepatocellular damage is caused by
the host immune system targeting the persistently infected
hepatocytes. In terms of impact for future therapy, one can

hypothesize that if protease inhibitor-resistant viruses, which
have acquired greater fitness during therapy with DAA’s,
remain the dominant viral population within a host then,
at the time of retreatment, the use of medications with
cross-resistance with telaprevir and boceprevir would not be
expected to work. Patients failing triple therapy should be
advised that many new HCV drugs are under development
and may become available outside study protocols within
several years, but it is yet to be defined whether these
patients will be appropriate candidates for retreatment with
these drugs. These patients must continue to be clinically
monitored for signs of disease progression.

7. Conclusions

A new standard of care for treating genotype 1 hepatitis C
infected patients is now available, for both treatment-naı̈ve
patients and treatment-experienced patients. This treatment
remains PEG-IFN-α and ribavirin-based but adds either
telaprevir or boceprevir, protease inhibitors that became
the first DAA drugs specifically targeting the HCV NS3/4A
protease, and that were approved by the FDA in May, 2011.
This new “triple therapy” has allowed patients to achieve
dramatically greater rates of viral cure than previously, but
treatment failure remains a possibility. Failure to achieve a
viral cure with this regimen most likely results from the low
viral genetic barrier to resistance to the protease inhibitors,
allowing de novo formation of drug-resistant viral mutants,
superimposed on a weak host response to pegylated IFN-
α allowing persistence of drug-resistant viruses that were
present at baseline. Treatment failure would allow continued
progression of the liver disease and may affect candidacy
for and/or responsiveness to the next line of DAAs in
development. The future may belong to agents such as nucle-
oside/nucleotide analogues, nonnucleoside RNA-dependent
RNA polymerase inhibitors, or cyclophilin inhibitors, and
the treatment of hepatitis C may ultimately parallel that of
HIV in the near future, with use of various combinations of
“drug cocktails.”

The need for a vigorous host response to IFN in order
to achieve a viral cure with current therapies, and patients’
failure to achieve such a response, or intolerant of IFN-
related side effects, has led many investigators to develop
drugs that could provide an IFN-free curative regimen. IFN-
free regimens are no longer a dream, but a reality that
may be available in the clinic in the next 5 years. It is
possible that some of these regimens will also be RBV-free.
PSI-7977, now GS-7977, a potent uridine nucleotide analog
in Phase 3 development, demonstrated >90% SVR rates
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in the PROTON trial, where it was used in combination
with PEG/RBV to treat patients infected with HCV GT1,
and 100% SVR rates were achieved in the ELECTRON trial
when used to treat patients infected with HCV GT2/3 with
an interferon-free regimen using only PSI-7977/RBV. These
high SVRs are attributable to PSI-7977’s antiviral potency,
a lack of detectable preexisting resistant HCV variants,
and excellent safety and tolerability profile [82]. Another
12-week, interferon-free combination of two experimental,
once-daily drugs (ABT-450, a hepatitis C protease inhibitor
that requires blood-level boosting with the HIV protease
inhibitor Norvir, and ABT-072, an HCV nonnucleoside
polymerase inhibitor) plus ribavirin achieved SVR at 12
weeks in 91% of noncirrhotic first-time treatment takers
with HCV genotype 1 and an IL-28B CC genotype, according
to data from the PILOT trial, presented on April 19, at the
47th Annual Meeting of the European Association for the
Study of the Liver (EASL) in Barcelona [83]. Researchers
at EASL also presented data from the COPILOT trial, an
interferon-free clinical trial combining ribavirin, Norvir-
boosted ABT-450 and ABT-333 (a twice-daily HCV non-
nucleoside polymerase inhibitor) in first time-treatment tak-
ers and null responders with HCV genotype 1. ABT-450 and
ABT-333 maintained hepatitis C virus levels undetectable for
12 weeks after completing treatment in over 90% of first-time
treatment takers and 47% of treatment experienced people
[84]. Having more, and more effective, treatments should
not, however, diminish our efforts to develop a hepatitis C
vaccine, as the cost of treatment continues to increase, the
currently available agents continue to carry the potential for
severe side effects, and cure rates still fall short of the ideal
goal of 100%.

References

[1] A. Wasley, S. Grytdal, and D. Daniels, “Surveillance for acute
viral hepatitis—United States, 2007,” MMWR. Surveillance
Summaries, vol. 58, no. 3, pp. 1–27, 2009.

[2] Centers for Disease Control and Prevention, “Recommen-
dations for prevention and control of hepatitis C virus
(HCV) infection and HCV-related chronic disease,” MMWR
Recommendations and Reports, vol. 47, no. RR-19, pp. 1–39,
1998.

