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Abstract

Until very recently, treatment for chronic hepatitis C vi-
rus (HCV) infection has been based on the combination
of two non-viral specific drugs: pegylated interferon-a
and ribavirin, which is effective in, overall, about
40%-50% of cases. To improve the response to treat-
ment, novel drugs have been designed to specifically
block viral proteins. Multiple compounds are under de-
velopment, and the approval for clinical use of the first
of such direct-acting antivirals in 2011 (Telaprevir and
Boceprevir), represents a milestone in HCV treatment.
HCV therapeutics is entering a new expanding era, and
a highly-effective cure is envisioned for the first time
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since the discovery of the virus in 1989. However, any
antiviral treatment may be limited by the capacity of the
virus to overcome the selective pressure of new drugs,
generating antiviral resistance. Here, we try to provide
a basic overview of new treatments, HCV resistance to
new antivirals and some considerations derived from a
Public Health perspective, using HCV resistance to pro-
tease and polymerase inhibitors as examples.

© 2013 Baishideng. All rights reserved.
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INTRODUCTION

Hepatitis C virus (HCV) infects an estimated 170 million
people worldwide, which represents around 2%-3% of
the global population'". Chronic HCV infection causes a
progressive liver disease associated with increased risk of
liver cirrhosis and hepatocellular carcinoma®. When end-
stage liver disease is established, the only reliable thera-
peutic intervention, liver transplantation, is limited by the
fact that a new chronic hepatitis is established in the graft,
which can be lost in the eatly years post-transplantation”.
The burden of HCV disease vaties throughout the world,
with country-specific prevalence ranging from < 1% to
> 10%. The epidemiology of HCV infection is changing,
and the transmission routes, demographics of infected
individuals, and HCV genotype distribution varies be-
tween countries™™”, Public Health policies will likely need
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to be adapted to these differences. With the new avail-
ability of highly effective therapies, there is now a time
of increasing opportunities to significantly reduce HCV-
related morbidity and mortality. Until very recently the
standard treatment for chronic HCV infection was the
combination of pegylated interferon-oo (Peg-IFNa) and
ribavirin (RBV)", Rather than targeting the virus directly,
these drugs are immunomodulators, although RBV may
also increase the mutation rate of the HCV genome!.
The majority of responder patients remain virus-free after
5 years of follow-up and are considered to be cured".
However, the efficacy of this therapy is variable, ranging
from 40% to 80% depending on: viral genotype, stage of
liver fibrosis, vital load, side effects and treatment discon-
tinuation, body-mass index, age, race, and host geneticsm.
Genome-wide association studies revealed single nucleo-
tide polymorphisms in the promoter region of the IL.25B
gene, encoding interferon lambda-3, as the strongest
predictors for treatment response“m. Increasing response
rates are expected due to the development of numerous
new direct-acting antivirals (DAAs) active against HCV
(STAT-C: Specifically-Targeted Antiviral-Treatment for
hepatitis C). Some of these compounds are in advanced
clinical trials to be used either as an adjunct to Peg-IFNo
+ RBYV, and/or combined with other DAAs. STAT-C
drugs include inhibitors of the viral proteins NS3/4A,
NS4B, NS5A, and NS5B"""?. The well-defined virus-
specific enzymatic functions of the NS3/4A setine pro-
tease and the NS5B RNA-dependent RNA-polymerase
(RdRp) made them the initial focus for drug development
and represent the most advanced STAT-C drugs, show-
ing potent antiviral efficacy 7 vitro and 7n vive. In 2011, the
NS3/4A protease inhibitors (PIs) Telaprevir (Vertex Phat-
maceuticals) and Boceprevir (Schering-Merck) became the
first STAT-C compounds approved for clinical use; and
NS5A inhibitors and several NS5B polymerase inhibitors
entered phase II of development!'. In addition, STAT-C
drugs targeting other HCV proteins and drugs directed to
host proteins that interact with the virus have also entered
clinical development. There is a glimpse of optimism in
the field, hoping that new STAT-C medications will allow
shorter treatment durations and increase the rates of pa-
tients responding to antiviral treatment!”,

From a Public Health perspective, the extension of
new, more effective, treatments including STAT-C com-
pounds will: (1) eventually reduce the disease burden of
chronic hepatitis C in the near future; (2) reduce the long-
term costs of delayed care by increasing efforts to screen
undiagnosed cases, with the aim of giving access to treat-
ment and preventing progression of the disease; and (3)
require a reinforcement of Public Health surveillance!.

