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Abstract
The use of direct-acting antivirals (DAAs) to treat 
chronic hepatitis C has resulted in a significant in
crease in rates of sustained viral response (around 
90%-95%) as compared with the standard treatment 
of peginterferon/ribavirin. Despite this, however, the 
rates of therapeutic failure in daily clinical practice 
range from 10%-15%. Most of these cases are due to 
the presence of resistant viral variants, resulting from 
mutations produced by substitutions of amino acids 
in the viral target protein that reduce viral sensitivity 
to DAAs, thus limiting the efficacy of these drugs. The 
high genetic diversity of hepatitis C virus has resulted 
in the existence of resistance-associated variants 
(RAVs), sometimes even before starting treatment 
with DAAs, though generally at low levels. These pre-
existing RAVs do not appear to impact on the sustained 
viral response, whereas those that appear after DAA 
therapy could well be determinant in virological failure 
with future treatments. As well as the presence of 
RAVs, virological failure to treatment with DAAs is 
generally associated with other factors related with 
a poor response, such as the degree of fibrosis, the 
response to previous therapy, the viral load or the viral 
genotype. Nonetheless, viral breakthrough and relapse 
can still occur in the absence of detectable RAVs and 
after the use of highly effective DAAs, so that the true 
clinical impact of the presence of RAVs in therapeutic 
failure remains to be determined.
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pared with the standard treatment of peginterferon/
ribavirin. The presence of resistance-associated variants 
(RAVs) can reduce viral sensitivity to DAAs, thus limiting 
the efficacy of these drugs . As well as the presence 
of RAVs, virological failure is generally associated with 
other factors related with a poor response. Nonetheless, 
therapeutic failure can still occur in the absence of 
detectable RAVs and after the use of highly effective 
DAAs, so that the true clinical impact of the RAVs 

remains to be determined.
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INTRODUCTION
The introduction of direct-acting antivirals (DAAs) for 
the treatment of chronic hepatitis C virus (HCV) has 
represented a qualitative leap of enormous importance 
in the approach to HCV infection. The high global 
efficacy of DAAs, with rates of sustained viral response 
(SVR) of around 90%-95%, their good tolerability, 
safety profile and applicability, enable the disease to be 
cured in a large number of patients, with the resulting 
positive impact on the natural history of the infection 
and the associated costs[1-3].

Any of the stages in the life cycle of the virus 
can theoretically be a potential therapeutic target 
of DAAs. Currently, four classes of DAAs have been 
approved for the treatment of HCV. These act on three 
therapeutic targets: non-structural NS3/4A protease 
inhibitors (telaprevir, boceprevir, simeprevir, parita
previr, grazoprevir), NS5A replication complex inhibitors 
(daclatasvir, ledipasvir, ombitasvir, elbasvir) and 
nucleos(t)ide (sofosbuvir) and non-nucleoside (dasabuvir) 

NS5B RNA dependent polymerase inhibitors[4,5].
In everyday clinical practice the rate of therapeutic 

failure with these DAAs is estimated at 10%-15%[6-14], 
mainly presenting as recurrence after treatment and 
occasionally as viral breakthrough during treatment[15]. 
Most cases are associated with the presence of drug-
resistant viral variants, resulting from mutations 
produced by amino acid substitutions in the target 
virus protein that reduce viral sensitivity to DAAs, 
limiting their efficacy[15-18]. The great genetic variability 
of HCV means there may be resistance-associated 
variants (RAVs) even before starting DAA treatment, 
though usually at low levels. The presence of the 
RAVs before treatment does not appear to affect the 
SVR, so testing for basal resistance before treatment 
is not recommended for näive patients, though 
testing is recommended in patients who have already 

experienced therapeutic failure with DAAs in order to 
determine the retreatment strategy[1,15].

