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    The 6th volume of Frontiers in Clinical Drug Research – Anti Infectives comprises five chapters that cover a variety of topics including prolonging antibiotic life, antimicrobial materials and devices, treatment of various infectious diseases.




    In chapter 1, Sencanski and Glisic present an overview on Direct-Acting antiviral drugs for treatment of Hepatitis C Virus (HCV) that covers the latest therapeutic advances that can potentially convert chronic HCV into a routinely treatable disease. The introduction of direct-acting antivirals (DAAs) has improved efficacy and tolerance of treatments with high cure rates. A literature review was conducted to identify published clinical trial results regarding DAA combination therapy with third generation NS3/4a protease inhibitors. Detailed attention is given to the chemistry of the approved NS3/4a drugs and candidate therapeutics in advanced stages of development. In this regard, a review of key drug design and organic synthesis stages is presented for anti-NS3/4A DAAs.




    In chapter 2, Soares et al explain how lattice plants can be used as a source of anti-infective compounds, Bucio et al in chapter 3 present recent developments on current antimicrobial materials as well as strategies for obtaining antimicrobial surfaces and coatings and their properties. In addition, the safety assessment of biomedical applications and international standards are also discussed in this chapter.




    Chapter 4 by Mostafa El-Sayed gives an update on the current progress in the development of new drugs for the treatment of toxoplasmosis. In the last chapter of the book by Irena et al. the authors provide an insight into the current knowledge of the usage of antibody preparations, efficacy and mechanisms of action, with respect to specific diseases, including the treatment of infectious diseases and future prospects.




    I would like to thank all the authors for their excellent contributions that will be of great interest. Also, I would like to thank the editorial staff of Bentham Science Publishers, particularly Mr. Mahmood Alam (Director Publications), Mr. Obaid Sadiq (In-charge Books Department) and Miss Asma Ahmed (Manager Publications) for their support.
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      Abstract




      The hepatitis C virus (HCV) infection is a major and rising global health problem, affecting more than 71 million people worldwide. HCV is connected with several hepatic and extrahepatic disorders, containing several malignancies. Improved HCV detection with combined simple, well-tolerated treatments could reduce the need for liver transplantation and HCV related mortality. The latest therapeutic advances might convert chronic HCV into a routinely treatable disease. The introduction of direct-acting antivirals (DAAs) has improved efficacy and tolerance of treatments with high cure rates. DAAs target specific nonstructural proteins of the HCV with consequential interference with viral replication and consequently infection. The majority of the FDA approved drugs for HCV and those pending approval are small molecule drugs, especially those that utilize the viral inhibitor mechanisms of action and favor the HCV nonstructural proteins as their targets. Therefore, DAAs represent the most promising anti-HCV drugs that carry the least risk of drug failure during clinical trials. NS3/4a protease inhibitors have become the basis for HCV treatment as most new therapies contain an inhibitor from this class. It is reported that the approach for combating chronic viral infections is best achieved by a combination of several strategies, by means of inhibiting several targets. Moreover, the best promising strategy for fighting HCV is most similar to the anti-HIV therapy. A literature review was conducted to identify published clinical trial results regarding DAA combination therapy with third generation NS3/4a protease inhibitors. Detailed attention is given to the chemistry of the approved NS3/4a drugs and candidate therapeutics in the advanced stages of development. In this regard, a review of key drug design and organic synthesis stages is presented for anti-NS3/4A DAAs.
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      INTRODUCTION




      Chronic HCV infection with an approximate worldwide prevalence of 1% is a worldwide health problem, affecting 71 million people with 1.75 million persons newly infected each year [1, 2]. HCV has been reported as the principal cause of chronic liver disease, cirrhosis, and liver cancer [3].




      A sustained virological response (SVR) to antiviral therapy remarkably alters the course of liver disease related to the HCV infection by lowering the frequency of hepatic decompensation, liver cancer, liver-related mortality, all-cause mortality, and liver transplantation [4, 5]. The previous standard-of-care treatment for chronic HCV, before 2011, was a PEGylated interferon (PEG-IFN) and ribavirin (RBV) combination (PEG-IFN/RBV), a dual therapy that has been used for more than 15 years [6]. This long and costly therapy was associated with serious adverse effects [6, 7]. The introduction of therapy with direct-acting antivirals (DAAs), anti-HCV drugs that directly target HCV proteins, is considered as a key advancement in HCV therapy offering higher cure rates and the least adverse events. NS3/4A protease inhibitors - telaprevir and boceprevir in 2011 became the first FDA-approved DAA drugs. With the treatment with one of the first generation NS3/4A protease inhibitors in combination with PEG-IFN more than 75% patients infected with the HCV genotype 1 achieved an SVR, but this therapy was associated with serious side effects, increased daily pill burden and drug resistance [8, 9]. As a result of drawbacks of the first-generation HCV protease inhibitors better therapeutics of the second-generation were developed. Reduced demand for the first generation drugs due to the availability of newer HCV drugs with higher efficacy and fewer side effects, along with the fact that they were no longer recommended by the WHO, has stopped their production [10]. In an astonishing revolution in the treatment of chronic HCV the second phase commenced in 2015 with a regimen of DAAs in combination with 2 or 3 second-generation DAAs that target HCV viral proteins (NS3/4A protease inhibitors, NS5B nucleos(t)idic and non-nucleos(t)idic polymerase inhibitors, NS5A replication complex inhibitors) without IFN and RBV for 8 to 16 weeks based on baseline factors such as the stage of fibrosis, viral genotype and subtype, baseline viral load, former treatment history (naive or experienced) and resistance-associated variants. The majority of the new HCV treatment combinations have an immense antiviral impact (virological cure or a SVR > 95%), fair tolerance and a lower pill burden [11]. The third phase in the HCV treatment revolution has recently emerged with the introduction of the pangenotypic DAAs, suitable for all HCV genotypes. Current, up-to-date, oral antiviral DAA combination therapy shows supreme treatment efficacy, safety and tolerability. The third-generation pangenotypic NS3/4A protease inhibitors (mainly glecaprevir (GLE) and voxilaprevir (VOX)) possess both high antiviral activity and a genetic resistance barrier with cure rates of over 95% regardless of the presence of baseline resistance associated variants [12]. In addition these regimens are well tolerated with low incidence of side effects, even in the difficult-to-treat population (e.g. compensated cirrhosis, end-stage renal disease and patients who failed previous DAA treatment) [12, 13]. Similarly, in another difficult-to-treat subgroup of HCV patients with genotype 3, which constitutes 30% of the global HCV population, pangenotypic protease inhibitor, glecaprevir–GLE coformulated with pibrentasvir, an NS5A inhibitor, show potential with high SVR rates [14].