However, this optimism may be tempered by evidence
demonstrating that HCV variants resistant to STAT-C

compounds are rapidly selected i vitro and in vive"™"".

Eventually all classes of STAT-C, including NS3/4A pro-
tease and NS5B polymerase inhibitors, select for HCV
resistant vatiants, although some nucleosidic inhibitors ex-
hibit a higher barrier to resistance . This is not surprising,
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given the high error rate of HCV replication and the rapid
turnover of circulating virions. In fact, resistant variants
arise from preexisting subpopulations of viral genomes al-
ready circulating in the infected individual, before therapy
is started"”. Selective drug pressure changes the balance
between the different intra-individual HCV quasispecies;
and resistant genomes dominate the circulating viruses in
patients with treatment failure or suboptimal treatment
response, as evidenced in patients treated with NS3/4
PIs™?. Fortunately, resistant variants remain sensitive
to Peg-IFN + RBYV, which still makes their elimination
possible with the current Peg-IFN + RBV treatment''”,
However, these therapy regimens are complex, and sim-
plification is eagerly pursued. Finally, most of the first-
generation STAT-C compounds have been designed using
HCV proteins and replicon assays based in HCV subtype
1b, and the efficacy in other viral subtypes may be sub-
optimal (lower genetic barrier), given the diversity of this
virus and the high number of genotypes and subtypes™.
Due to the low genetic barrier (the number of nucleotide
substitutions required for the virus to acquire resistance
to a given drug) of some compounds, there are concerns
that high-level resistance will develop quickly, and the pos-
sibility of transmission of resistant strains among intra-
venous drug users”™. From a Public Health perspective, it
seems necessary: (1) to determine the prevalence of major
HCV resistant variants in the infected population; (2) to
determine the efficacy of STAT-C compounds on HCV
subtypes other than 1b; and (3) to establish virology labo-
ratories for HCV genotypic resistance testing and surveil-
lance. Finally, because the distribution of HCV subtypes
varies in different geographical regions, policies may have
to be refined locally to give access to treatment with opti-

mized STAT-C regimes.

HCV BIOLOGY AND THE BASIS FOR
RESISTANCE

HCV is an enveloped virus, the only member of the
genus Hepacivirus within the family Flaviviridae, with a

positive-sense, single-stranded RNA genome of about
9600 bases flanked by two highly-conserved non-coding
regionspﬂ. The genome encodes a single polyprotein of
around 3000 amino acids, processed by both host and
viral proteases into the mature three structural and seven
non-structural proteins, including the components of
the capsid and envelope (core, E1 and E2) and the viral
enzymes needed for replication and virion assembly (p7,
NS2, NS3, NS4A, NS4B, NS5A and NS5B), respectively
(Figure 1), Like other RNA viruses, the high error rate
of the RdRp makes HCV evolution very rapid, with a
mutation rate estimated at 10” to 10~ nucleotides per
site””.

Evolution of the virus has led to the distinction of six
major genotypes and more than 40 subtypes. Genotypes
1, 2 and 3 are more common in Western countries, geno-
types 1, 4 and 5 in Africa, and genotype 6 in Asia®. The
distribution of HCV genotypes and subtypes varies be-
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Figure 1 Diagram of the hepatitis C virus genes and the viral polyprotein, with two non-coding regions in the 5’ and 3’ ends of the viral genome, structural
(with) and non-structural (grey) proteins. The targets for the most-developed Specifically-Targeted Antiviral-Treatment for hepatitis C compounds are indicated,

together with drugs in advanced development.

tween countries probably because of the spread through
different routes of transmission, such as blood-transfu-
sion and healthcare-related practices (subtype 1b) or in-
travenous drug use (subtype la and genotype 3) which is
now the main route of infection in most countries'’. For
instance, the prevalence of HCV subtype 1b varies from
more than 50% of infected individuals in Italy, Poland,
Romania, Turkey, or Russia to less than 25% in Canada.
Similarly, the prevalence of non-1 genotypes is also very
variable, accounting from less than 25% of the infections
in Romania, Turkey, or the Czech Republic to more than
50% in Sweden, Norway, or the United Kingdornm. Local
HCV genotype/subtype epidemiology may be relevant
to the design of optimal treatment strategies because the
cross-genotype efficacy of most STAT-C compounds is
very limited (see below).

