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Abstract: Chronic hepatitis C virus infection is an important public health problem, and the
standard treatment (combination of pegylated interferon-o. and ribavirin) has an effectiveness
rate of only 40%-50%. Novel virus-specific drugs have recently been designed, and multiple
compounds are under development. The approval for the clinical use of direct-acting antivirals
in 2011 (boceprevir [BOC] and telaprevir, viral NS3 protease inhibitors) has increased recovery
rates by up to 70%. Therefore, a highly effective treatment has been envisioned for the first time.
This paper focuses on BOC and the implementation of new BOC-based treatment regimes.
Keywords: HCV, antiviral therapy, protease inhibitors, viral resistance

Epidemiology, management, and emerging

treatments for hepatitis C virus

Chronic hepatitis C virus (HCV) infection is a global public health concern because the
infection progresses to end-stage liver disease, hepatocellular carcinoma, and liver failure in
a considerable number of infected individuals. Once end-stage liver disease is established,
the only reliable therapeutic intervention is liver transplantation, but viral recurrence is
inevitable and the graft can be lost in a few years. Until recently, the standard-of-care (SOC)
for treatment was based on a combination of pegylated interferon-o. (peg-IFNa) and ribavirin
(RBV), which is effective in 40% of patients infected with HCV genotype 1.! New therapies
that improve current treatment response rates will be based in specific inhibitors of viral
enzymes. Among them, two inhibitors of the viral NS3/4A serine-protease have recently
been approved for clinical use. Telaprevir (TPV) (Vertex Pharmaceuticals, Cambridge, MA,
USA) and boceprevir (BOC) (Merck and Co, Whitehouse Station, NJ, USA) — the first
direct-acting antivirals (DAAs) for HCV to reach the clinical level — will have an impact
in new treatment regimes for HCV. In some countries, a new SOC is now available for
patients infected with HCV genotype 1, based on a combination of either TPV or BOC
with peg-IFN-o and RBV. The introduction of these new regimes increases response rates
by to up 75% in treatment-naive patients infected with HCV genotype 1, and up to 50%
in previous partial responders and relapsers who used the peg-IFN-a + RBV treatment.
Variations in the latter group depend on the type of the previous response (see below).?
Neither BOC nor TPV are indicated to treat infection caused by other HCV genotypes.

Current management approaches

for HCYV infection
Peg-IFN-o. and RBV are not DA As, but rather, immunomodulators. Although RBV
may act as an immunomodulator and increases HCV mutation rates, the mechanism
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for HCV inhibition is largely unknown.>* Almost all patients
who achieve sustained virological response (SVR, absence
of detectable HCV RNA in serum 24 weeks after the end
of treatment) are considered to be cured from the infection,
although negativity at 12 weeks is an increasingly used
metric.’ Patients with SVR show histological and clinical
improvements with regression of fibrosis, decreased risk
for hepatocellular carcinoma, and overall reduction of liver-
related morbidity and mortality.® Treatment success depends
on the viral genotype, the stage of liver fibrosis, coexistence
of'a metabolic syndrome, age, sex, ethnicity, and host genet-
ics.” The strongest predictor of treatment response is genetic
polymorphism upstream from the interferon lambda-3 gene,
IL28B. The most favorable genotypes are rs12979860 C/C,
rs12980275 A/A, and rs8099917 T/T; the three SNPs in
linkage disequilibrium and more common in Asians and
Caucasians.® Regardless of the /L28B genotype, SVR is
approximately 40% in patients infected with HCV geno-
type 1, and ranges from 60%—80% in those infected with
genotypes 2 and 3.! Side effects include flu-like symptoms,
anemia, rash, cough, and depression. Serious adverse events
(AEs) are uncommon, but may result in death. While dose
reductions are frequently required, particularly doses of
RBYV, treatment discontinuation due to AEs is rarely required
(approximately 5%). Unfortunately, dose reductions greater
than 20% — especially for RBV — and premature treatment
discontinuation reduce the chance of achieving SVR.”

