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Abstract

Hepatitis C virus (HCV) infects approximately 200 million people worldwide. Interferon-based therapies have dominated over the past two decades. However, the overall response rates remain suboptimal. Thanks to the tremendous effort from both academia and industry, two serine protease inhibitors telaprevir and boceprevir for treating chronic hepatitis C have finally reached the clinic. Although these compounds are only approved for combination use with interferon and ribavirin in genotype 1 HCV infected chronic patients, the management of HCV patients however is now evolving incredibly. Here, we overviewed a series of landmark studies, regarding the clinical development of telaprevir and boceprevir. We discussed the mechanism-of-action of telaprevir/boceprevir and their potential application in HCV-positive liver transplantation patients. We further emphasized some emerging concerns with perspective of further development in this field.  
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INVITED COMMENTARY ON HOT ARTICLES
Since the discovery of hepatitis C virus (HCV) in 1989[1], the lack of good model systems has hampered the research at the early stages. Even though still little is known about the virus, interferon was found to be effective for treating chronic HCV and the first interferon-alpha (IFN-α) is approved by the US Food and Drug Administration (FDA) to treat HCV in 1991[2]. Interferons have a vital role for immune modulation of the host cells and involve the induction of a multitude of interferon-stimulated genes (ISGs) to establish an antiviral status[3]. Through a series of optimizations, the current pegylated interferon (peg-IFN) in combination with ribavirin has dramatically improved the outcome, but still only approximately 50% of the patients can develop a sustained virologic response (SVR)


[4-5] ADDIN EN.CITE .

Thanks to the development of various cell culture models and the important evolvement of biotechnology[6], research in the HCV field has been flourishing both in academy and industry, over the past decade. This progress has enabled further improvement on the current interferon-based standard antiviral therapy and the development of novel antivirals with distinct mechanism of action. A range of directly acting antivirals agents (DAAs), including protease and polymerase inhibitors, have been in  various stages of clinical development[7]. The serine protease inhibitors telaprevir and boceprevir are the most advanced in clinic. Both had been approved by FDA in May 2011 for treating chronic genotype 1 HCV infection and later were also approved by the European Medicines Agency[7]. 
Mechanism-of-action of telaprevir and boceprevir
The HCV genome composes of a single open reading frame, encoding a polyprotein precursor of approximately 3,000 amino acids, flanked by 5’ and 3’ non-coding region (NCR). Translation of the viral polyprotein is mediated by an internal ribosome entry site (IRES) located within the highly conserved 5' NCR. The synthesized polyprotein is subsequently cleaved into four structural (core, E1, E2 and p7) and six non-structural (NS2, NS3, NS4A, NS4B, NS5A, and NS5B) proteins[8]. Processing of structural proteins, including the p7/NS2 junction, is carried out by at least two host signal peptidases and non-structural proteins and is matured by two viral proteases, NS2 and NS3/4A


[8-9] ADDIN EN.CITE .

The NS3/4A serine protease is a non-covalent, heterodimer complex formed by the catalytic subunit of the N-terminal serine protease domain of NS3 and the activation subunit of the NS4A cofactor. Unique to the NS3 protease is an extended polydentate substrate binding cleft, which ensures substrate specificity[10]. It is responsible for the proteolytic cleavage of NS3/NS4A self cleavage, NS4A/NS4B, NS4B/NS5A and NS5A/NS5B. The multi-functional property of NS3/4A protease has attracted for targeted drug development. Current protease inhibitors can be divided into covalent and non-covalent peptidomimetic inhibitors. Telaprevir and boceprevir are covalent linear inhibitors, discovered by using structure-based drug design approach


[11-12] ADDIN EN.CITE . Both act via formation of a reversible covalent interaction with serine-139. The assailment of electrophilic carbonyl of the ketoamide by the catalytic serine leads to tetrahedral formation which mimics the transition state of peptide bond cleavage. This is further stabilized by additional ionic interactions with the active site


[11-12] ADDIN EN.CITE . However, telaprevir and boceprevir were designed to target the protease of genotype 1 HCV and therefore their activity varies among genotypes. Experimental data has shown that both were active against genotypes 2, 5 and 6, but not 3


[13] ADDIN EN.CITE . Clinical evidence suggested that telaprevir was effective against genotype 2 but not genotype 3 and uncertain for genotype 4


[14-15] ADDIN EN.CITE .
Clinical efficacy
Two weeks monotherapy with telaprevir has demonstrated substantial antiviral activity in patients with genotype 1 HCV in a phase 1 trial (3 log drop in viral load in majority of patients). However, some patients showed resistance to telaprevir can be seen from viral breakthrough during dosing and were associated with selection of the variants


[16] ADDIN EN.CITE . Therefore, combination therapy with peg-IFN-α/ribavirin was required for the subsequent larger multicentre phase 2, PROVE 1


[17] ADDIN EN.CITE , PROVE 2


[18] ADDIN EN.CITE  and PROVE 3


[19] ADDIN EN.CITE  trials. Overall, telaprevir increased 20%-30% SVR rates in both naïve and genotype 1 treated patients (Figure 1). Ribavirin was an essential component of this triple therapy (Figure 1). 