HCYV displays another level of genetic variability: in-
traindividual variation. The combination of a high muta-
tion rate with the production of around 10" virions per
day™ results in every infected individual carrying a pool
of slightly variant viral genomes which can eventually
contain every possible single (and maybe double) mu-
tants: a cloud of vatiants common in RNA viruses, so-
called “quasispecies”m’zgl.

This extensive genetic variability gives HCV the ca-
pacity to generate drug resistance. Mutations that change
amino acids of STAT-C target proteins, including NS3
and NS5B, do occur in the absence of the drugs, and can
cause conformational changes that may interfere with
drug-target interaction. If DAA-resistant variants are
already present before the start of treatment, they will be
rapidly selected and become dominant in the viral quasi-
species once the drug is administered, because they will
be under positive selective pressure. In addition, unless
the replication of the virus is fully suppressed, even if
resistance is not present prior to therapy, adaptive muta-
tions can eventually emerge during STAT-C administra-
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tion, that reduce the susceptibility of the virus to the
drug;

Not surprisingly, several mutations were soon identi-
fied 7 vitro to be associated with reduced susceptibility to
NS3 and NS5B inhibitors'”, some of these ate present in
natural isolates from naive individuals™ ™, and were later
related to STAT-C treatment failure in clinical trials"".

The role of naturally-occurring variations in resistance
to STAT-C inhibitors is therefore a focus of intensive
research. An example is the study of HCV resistance to
NS3/4A protease and NS5B polymerase inhibitors. Table 1
shows a summary, extracted from several reviews, of the
most important amino acid variations in HCV NS3/4A
protease, NS5A protein and NS5B polymerase associated
with resistance to DAAs.

HCV resistance to NS3/4A Pls

The viral NS3 gene encodes amino acids 1027-1657 of
the polyprotein (numbering on HCV-H77-1a strain),
including a serine protease located in the N-terminal do-
main (amino acids NS3 1-181) and an N'TPase/RNA heli-
case in the C-terminal part (amino acids NS3 182-623)".
The chymotrypsin-like protease requires a cofactor, the
NS4A protein, and is responsible for critical steps in the
virus lifecycle: (1) the cleavage of the viral polyprotein in
the NS3-NS4A, NS4A-NS4B, NS4B-NS5A and NS5A-
NS5B junctions; and (2) the modification of the cellular
response, interfering with the interferon pathwaym’”].
Thus, blocking NS3/4A protease activity may inhibit both
processing of the viral polyprotein and viral down-regula-
tion of the innate immune response.

Clinical development of the first-in-class HCV PI (Ci-
luprevir, BILN-2061) showed exceptional antiviral activity
both in vitro and 7n vivo in phase I Studies, but further de-
velopment was halted because cardiotoxicy was detected
in animals™”. These promising results were reproduced
with other Pls, such as Telaprevir (VX-950), Boceprevir
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Table 1 Most important variations related to hepatitis C virus viral resistance to NS3 protease and NS5b