New developments in HCV

treatment
The first DA As for the treatment of HCV chronic infection
were approved in 2011 by the Food and Drug Administration

~ %Q OYWW

Figure | BOC, a ketoamide inhibitor of the HCV NS3 protease.

and the European Medicines Agency for use in the United
States and European Union, respectively. BOC and TPV are
each given in combination with Peg-IFN-o. and RBV for the
treatment of genotype 1 chronic hepatitis C in adult patients
with compensated liver disease.”!® Both drugs are specific
inhibitors of the HCV NS3/4A protease. These protease
inhibitors (PI) interfere with the virus’ life cycle and inhibit
the processing of the viral polyprotein, and likely restore the
pathways of the innate immunity.!! Several second-generation
HCV NS3/4A protease inhibitors are currently being devel-
oped, such as ITMN-191, TMC435350, and MK-7009."
DAAs that target other HCV proteins are also being evalu-
ated, such as NS4A, NS4B, NS5A, and NS5B polymerase
inhibitors; some with highly promising results. '

Mode of action, safety, and

efficacy of BOC

BOC (SCH503034) is a carboxamide-based HCV NS3/4A
oral protease inhibitor (Figure 1), which is an a-ketoamide
that forms a stable, covalent and reversible complex with the
viral enzyme that inhibits the cleavage of the non-structural
part of the HCV polyprotein. BOC reacts with the Ser'* of
the active site (serine trap inhibitor), thus compromising
the catalytic triad, His*’-Asp®'-Ser'*. In cell culture, BOC
suppresses HCV replicon synthesis with IC_ and IC, values
of 200 nM and 400 nM, respectively.”* The antiviral activity
was unaffected by the addition of IFN-c..!* BOC has shown
a beneficial and safe profile for the treatment of chronic
HCV genotype 1 infections in combination with Peg-IFN-a.
and RBV in adult patients with compensated liver disease,
including compensated cirrhosis.'*'* Currently, neither BOC
nor TPV should be used in patients infected with HCV

Notes: The molecular model shows one molecule of one BOC derivate (yellow) docked on the NS3 protease substrate (pink). The model was constructed using the

structure deposited in public databases with PDB ID 3KN2.585°
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genotypes other than genotype 1. Data on the efficacy of first-
generation protease inhibitors in non-genotype 1-infected
patients is scarce, which indicates some activity in HCV
genotypes 2 and 4, but very limited activity in genotype
3-infected patients.’® The clinical efficacy of BOC in adult
individuals with chronic HCV genotype 1 infections was
established in Phase Il and Phase 111 studies examining the use
of BOC both in SOC treatment-naive and in SOC treatment-
experienced subjects (relapsers and non-responders).

The Phase II study, P03659 (NCT00160251), evaluated
the use of BOC (100-800 mg three times daily + SOC) in
357 genotype 1-infected patients from the United States
and Europe who were previous non-responders to SOC. The
study established that 800 mg was the optimal dose of BOC
and that RBV was required to reduce viral breakthrough.!”
The Phase II study, SPRINT-1, evaluated the SVR rates of
triple therapy (BOC 800 mg three times daily + peg-IFN-
a2b + RBV for 24 or 48 weeks) in 520 treatment-naive
patients infected with HCV genotype 1, compared to the
standard Peg-IFN-02b + RBYV therapy, as well as reducing
the RBV dose (n=75).'%" The triple combination arm, with a
treatment duration of 48 weeks, showed a significantly higher
SVR rate (67%) than the SOC control arm (38%) and the
reduced RBV arm (36%). The rates of SVR were even higher
(75%) when a 4-week lead-in of SOC was administered before
initiating BOC + peg-IFN-02b + RBV.!82° The lead-in phase
aimed to limit the emergence of the BOC-resistant virus by
reducing viral replication before the start of BOC. This study
indicates that adding a single DAA to current HCV treat-
ment significantly increased the SVR rates, but that peg-
IFN-o + RBV were still necessary for achieving SVR when
using only one DAA. In addition, using a lead-in phase of
SOC before BOC was initiated appeared to modestly reduce
the chance of viral breakthrough, and ultimately, the chance
of resistance (9/206 versus 19/210) viral breakthroughs in
patients with or without lead-in, respectively.?