There also exists a certain individual susceptibility 
concerning eradication of HCV infection. This explains 
cases of treatment failure with DAAs and can involve 
such factors as the degree of liver fibrosis, the 
response to previous therapy, the viral load, the viral 
genotype or suboptimum interaction of the DAAs with 
the therapeutic targets due to the presence of viral 
variants. Indeed, RAVs are generally associated with 
therapeutic failure when some of these factors are 
also present[18]. Nevertheless, viral breakthrough and 
recurrence can still occur in the absence of detectable 
RAVs and even with the use of highly effective DAAs[19]. 
Thus, the true clinical impact of the presence of RAVs 
in therapeutic failure remains to be determined[20].

VIRAL STRUCTURE AND THERAPEUTIC 
TARGETS
The HCV is an RNA virus belonging almost solely to 
the genus Hepacivirus of the family Flaviviridae. It 
possesses a wide genetic variability, with 7 genotypes 
described (numbered from 1 to 7), each with its res
pective subtypes (identified by letters). In addition 
to this inter-individual diversity there also exist 
intra-individual variations. These quasispecies are a 
heterogeneous mixture of genomes with a homology 
greater than 98% that can be present in the same 
person and which is due to the viral replication 
capacity (1012 virions per day) and the defective 
corrective capacity of the viral polymerase (1 error 
each 10000-100000 nucleotides)[21-23]. The appearance 
of mutations during infection shows the capacity of the 
virus to adapt to the environment and is associated 
with resistance-associated variants (RAVs) that limit 
the efficacy of DAAs[15]. 

The virus itself is small (about 50 nm in diameter) 
and is composed of: (1) Coat or envelope. This is 
formed by two glycoproteins, called E1 and E2, linked 
to a lipid bilayer of the host cell and responsible 
for the pleomorphic structure of the virus[24]; (2) 
Nucleocapsid. Made of protein, it is formed by copies 
of the core protein, situated beneath the envelope 
and surrounding the genome; and (3) Genome. A 
positive sense single-stranded RNA formed by 9600 
nucleotides. It possesses a single open reading frame 
(ORF) flanked by noncoding regions at the ends, 
called the 5’ untranslated region (UTR) and the 3´ 
UTR. These two regions of the virus are essential for 
RNA translation and replication. The 5’ end acts as 
the internal ribosome entry site (IRES) which initiates 
protein synthesis. The 3’ UTR also seems to participate 
directly in viral replication, though its mechanisms of 
action are less well known[25,26]. 

Translation of the reading frame originates a 
precursor polyprotein of some 3000 amino acids, 
which is processed by viral and host proteases giving 
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rise to nonstructural and structural viral proteins, 
respectively[26]: (1) Three structural proteins: core 
(nucleocapsid), E1 and E2 (envelope). These constitute 
the main components of the virion; (2) p7 protein: 
viroporin that intervenes in the budding of virions by 
formation of pores in infected cell membranes; and 
(3) six nonstructural (NS) proteins: responsible for 
processing of the polyprotein and viral replication: (a) 
NS2 protein. Together with the N-terminal domain of 
NS3 it forms the NS2-NS3 protease, which processes 
the cleavage between NS2 and NS3; (b) NS3 and 
NS4A proteins. NS3 possesses a serine protease 
domain associated with the cofactor NS4A, forming 
the NS3-NS4 protease. It is one of the main targets 
of antiviral treatment, due to its crucial role in the 
replication cycle catalyzing the processing of the other 
nonstructural proteins at the sites NS3/NS4A, NS4A/
NS4B, NS4B/NS5A and NS5A/NS5B. The products 
released are responsible for the formation of RNA 
(figures 1 and 2); (c) NS4B protein. Essential for 
the formation of the replication complex; (d) NS5A 
protein. Metalloprotease with an important role in 
viral replication; and (e) NS5B protein. This is a 
viral polymerase, a central piece in the replication 

machinery. It is localized on the lipid membrane on the 
cytosolic side of the host endoplasmic reticulum. 

Understanding the life cycle of the HCV has been 
essential in order to identify therapeutic targets and 
the subsequent development of antiviral agents. Ten 
years were necessary between the discovery of the 
virus and the time Lohmann et al[27] developed the first 
functional subgenomic replicons of HCV. Although these 
were unable to produce viral particles as they lacked 
structural proteins, they did enable understanding and 
characterization of the viral replication complexes, 
the development of new antiviral agents and the 
identification of resistance.

