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8.1 Introduction

Chronic hepatitis C causes a serious global liver disease including liver cirrhosis
and hepatocellular carcinoma. An estimate of 71 million people worldwide are
chronically infected with the hepatitis C [1]. In the USA, chronic hepatitis C is the
leading cause of liver-related mortality and liver transplantation, surpassing human
immunodeficiency (HIV) infection [2]. Since the arrival of high response rate of
HCYV protease inhibitor agents in 2011, the landscape of hepatitis C treatment has
evolved rapidly given the introduction of numerous combination therapies over the
past few years and many more are expected in near future. The current gold standard
for hepatitis C treatment is interferon-free direct-acting antiviral (DAA) combina-
tion therapy with or without ribavirin (RBV). Three major DAA drug classes that
interfere with HCV replication and posttranslational processing are as follows [3]:

1. NS3/4A protease inhibitors (“-previrs”) interfere with the proteolytic processing
of the HCV polyprotein by blocking the NS3/4A serine protease. Current FDA
approvals are simeprevir (approved in 2013), paritaprevir (approved in 2014),
and grazoprevir (in 2016). In 2017, two pan-genotypic protease inhibitors, voxi-
laprevir and glecaprevir, were approved.

2. NS5B polymerase inhibitors (“-buvirs”) target the viral RNA replication by inhi-
bition of the RNA-dependent RNA polymerase (RdRp). Two subgroups are
nucleoside/-tide analogue; current agent is sofosbuvir (available in 2013) and
non-nucleoside inhibitors; the available agent is dasabuvir (in 2014).

3. NSS5A inhibitors (“-asvirs”) affect the viral replication and assembly by blocking
the NS5A protein. Current agents are ledipasvir and ombitasvir (approved in
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Table 8.1 Current direct-acting antiviral drug classes for hepatitis C treatment

Class FDA approvals
NS3/4A protease inhibitors Simeprevir (2013)
Paritaprevir (2014)
Grazoprevir (2016)
Voxilaprevir (2017)
Glecaprevir (2017)
NS5B polymerase inhibitors Sofosbuvir (2013)
Dasabuvir (2014)
NSS5A inhibitors Ledipasvir (2014)
Daclatasvir (2015)
Ombitasvir (2014)
Elbasvir (2016)
Velpatasvir (2016)
Pibrentasvir (2017)

https://www.tfda.gov/ForConsumers/ConsumerUpdates/ucm405642.htm

2014), daclatasvir (in 2015), elbasvir and velpatasvir (available in 2016), and
pibrentasvir (approved 2017).

A summary of current DAA drug classes is listed in Table 8.1.

The current DAAs broaden the different groups of patients who were not consid-
ered for treatment under interferon era such as those with advanced liver disease
(Child-Pugh B, C), autoimmune diseases, renal failure, or postorgan transplant
patients. In addition, DAA therapies demonstrate high virological response, on
average >90%, compared to 40-50% with interferon and ribavirin in genotypes |
and 4, 60-70% in genotypes 5 and 6, and 80-90% in genotypes 2 and 3 [4].

8.2  Challenges Under DAA Era

Despite the excellent efficacy under current modern all-oral DAA combination ther-
apy, there are still a small percentage, up to about 5%, of patients who fail combina-
tion therapy [5]. Failures to DAA regimens are usually related to relapse defined as
rebound of HCV RNA to pretreatment levels once therapy is discontinued [6].
There are multiple factors affecting the outcome and hepatitis C resistance includ-
ing virus-related factors, host-related factors, and drug-related factors [4].

With virus-related factors, hepatitis C has six different genotypes worldwide and
the RNA sequence can vary up to 35% between genotypes [4]. Given highly diversi-
fied genetic and rapid rate of replication, significant genetic errors occur and affect
the treatment outcome. Failure to direct antiviral therapy is often associated with the
development of resistance-associated substitutions (RASs). RASs are viral resis-
tance to DAA by selecting viral variants that have amino acid substitution which
alters the drug target used in the therapeutic regimen and therefore becomes less
susceptible to drug’s inhibitory activity [7, 8] but also affects subsequent salvage
treatment [5].
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Regarding host-related factors, adherence to therapy with proper administration
of the drug at the regular time is a key factor to achieve best drug response. In addi-
tion, the presence of fibrosis stages as the presence of cirrhosis is negatively associ-
ated with achievement of SVR [9], or presence of comorbidities (i.e., HIV, postorgan
transplant status, BMI) also affects treatment outcome [4].