Two Phase III trials (SPRINT-2 and RESPOND-2)
evaluated 48-week treatment strategies with response-
guided therapy in patients with no detectable HCV-RNA at
week 8 who later stopped treatment at week 28 (SPRINT-2) or
week 36 (RESPOND-2). The SPRINT-2 trial was performed
in 1097 treatment-naive patients who were infected with
HCV genotype 1 by dividing them in two cohorts of non-
black (n = 938) and black (n = 159) patients. Both cohorts
were randomized into three arms: (1) peg-IFNo-2b + RBV
for 48 weeks, (2) BOC + peg-IFNa-2b + RBV response-
guided, and (3) BOC + peg-IFNa-2b + RBV for 44 weeks.

All three arms included a peg-IFNa-2b + RBV lead-in
phase during the first 4 weeks. For white patients, the SVR
rates were 67% and 68% in the response-guided arm and
the 48-week arm, respectively, compared to 40% with SOC
for 48 weeks.'>?! For black patients, the SVR rates were
42% and 53% in the response-guided and 48-week arms,
respectively, compared to 23% with SOC for 48 weeks.'>*!
Overall, the SVR rates between the response-guided and
fixed duration BOC arms were not significantly different
in the SOC-naive patients, and the lead-in phase was not
associated with increased efficacy. The rates of SVR in both
BOC arms were significantly higher, compared to the controls
(peg-IFNo.-2b+ RBYV alone) in the previously untreated adult
cohort with chronic HCV genotype 1 infection.

The RESPOND-2 trial was performed on 403 treatment-
experienced patients who failed SOC therapy (excluding
null responders) and evaluated the two treatment strategies
mentioned above. The final results indicate that overall SVR
rates were 59% and 66% in the response-guided and 48-week
arms, respectively, compared to 21% for the retreatment with
SOC alone for 48-weeks.'*!° Therefore, the rates of SVR
were not significantly different from the response-guided
and fixed duration therapy with BOC + peg-IFNo-2b + RBV
for 44 weeks for SOC-experienced patients. However, the
SVR rates in both BOC arms were significantly higher than
the controls group (retreatment with peg-IFNo-2b + RBV
alone). The breakdown of the SVR rates between the previous
nonresponders and relapsers to previous SOC revealed sig-
nificantly different outcomes. Previous SOC relapsers showed
SVR rates of 69% and 75% in the response-guided and fixed
duration BOC arms, respectively, compared to 29% in the
control arm (retreatment with peg-IFNa-2b + RBV alone).
The SVR rates in previous SOC partial responders were 40%
and 52% in the response-guided and fixed-duration therapy
BOC arms, respectively, compared to 7% following retreat-
ment with peg-IFNo-2b + RBV alone. Finally, the 4-week
Peg-IFNa-2b + RBV lead-in phase was helpful in predict-
ing which patients (less than 1 log,, HCV-RNA first-month
decline) would have a lower chance of SVR. In addition,
response during the first month of BOC was a predictor of
SVR, as the rates in the BOC arms were higher in patients
with undetectable HCV-RNA at week 8 of therapy (ie, week
4 of adding BOC).'*1?

HCYV resistance to BOC

The selection of HCV variants that are resistant to active-site
protease inhibitors by amino acid substitutions in the HCV
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protease domain of NS3 was demonstrated in vitro and in
clinical trials of DAA monotherapy.?>2® Several amino acid
positions are associated with resistance, yet others may act
as compensatory mutations that restore fitness to resistant
isolates. Table 1 summarizes the available data to date on
the emergence of HCV resistance to BOC and other NS3/4A
protease inhibitors.

The emergence of compound-specific HCV resistance
is rapid in vivo, and can even occur within the first 2 weeks
of exposure to a given DAA;!"?%3! however, some resistant
strains may show reduced fitness.?> HCV is a highly variable
virus with a high mutation rate and a large population size
that circulates as a swarm of closely related variants that can
be rapidly selected.** Minority-resistant HCV variants to new
DAAs (not detectable by direct population sequencing) can
be hidden within the complex genetic pool of the virions that
circulate in a single infected patient.3* Using clonal sequence
analysis, Susser et al found that minority resistance muta-
tions can be selected at six positions within the HCV NS3
protease during BOC therapy, although 2 weeks after the end
of treatment with 400 mg BOC twice or three times daily,
the frequency of resistant variants declines and the number
of wild-type viruses increases to 95%.3 However, it remains
to be determined if such low-frequency resistant variants can
compromise subsequent treatment options in the case of treat-
ment failure, because the rapid selection of low-frequency
resistant variants was observed during retreatment.?