polymerase /in vitro and/or in vivo

Inhibitor class

Amino acid variations implicated in resistance

First generation NS3/A PI

(NS3) V36M/ A, T54A, R155K /T, A156V/T/S, V36M/ A+R155K/T, V36M/ A+A156V/T

Ciluprevir (NS3) R155K/T/Q, A156V/T, D168A/V/T/H
Telaprevir
Boceprevir (NS3) V36M/A/L, T54S/ A, R155K, V55A, R155T, A156S, V1581, V170A, 1170T
Second generation NS3/A PI
Danoprevir (NS3) R155K, D168E
Simeprevir (NS3) Q80R/Q, R155K/T/Q, A156S/V /T, D168A/V/T/H
Asunaprevir (NS3) R155K, A156V/T, D168A/E/T/V/Y
Narlaprevir (NS3) V36A/M, R155K/T/Q, A1565/V /T, V170A
MK5172 (NS3) A156V/T, D168A/V/T/H
NS5A inhibitors
Daclatasvir (NS5A) Q30R, L31 M/V, Y93C/N
NA polymerase inhibitors
Mericitabine (NS5B) S282T in vitro, not reported in vivo
PSI-7977 Not reported in vivo
IDX-184 Not reported in vivo
INX-189 Not reported
NNI polymerase inhibitors
Tegobuvir (NS5B) C316N, Y448H
Filibuvir (NS5B) M423T/1/V, M426T, 1482T
Setrobuvir (NS5B) M414T /L, G554D, D559G
VCH-759 (NS5B) L419M/V, M423T/1/V, 1482L/V /T, V4941/ A
VCH-222 (NS5B) L419M, M423T, 14821
ABT-072 (NS5B) C316Y, M414T, Y448H/C, S556G

Summary from""”"*”7*\, PI. Protease inhibitors; NA: Nucleos(t)ide analogs; NNI: Non-nucleos(t)idic (allosteric) inhibitors.

(SCH-503034), and Danoprevir (ITMN-191). Several
other PIs belonging to two inhibitor classes are in clinical
trials: linear ketoamids, and macrocyclic compounds, in-
cluding Simeprevir (TMC435, Tibotec/Medivit), Asuna-
previr (BMS-650032, Bristol-Myers Squibb), Danoprevir
(RG7227, Roche/IntetrMune), BI201335 (Bochringet-
Ingelheim), ACH-1625 and ACH-2684 (Achillion), Vani-
previr and MK-5172 (Merck and Co))!""'.

Two of these have been approved recently for clinical
use: Telaprevir and Boceprevir. HCV resistance to both
linear and macrocyclic PIs by amino acid substitutions is
well documented i vitro and in vive™". The selection of
resistant mutants is rapid (during the first weeks of expo-
sure to the DAA), and compound-specific, although some
resistant strains however may show a reduced fitness,
which allows viral control using the standard Peg-IFN +
RBV treatment”. A major concern of HCV resistance to
first-generation Pls is cross-resistance. Substitutions NS3-
R155K/T and NS3-A156S/T/V confer a high level of
resistance to both Boceprevir and Telaprevir and cross-
resistance to most NS3 PIs. Substitutions NS3-V36A/M
and NS3-T54A/S confer a low level of resistance to both
Telaprevir and Boceprevir, and NS3-V170A/T to Bo-
ceprevir. There is also some cross-resistance of mutations
in positions 36, 54 and 170 with other compounds, while
changes in positions NS3-80, NS3-155 and NS3-168 are
implicated in resistance to macrocyclic inhibitors*,
Double mutants may also be selected by STAT-C treat-
ments, combining two resistance mutations for the same
or different PI class, with a potential for broad resistance
to both linear and macrocyclic inhibitors®. However, giv-
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en the available experience with human immunodeficiency
virus, the selection of double or triple HCV mutants
resistant to different drugs targeting different viral genes
(z.e., protease and polymerase) seems unlikely. Selected
resistant variants in the protease have been implicated in
late relapse after cessation of treatment, and may decline
or remain detectable for years after treatment failure™**".
These resistance mutations may also revert to wild-type
virus with time, but still some resistant viruses revert very
slowlym. In addition, resistant variants exist, at differ-
ent levels, before treatment. First, the NS3/4 protease is
polymorphic in sites associated with resistance between
HCV genotypes 1-6, and between some subtypes. For in-
stance, variations in NS3-V170 are present in most HCV
genotype 1 isolates, and polymorphism in NS3-D168 is
characteristic of HCV genotype 3P As the development
of NS3/4A PIs was based in HCV genotype 1, subtype
1b, their antiviral activity with non-1b genotypes, may be
not as effective, although some Pls inhibit more than one
HCV genotype™*. Currently neither Boceprevir nor
Telaprevir should be used in patients infected with HCV
genotypes other than 1. First-generation PIs have some
activity in HCV genotypes 2 and 4, but very limited activi-
ty in genotype 3-infected patients[sﬂ. Among PIs in clinical
development, Simeprevir showed potent activity against
HCV genotype 1, but lesser activity against genotypes 2, 4,
5, and 6.