      Despite improved HCV detection, still fewer than 20% of people living with HCV are aware of their infection, so attention should be directed to engage, screen, and diagnose everyone in need of therapy while improving access to quick, simple, and affordable HCV diagnostics at the point of care. The above mentioned issues are crucial to attain global HCV elimination [15, 16]. According to current international guidelines genotype testing is still recommended before HCV treatment commencement [17, 18], although the new pangenotypic DAA regimens no longer depend on quantitative HCV RNA or genotype data to stratify the duration of treatment. Also many current international clinical trials collect evidence of the efficacy of simplified approaches for diagnosis and treatment monitoring [16, 19]. Current new DAA combinations with a pangenotypic third generation NS3/4A protease inhibitor represent an opportunity in low and middle-income countries with limited resources to treat HCV infected patients without prior costly genotype testing. These issues regarding diagnostic simplification and cost-reduction are crucial for carrying out HCV screening and treatment in resource limited countries [20].




      HCV NS3/4a protease inhibitors inhibit the enzymatic activity of NS3/4A and have a crucial role in the development of contemporary therapies for HCV. Of note is that this class of drugs has become a mainstay of HCV treatment as most new therapies contain an inhibitor from this class. HCV is a positive-stranded RNA virus whose genome encodes a polyprotein processed into at least 10 viral structural and nonstructural (NS) proteins: C, E1, E2, p7, NS2, NS3, NS4A, NS4B, NS5A, and NS5B [21]. HCV NS proteins, originating from the proteolytic degradation of the polyprotein are part of the cellular replication complex which is essential for viral replication. The NS3 protein has an N-terminal serine protease domain and a C-terminal RNA-dependent ATPase domain. NS4A represents a co-factor for the activity of NS3 serine protease [21]. Since HCV NS3-4A protease is essential for viral replication it represents an attractive target for developing new anti-HCV therapies.




      Surrogate endpoints are often used in clinical trials, as they allow for indirect measures of treatment outcomes. Infection eradication, characterized by the absence of detectable HCV RNA in the blood at least 12 weeks after completion of treatment (SVR, is strongly connected with diminished liver-related morbidity and mortality [4]. SVR rates are different in HCV therapies depending on genotypes, patient groups (with or without compensated cirrhosis and experience in previous therapies), and DAA resistance has to be considered regarding treatment success [22].




      A shorter treatment course improves compliance and reduces therapy cost with only two options currently approved with an 8-week option in contrast to the standard 12 week option. The sofosbuvir/ledipasvir combination is approved for 8 weeks for the HCV genotype 1, in patients without cirrhosis, treatment naive, and with HCV-RNA less than 6,000,000 IU/mL. The only combination with the NS3/4A inhibitor with the short treatment option is glecaprevir/pibrentasvir [23].




      The recent Cochrane meta-analysis analysed the outcomes of 138 clinical trials for 51 different DAAs. The analysed trials were predominantly short-term trials that access the treatment achievement on SVR. Accessible proof for DAAs long term clinical effects is restricted because none of the long term trials have evaluated the effect of DAA treatment on morbidity or mortality [24]. Still there have been reports from countries with developed public health programs such as India that have generated a lot of data on using DAA for the reduction of the disease burden [25].




      The first and second generation of HCV protease inhibitors and compounds that have reached the clinical phase were reviewed in detail [12, 26]. Here we will review DAAs combination therapy with third generation NS3/4a protease inhibitors.


    




    

      



      NS3/4a Protease Inhibitors in DAAs Combination Therapy - Approved Regimens and Clinical Trials




      

        Paritaprevir




        VIKERA PAK, a combination of the NS3/4a protease inhibitor paritaprevir co-administered with the pharmacokinetic-enhancer ritonavir, NS5A inhibitor ombitasvir and non-nucleoside NS5A polymerase inhibitor dasabuvir with/without ribavirin was approved by the FDA for use against the HCV genotype 1 in 2014.




        TECHNIVIETM was approved in 2015 against the genotype 4 with SVR12 rates between 91 and 100% which is a similar combination without dasabuvir [27]. High SVR12 rates of 100% in the PEARL-I trial of a combination of ombitasvir/paritaprevir/ritonavir with ribavirin for 12 weeks were documented in therapy-naive or experienced patients of the genotype 4, including patients without cirrhosis. In the AGATE-I trial in patients with compensated cirrhosis who received the same therapy for 12 or 16 weeks SVR12 was 97% and 98%, respectively. In the AGATE-II trial in Egyptian patients without cirrhosis who received ombitasvir/paritaprevir/ritonavir plus ribavirin for 12 weeks SVR12 was 94%, and in patients with compensated cirrhosis treated with ombitasvir/ paritaprevir/ritonavir plus ribavirin for 12 or 24 weeks SVR12 was 97% and 93% respectively [27].




        It was reported that the ombitasvir/paritaprevir/ritonavir combination was generally well tolerated in patients with the chronic HCV genotype 4 without cirrhosis or with compensated cirrhosis while hepatic decompensation and hepatic failure were documented in patients with advanced cirrhosis who received ombitasvir/paritaprevir/ritonavir regimens [28].




        The three-DAA agents paritaprevir–ritonavir–ombitasvir without ribavirin in phase 3 of the PEARL-III Study, provide lower SVR rates of 90% in patients with genotype 1a compared to patients with genotype 1b (99%). By adding ribavirin the SVR rate increased to 97% among non-cirrhotic patients of genotype 1a [29]. In a group of cirrhotic patients of genotype 1a, the same regimen over 24 weeks led to higher SVR rates compared to the regimen that lasted only 12 weeks (94.2% vs. 88.6%). In a group of patients with genotype 1b both cirrhotic and non-cirrhotic high SVR rates were documented for the 12 week therapy with three DAAs only (97%) or combined with ribavirin to 100% [30].


      




      

        Grazoprevir




        A fixed combination of two DAAs-HCV-NS5A inhibitor elbasvir and the HCV NS3/4A protease inhibitor grazoprevir (elbasvir/grazoprevir (ELB/GRZ) Zepatier™) 50/100 mg once daily was developed by Merck and approved by the FDA in 2016 for therapy of the HCV genotype 1 or 4 infection [25]. The therapy for 12-weeks with ELB/GRZ is recommended for naive or peginterferon-alpha plus ribavirin-experienced patients with the chronic HCV genotype 1a or 1b, patients without baseline NS5A polymorphisms and in treatment-naive patients with the chronic HCV genotype 4 [27]. A similar therapy of the 12-week regimen of ELB/GRZ plus weight-based doses of RBV is recommended for peginterferon-a plus ribavirin and HCV N3/4A protease inhibitor-experienced patients with chronic HCV genotype 1a or 1b. The same ELB/GRZ plus weight-based ribavirin for 16-week is advised for treatment-naive or peginterferon-alfa plus ribavirin-experienced patients with HCV genotype 1a with baseline NS5A polymorphisms and in peginterferon-alfa plus ribavirin-experienced patients with the chronic HCV genotype 4 infection [27].