The available data on HCV resistance have been reviewed
recently.'>*¢ A major feature of resistance to HCV protease
inhibitors is cross-resistance. The most relevant resistance
mutations are substitutions in residues R155 and A156, which
confer high levels of resistance to BOC and TPV and cross-
resistance to most NS3 protease inhibitors. Other mutations
at V36, T54, and V170 are associated with low levels of
resistance to both TPV and BOC. It is important to note that
(i) some TPV-resistant variants remain detectable for up to
4 years after cessation of treatment,*” and (ii) that late relapse

Table 1 Mutations in the HCV NS3/4A protease inducing

resistance to HCV protease inhibitors

Linear

BOC V36A/M T54S/A V55A RIS5K/T/Q A156S
AIS6T/VVI70AIT

TPV V36A/M T54S/A RI55K/T/Q A156S A156T/V

Narlaprevir V36A/M T54S/A RI55K/T/Q A156S A156T/V

Macrocyclic
QB80R/K RIS5K/T/Q AI56T/V DI68A/E/G/HITIY
AI56S AIS6T/V

I'st generation
2nd generation

Note: Cross-resistance mutations are underlined.'23¢4

may occur 24-36 weeks after TPV + peg-IFN-a + RBV
therapy.’!

HCV-resistant mutations can also emerge rapidly when
BOC is used in monotherapy or is combined with peg-
IFN-o.3 After BOC monotherapy, high frequencies of
resistant variants were detected by clonal sequencing of
HCYV quasi-species in some patients at their 1-year follow-up.
Moreover, resistant mutations are rapidly selected during
retreatment with BOC + peg-IFN-o. in some patients.?*
In the SPRINT-1 trial emergence of resistant viruses,
assessed by population sequencing, was detected early on
viral breakthrough, mainly in mutations V36M, T548S, and
R155K (>25% of samples), as well as T54A, V55A, R155T,
A1568S, V1581, and VI170A (5%—25% of samples), and
V36A, V36L, and 1170T (<5% of samples).? In addition,
more than 25% of patients with viral breakthroughs carried
cross-resistant mutations of both BOC and TPV.?’ Data from
the follow-up study, P05063 (NCT00689390), indicate that
at least one resistant mutation persists for more than 1 year
in patients who did not achieve SVR in previous BOC trials
(n = 174).* The most common resistance mutations were
RI155K (64%), T54S (54%), V36M (54%), and T54A (22%)
during follow-up. Furthermore, the overall reversion to the
wild-type virus was seen in 59% of the patients over a 2-year
period, but T54S- and R155K-carrying viruses reverted more
slowly. The authors reported no late relapse in patients who
achieved SVR (n =290) in this follow-up cohort.*

Because HCV isolates are widely variable, and infections
with HCV genotypes other than genotype 1 account for a
large number of chronic carriers worldwide,*® defining the
variability of HCV NS3/4A protease in natural isolates will
be an important step in determining the potential selection
of naturally resistant strains, as in the case of human
immunodeficiency virus (HIV).*' A relevant polymorphism
of NS3/4 proteases between HCV subtypes was found in
sites associated either with resistance or with compensatory
mutations after an analysis of more than 350 worldwide
viral isolates (genotypes 1-6).*> For instance, V170A (which
confers low levels of resistance to BOC) was present in
184/275 HCV genotype 1 isolates, and D168V/A was an
amino acid signature in HCV genotype 3, which explains the
reduced sensitivity of genotype 3 viruses to ciluprevir, and
potentially to other protease inhibitors.* The different genetic
barriers to resistance between HCV subtypes la and 1b
illustrate the relevance of the variation between the genotypes
and subtypes. The genetic barrier refers to the number of
nucleotide substitutions required for the virus to acquire
resistance to the drug. For BOC and TPV, the differences
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in genetic barriers include higher viral breakthrough rates
and the selection of resistant variants observed in patients
infected with subtype 1a, compared to those with subtype 1b.
The resistance mutation, R155K, emerges through a single
nucleotide substitution in subtype la viruses, but requires
two different substitutions in subtype 1b viruses.®