Second, even within HCV genotype 1, large studies in
several countries have found resistance in STAT-C naive
patients (prevalence up to 5.5%)™ . Thus, naturally-
occurring polymorphisms can modify the treatment
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response to STAT-C. In addition, there are differences in
the genetic barrier to resistance between viral subtypes.
HCV subtype 1a has a low genetic barrier for approved
Pls, and this is the reason for higher viral breakthrough
rates and selection of resistant variants observed in pa-
tients infected with subtype 1a during treatment with Bo-
ceprevir and Telaprevir. The resistance mutation R155K
emerges from a single nucleotide substitution in subtype
1a viruses; whereas two different substitutions are needed
in the subtype 1b viruses'”'". Viral breakthrough and re-
lapse after treatment with Simeprevir is usually associated
with signature resistance mutations at NS3 positions 80,
122, 155, and/or 168 (positions 80 and 168 are polymot-
phic between subtypes), but the distribution of mutations
also varies significantly between subtypes 1a and 1b"7.
For Asunaprevir, the primary NS3 protease substitutions
associated with high-level resistance identified 7 vitro oc-
cur predominately at the polymorphic amino acid residue
D168 (D168A/G/H/V/Y). In addition, in single- and
3-d multiple-ascending-dose studies in HCV genotype
la- or 1b-infected patients, a predominant pre-existing
NS3 baseline polymorphism (NS3-Q80K) had ambigu-
ous effects, but no clinically-relevant resistance-associated
variants emerged in these clinical studies”™. Finally, the
large turnover and population size, together with the
high mutation rate of the virus implicates that HCV vari-
ants resistant to new DAAs may be present as minority
species (not detectable by direct population sequencing)
within the complex pool of viral genomes circulating in
a single patient[33’54’55]. Pre-existing variants resistant to
Boceprevir or Telaprevir may impair virologic response
before treatment is initiated”™". The role of naturally-
occurring polymorphisms and minority variants in treat-
ment failure is just being elucidated, and clinical develop-
ment of STAT-C compounds with pan-genotypic activity
is needed.

HCV resistance to NS5A inhibitors

The HCV NS5A genomic region encodes a serine phos-
phoprotein of 448 amino acids (a.a. 2421-3011 of the
polyprotein, numbering on HCV-H77-1a strain), which
seems to have a role in transcriptional activation and pat-
ticipates in enhancing viral replication. NS5A has been
linked to interferon sensitivity, and includes a variable re-
gion (V3), and PKR and zinc binding domains®”. NS5A
replication complex inhibitors undergoing clinical trials
include Daclatasvir (BMS-790052, Bristol-Myers Squibb)
and ACH-2928 (Achillion)"”. Daclastavir is a potent oral
NS5A inhibitor, studied in combination with the NS3 PI
Asunaprevir alone (7 = 11), or plus Peg-IFNa + RBV
(n = 10) for 24 wk in genotype-1 infected patientsﬁg]
Double and quad combination therapy produced SVR
in 36% and 90% of patients respectively. In the double
therapy group, viral relapse occurred in one patient (HCV
subtype 1a). An analysis of baseline samples revealed a
preexisting NS3 variant (R155K) conferring resistance
to Asunaprevir at the time of viral relapse, whereas the
NS5A resistance variant Q30E was detected only at re-
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lapse. All patients with viral breakthrough (# = 6, 55%)
were infected with HCV subtype 1a. There was no resis-
tance variants at baseline and resistance variants to both
Daclatasvir and Asunaprevir had emerged in all cases
by the time of viral breakthrough. Viral variants in the
NS5A domain included Q30R, 1.31 M/V, and Y93C/N;
and variants in the NS3 protease included R155K and
D168A/E/T/V/Y. Another phase Ia study in Japan
examined the combination of Daclastavir with Asunapre-
vir, without Peg-IFN and RBV (» = 10, HCV genotype
1b). All the nine patients who completed the full course
of treatment, achieved SVR (HCV-RNA was negative at
weeks 12 and 24), and there as no viral breakthrough[sol.
In a survey in Japan, resistance mutations to Daclatas-
vir NS5A-L31M and/or Y93H were detected in 11.2%
of 307 untreated patients with HCV subtype 1b infec-
tion, and Y93H (8.2%) was more prevalent than L.31M
(2.7%)"". Fifteen patients (4.9%) were infected with
NS3-protease variants harboring V36A, T54S, Q80R or
D168E, resistance mutations. While mutations confer-
ring resistance to Daclatasvir or to NS3 inhibitors were
frequent in this treatment-naive study population, double
mutants with possible resistance to both drugs were rare.
In addition, the cross-genotypic activity of Daclatasvir
is under investigation. Thus, there is a rationale for ex-
panding these double or quad therapy regimes including
Dacaltasvir, but potential differences in efficacy between
subtype 1a and 1b viruses should be further explored.