Later, use of replicon techniques enabled infecting 
viral particles to be obtained from the supernatant 
of cell cultures. Antiviral strategies advanced with 
production, with all chimeric virus genotypes highly 
replicating[26].

Although any step in the life cycle of the virus can 
in theory be a therapeutic target, it is the replication 
stage that has given the best therapeutic results so 
far. The commercialized drugs are inhibitors of these 
therapeutic targets that are essential for replication[28]: 
(1) NS3/4A protease. It contributes via proteolysis 
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Figure 1  Viral structure. Precursor polyprotein and its products, functional aspects.

Figure 2  NS3/4A protease plays a key role in replication. The products released produce a complex that forms the viral RNA.
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rating resistance. This depends on the quality or type 
of nucleotide alteration generating the resistance 
associated with the mutation[17,33]. 

Mutant variants associated with resistance gene
rally have a lower replication capacity than wild strains, 
which are dominant. This makes it more difficult to 
detect them with usual techniques, requiring more 
sensitive techniques for their detection[34,35]. The 
selective pressure of a drug rapidly eliminates the 
wild variant, displacing it with the variant associated 
with resistance that then becomes the dominant 
strain. Persistent exposure to a drug can give rise 
to compensatory or secondary mutations that make 
replication in this mutant variant more effective, thus 
leading to reduced sensitivity to the drug[36].

The HCV subtype has been identified as a key 
determinant in the efficacy of DAAs. Patients with 
subtype 1a show a lower response to treatment than 
those infected with subtype 1b. Accordingly, subtyping 
is essential for the correct choice of therapy[17,37] .

Factors related with the HCV that have been 
associated with treatment failure after DAAs are: 

patients infected by genotype 1a receiving regimens 
with sofosbuvir plus simeprevir, sofusbuvir/ledipasvir 
or 3D regimen (ombitasvir/paritaprevir/ritonavir + 
dasabuvir); patients infected by genotype 3 receiving 
regimens with sofosbuvir plus ribavirin; the presence 
of variants associated with basal resistance to NS5A 
(only patients with cirrhosis); and the presence of the 
Q80K polymorphism (genotype 1a patients receiving 
regimens with simeprevir)[15]. 

Pharmacologic factors
These factors are determined by: 1. Genetic barrier to 
DAA resistance (type of nucleotide alteration (transition 
vs transversion) and number of mutations required 
to confer resistance to a particuar drug). DAAs with a 
low genetic barrier can require just transitions and/or 
one or two amino acid substitutions, whereas those 
with a high genetic barrier can require three or more 
nucleotide alterations and/or transversions 2. Drug 
exposure, defined as the minimum concentration of 
a drug required to produce inhibition of replication of 
50%-90% of the virus (IC50-IC90)[33].

Clinically, therapeutic failure with DAAs has been 
associated with short-term regimens, poor adherence 
to treatment, and not giving ribavirin[15].

Host-dependent factors
Factors involved in the immune response or the 
distribution of the drug to target cells, as well as 
genetic factors or the degree of liver fibrosis at the 
start of treatment, can all favor the appearance of 
resistance. One of the main causes of the appearance 
of viral escape variants and the resulting failure of 
antiviral therapy is specific CD8+ T cell exhaustion 
caused by continued exposure to the virus. Studies 
have shown that treatment with DAAs can restore 

of the precursor polyprotein to the release of other 
proteins involved in replication; (2) viral NS5B poly
merase. This is a central piece in replication and 
inhibitors have been developed of the active site of the 
polymerase as well as the allosteric sites (inducers of 
conformational changes in the enzyme that inactivate 
the replication complex); and (3) NS5A protein. 

CONCEPT OF RESISTANCE 
Viral resistance to treatment with DAAs is due to 
selection of viral variants that permit substitution of an 
amino acid in the region of the viral therapeutic target, 

making the virus less susceptible to the inhibitory 
activity of the drug[29]. Drug-resistant viral variants 
exist naturally prior to exposure to the drug, within the 
quasispecies already present in a patient. The great 
replication capacity of the HCV, with an estimated 
production and clearance of virions of 1010-1012 per day 
and a virion half-life of just 2-3 h together with errors 
in the viral replication mechanism, predispose to the 
constant appearance of a high number of genetically 
different viral variants that can confer resistance[30-32]. 