        Data from clinical studies showed that the ELB/GRZ combination was highly efficient with SVR12 rates of 92% to 99% in naive patients with genotype 1 up to 100% in genotype 4 patients [33]. Even in HCV patient groups that were the most difficult to treat like those with chronic kidney disease, HIV co-infection, and previous PEG-IFN/RBV null responders with cirrhosis SVR rates up to 100% were measured. Moreover, in some Zepatier™ Phase III trials, the occurrence of NS3 resistant viruses didn’t have an effect on SVR regardless of the therapy regimens [25].




        In the C-EDGE TN trial of treatment-naive patients with genotype 1a or 1b and receiving EBR/GZR for 12 weeks without RBV, the documented SVR at 12 weeks (SVR12) was 92% for patients with genotype 1a and 99% for genotype 1b [31]. In another open-label C-EDGE COINFECTION trial with regimen EBR/GZR for 12 weeks in treatment naive patients with an HIV coinfection with or without compensated cirrhosis SVR12 rates were 97% and 95% for patients with genotype 1a, 1b respectively [Rockstroh et al, 2015]. Regardless of the fact that baseline NS3 resistance associated variants were frequently noticed, a 12-week regimen of EBR/GZR showed high SVR12 rates among patients infected with genotype 1a, 1b, or 4 [31]. In the C-EDGE TE Phase III trial, in treatment-experienced patients including 34% of patients with compensated cirrhosis, SVR12 rates in patients infected with genotype 1a and 1b were 92% and 100%, respectively, after 12 weeks of EBR/GZR without RBV, 93% and 97%, respectively, after 12 weeks with RBV, 94% and 98%, respectively, after 16 weeks without RBV, and 100% and 100%, respectively, after 16 weeks with RBV [31]. The combination of EBR/GZR, with or without ribavirin, induced high SVR12 in HCV patients with genotype 1, 4, or 6 that didn’t respond to previous treatment with peginterferon and ribavirin, without and with cirrhosis [32].


      




      

        Glecaprevir




        Glecaprevir/Pibrentasvir (GLE/PIB) represents a two-DAA pangenotypic combination with an 8 week regimen of a third generation protease NS3/4A inhibitor and a highly potent NS5A inhibitor with a high barrier to resistance, FDA approved in 2017. It is reported that this combination has a high antiviral effect for retreatment of patients who failed an NS5A regimen [22]. This combination is licensed for patients without cirrhosis who are naive to previous antiviral therapy or were first treated with regimens with interferon, ribavirin, and/or sofosbuvir but without other DAAs and also for patients with advanced-stage kidney disease [22]. GLE/PIB is a fixed-dose combination regimen 100 mg/40 mg in one tablet with the recommended dosage of three tablets once daily. GLE/PIB clinical efficacy was evaluated for 8 weeks in the following clinical studies: the largest Phase III study randomized and with open label - ENDURANCE-1 in HCV genotype 1, SURVEYOR-2, part 2 and part 4 in HCV patients with genotypes 1-6 without cirrhosis, treatment naive or treated with regimens with interferon, ribavirin, and/or sofosbuvir but not with other DAAs. 99% of patients with genotype 1 and 90-100% of genotypes 2–6 achieved SVR [33].




        In a group of patients with advanced-stage kidney disease GLE/PIB was evaluated in an open-label, Phase III trial EXPEDITION-4 [34]. This study was assessing the efficacy and safety of GLE/PIB for 12 weeks in patients with HCV genotypes 1–6 without cirrhosis or with compensated cirrhosis, naive to antiviral therapy, and with stages 4 or 5 of chronic kidney disease. SVR was achieved in 98%. Importantly, in this study none of the serious adverse effects were connected to the tested drug combination. In another clinical study MAGELLAN-1 part 2 trial, Phase III, openlabel, randomized study patients with HCV genotype 1 or 4 and prior DAA failure were evaluated. They were stratified according to the HCV genotype and prior DAA experience for receiving 12 or 16 weeks of GLE/PIB [35]. Patients with prior failure to protease inhibitor and NS5A inhibitor containing therapy had significantly lower SVR rates compared to patients with prior failure to the PI containing regimen (81% vs. 100%).




        Owing to the reports from MAGELLAN 1 Part 2 as well as Part 1, GLE/PIB for 16 weeks was FDA approved for patients with HCV genotype 1 who have received an NS5A inhibitor not in combination with an NS3/4A inhibitor [36, 37].


      




      

        Voxilaprevir




        The HCV treatment regimen with sofosbuvir/velpatasvir/voxilaprevir (SOF/VEL/VOX) (NS5B polymerase inhibitor/NS5A inhibitor/NS3/4A protease inhibitor) was FDA approved in 2017. The recommended fixed regimen based on a combination (400 mg/100 mg/100 mg) with one tablet a day for 12 weeks is pangenotypic, indicated for patients who have previously failed the DAA treatment [37]. This combination is advised for patients with chronic HCV infection without cirrhosis or with compensated cirrhosis (Child -Pugh A) with HCV genotype 1-6 who were previously treated with an NS5A inhibitor. The same combination is recommended for HCV genotype 1a or 3 previously treated with a regimen containing sofosbuvir without an HCV NS5A inhibitor.




        VOX, in combination with the already approved combination of SOF/VEL, has been shown to be a safe and effective regimen in the POLARIS trials. The POLARIS trials represent Phase III clinical trials assessing the fixed dose SOF/VEL/VOX (400/100/100mg). In these trials patients with chronic HCV of all genotypes, cirrhotic and non-cirrhotic, with previous DAA treatment history failure and/or and resistance associated substitutions were recruited. The excluded patients had an HBV coinfection and HIV coinfection. The SVR rate of 96% was accomplished in the trial encompassing HCV patients with DAA treatment failure, genotype 3, cirrhosis and/or undesirable resistance profiles [38].




        POLARIS-2 and -3 trials have no documented benefit from the VOX addition to the SOF/VEL combination in DAA-naive patients and therefore SOF/VEL/VOX was not approved by the FDA for treatment of DAA-naive patients. SOF/VEL for 12 weeks is licensed therapy for naive or treatment-experienced patients without cirrhosis or with compensated cirrhosis (Child-Pugh A) [37].




        The POLARIS-1 study, a randomized, double-blind, placebo-controlled, multicenter trial showed that the fixed-dose regimen of SOF/VEL/VOX resulted in a 96% SVR rate in patients who did not respond to an NS5A inhibitor-containing regimen [13]. The patients recruited in the trial had an HCV genotype 1-6 and had previously failed a treatment containing an NS5A inhibitor. The POLARIS-1 trial results were the foundation for the FDA's approval of SOF/VEL/VOX in adult patients with HCV genotypes 1-6 who were previously treated with the HCV NS5A inhibitor. SVR of 98% was achieved in the POLARIS-4 trial of SOF/VEL/VOX in patients who had not responded to previous DAAs without the NS5A inhibitor. SVR was achieved in both POLARIS-1 and POLARIS-4 trials irrespective of the baseline resistance-associated substitutions in NS5A or NS3 [13].