Later studies involving a large number of patients
also detected variants associated with resistance to PI
in 5.5% and 1.4% of patients from the United States,
Switzerland, and Germany who were infected with subtypes
la or 1b, respectively, including the V36L/M and R115K
variants associated with low or high-level resistance.* In
HCYV genotype 1-infected patients, 0.9% and 0.7% of viruses
carried the V36M or the R155K variants, respectively, and
patients with the R155K virus appeared to have slower viral
load declines during TVR + peg-IFN-o + RBV treatment
than those with wt viruses. Finally, in patients from Australia,
Switzerland, and the UK, the prevalence of single resistance
mutations to NS3 protease inhibitors can account for up
to 4.4% of viral isolates, and the frequencies for single or
combined resistance mutations to NS3 protease and/or NS5b
polymerase inhibitors can be found in up to 21.5%, 44.4%,
or 41.8% for subtypes 1a, 1b, or 3a, respectively.* Although
the overall frequency of single resistance mutations is low in
all of these studies, naturally occurring polymorphisms that
confer resistance to DAAs could eventually compromise the
treatment response of DA A-based regimes.**

In summary, the absence of response to triple BOC + peg-
IFN-0.+ RBYV therapy is associated with the selection of viral
resistant mutations. Because several second-generation NS3
protease inhibitors are in advanced clinical development, the
selection of viral resistance may compromise future therapeutic
options involving DAAs of the same class, and therefore,
should be avoided whenever possible.

Dosing, patient adherence, and AEs

There are some concerns regarding patients’ ability to follow
the dosing scheme for these new regimes. BOC dosing
consists of four 200 mg capsules three times daily (8-hour
intervals, with meals). Furthermore, the capsules cannot be
dissolved nor broken. Regular treatment duration is 48 weeks.
After the first 4-week lead-in phase with peg-IFN-o. + RBY,
patients are given the combination BOC + peg-IFN-a.+ RBV
during an additional 32-week period, followed by 12 weeks
of peg-IFN-o. + RBV alone to complete the 48-week total
treatment duration schedule. Treatment-naive patients may
be eligible for response-guided therapy (RGT) to reduce the
total treatment duration to 28 weeks without detrimental

effect on overall SVR rates.”! However, better SVR rates
were observed with the 48-week treatment in prior partial-
and non-responders.'*

Adherence will be a key factor in assuring the success
of new therapies, especially in currently approved regimes
that use only one DAA, because of the evidenced risk of
viral resistance to first-generation protease inhibitors when
drug levels drop during treatment.*’ This issue is particularly
relevant because viral mutants can emerge with cross-
resistance profiles to newer second-generation linear and
macrocyclic NS3 protease inhibitors.

Administering BOC three times daily, added to twice-
daily RBV and once-weekly peg-IFN-o, is a complicated
dosing profile that may compromise triple therapy regimes.
Second-generation protease inhibitors need to minimize
these problems. In addition, triple BOC + peg-IFN-o. + RBV
therapy can be associated with AEs that may be serious
enough to compromise adherence and/or result in treatment
discontinuation.

The most common AEs in subjects taking BOC (800 mg)
plus peg-IFN-o. + RBV are fatigue, headache, anemia,
nausea, and dysgeusia (26%).!7-'82° The frequency of anemia
is more common in patients receiving BOC + SOC compared
to those receiving SOC alone,'®?° and a similar picture is
seen with TPV*'® [n Phase III trials, anemia and dysgeusia
were more common in the BOC arms than in the SOC
control arms,'*?' and 40% of patients used epoietin alfa in
the SPRINT-1 trial.!® Therefore, there is a risk of additive
toxic effects. Both BOC and TPV cause anemia, but because
no head-to-head comparison is currently available, it is not
possible to know which regime causes more anemia. Recent
communications have shown that for both BOC and TPV,
a RBV reduction up to 600 mg per day does not impair
treatment response, and therefore, should be the first step
in the management of anemia (European Association for
the Study of the Liver Meeting 2012). If it is necessary to
discontinue RBV, then BOC should also be stopped. Finally,
BOC is metabolized by liver enzymes such as cytochrome
P450 (CYP450), and several drug—drug interactions are
currently under examination by ongoing studies that also
require careful monitoring.**>