When a new virion is generated in a patient infected 
with a wild-type virus that is sensitive to a drug, this 
is estimated to have a 91% probability of having a 
non-mutated genome, an 8.7% probability of carrying 
one substitution, a 0.4% probability of carrying two 
substitutions, and a 0.013% probability of carrying three 
substitutions. It is also estimated that these variants can 
appear in 5%-20% of the total virus population as early 
as the second day after starting antiviral treatment. Of 
the 1012 virions that are generated daily, a mean of 8.7 
× 1010 and 4.2 × 109 mutants are generated with a 
single or double site mutation, respectively[31]. 

Drug resistance can be measured in terms of the 
50%-90% effective concentration (EC50 and EC90), 
that is the minimum concentration of the drug able to 
reduce values of the resistant variant by 50% or 90%. 
No agreement yet exists about the minimum value 
of increased concentration required to consider that 
a mutation confers resistance, as a viral variant can 
behave differently in vitro or in vivo, so results should 
be interpreted within a clinical context[11,29]. 

Viral resistance is usually associated with an 
“escape” pattern in which the mutation does not confer 
a loss of viral replication capacity in the presence of the 
drug and the viral variant maintains or rapidly recovers 
the pretreatment levels of replication. 

FACTORS INVOLVED IN THE 
APPEARANCE OF DAA RESISTANCE 
Three levels of factors involved in the appearance of 
resistance to DAAs can be identified.

Virus-dependent factors
Not all mutations have the same likelihood of gene
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the damage undergone by the specific CD8+ T cells, 
unlike interferon-based therapies. This would explain 
the success of DAAs in eradicating HCV infection[38,39].

Other factors associated with treatment failure 
after DAAs include male gender, the IL28B non CC 
genotype, the cirrhotic state, null responders to 
previous treatment with peginterferon/ribavirin (PEG/
RBV), and previous failure to multiple DAAs[15,18].

VARIANTS ASSOCIATED WITH DAA 
RESISTANCE
The detection of RAVs is usually done with population 
sequencing techniques, with a detection sensitivity of 
about 20% among HCV quasispecies. More sensitive 
techniques, like clonal and deep sequencing, can 
improve the detection frequency of viral variants 
to 0.5%-1%[40]. Even so, no frequency cut-off has 
been established that is clinically relevant to predict 
treatment failure[18]. 

RAVs to NS3 protease inhibitors
Currently approved NS3/4A inhibitors (telaprevir, bo
ceprevir, simeprevir, paritaprevir, grazoprevir) posses 
a relatively low genetic barrier to resistance, with wide 
cross-resistance between them all; simple amino acid 
changes can be associated with an important loss 
of sensitivity. Grazoprevir, a second-generation NS3 
inhibitor possesses a high genetic barrier, though a few 
RAVs (R155, A156, D168) have also been found to 
be associated with treatment failure[41]. Resistance to 
almost all protease inhibitors is due to substitutions at 
key points in NS3 (Arg 155, Ala 156, Asp 168)[17,42,43]. 
These variants usually have a low replication capacity, 
which explains the relatively low likelihood of detection 
as well as rapid replacement by the wild-type after 
treatment. Their natural frequency of appearance in 
genotype 1 patients is 0.1%-3.1%. The Q80K variant, 
however, differs in that it maintains its replication 
capacity and relatively high frequency associated with 
genotype 1a in certain populations (North America: 
48%, South America: 9%, Europe: 19%)[44]. A few 
studies[45,46] have found loss of RAV detectability in 
8-14 mo associated with boceprevir, telaprevir and 
simeprevir. 