        Although DAAs have revolutionized HCV treatment, several challenges connected with this highly effective therapy still remain. High costs of DAA limit access to therapy particularly in low-income countries with the highest disease burden and treatment-induced viral clearance does not protect from re-infection by the virus, which is particularly important in groups at high risk for virus transmission like people who inject drugs [39, 40]. Nonetheless, the majority of HCV infected patients remain undiagnosed, thus not aware of being infected with HCV. As the current therapy options still have important limitations, the development of new classes of DAAs acting on different viral targets and having a better pharmacological profile is highly desirable [41, 42]. Another recent, and very popular drug discovery approach is drug repurposing wherein old drugs are given a new indication by searching for novel molecular pathways and targets [43] which offers a potential economic advantage and shorter regulatory process for the clinical approval for quick enter of drugs in clinical trials. The continuous increase of drug-resistant pathogens is a great challenge for treatment of infectious diseases and drug repurposing serves as an alternative approach for rapid identification of effective therapeutics [44, 45]. Drug repurposing applied to infectious diseases integrates screenings of bioactive small-molecule collections and computational approaches in a quest for a molecule, a biological activity or pathway that could be reused against a desired pathogen [46-48]. There is evidence of anti-HCV repurposing potential of the dopamine D2 receptor antagonist prochlorperazine as an HCV entry inhibitor [39]. Another drug that could be repurposed against HCV is the first-generation antihistamine chlorcyclizine, which is widely available, safe, and inexpensive [40]. Chlorcyclizine showed high antiviral activity in vitro and also on a chimeric mouse model. Chlorcyclizine was specific for HCV, demonstrating no activity against 13 other viruses, including hepatitis B, and showing synergy with different classes of anti-HCV drugs, such as ribavirin, sofosbuvir, cyclosporin A, and interferon-a [40].


      


    




    

      



      NS3/4A Protease Structure and Active Site




      NS3/4A is a bi-functional protein, consisting of 631 amino acid residues, and belongs to the trypsin/chymotrypsin superfamily. It contains a serine protease catalytic site consisting partially of the N-terminal and C-terminal helicase domain. However, NS3/4A is associated with its cofactor, NS4A, a 54 amino acid peptide, forming together a noncovalent NS3·4A complex. NS4A is placed in the core of NS3 and assists in the activation of the catalytic site, providing an order of magnitude higher in efficiency in comparison with NS3/4A alone. NS3/4A is responsible for the cleavage of the viral polyprotein between NS between NS4-NS4A, NS4A-NS4B, NS4B-NS5A, and NS5A-NS5B, to unleash constituents of the HCV replicase, and has been shown to be essential for viral replication [49]. Therefore, it is a significant target for the inhibitor design and development.




      NS3/4A has two active sites, the catalytic and zinc binding site. DAAs for NS3/4A target the catalytic site (Figs. 1-2). The catalytic site, located on the surface between two beta-barrels, is shallow, featureless and highly solvent-exposed, thus difficult for drug design. The catalytic core consists of triad His57, Asp81 and Ser139, which is located on the surface between the subdomains (Fig. 2). The role of NS4A is in the organization of the catalytic triad in a preferred conformation and enabling His57 to deprotonate Ser139 and form a hydrogen bond with Asp81. Consequently, in the absence of the NS4A cofactor, the enzymatic activity of the protease is greatly diminished. Regarding the zinc binding site, it has been reported that the removal of the Zn ion causes receptor unfolding [50-54].
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Fig. (1))


      Crystal structure of NS3/4A with marked catalytic site amino acid residues and Zn2+ sites (PDB 1CU1).



      The catalytic site of NS3/4A occupies the following amino acid residues: Lys136, Gly137, Ser139, Ala157, His57, Arg155, Ala157, Asp79, Asp81, Ile132, Leu135, Lys136, Val158 and Ala156, which can be divided into six subsites, S1, S1’, S2, S2*, S3 and S4 [55], according to the nomenclature by Berger and Schechter [56] (Table 1, Fig. 2b).




      

        Table 1 HCV NS3/4A binding site pockets with corresponding aminoacid residues [55]




        

          

            

              	Subsite



              	Aminoacid residues

            


          



          

            

              	S1'



              	Gln41, Gly137, Ser138, Ser139

            




            

              	S1



              	Ile132, Leu135, Lys136, Gly137, Ser138, Ser139, Phe154, Ala157

            




            

              	S2



              	His57, Asp81, Arg155, Ala156

            




            

              	S3



              	Ile132, Ala157, Cys159

            




            

              	S4



              	Arg123, Ala156, Val158, Asp168
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Fig. (2a))


      Catalytic active site of NS3/4A with marked important aminoacids (PDB 2OC1).
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Fig. (2b))


      Active site of NS3/4A with marked aminoacid residues and subsites (PDB 2OC1).



      So far, the design of inhibitors for the HCV NS3/4A catalytic site has been based on the structure of the decapeptide substrate. Those include boceprevir, telaprevir, danoprevir, narlaprevir, simeprevir and faldaprevir [57, 58]. Some of these drugs establish a reversible bond with Ser139 [57]. Sixty-six crystal structures of NS3/4A in a complex with inhibitors have been isolated so far (Table 2) [59-89]. However, NS3/4A is prone to mutations at positions Arg155, Ala156 and Asp168. These mutations lower the drug barrier towards resistance [90-99]. However, one drug, grazoprevir does not interact with Arg155, while retaining other interactions in both the wild type and mutant enzyme [100, 101]. The first small molecule DAA that showed significant inhibition of NS3/4A activity was ciluprevir (BILN-2061) in 2002 [102]. However, due to animal toxicity, it was discontinued after clinical phase I. Anyhow, the ciluprevir scaffold served to develop simeprevir and danoprevir [103].




      

        Table 2 List of HCV NS3/4A protease crystal structures in complex with inhibitor, with PDB codes and publishing years (sorted by PDB ID)




        

          

            

              	No



              	PDB ID



              	Ligand Name or ID



              	Publishing Reference

            


          



          

            

              	1



              	6CVY



              	AJ-21 (MK-5172 linear analogue)



              	2018 [59]

            




            

              	2



              	6CVX



              	AJ-50 (MK-5172 linear analogue)



              	2018 [59]

            




            

              	3



              	6CVW



              	AJ-52 (MK-5172 linear analogue)



              	2018 [59]

            




            

              	4



              	5VP9



              	AM-07, an analogue of 5172-mcp1p3



              	2017 [60]

            




            

              	5



              	5VOJ



              	JZ01-15, an analogue of 5172-mcp1p3



              	2017 [60]

            




            

              	6



              	5ETX



              	A156T variant in complex with 5172-Linear (MK-5172 linear analogue)



              	2016 [62]

            




            

              	7



              	5ESB



              	Vaniprevir



              	2016 [61]

            




            

              	8



              	5EQS



              	Asunaprevir



              	2016 [61]

            




            

              	9



              	5EQR



              	Danoprevir



              	2016 [61]

            




            

              	10



              	5EQQ



              	5172-Linear (MK-5172 linear analogue)



              	2016 [62]

            




            

              	11



              	5EPY



              	A156T variant in complex with 5172-mcp1p3 (MK-5172 P1-P3 macrocyclic analogue)



              	2016 [62]

            




            

              	12



              	5EPN



              	5172-mcp1p3 (MK-5172 P1-P3 macrocyclic analogue)



              	2016 [62]

            




            

              	13



              	4WH8



              	Asunaprevir P1-P3 macrocyclic analog.