HCV resistance to NS5B polymerase inhibitors

The HCV NS5B genomic region encodes a 66 kDa pro-
tein composed of 591 amino acids (a.a. 2421-3011 of
the polyprotein, numbering on HCV-H77-1a strain): an
RdRp. The HCV RdRp resembles other viral polymer-
ases, with a GDD motif and a right hand structure with
palm, fingers and thumb domains". The polymerase
replicates the viral genome, in the catalytic sites located
at the palm domain, from a negative strand RNA tem-
plate intermediate, using an active triphosphate (NTP)
as primer'™. Depending on their chemical structure and
mechanism of action, specific NS5B inhibitors can be
divided into two groups: nucleoside/nucleotide analogues
(NA) and non-nucleoside inhibitors (NNI). NA are al-
ternative N'TP substrates for the polymerase, forming a
structure in the catalytic site that prevents the addition
of new NTPs, resulting in premature chain-termination
of nascent RNA"". The NNI inhibitors, rather than
competing with N'TPs, act by blocking the enzyme in the
initiation of replication, preventing the conformational
change necessary to elongate the nascent new copy of
the RNA viral genomem. Four different allosteric NNI
binding sites have been identified: NNI-Site A/thumb
1, NNI-Site B/thumb 2, NNI-Site C/palm 1, and NNI-
Site D/palm 2; which are targets for benzimidazoles,
dihydropyrones and thiophenes, benzothiazidines, and
benzofurans, respectivelym. Although the NS5B gene is
less variable than other parts of the HCV genome, viral
genetic polymorphism and mutation may also limit the
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efficacy of NS5B-specific inhibitors' >,

The nucleos(t)ide inhibitors usually act at the catalytic
site of the RdRp, where the GDD motif is located. In
the replicon model, 2’-C-methyl-nucleosides select for
the NS5B-5282T' change, and some nucleotide inhibitors
select for several other changes (815G, R222Q), C223Y,
C223H, 1.3201I, V321I)[61’66’67]. However, a combination of
at least three changes (S15G/C223H/V321I) was required
to confer a high level of resistance®. NA inhibitors show,
in fact, a high genetic barrier for the emergence of resis-
tance™ | and no resistance mutations have been observed
in NA monotherapy”, or in combination with a PI"". Tn
addition, in combination with Peg-IFNo + RBYV, no viral
breakthroughs due to resistance mutations could be iden-
tified™. NA inhibitors are therefore the most promising
drugs due to the limited number of resistance mutations
described""!] and the low frequency of resistant viruses
%7 Unfortunately, drugs in
development in this class are few, compared to NNL

NNI exhibit a different range of resistance profiles
depending on the target site in the NS5B RdRp. Numer-
ous substitutions associated with resistance to NNI were
found mainly in the four allosteric sites A, B, C and D.
Some particular changes seem extremely important for
resistance, such as NS5B-M423V /I, which increases 31
times the resistance to the drug AG-02154""7. In addition,
secondary mutations may increase resistance profiles.
When combined with the substitutions T19P, M71V,
M423V or A442T, the change NS5B-A338V causes an
increase of up to 17 times the resistance to dihydropy-
rones and Thiophene[73]. Variable responses to NNI may
be due to natural variation in baseline susceptibilitym.
The NS5B-C316N change is frequent in HCV subtype
16", and together with NS5B-Y448H, NS5B-D559G or
NS5B-Y555C can increase resistance to benzofurans 30
fold.