RAVs to NS5A inhibitors
First-generation NS5A inhibitors approved so far 
(daclatasvir, ledipasvir, ombitasvir) posses both a 
low genetic barrier to resistance and wide cross- 
resistance. The second-generation NS5A inhibitor, 
elbasvir (pending approval), on the other hand, has 
shown a higher genetic barrier[47,48]. The most common 
mutations are associated with substitutions in Met 28, 
Gln 30, Leu 31, Pro 32, and Tyr 93[49,50]. Their natural 
frequency of presentation ranges from 0.3% to 2.8%, 
and they persist for 1-2 years in 85% of patients who 
have experienced treatment failure, maintaining their 

replication fitness[51-54].

RAVs to NS5B polymerase inhibitors
Sofosbuvir, the only NS5B nucleos(t)ide inhibitor 
commercialized, has shown a high genetic barrier in 
all clinical studies with no appearance of breakthrough 
in regimens involving either monotherapy or in 
combination with other DAAs[55-59]. Nevertheless, 
substitutions have been identified in NS5B (S282T/
G/C/R, M289L, I293L, C316N, V321A, I434M L159F/
L320F, T179A) associated with resistance to sofosbuvir, 
as well as compensatory mutations such as M343T 
and H479P that can determine recovery of viral replica
tion capacity in the presence of the main mutation 
S282T[60-62]. So far the natural presence of RAVs to 
sofosbuvir has not been detected, probably due to the 
marked loss of replication capacity of the mutation 
S282T, which would also explain why no breakthrough 
has been detected during treatment with sofosbuvir. 
Patients who experience viral recurrence after finishing 
treatment with sofosbuvir who are found to have 
S282T usually eliminate the mutation rapidly after just 
a few weeks[63,64]. 

Dasabuvir, the only non-nucleoside NS5B inhibitor 
so far approved, is however considered to have a 
low genetic barrier[65,66]. The pre-existence of RAVs 
associated with dasabuvir occurs in 0.2%-3.1% 
of genotype 1 patients. RAVs like C316N have a 
frequency of 10%-35% in genotype 1b. Overall, RAVs 
to dasabuvir remain detectable at 6 and 12 mo in 75% 
and 57% of patients, respectively[51].

CLINICAL IMPLICATIONS OF DAA 
RESISTANCE
The true impact of naturally-present resistant muta
tions in näive patients on treatment efficacy, as well 
as the impact of mutations resulting from earlier 
treatment on the efficacy of future therapy with the 
same or different DAAs are issues that remain to be 
clarified[16,20,67].

RAVs are not detected in all patients with viro
logical failure to treatment. RAVs are almost always 
detected in patients who experience virological 
breakthrough, whereas in patients with viral re
currence the detection frequency of RAVs can vary 
from 53% to 91%, depending on the treatment 
regimen, the DAA used, and the duration of treatment. 
In addition, the sensitivity to the sequencing technique 
used, the low frequency of strains with RAVs, the 
low replication capacity of these or their rapid 
disappearance and reversion to wild-type, can all 
explain the lack of detectability of RAVs in many of 
these cases; in addition to the use of short antiviral 
regimens that may not completely eliminate the virus 
and account for recurrence by the predominantly wild-
type variant[5,18,20,67].

Various studies[68-70] have shown the pre-existence 
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of variants resistent to NS3/4A, NS5A and NS5B 
inhibitors in patients with no previous DAA treatment. 
At the moment basal determination of the Q80K 
polymorphism before treatment with triple therapy 
with simeprevir (PEG/RBV + simeprevir) is only 
recommended in näive genotype 1a patients, given 
the naturally high prevalence of this variant in patients 
with this genotype and its clear association with a 
low sustained viral response after treatment with 
this regimen[1,2,35,71,72]. Nonetheless, the presence of 
the Q80K variant in regimens using simeprevir plus 
sofosbuvir does not appear to influence the result 
significantly[73,74].

In general, no significant differences have been 
found concerning the pre-existence of mutant variants 
between responders and non-responders. The 
occasional study[75] did find that the basal presence de 
R155K/T/Q was associated with treatment failure in 
genotype 1a patients. Other studies[68], though, found 
no differences in the prevalence of DAA-resistant 
mutations between genotype 1a and genotype 1b 
responders.