              	2014 [64]

            




            

              	14



              	4WH6



              	Variant R155K in complex with Asunaprevir



              	2014 [64]

            




            

              	15



              	4WF8



              	Asunaprevir



              	2014 [64]

            




            

              	16



              	4U01



              	6570



              	2015 [63]

            




            

              	17



              	4TYD



              	Azetidine inhibitors



              	2014 [63]

            




            

              	18



              	4NWL



              	Bms-650032



              	2014 [66]

            




            

              	19



              	4NWK



              	Bms-605339



              	2014 [66]

            




            

              	20



              	4KTC



              	NS3/NS4A protease with inhibitor



              	2013 [58]

            




            

              	21



              	4K8B



              	Crystal structure of HCV NS3/4A protease complexed with inhibitor



              	2014 [65]

            




            

              	22



              	4JMY



              	DDIVPC peptide



              	2013 [67]

            




            

              	23



              	4I33



              	R155K protease complexed with compound 4



              	2013 [69]

            




            

              	24



              	4I32



              	D168V protease complexed with compound 4



              	2013 [69]

            




            

              	25



              	4I31



              	Compound 4



              	2013 [69]

            




            

              	26



              	4A92



              	Macrocyclic protease inhibitor.



              	2011 [72]

            




            

              	27



              	4A1X



              	CP5-46-A (Synchrotron data)



              	2012 [71]

            




            

              	28



              	4A1V



              	Cp5-46a-4d5e



              	2012 [71]

            




            

              	29



              	4A1T



              	CP5- 46-A (in-House data)



              	2012 [71]

            




            

              	30



              	3SV7



              	Telaprevir



              	2012 [70]

            




            

              	31



              	3SUG



              	Variant a156t in complex with mk-5172



              	2012 [70]

            




            

              	32



              	3SUF



              	Variant d168a in complex with mk-5172



              	2012 [70]

            




            

              	33



              	3SUE



              	Variant r155k in complex with mk-5172



              	2012 [70]

            




            

              	34



              	3SUD



              	Mk-5172



              	2012 [70]

            




            

              	35



              	3SU2



              	Danoprevir



              	2012 [70]

            




            

              	36



              	3SU1



              	Danoprevir



              	2012 [70]

            




            

              	37



              	3SU0



              	Danoprevir



              	2012 [70]

            




            

              	38



              	3P8O



              	Des-bromine analogue of BI 201335



              	2011 [74]

            




            

              	39



              	3P8N



              	Bi 201335



              	2011 [74]

            




            

              	40



              	3OYP



              	Ligand 3



              	2010 [76]

            




            

              	41



              	3M5O



              	5a5b



              	2010 [77]

            




            

              	42



              	3M5N



              	4b5a



              	2010 [77]

            




            

              	43



              	3M5M



              	Fdemeec peptide



              	2010 [77]

            




            

              	44



              	3M5L



              	Itmn-191



              	2010 [77]

            




            

              	45



              	3LOX



              	Ketoamide inhibitor derivative of Boceprevir bound



              	2011 [73]

            




            

              	46



              	3LON



              	Ketoamide inhibitor narlaprevir



              	2011 [75]

            




            

              	47



              	3EYD



              	Inhibitor Derived from a Boronic Acid



              	2009 [79]

            




            

              	48



              	2XCN



              	Boronate inhibitor



              	2010 [78]

            




            

              	49



              	2P59



              	GG4



              	2008 [80]

            




            

              	50



              	2OC8



              	Ketoamide SCH503034



              	2007 [81]

            




            

              	51



              	2OC7



              	Ketoamide SCH571696



              	2007 [81]

            




            

              	52



              	2OC1



              	Cvs4819



              	2007 [81]

            




            

              	53



              	2OC0



              	Ketoamide inhibitor sch491762



              	2007 [81]

            




            

              	54



              	2OBQ



              	Sch503034



              	2007 [81]

            




            

              	55



              	2OBO



              	Ketoamide SCH476776



              	2007 [81]

            




            

              	56



              	2GVF



              	Macrocyclic ketoamide inhibitor, SCH419021



              	2007 [82]

            




            

              	57



              	2FM2



              	Ketoamide inhibitor, SCH446211



              	2006 [86]

            




            

              	58



              	2F9V



              	Ketoamide inhibitor with P1 and P2 cyclopropylalannines



              	2007 [83]

            




            

              	59



              	2F9U



              	Ketoamide inhibitor with a P2 norborane



              	2006 [85]

            




            

              	60



              	2A4R



              	Ketoamide Inhibitor Covalently bound.



              	2006 [83]

            




            

              	61



              	2A4Q



              	Covalently bound macrocyclic ketoamide compound.



              	2006 [84]

            




            

              	62



              	1W3C



              	Peptidomimetic inhibitor



              	2004 [88]

            




            

              	63



              	1RTL



              	Covalently bound pyrrolidine-5,5-translactam inhibitor



              	2004 [87]

            




            

              	64



              	1DY9



              	Inhibitor I



              	2001 [89]

            




            

              	65



              	1DY8



              	Inhibitor II



              	2001 [89]

            




            

              	66



              	1DXP



              	Two Protease-Inhibitor Complexes (apo structure)



              	2001 [89]

            


          

        




      


    




    

      



      NS3/4A Protease Inhibitors – Design, Discovery and Chemical Synthesis




      In 1998 the first potent hexapeptide inhibitor of NS3/4A was reported (Fig. 3). Point mutation studies showed that the salt bridge interaction between the carboxyl group of P1 in the peptide and His57 is essential for enzyme inhibition. Regarding other important interactions, stability of the receptor ligand complex is established via mostly hydrophobic interactions with subsites S1’ and S2 [103]. Further development of NS3/4A highly potent ligands was founded on modification of corresponding P residues in order to develop interactions that are more favorable and thus increase binding affinity [104-107]. From this approach, several peptididometic drugs have been developed so far, such as boceprevir, telaprevir, danoprevir, narlaprevir, simeprevir and faldaprevir. There are also drugs that form a covalent bond with Ser139, containing α-keto group, as α- ketoamides, α-ketoesters and α-diketones [108, 109].