NS5B polymerase inhibitors undergoing clinical tri-
als include Mericitabine (RG-7128, Roche), PSI-7977
and Tegobuvir (Gilead), INX-189 (Inhibitex), Filibuvir
(PF-00868554, Pfizer), VCH-222 (Vertex), ABT-072
(Abbott), and Setrobuvir (ANA-598, Anadys)"'?. Among
these, nucleos(t)ide analogs such as RG-7128, PSI-7977
and INX-189 display a high genetic barrier to resistance
and can be efficacious against several HCV genotypes,
while non-nucleosidic inhibitors (Filibuvir, VCH-222,
ABT-072, Setrobuvir, Tegobuvir) normally display a
lower genetic barrier and a genotype-dependent antiviral

effect (Table 1)"",

circulating in the population

CONCLUSION

Specifically-targeted antiviral therapies for HCV are en-
tering the clinics, and more than 50 compounds are in
development. The first major targets are NS3/A protease
and NS5B polymerase, but other viral and host targets
are in of drug development, such as the viral NS3 heli-
case, NS4A and NS5A proteins, or cyclophyllin inhibitors
and modulators of the innate immune response. In the
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near future, the rate of sustained virological response will
be much greater than with Peg-IFN@, + RBV treatment.
Due to the selective pressute of DAAs, resistant viruses
circulating in the infected population can lead to treat-
ment failure. A single mutation in the coding sequence
of the viral enzyme may be sufficient to confer different
levels of resistance to a particular drug. The emergence
of these resistant variants has been generally observed
soon after starting treatment, especially in monotherapy,
as a result of the rapid decline of wild-type virus and the
dominance of preexisting minority variants. Therefore,
the selection of resistant viral strains can compromise
new STAT-C regimens, and clinicians must take into ac-
count this problem.

In clinical trials with a single STAT-C drug, viral iso-
lates from patients with treatment failure have exhibited
one, or more than one, resistance mutation and some
of them lasted for years. These results indicate that the
success of new treatments using a single STAT-C may
be compromised, and will require a high genetic barrier
to resistance, optimal drug exposure and strict adher-
ence. From a Public Health petspective, the allocation of
resources needs to be maximized to treatment regimens
ensuring success; this will depend on the effectiveness of
drugs inhibiting all viral variants, minimizing the emer-
gence of mutations. Maximum effectiveness to prevent
the emergence of resistance will probably rely on a com-
bination of DAAs with a high genetic barrier to inhibit
different viral targets simultaneously, ideally with each
inhibitor linked to a different set of resistance mutations.

Several combinations of DAAs, with or without con-
comitant Peg-IFN@ + RBV administration, have obtained
different efficacies in controlling HCV replication, with
those regimens including compounds with a higher bar-
rier to resistance [like nucleos(t)ide analogues, or NS5A
inhibitors| being the more promising in minimizing the
emergence of resistance”™ """ To ensure the success
of future treatments, it will be important to evaluate the
true frequencies of naturally-occurring substitutions that
may confer resistance to new DAA’s in HCV isolates cir-
culating in the infected population. At the Public Health
level, it may be interesting to reinforce epidemiological
surveillance to obtain specific data on the geographical
distribution of HCV genotypes/subtypes and their preva-
lence in different cohorts of infected patients, because
of the differential response to currently approved and
new STAT-C treatment regimes in development. Strate-
gles for increasing (or limiting) access to new treatments
may require different approaches in different geographical
regions. In addition, active HCV resistance surveillance is
needed. Genotype sequencing on viral breakthrough (and
also prior to treatment initiation) of the HCV genomic
regions targeted by DAAs may be useful to identify re-
sistance pathways, particularly in those patients in whom
Peg-IFNo + RBV therapy has failed; the first candidates
for newer STAT-C regimens.

Finally, the future availability of highly potent STAT-C

combinations can potentially decrease the global burden
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of HCV disease, and pave the way for HCV eradication.
However, the high cost of STAT-C drugs, their limited ef-
ficacy in non-1 HCV genotypes, the emergence of resis-
tance, and the need for sophisticated monitoring of new
treatments makes them unreliable for resource-limited
countries where the highest prevalence of chronic infec-
tion is concentrated. Clinical development of simple and
affordable all-oral combination therapeutic regimes with
antiviral activity to all HCV genotypes is required, and the
development of an effective vaccine is still a relevant un-
met goal.
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