Phase 3 trials in the treatment of naïve or experienced patients were carried out in the ADVANCE


[20] ADDIN EN.CITE  and REALIZE


[21] ADDIN EN.CITE  studies, respectively. Superior SVR rates with treatment of telaprevir–based regimens were confirmed in both naïve and experienced genotype 1 patients. The ILLUMINATE phase 3 study supported the concept of response-guided telaprevir combination treatment (RGT) in naïve patients. This study summarized that treatment of telaprevir in combination with peg-IFN/ribavirin in the first 12 and 24 weeks was noninferior to the same regimen for 48 weeks in patients with undetectable HCV RNA at weeks 4 and 12


[22] ADDIN EN.CITE . 

One week monotherapy with boceprevir resulted in an average HCV RNA load reduction of about 1.0 and 1.6 log10 IU/mL in nonresponders of peg-IFN/ribavirin at dose of 200 mg and 400 mg, 3 times a day, respectively


[23] ADDIN EN.CITE . However, during boceprevir monotherapy, resistance mutations at six positions within the NS3 protease were detected. All mutations were associated with reduced replicative fitness estimated by mathematical modeling with cross-resistance to telaprevir


[24] ADDIN EN.CITE . Similarly, the successful clinical development of boceprevir treatment was used in combination with peg-IFN/Ribavirin both in naïve and experienced genotype 1 patients, as demonstrated in the phase 2b SPRINT-1 trial (Figure 2)


[25] ADDIN EN.CITE , the phase 3 SPRINT-2 trial (Figure 2)


[26] ADDIN EN.CITE  and the phase 3 RESPOND-2 trial (Figure 2)


[27] ADDIN EN.CITE .
The most serious adverse effects of telaprevir were rash and anemia and of boceprevir were anemia, dysgusea, neutropenia and anal discomfort.

The use of DAAs in liver transplant patients?
End-stage liver disease caused by chronic HCV infection is currently the leading indication for liver transplantation[28]. However, HCV re-infection of the graft occurs universally and often results in accelerated recurrence of liver fibrosis and early development of cirrhosis


[29] ADDIN EN.CITE . In general, peg-IFN/ribavirin is much less effective in transplant patients with approximate SVR rates of only 20%


[30] ADDIN EN.CITE . An aggravated course of infection and more resistance to antiviral therapy have been attributed to several host and viral factors, in particular the application of specific immunosuppressive medication[31].
The suppression of HCV viraemia in pre-transplant patients may attenuate the risk of viral recurrence. However, the tolerability and efficacy of peg-IFN/ribavirin antiviral therapy is compromised in decompensated cirrhosis patients


[32] ADDIN EN.CITE . For telaprevir or boceprevir, a few patients with advanced fibrosis or compensated cirrhosis have been included in these phase 3 trials


[20-21, 26-27] ADDIN EN.CITE . However, the response rates in patients with advanced fibrosis were significantly lower than in patients with mild to moderate fibrosis but there is no experience in patients with decompensated cirrhosis so far.
Although prophylactic treatment, preemptive treatment or treatment of established HCV recurrence after transplantation with peg-IFN/ribavirin is common, its tolerability and efficacy remain unsatisfactory


[33] ADDIN EN.CITE . Therefore, there is much expectation of telaprevir and boceprevir for improving the outcome in liver transplant patients. In the 18th annual congress of the International Liver Transplantation Society (ILTS) this year in San Francisco, USA, the first series of clinical data of treating HCV recurrence using telaprevir or boceprevir in liver transplant patients were revealed, although these were rather small clinical studies. In a multicenter study of 7 patients, 2 patients had an undetectable viral load and 2 had viral load below 2 log at week 12 after treatment with boceprevir in combination with peg-IFN/ribavirin. However, all patients had severe anemia requiring EPO and 4 patients required G-CSF. The dosage of peg-IFN and/or ribavirin was reduced in 4 patients and treatment was stopped prematurely in 3 patients[34]. In one of the telaprevir-based triple therapy studies, 2 out of 9 patients achieved rapid viral response, however hematological adverse events were common, including anemia and leucopenia[35]. In another telaprevir-based triple therapy study, 4 out of 5 patients were telaprevir tolerated but 1 patient stopped the treatment due to complications. 2 out of these 4 patients obtained SVR after 5 wk of therapy. Another 2 patients achieved 2-log and 3-log viral reductions in the 1st week follow-up, respectively[36]. Triple combination therapy has shown substantial antiviral efficacy but larger properly designed trials are definitely required to further evaluate the use of telaprevir and boceprevir in this setting. However, these studies have consistently raised the concerns of poor tolerability of these compounds in transplant patients.  Clinical studies of additional DAAs peri-transplant are in progress and should be monitored closely.
In addition to the adverse events, potential interactions between telaprevir/boceprevir with immunosuppressive drugs are other concerns. As reported in a phase 1 study, telaprevir interferes the metabolism of both cyclosporin A (CsA) and tacrolimus by inhibition of cytochrome P450 3A enzymatic activity