      

        Asunaprevir




        As previously mentioned, in 1998 a potent hexapeptide inhibitor of NS3/4A was reported (Fig. 3) [103]. In the study of the drug discovery for novel peptidomimetics that target NS3/4A from 2007, peptide 1 was used as the starting structure for further development. Along with the crucial interaction with His 57, many of the structure-activity relationship studies showed that the major contribution to the binding affinity in newly developed candidates originated from hydrophobic interactions between the ligand and S1 and S2 subsites of NS3. Further design of potential inhibitors was targeted towards enhancement of those interactions. As promising fragments, whose insertion into the scaffold structure of 1 could maintain both electrostatic interactions of the carboxylic group with His57, and leave space for structure extension in a manner of forming specific non-bonding interactions, sulfonamide groups were proposed. In addition, the discovery of tripeptidic carboxylic acids (represented by compound 2 in Table 1) as a potent inhibitor of HCV NS3/4A, resulted in the selection of this chemotype for further development of potent inhibitors. This led to a series of proposed structures as candidates for novel inhibitors, presented in Table 3.
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Fig. (3))


        Peptide 1, with marked P side chains.



        

          Table 3 Candidates developed during optimization process of asunaprevir (presented as compound 6).




          

            

              

                	[image: ]

              


            

          




          

            

              

                	Compound



                	R1



                	IC50 for inhibition HCV NS3/4A GT-1a enzyme (nM)



                	EC50 for inhibition HCV NS3/4A GT-1b replycon (nM)

              


            



            

              

                	2



                	[image: ]



                	54



                	550

              




              

                	3



                	[image: ]



                	36



                	600

              




              

                	4



                	[image: ]



                	6



                	133

              




              

                	5



                	[image: ]



                	19



                	97

              




              

                	6



                	[image: ]



                	1



                	4

              




              

                	7



                	[image: ]



                	7



                	29

              




              

                	8



                	[image: ]



                	71



                	170

              




              

                	9



                	[image: ]



                	149



                	210

              




              

                	10



                	[image: ]



                	8



                	20

              


            

          




        




        Compounds 3-10 from Table 3 were synthetized and experimentally tested by means of an NS3/4A GT-1a enzyme inhibition assay. The most potent compound was 6, later named BMS-605339. However, due to the exhibited cardiovascular effects in the rabbit heart model, chemical modification was mandatory. After replacement of the phenyl-group in the P2’ fragment with the chloro-group, the cardiovascular effects observed for 1 were reduced, which led to the identification of BMS-650032, asunaprevir, (Fig. 4).
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Fig. (4))


        Structure of asunaprevir.



        The chemical synthesis of asunaprevir is described in the corresponding review for 2014 drug synthesis approaches [110]. In the retrosynthetic sense, asunaprevir synthesis can be subdivided into three main fragments: chloroisoquinolinoxy proline derivative 18, vinylcyclopropane amino acid 26, and an end–step reaction with commercially available N-Boc-3-methyl-L-valine.




        The synthesis starts with the ketone halogenation reaction of compound 12, which produces intermediate 13, followed by SN2 substitution of the bromate ion by the diformyl amide ion in phase transfer conditions, forming a C-N bond and yielding intermediate 14. Following amide hydrolysis in acidic conditions, an intramolecular amine reaction with ester and keto-enol tautomerization produces compound 15. Reaction with MeOH under acidic conditions produces ether 16, whose halogenation of the tautomeric form yields product 17. The first fragment of asunaprevir synthesis ends with the reaction of product 16 with N-boc-3- (R)-hydroxyl-L-proline under alkaline conditions, followed by subtle pH adjustment to mildly acidic conditions. The final product, 18 reacts with the final product of the second fragment. The reaction scheme is presented in Fig. (5).




        
[image: ]


Fig. (5))


        Synthesis of chloroisoquinolinoxy proline derivative 18.



        The second fragment in asunaprevir synthesis starts with the Schiff base formation between benzaldehyde and methyl–aminoacetate 19, yielding imine 20. Under highly alkaline conditions managed by the presence of t-BuOLi in benzene, n-methyl pyrolidine and tert-butylmethylether, carbanion alkylation of the allyl system of 1,4-dibrom-2-butene, again following the intermolecular carbanion SN2 reaction, results in cyclopropane ring closure. The reaction is followed by a Boc protection, yielding product 21, which, treated with the enzyme Alcalase, stereo specifically hydrolyses ester, yielding a mixture of products 22 and 23. Alkaline hydrolysis of intermedier 22 yields intermedier 24, which in reaction with cyclopropane sulfonamide gives intermedier 25. Mildly acidic condition removal of the Boc protecting group with TFA yields compound 26. The reaction scheme is presented in Fig. (6).
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Fig. (6))


        Synthesis of asunaprevir vinyl cyclopropyl subunit 26.



        In the third fragment of asunaprevir synthesis, products 18 and 26 react under EDAC, HOBt and DIPEA in dichloromethane, which facilitates peptide bond coupling, giving intermedier 27. Further deprotection of the Boc group and reaction with the 2-[(tert-butoxycarbonyl)amino]-3,3-dimethylbutanoic acid eventually yields the asunaprevir molecule, 11. The reaction scheme is presented in Fig. (7).


      




      

        Danoprevir




        Starting from the X-ray structure of NS3, a virtual library of tetrapeptides, that possessed the carboxylic group in the P1 side chain and diverse substituents in P2 that could fit the hydrophobic S2 pocket of the NS3/4A binding site, was subjected to virtual screening. As a primary candidate and promising lead compound 29 was recognized (Fig. 9). However, due to poor cell permeability, a further chemical modification was mandatory. With the aid of computational modelling, a promising compound was recognized, suggesting linking of the P1 and P3 side of 29, giving as a result a 15-member macrocyclic acid 30. After further experimental examination by means of cell permeability and binding affinity, the P1 side chain was eventually optimized to the acyl sulfonamide chain, 31. The X-ray structure of NS3/4A and close analogue of THIQ complex supported docking and the structure-activity relationships (SAR) hypothesis regarding the ligand-binding mode in the NS3/4A active site. In further development, the P2 side chain was optimized by means of aromatic substituents and aliphatic amine ring modification. Finally, a modified compound 28 containing a fluorine atom on aromatic position 4 and a 5-membered aliphatic ring in the P2 side chain showed maximum potency, by means of IC50 and EC50 values (1.0 and 2.4, respectively) [111].
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Fig. (7))


        Final steps in synthesis of asunaprevir.



        The reaction starts with HATU-facilitated peptide coupling of vinyl cyclopropyl amino acid 32 and Boc-protected (2S,4R)-4-hydroxyproline 33, to produce intermedier 34. After removal of the Boc group under acidic conditions, compound 35 undergoes next peptide bond formation with Boc-protected alpha-amino-non-8-en-acid 36, to yield compound 37. Alkene Ring Closing Metathesis, produces compound 38, following a reaction. After the reaction with carbonyldiimidazole, followed by a reaction with an appropriate P2 side chain reactant 39, an ester product 40 is obtained. Final steps include alkaline hydrolysis of ester, and a reaction with cyclopropyl sulfonic acid amine 41, to produce danoprevir, 28. The reaction scheme is presented in Fig. (10), and the danoprevir structure is also given in Fig. (8) [111].