One reasonable approach for retreatment after DAA failure in the presence of
RASSs is to switch DAA class (due to lack of cross-resistance among different DAA
classes) [10, 11]. However, retreatment could be challenging when viruses harbor
RASs in multiple DAA targets [12] which is a drug-related factor noticeable in post-
treatment RASs. The frequent selected RASs are observed in patients that failed
NS3/4A or NS5A inhibitor-containing regimens [13]. NS3/4A RASs seems to be
less permanent and could disappear from peripheral blood within weeks to months
while NS5A RASs tend to linger for years and impact treatment and retreatment
[14-17]. Quite contrary, even after exposure to NS5B inhibitor-containing DAA
regimen, only 1% of NS5B nucleotide RASs are selected [18, 19]. Both baseline
and selected RASs have a variable negative impact on virological response depend-
ing on prior DAA regimen, whether ribavirin was included, and the duration of
treatment as those factors would shape the retreatment regimen. However, the RASs
are not always absolute as the same class of drug that has resistance can be used
with modification (adding ribavirin or increasing duration) [13]. Therefore, RAS
testing alone does not dictate the optimal DAA regimen and should only be done in
a certain patient characteristic and certain DAA regimen [13]. In fact, given the high
barrier resistance of the latest DAA therapy, especially the aforementioned new
pan-genotypic agents, the presence of RASs has no impact on sustained virological
response.

8.3 Retreatment of DAA Failure

There has been a great influx of new direct-acting antiviral combination therapies
targeting patient groups that failed prior DAAs. Below is the summary of AASLD
guideline on retreatment of patients with or without cirrhosis that failed to achieve
sustained virological response to prior non-interferon direct-acting antiviral therapy
listed according to genotype. The management of decompensated cirrhotic patients
will not be discussed here.

8.3.1 Genotype1

Even in patients that have no prior exposure to NS5A inhibitors, an estimation of
10-15% of genotype 1 patients have detectable NS5A RASs [13] which have vari-
able clinical impacts depending on DAA regimen and patient characteristics [13].
Therefore, testing for RASs prior to treatment decision is only recommended in a
selected population [20].
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For genotype la, non-cirrhotic patients that failed non-NSS5A inhibitor,
sofosbuvir-containing regimen-experienced, a daily fixed-dose combination of
sofosbuvir (400 mg)/velpatasvir (100 mg)/voxilaprevir (100 mg) for 12 weeks
was recommended. The overall SVR rate from POLARIS-4 clinical trial was 97%
[13]. And for genotype 1b who met similar criteria of prior sofosbuvir-containing
regimen failure, sofosbuvir (400 mg)/velpatasvir (100 mg) for 12 weeks was rec-
ommended [13]. The regimen of daily fixed dose of glecaprevir (300 mg)/pibren-
tasvir (120 mg) for 12 weeks was for any genotype 1 non-cirrhotic patients that
failed non-NS5A inhibitor, sofosbuvir-containing regimen experienced though
clinical data was limited [13]. In non-cirrhotic or cirrhotic patients that failed
sofosbuvir-containing regimen (excluding simeprevir), a retreatment regimen
with a daily fixed-dose combination of ledipasvir (90 mg)/sofosbuvir (400 mg)
with weight-based ribavirin for 12 weeks was recommended due to high SVR
12 in one clinical trial [13].

A summary of recommended regimens for non-cirrhotic genotype 1 patients that
failed non-NS5A inhibitor, sofosbuvir-containing regimen is listed in Table 8.2.

Retreatment recommended regimens for compensated cirrhotic genotype 1
patients that were non-NS5A inhibitor, sofosbuvir-containing regimen failure are
similar to the aforementioned non-cirrhotic patients except that ledipasvir (90 mg)/
sofosbuvir (400 mg) + weight-based ribavirin were not recommended.