It is not known how long mutant variants selected 
after previous treatment can remain in the viral 
population of the patient nor what their true impact 
is on future therapy. Some studies have shown the 
persistence over several years of resistant variants 
after treatment with telaprevir and boceprevir[52] and 
after combination therapy with NS5A inhibitors[76].

It remains to be determined whether the presence 
of DAA-resistant mutations with a high resistance 
barrier has important clinical relevance in treatment 
failure.

MANAGEMENT OF DAA TREATMENT 
FAILURES 
The best way to prevent the appearance of resistant 
variants is to achieve rapid and deep viral suppression 
with the first treatment, using a combination of various 
drugs that have a potent antiviral effect, high genetic 
barrier to resistance, different mechanisms of action 
and no cross-resistance[15] .

Current scientific evidence concerning the recom
mendations for retreatment of patients who have 
experienced failure to an earlier treatment with DAAs 
is still very limited. Generally, it would appear logical to 
give retreatment using regimens of two or three DAAs, 
including one with a high genetic barrier (in this case 
sofosbuvir) and without cross-resistance, during 12 wk 
accompanied by ribavirin, or 24 wk if it is not possible 
to give ribavirin[1,15] .

In patients who have experienced failure after triple 
therapy with boceprevir or telaprevir, retreatment with 
sofosbuvir plus daclatavir or sofosbuvir plus ledipasvir 
has achieved SVR rates of 94%-100%, without being 
influenced by the presence of NS3 RAVs[57,77].

Patients who have experienced failure to sofosbuvir 

plus ribavirin or sofosbuvir plus PEG/RBV can be 
retreated with sofosbuvir plus simeprevir if they are 
genotype 1 or 4, or with sofosbuvir plus daclatasvir for 
all genotypes, sofosbuvir plus ledipasvir for genotypes 
1, 4, 5 and 6, or with the 3D regimen (ombitasvir/
paritaprevir/ritonavir + dasabuvir) for genotype 1 and 
the 2D regimen (ombitasvir/paritaprevir/ritonavir) for 
genotype 4[1,2,15].

Patients who experience failure to PEG/RBV and 
simeprevir can be treated with sofosbuvir plus ledipasvir 
or daclatasvir (genotypes 1 and 4). Those who fail 
after sofosbuvir plus simeprevir can be retreated with 
sofosbuvir plus daclatasvir or ledipasvir (genotypes 
1 and 4) whilst those who fail after sofosbuvir plus 
daclatasvir or ledipasvir can be retreated with sofosbuvir 
plus simeprevir (genotypes 1 and 4). The best strategy 
for failures to treatment for genotypes 2, 3, 5 and 6 
who have already used sofosbuvir plus daclatasvir 
or ledipasvir is unclear; retreatment with the same 
regimen adding ribavirin or prolonging treatment for 24 
wk may be an option[1,2,15].

Failures with the 3D combination can be retreated 
using a combination with sofosbuvir or adding PEG/RBV 
to the 3D regimen. The safety and efficacy of regimens 
combining three drugs (sofosbuvir, a protease inhibitor 
and a NS5A inhibitor) is not known[1,15]. 

Nonetheless, unless the need for retreatment is 
urgent one option may be to wait for better evidence 
and new drugs. No doubt this evidence will appear in 
the coming months.

CONCLUSION
Despite the great efficacy of therapies using DAAs, the 
high number of patients currently infected with HCV 
who are already receiving or will receive treatment, 

will lead to the appearance of a considerable number 
of patients with virological failure to these treatments. 
The use of regimens with drugs having a high antivi
ral activity and high genetic barrier for resistance 
means that basal resistance testing is not generally 
necessary prior to starting new treatment. It does, 
however, seem important to bear in mind factors that 
may predict the response, such as the genotype, 
subtype, histological damage, or prior treatments, 
in order to select a suitable therapeutic regimen 
and avoid possible therapeutic failure. Patients who 
have experienced virological failure to DAAs could 
warrant a resistance test prior to retreatment, and 
it is recommended to use other DAAs without cross-
resistance, prolong the treatment, add ribavirin or even 
the joint use of peginterferon. Nonetheless, further 
studies are still required in order to define a suitable 
strategy in these cases.
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