Conclusions

The addition of BOC to peg-IFN-a + RBV significantly
increases the possibility of recovery in HCV genotype
l-infected patients: from an overall 40% with peg-
IFN-a + RBV alone to up 75% with the concomitant use of
BOC.**!531 BOC in combination with peg-IFN-o. + RBV is a
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more effective treatment for chronic HCV genotype 1 infection
than peg-IFN-a + RBV alone, for both treatment-naive
patients and previous relapsers or partial responders to peg-
IFN-o. + RBV SOC. However, triple therapy needs closer,
more detailed, and more frequent monitoring because it is
more often associated with AEs, and therapy failure is associ-
ated with the selection of resistant viruses.

Patients are more likely to develop complications over
a 5-10 year term (ie, liver fibrosis F3—-F4) and will benefit
most from the new triple therapies. Furthermore, patients
with a good prognosis (ie, liver fibrosis FO-F2) might also
receive only peg-IFN-o + RBV in certain situations (ie, if
they carry a favorable IL28B genotype and/or respond to
interferon during the first 4 weeks of therapy). Such patients
may also wait for newer, more effective DA As to be approved
(ie, if there are concerns regarding the tolerability of triple
therapy). In the subset of patients with a high likelihood
of achieving SVR with SOC alone (ie, favorable clinical
characteristics, IL28 genotype, and early viral response
during SOC), the addition of a protease inhibitor may have
little additional benefit in terms of SVR, but will deliver the
advantage of shortened treatment duration.?’->* Nevertheless,
patients with a significant >1 log, reduction in HCV-RNA
levels at week 4 of Peg-IFN-o. + RBV lead-in (sensitivity to
peg-IFN-o. + RBV), have a significantly higher chance for
SVR with BOC triple therapy.>**

In another subset of patients, lack of sensitivity to
peg-IFN-a0 + RBV may compromise the effectiveness of
BOC.!"%1551 After 4 weeks of peg-IFN-o. + RBV lead-in,
patients with <1 log , decline in HCV RNA showed
significantly reduced SVR rates, increased levels of
virological failure, and resistance mutations.!'> The addition
of BOC should be evaluated carefully in these patients, due
to the risk for viral resistance in the case of treatment failure,
although SVR rates with BOC triple therapy are higher in this
subgroup than those obtained with peg-IFN-o. + RBV alone.!?
Alternatively, these patients have the option of waiting
for new, more effective, second-generation dual DAA-
regimes.’>> Exposure to BOC in previous null responders
to peg-IFN-o. + RBV with <1 log , decline in HCV RNA
after the lead-in phase should be avoided since without the
peg-IFN-o.+ RBV selective pressure BOC-resistant variants
are rapidly selected. Reported results with TPV in previous
null-responders are limited to SVR rates of 15% in patients
with <1 log , decline during the 4-week lead-in period.**

Provisional guidelines and proposals for consensus are
currently underway for the use of BOC and TPV.32¢57 [deally,
arisk-benefit analysis should be performed for each patient to

determine whether new triple therapies will be administered
and to minimize the number of treated patients with low
probability for achieving SVR (and selection for resistant
viruses). Potential factors compromising the effectiveness
of triple therapy include previous null-response to peg-
IFN-o.+ RBV SOC, adherence, AEs, side effects, advanced
fibrosis, and availability of frequent HCV-RNA monitoring
during treatment. New DA A-based regimes must follow strict
treatment discontinuation rules (futility rules) based on viral
load measurements to avoid functional monotherapy and the
emergence of viral resistance in the absence of response.*!
For BOC, all drugs (BOC, peg-IFN-a,, and RBV) must be
stopped if HCV-RNA values are higher than or equal to
100 TU/mL at week 8 of triple therapy, or if HCV-RNA is
found positive by a sensitive PCR assay at week 20 of triple
therapy. In addition, if peg-IFN-a + RBV administration
is discontinued, BOC administration should be stopped
immediately to avoid monotherapy.>!°

Finally, evaluation of the efficacy of BOC and other DAAs
in special settings such as in decompensated cirrhosis, liver
transplantation, and patients co-infected with HIV is urgently
needed, because such patients are most in need of highly
effective treatment regimes.
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