In non-cirrhotic or compensated cirrhotic, genotype 1 patients who were NS5A
inhibitor DAA experienced, there were no approved DAA regimens for this failure
group until July 2017 when a daily fixed-dose combination of sofosbuvir (400 mg)/
velpatasvir (100 mg)/voxilaprevir (100 mg) given for 12 weeks was recommended.
The overall SVR12 rate in POLARIS-1 trial was 97%. In addition, the presence of
cirrhosis and baseline RASs was not affecting the virological response rate [13].
Followed the sofosbuvir/velpatasvir/voxilaprevir’s approval, in August 2017,
another daily fixed-dose combination including glecaprevir (300 mg)/pibrentasvir
(120 mg) for 16 weeks was approved for genotype 1-infected patients who were
experienced with an NS5A inhibitor but not concomitantly treated with an NS3/4A
protease inhibitor. The reported SVR12 rate was 94% in MAGELLAN-1 trial [13].

Table 8.2 Current direct-acting antiviral drug classes for hepatitis C treatment [13, 21]

Genotype 1 Regimen Duration

la Sofosbuvir (400 mg)/velpatasvir (100 mg)/voxilaprevir (100 mg) 12 weeks

la/lb Glecaprevir (300 mg)/pibrentasvir (120 mg) 12 weeks

1b Sofosbuvir (400 mg)/velpatasvir (100 mg) 12 weeks
OR

la/lb Ledipasvir (90 mg)/sofosbuvir (400 mg) + weight-based ribavirin 12 weeks

unless simeprevir failures
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8.3.2 Genotype 2

In genotype 2 patients with or without compensated cirrhosis who experienced
sofosbuvir and ribavirin, two daily fixed-dose combination regimens were recom-
mended. One regimen was sofosbuvir (400 mg)/velpatasvir (100 mg) for 12 weeks.
The SVR12 rate in POLARIS-4 clinical trial was 97% though one patient in the trial
experienced virologic breakthrough and found to have the presence of NS5B RAS
[13]. The other daily fixed-dose regimen recommended was glecaprevir (300 mg)/
pibrentasvir (120 mg) for 12 weeks. The SVRI12 rate was 99-100% in
ENDURANCE-2 and EXPEDITION-1 clinical trials [13].

8.3.3 Genotype 3

Genotype 3-infected patients who were treatment experienced had been the most
challenging group for retreatment until the arrival of daily fixed-dose combination
of sofosbuvir (400 mg)/velpatasvir (100 mg)/voxilaprevir (100 mg) in July 2017.
This regimen was approved for 12 weeks in genotype 3, with or without cirrhotic
patients who failed DAA regimen but not an NS5A inhibitor. The SVRI2 in
POLARIS-4 study was 96%. For genotype 3 cirrhotic patients who failed prior
DAA regimen containing an NS5A inhibitor, weight-based ribavirin was added to
the sofosbuvir/velpatasvir/voxilaprevir combination for 12 weeks due to high rate
of relapse noted in cirrhotic patients [22].

8.3.4 Genotype4

The same combination of sofosbuvir/velpatasvir/voxilaprevir for 12 weeks was also
recommended for genotype 4, DAA-experienced (including NS5A inhibitors)
patients with or without cirrhosis. The SVR12 rate was 100% in patients that had a
history of treatment failure with DAA regimen not containing an NS5A inhibitor
compared to 91% in patients that failed prior DAA containing NS5A inhibitor
regimen [22].

8.3.5 Genotypes5and6

Regarding genotype 5 or 6 patients with or without cirrhosis who failed prior DAA
regimen including NS5A inhibitors, clinical data are limited though the daily fixed-
dose combination of sofosbuvir/velpatasvir/voxilaprevir for 12 weeks was also rec-
ommended in this group [22].
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8.4 Future DAAs

The next DAA combination therapy coming down the pipeline is the fixed-dose
combination of grazoprevir/ruzasvir and uprifosbuvir [23]. This regimen was given
either 16 weeks with ribavirin or 24 weeks without ribavirin that has shown a high
efficacy in genotype 1 patients with cirrhosis who failed prior ledipasvir/sofosbuvir
or elbasvir/grazoprevir with baseline NS5A RASs [5].

8.5 Conclusion

The ultimate goal of hepatitis C elimination is to prevent the progression of liver
disease, cirrhosis, and hepatocellular carcinoma. The current direct-acting antiviral
therapies offer excellent efficacy and with the future arrivals of combination thera-
pies that target antiviral resistance at multiple sites it would not be too long before
hepatitis C is completely eradicated.
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