        
[image: ]


Fig. (8))


        Structure of danoprevir.
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Fig. (9))


        Optimization stages of initial lead from virtual screening in danoprevir discovery, with marked P sidechains.
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Fig. (10))


        Synthesis of danoprevir.

      




      

        Deldeprevir




        Initially reported in 2011 as ACH-2684, deldeprevir (Fig. 11) was promising hepatoselective pan-genotypic NS3/4A protease inhibitor [112]. However, it failed in clinical phase I in 2014, after a clinical trial on healthy volunteers (ACTRN12614000102673) [113, 114].
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Fig. (11))


        Structure of deldeprevir.



        Synthesis of deldeprevir, 42 and similar compounds is reported in patent US20100152103 [115], and the compound itself is registered under number 133. Synthesis consists of several steps, i.e. of separate fragments. Fig. (12) presents the initial synthesis of the P3 fragment 45, as a CDI facilitated peptide coupling between the amide group of reactant 44 and carboxyl acid reactant 43.
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Fig. (12))


        Phase 1, synthesis of fragment P3.



        As reported in patent WO 02/060926 [116], the synthesis of fragment P2 can be carried through the following path:




        The imine formation reaction between the NH2 group of 47 and keto group of 46 takes place. The ester group of 46 is hydrolyzed under acidic conditions, and the generated electrophile attacks the aromatic system of aniline, resulting in ring closure. Tautomerization of obtained ketone to enol occurs due to aromatic system stability, producing intermedier 48 (Fig. 13). In the next step, Boc-4R-hydroxyproline 49 is added to the reaction with product 48 under alkaline conditions of tBuOK in DMSO (Fig. 14), where after ether bond formation compound 50 is obtained.




        
[image: ]


Fig. (13))


        Phase 2, synthesis of fragment P2.
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Fig. (14))


        Phase 3. Synthesis of fragments P2-P2’.



        In the last phase, presented in Fig. (15), compound 50 undergoes HBTU aided peptide bond formation with compound 45, where 52 is yielded. After Boc group deprotection under acidic conditions, compound 53 again undergoes HBTU facilitated peptide bond formation with 53, yielding compound 54. The final step is alkene metathesis, with the Hoveyda-Grubbs 2nd catalyst, yielding a racemic mixture of diastereomers 55 and 56 (Fig. 15).


      




      

        Glecaprevir




        Glecaprevir, previously ABT-493, is a new HCV NS3/4A PI that shows powerful antiviral pan-genotypic activity. Currently it is being developed for use in combination with pibrentasvir, an HCV NS5A inhibitor, previously ABT-530 for the treatment of genotype 1-6 HCV infection [117].
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Fig. (15))


        Phase 4. Ending steps for the synthesis of deldeprevir.



        Chemical synthesis of glecaprevir is described in US patent 20120070416 [118]. The reaction starts with indium – mediated allylation of ethyl oxoacetate 57 with allyl reactant 58, to yield alcohol product 59. Following oxidation with NMO to ketone, the next product 60 reacts with 2-aminoaniline in EtOH, forming compound 61 after transamination and the imine reaction. The keto-enol tautomer of 61 further reacts with POCl3, giving as a product 62. In the next step, nucleophilic aromatic substitution in alkaline conditions and the presence of TMSCHN2 with compound 63 occurs, yielding 64. In the next step, HATU aided peptide bond formation with 65 is carried out, producing compound 66, which in alkene cross metathesis undergoes ring formation (67) and alkaline hydrolysis of ester, gives carboxylic acid 68. In the final step, again, the HATU presence provides peptide bond formation with sulfonamide 69, yielding glecaprevir 70. The reaction scheme is presented in Fig. (16).
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Fig. (16))


        Steps in glecaprevir synthesis.

      




      

        Grazoprevir
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Fig. (17))


        Designed compounds during Grazopreir development.



        Grazoprevir was discovered in 2012, reported in a publication by Harper et al. [119]. The study was based on the analysis of the crystal structure of full-length NS3/4a and docking of the inhibitors in the active site. Similar to the other NS3/4a DDIs, grazoprevir contains a macrocyclic constraint, which connects the P2 and P4 side chains. As a second generation inhibitor of NS3/4A protease, grazoprevir was developed to possess an improved pharmacokinetic profile and resistance towards mutant enzyme gt3a, compared to the previous publication [120]. A series of earlier proposed compounds was prepared and experimentally tested on enzyme activity (Table 4). Compounds 71-74 were docked into active sites of both gt1 and the gt3a types of NS3/4a in order to explain the difference in activity. Docking results showed that, although all compounds exhibited similar binding modes, the non-conserved AA residues (R123T, D168Q) in the S2 subsite were responsible for increased activity of compound 72. Therefore, the main consideration during compound optimization was the P2 side chain. This produced the next compound derived from 72, compound 73. Further considerations included R155 and A156 mutants, producing 10 more candidates, finally achieving an improved pharmacokinetic profile and activity in case of the last compound, 74. Additional optimization, by means of introduction of the cyclopropyl group on the P4 side chain, led to the discovery of grazoprevir, 91 (Fig. 18).




        

          Table 4 Experimental activities of synthetized compounds on NS3/4a protease [123].




          

            

              

                	



                	Ki (nM)



                	



                	

              




              

                	Compound



                	NS3/4A 1b type



                	NS3/4A 3a type



                	1b replicon IC50% NHS (nM)



                	rat (liver) at 4h μM

              


            



            

              

                	71



                	0.02



                	200



                	10



                	21

              




              

                	72



                	0.05



                	45



                	19



                	7.8

              




              

                	73



                	0.05



                	12



                	19



                	96

              




              

                	74



                	0.06



                	130



                	21



                	25
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Fig. (18))


        Structure of grazoprevir.



        The chemical synthesis of grazoprevir starts with 1,4-addition of the Grignard reagent 76 on acrolein 75, where the produced alcoxide 77 is trapped with TMSCl. The reaction is followed by the cyclopropane ring closing 78 with carbene generation by CH2I2 in the presence of ZnEt2 (Simmons–Smith reaction). After desilylation in TBAF, the racemic alcohol 79 undergoes enzymatic acetylation, followed by methanolysis in NaOMe. The next step is a reaction with methyl (S)-2-isocyanato-3,3-dimethylbutanoate 80, and alkaline hydrolysis of product 81 with LiOH in order to yield carboxylic acid 82, further used for the final step of grazoprevir synthesis. The reaction scheme is presented in Fig. (19).
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Fig. (19))


        Synthesis of carboxylic acid as one of the grazoprevir precursor 82.