[3] M. J. Alter, “Epidemiology of hepatitis C,” Hepatology, vol. 26,
no. 3, pp. 62S–65S, 1997.

[4] D. Lavanchy, “Evolving epidemiology of hepatitis C virus,”
Clinical Microbiology and Infection, vol. 17, no. 2, pp. 107–115,
2011.

[5] G. L. Davis, M. J. Alter, H. El-Serag, T. Poynard, and L. W.
Jennings, “Aging of hepatitis C virus (HCV)-infected persons
in the United States: a multiple cohort model of HCV preva-
lence and disease progression,” Gastroenterology, vol. 138, no.
2, pp. 513–521, 2010.

[6] Centers for Disease Control and Prevention, CDC Health
Information for International Travel 2012, Oxford University
Press, New York, NY, USA, 2012, http://wwwnc.cdc.gov/travel/
yellowbook/2012/chapter-3-infectious-diseases-related-to-
travel/hepatitis-c.htm.

[7] D. Moradpour, F. Penin, and C. M. Rice, “Replication of
hepatitis C virus,” Nature Reviews Microbiology, vol. 5, no. 6,
pp. 453–463, 2007.

[8] A. O. De Beeck and J. Dubuisson, “Topology of hepatitis C
virus envelope glycoproteins,” Reviews in Medical Virology, vol.
13, no. 4, pp. 233–241, 2003.

[9] Q. L. Choo, K. H. Richman, J. H. Han et al., “Genetic organi-
zation and diversity of the hepatitis C virus,” Proceedings of the
National Academy of Sciences of the United States of America,
vol. 88, no. 6, pp. 2451–2455, 1991.

[10] R. Jubin, “Hepatitis C IRES: translating translation into a ther-
apeutic target,” Current Opinion in Molecular Therapeutics,
vol. 3, no. 3, pp. 278–287, 2001.

[11] J. Dubuisson, “Hepatitis C virus proteins,” World Journal of
Gastroenterology, vol. 13, no. 17, pp. 2406–2415, 2007.

[12] M. B. Zeisel, H. Barth, C. Schuster, and T. F. Baumert, “Hepati-
tis C virus entry: molecular mechanisms and targets for antivi-
ral therapy,” Frontiers in Bioscience, vol. 14, no. 9, pp. 3274–
3285, 2009.

[13] I. Kohaar, A. Ploss, E. Korol et al., “Splicing diversity of the
human OCLN gene and its biological significance for hepatitis
C virus entry,” Journal of Virology, vol. 84, no. 14, pp. 6987–
6994, 2010.

[14] G. H. Syed, Y. Amako, and A. Siddiqui, “Hepatitis C virus
hijacks host lipid metabolism,” Trends in Endocrinology and
Metabolism, vol. 21, no. 1, pp. 33–40, 2010.

[15] J. M. Pawlotsky, “Hepatitis C virus genetic variability: path-
ogenic and clinical implications,” Clinics in Liver Disease, vol.
7, no. 1, pp. 45–66, 2003.

[16] J. M. Pawlotsky, “Hepatitis C virus population dynamics dur-
ing infection,” Current Topics in Microbiology and Immunology,
vol. 299, pp. 261–284, 2006.

[17] T. Kuntzen, J. Timm, A. Berical et al., “Naturally occurring
dominant resistance mutations to hepatitis C virus protease
and polymerase inhibitors in treatment-naı̈ve patients,” Hep-
atology, vol. 48, no. 6, pp. 1769–1778, 2008.

[18] D. J. Bartels, Y. Zhou, E. Z. Zhang et al., “Natural prevalence of
hepatitis C virus variants with decreased sensitivity to NS3.4A
protease inhibitors in treatment-naı̈ve subjects,” Journal of
Infectious Diseases, vol. 198, no. 6, pp. 800–807, 2008.

[19] M. Lataillade, J. Chiarella, R. Yang et al., “Prevalence and
clinical significance of HIV drug resistance mutations by
ultra-deep sequencing in antiretroviral-naı̈ve subjects in the
CASTLE study,” PloS ONE, vol. 5, no. 6, Article ID e10952,
2010.

[20] C. Rodriguez, S. Chevaliez, P. Bensadoun et al., “Ultra-deep
pyrosequencing, a powerful new tool to study HBV resistance
to nucleoside/nucleotide analogues, identifies preexisting
HBV variants bearing resistance mutations and characterizes
their on-treatment kinetics,” Hepatology, vol. 52, pp. 441A–
442A, 2010.

[21] T. Verbinnen, H. Van Marck, I. Vandenbroucke et al., “Track-
ing the evolution of multiple in vitro hepatitis C virus replicon
variants under protease inhibitor selection pressure by 454
deep sequencing,” Journal of Virology, vol. 84, no. 21, pp.
11124–11133, 2010.