[37] ADDIN EN.CITE . Telaprevir caused a significant increase in blood concentrations of both immunosuppressants and could potentially lead to serious or even life-threatening adverse effects. McCashland et al has specifically evaluated the drug level profile of CsA during telaprevir therapy in liver transplant patients, however no negative impact in achieving CsA target levels was observed[35]. In fact, different immunosuppressive drugs can also have distinct effects on peg-IFN/ribavirin, such as CsA and MPA can promote the antiviral effects of interferon whereas tacrolimus does not


[31, 38-39] ADDIN EN.CITE . Thus, more attention from both basic and clinical perspective is needed, regarding drug to drug interaction with telaprevir/boceprevir.
The role of interferon and ribavirin?
Monotherapy with telaprevir or boceprevir not only been associated with resistance but also the antiviral potency is not sufficient for complete eradication of the virus


[16, 24] ADDIN EN.CITE . Therefore, combination treatment with peg-IFN/ribavirin has emerged as the ultimate solution to resolve these limitations. A specific issue which would be concerned is that whether the IL28B genetic variation as one of the important SVR prediction factors to peg-IFN/ribavirin, is still relevant to telaprevir/boceprevir-based triple combination therapy or not. In treatment of naïve patients, the IL28B rs12979860-CC genotype was a positive predictor to select appropriate candidates for RGT in the ADVANCE and SPRINT-2 trials


[20, 26] ADDIN EN.CITE . In treatment of experienced patients, the CC genotype however is less frequent than in general population, IL28B therefore is expected to be less important for response prediction. However, data remain limited to address the exact prediction value of IL28B genotype in telaprevir/boceprevir-based regimens. Another clear evidence from the PROVE and SPRINT trials suggested that the treatment regimens with low-dose or without ribavirin were associated with lower SVR rates, probably due to viral breakthrough and viral relapse after therapy


[18-19, 25] ADDIN EN.CITE .

An emerging concept is the development of interferon-free regimens, which aims to limit the contraindications and adverse effects of peg-IFN. The combination of different reagents offers the potential for interferon-free therapy including the development of various DAAs such as protease, NS4B, NS5A, polymerase inhibitors and host-targeting agents including cyclophilin inhibitors and anti-miR-122 oligonucleotides[40]. In current clinical trials, different DAA combinations with or without ribavirin are the main scenario. It is not surprising that with or without interferon, a study of combining a non-nucleoside polymerase inhibitor with a protease inhibitor clearly showed the benefit of ribavirin


[41] ADDIN EN.CITE . In spite of the mechanism of how ribavirin can synergize interferon that has been extensively extrapolated


[42-44] ADDIN EN.CITE , the mechanism of how ribavirin works with DAAs are poorly investigated. Notably, a recent study has shown that high SVR rate could be achieved with two DAAs (the NS5A inhibitor daclatasvir and the NS3 inhibitor asunaprevir) only, although higher SVR rates were achieved when combined with peg-IFN/ribavirin


[45] ADDIN EN.CITE . Therefore, it remains an open question regarding the future of ribavirin in interferon-free-based DAA combination therapy. Further basic and clinical research will conceivably help to figure out this issue.

Summary and perspectives

The approval of telaprevir and boceprevir by FDA and the European Medicines Agency in last year (2011) has indeed changed the management of chronic HCV. From these series of clinical landmark studies, a 20%-30% increase of SVR rates were obtained with the additional telaprevir/boceprevir to the conventional standard peg-IFN/ribavirin therapy. Despite these exciting results, certainly there are several remaining concerns. An apparent limitation of telaprevir/boceprevir as well as most of the pipeline DDAs (such as protease inhibitors asunaprevir, BI 201335 and ABT-450) is genotype 1 specificity, whereas other HCV genotypes also prevail all over the world. Secondly, these compounds have very low genetic barrier to the development of resistant viral variants. Thirdly, although telaprevir/boceprevir are generally well tolerated, their adverse effects are still hampering the successful application in specific populations, particularly for liver transplant patients. 

Perspectively, these issues could likely be minimized by further optimizing the clinical protocol. In addition, by the development of other compounds, more optimal combinations will be available. As being expected, the dream of achieving high SVR rates with all-oral interferon-free regimens will be no longer far from clinical reality.
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Figure 1 The outcome of the five landmark trials for telaprevir-based triple therapy in hepatitis C virus genotype 1 patients. Sustained virologic response  rates are compared between groups. PROVE1, PROVE2 and ADVANCE trials were conducted in treatment-naïve patients. PROVE3 and REALIZE trials were conducted in treatment-experienced patients. T represents telaprevir, P represents peg-IFN, R represents ribavirin and the numbers (8, 12, 24 or 48) represent wk of treatment. 

Figure 2 The outcome of the three landmark trials for boceprevir-based triple therapy in hepatitis C virus genotype 1 patients. Sustained virologic response rates are compared between groups. The SPRINT-1 and SPRINT-2 trials were conducted in treatment-naïve patients. The RESPOND-2 trial was conducted in treatment-experienced patients. B: Boceprevir; P: Peg-IFN; R: Ribavirin; the numbers (4, 24, 28 or 48) represent wk of treatment. 
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