        The synthesis of the second precursor 88 starts with the condensation of 4-methoxyphenylenediamine hydrochloride 83 with diethyl oxalate in the presence of trimethylamine, yielding product 84. Further halogenation with SOCl2 in DMF gives intermediate 85, which in nucleophilic substitution SN2 with compound 86 gives product 87. The final step consists of the BOC group deprotection under acidic conditions, yielding precursor 88. The reaction scheme is presented in Fig. (20).




        The final steps of the grazoprevir synthesis include HATU aided peptide coupling between 82 and 88, yielding compound 89. Nucleophilic substitution of chlorine in aromatic moiety of 89 with vinyl, in the reaction of potassium vinyl-trifluoroborate in the presence of PdCl2 yields compound 90. The following steps include alkene ring metathesis, where compound 91 is produced and catalytic hydrogenation of the double bond, followed by alkaline hydrolysis of the ester group, where compound 92 is obtained. Finally, in a HATU aided peptide bond formation with precursor 93, grazoprevir 94 is obtained. The reaction scheme is presented in Fig. (21) [119, 121].
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Fig. (20))


        Reaction scheme of synthesis of the precursor 88.
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Fig. (21))


        Reaction scheme of the final steps of the grazoprevir synthesis.

      




      

        Narlaprevir




        Narlaprevir (Fig. 22) was reported in 2010 in a study by Arasappan et al. [122] Starting from the X-ray structure of the known inhibitor bound to NS3/4A (Fig. 23), the authors carried out an optimization of P4 moiety.
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Fig. (22))


        Structure of narlaprevir.
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Fig. (23))


        Structure of X-ray bounded inhibitor to NS3A with marked P moieties.



        Target compounds synthesized in this study were subjected to the HCV NS3/4A serine protease inhibition test, by means of continuous spectrophotometric assay and the in vitro HCV replication test using the subgenomic replicon assay. As a measure of selectivity, compounds were subjected to inhibition of human neutrophil elastase tests. Selected compounds were further put through in vivo studies. As the best promising compound, the one with tert-butyl-sulfone-cyclohexyl moiety on the P4 fragment, was selected. However, the compound was discontinued in a clinical trial in Europe on 11 Apr 2018, but R-Pharm completed a phase II trial for Hepatitis C in Russia on 21 Nov 2018, started in 2017 (NCT03485846) [123].




        Synthesis of narlaprevir starts with enolate formation from methyl-cyclohexanoate, which in the SN2 substitution reaction with tBuSCH2Cl, yields product 96. In the next step, the compound undergoes alkaline hydrolysis with LiOH in THF and is oxidized with oxone to carboxylic acid 97. The reaction is followed by azide formation with DPPA and Curtius rearrangement into isocyanate 98. In addition to the reaction of L-tert-Leu on the isocyanate group, compound 99 is obtained. Under reaction conditions of peptide bond facilitated formation by NMM with 100, compound 101 is yielded, which, after hydrolysis of the ester group and DIPEA aided peptide bond formation with (3S)-3-amino-N-cyclopropyl-2-hydroxyheptanamide yields 102. In the final step, the hydroxyl group is oxidized, giving an alpha keto amide, 95, the narlaprevir. The reaction scheme is presented in Fig. (24).
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Fig. (24))


        Synthetic route for narlaprevir.

      




      

        Vedroprevir




        Vedroprevir (103), (Fig. 25), was initially reported in 2012 as GS-9451 [124]. The idea of development arose from the assumption that modification of P2 and P3 moieties of earlier reported BILN-2061, could significantly increase activity of the new compound using a fused bicyclic P3 cap and polar groups such as an amine attached to the P2 quinoline moiety. The scheme of modification is presented in Fig. (26):
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Fig. (25))


        Structure of vedroprevir.
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Fig. (26))


        Optimization route for vedroprevir.



        After variation of the P3 cap substituents and P2 amine groups, inhibition, solubility and pharmacokinetic studies showed that modification with morpholine moiety on P2 and cyclopropyl on P3 was the best compound candidate, 113. The corresponding X-ray structure of NS3/4A in a complex with 113 is reported in the corresponding paper, but not available in RCSB. However, despite a broad and profound expert opinion review on vedroprevir in 2017 [125], the medication was discontinued on 24 Jun 2018 [126].




        The first phase of synthesis starts with a reaction between alcohol 104 and disuccinimidyl carbonate, to produce ester 105. In the second phase, the Boc-protected methyl ester of 4-hydroxyproline 106 reacts with 107, where, after the SN2 reaction gives 108. In the next step, under conditions of HATU aided peptide bond formation with 109, to yield 110, which again with the aid of HATU, reacts with 111 and gives 112. In reaction with 105, 113 is yielded (Fig. 27). In the third phase (Fig. 28), compound 114, after ester hydrolysis, reacts with acetal 115 in a nucleophile reaction of the bromide ion, giving intermedier 116. The reaction is followed by an amine group reaction with carboxyl acid 117 chloride, followed by NaH generated enolate ring closure and water elimination, where 118 is produced. This phase is presented in Fig. (28). In the final phase, 113 reacts with 118 in an ether bond formation reaction, yielding 119. The reaction is followed by aldehyde deprotection in acidic conditions and reductive amination of 120, giving 103, vedroprevir [124].
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Fig. (27))


        Synthesis of precursor 113 in the route for vedroprevir.
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Fig. (28))


        Ending steps in synthesis of vedroprevir.

      




      

        Voxilaprevir




        Voxilaprevir, 121 (Fig. 29), previously reported as GS-9857, is a macrocyclic, reversible NS3/4A protease inhibitor. In comparison to other classes of HCV PIs, voxilaprevir has a different macrocyclic structure that connects the quinolaxine substituent of the proline skeleton to the cycloalkyl substituent of C-terminal carbamate, which provides a better resistance profile. It also has broader coverage of the NS3/4A polymorphisms [127].




        Chemical synthesis of voxilaprevir is described in patent WO 2014/008285 Al [128]. To the solution of compound 122 in diethyl ether methyl magnesium bromide is added, giving enone intermedier 123. In the next step, NaBH4 reduces enone 123 to alcohol 124 in the presence of CeCl3. In the final step, alcohol 124 undergoes catalytic hydrogenation to yield alcohol 125. The reaction is presented in Fig. (30).
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Fig. (29))


        Structure of voxilaprevir.
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Fig. (30))


        Synthesis of alcohol precursor 125.



        In the next phase, the obtained intermedier 125 reacts with 126 by means of nucleophilic aromatic substitution, giving intermedier 127. The reaction is followed by Boc group deprotection under acidic conditions, producing intermedier 128. Under DIPEA aided peptide coupling, 128 reacts with 129 to produce intermedier 130. In a further reaction with potassium vinyl-trifluoroborate, intermedier 131 is obtained. The final steps include closed ring alkene metathesis, giving intermedier 132, which catalytic hydrogenation produces intermedier 133, and finally DIPEA and HATU aided peptide bond coupling between 134 and 135 produces voxilaprevir, 121. The reaction is presented in Fig. (31).
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Fig. (31))


        Synthesis of Voxilaprevir.
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