[22] S. Chevaliez and J. M. Pawlotsky, “Interferons and their use in
persistent viral infections,” Handbook of Experimental Phar-
macology, vol. 189, pp. 203–241, 2009.

[23] C. S. Kim, J. H. Jung, T. Wakita, K. Y. Seung, and K. J. Sung,
“Monitoring the antiviral effect of alpha interferon on individ-
ual cells,” Journal of Virology, vol. 81, no. 16, pp. 8814–8820,
2007.

[24] F. Porteu, M. Brockhaus, D. Wallach, H. Engelmann, and C. F.
Nathan, “Human neutrophil elastase releases a ligand-binding

http://wwwnc.cdc.gov/travel/yellowbook/2012/chapter-3-infectious-diseases-related-to-travel/hepatitis-c.htm
http://wwwnc.cdc.gov/travel/yellowbook/2012/chapter-3-infectious-diseases-related-to-travel/hepatitis-c.htm
http://wwwnc.cdc.gov/travel/yellowbook/2012/chapter-3-infectious-diseases-related-to-travel/hepatitis-c.htm


8 Advances in Virology

fragment from the 75-kDa tumor necrosis factor (TNF)
receptor: comparison with the proteolytic activity responsible
for shedding of TNF receptors from stimulated neutrophils,”
The Journal of Biological Chemistry, vol. 266, no. 28, pp.
18846–18853, 1991.

[25] E. Lien, N. B. Liabakk, A. C. Johnsen, U. Nonstad, A. Sundan,
and T. Espevik, “Polymorphonuclear granulocytes enhance
lipopolysaccharide-induced soluble p75 tumor necrosis factor
receptor release from mononuclear cells,” European Journal of
Immunology, vol. 25, no. 9, pp. 2714–2717, 1995.

[26] M. Lantz, S. Malik, M. L. Slevin, and I. Olsson, “Infusion of
tumor necrosis factor (TNF) causes an increase in circulating
TNF-binding protein in humans,” Cytokine, vol. 2, no. 6, pp.
402–406, 1990.

[27] D. A. Joyce, D. P. Gibbons, P. Green, J. H. Steer, M. Feldmann,
and F. M. Brennan, “Two inhibitors of pro-inflammatory
cytokine release, interleukin-10 and interleukin-4, have con-
trasting effects on release of soluble p75 tumor necrosis
factor receptor by cultured monocytes,” European Journal of
Immunology, vol. 24, no. 11, pp. 2699–2705, 1994.

[28] H. Tilg, W. Vogel, and C. A. Dinarello, “Interferon-α induces
circulating tumor necrosis factor receptor p55 in humans,”
Blood, vol. 85, no. 2, pp. 433–435, 1995.

[29] A. U. Neumann, S. Zeuzem, C. Ferrari et al., “DITTO-HCV
early viral kinetics report: novel decline patterns in genotype
1 but not genotypes 2 and 3 patients treated with peg-
interferon alfa-2a and ribavirin,” Journal of Hepatology, vol. 36,
supplement 1, article 121, 2002.

[30] J. M. Pawlotsky, C. Hezode, B. Pellegrin et al., “Early HCV
genotype 4 replication kinetics during treatment with pegin-
terferon alpha-2a (Pegasys)-ribavirin combination: a compar-
ison with HCV genotypes 1 and 3 kinetics,” Hepatology, vol.
36, article 291A, 2002.

[31] J. M. Pawlotsky, “Treating hepatitis C in “difficult-to-treat”
patients,” The New England Journal of Medicine, vol. 351, no.
5, pp. 422–423, 2004.

[32] J. Y. N. Lau, R. C. Tam, T. J. Liang, and Z. Hong, “Mechanism
of action of ribavirin in the combination treatment of chronic
HCV infection,” Hepatology, vol. 35, no. 5, pp. 1002–1009,
2002.

[33] J. P. Bronowicki, D. Ouzan, T. Asselah et al., “Effect of ribavirin
in genotype 1 patients with hepatitis C responding to pegy-
lated interferon alfa-2a plus ribavirin,” Gastroenterology, vol.
131, no. 4, pp. 1040–1048, 2006.

[34] A. M. Contreras, Y. Hiasa, W. He, A. Terella, E. V. Schmidt,
and R. T. Chung, “Viral RNA mutations are region specific
and increased by ribavirin in a full-length hepatitis C virus
replication system,” Journal of Virology, vol. 76, no. 17, pp.
8505–8517, 2002.

[35] S. Chevaliez, R. Brillet, E. Lázaro, C. Hézode, and J. M.
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